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Background: To investigate the role and the underlying mechanisms of Calcium/calmodulin-dependent protein kinase Iα
(CaMKIα) in modulating inflammatory responses during acute lung injury (ALI) via the AMPK/Sirtuin 3 (SIRT3) signaling
pathway.
Methods: Neonatal rats were intratracheally administered Lipopolysaccharide (LPS) to induce ALI, while L2 alveolar epithelial
cells were treated with LPS (100 ng/mL) in vitro. CaMKIα expression was silenced using siRNA in L2 cells and via AAV2/9-
shRNA in rats. AMP-activated protein kinase (AMPK) activity was inhibited with Compound C (5 µM) in vitro. Pulmonary
histopathology, bronchoalveolar lavage fluid cytokine levels, and key AMPK/SIRT3 pathway protein expressions were assessed.
Results: CaMKIα knockdown significantly alleviated lung injury in ALI rats, and significantly reduced lung edema, inflamma-
tory cytokine levels, and histological injury (all p < 0.05). In vitro, CaMKIα knockdown enhanced L2 cell viability, suppressed
apoptosis, and reduced pro-inflammatory cytokine production (all p < 0.05) via AMPK/SIRT3 activation. Inhibition of AMPK
with Compound C abolished these protective effects (p < 0.05), confirming the involvement of this pathway.
Conclusion: CaMKIα attenuates inflammatory responses in ALI through activation of the AMPK/SIRT3 axis, indicating it may
serve as a promising target for ALI therapy.
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Introduction

Acute lung injury (ALI) represents a rapid inflamma-
tory reaction in the lungs caused by diverse pathological
stimuli and is often considered an early or mild form of
acute respiratory distress syndrome (ARDS). It mainly af-
fects alveolar epithelial cells and pulmonary capillary en-
dothelial cells, resulting in widespread structural changes
in lung tissue, progressive respiratory compromise, and per-
sistent hypoxemia. ALI is a severe condition that can affect
individuals of all ages, with neonates—especially preterm
infants—being particularly vulnerable and exhibiting rel-
atively high mortality [1–3]. The development of neona-
tal ALI is multifactorial, with dysregulated inflammatory
responses serving as a key contributor. Excessive inflam-
matory responses damage alveolar epithelial and capillary
endothelial cells, resulting in increased permeability of the
alveolar-capillary barrier. This process impairs gas ex-
change, while inflammatory exudates within the alveoli re-
duce the activity of pulmonary surfactant, increase alveo-
lar surface tension, exacerbate pulmonary edema, reduce
lung compliance, and further deteriorate pulmonary func-

tion [4]. To date, the underlying mechanisms of neonatal
ALI remain incompletely elucidated. Conventional thera-
peutic strategies mainly focus on addressing the underlying
cause, correcting hypoxemia, and supporting organ func-
tion [5,6]. However, these approaches are insufficient to
halt the pathological progression of ALI or promote repair
of injured lung cells. Thus, the development of novel and
effective therapeutic strategies is urgently needed.

AMP-activated protein kinase (AMPK) functions as
a key regulator of cellular energy balance and stress re-
sponses. Its activation promotes autophagy and suppresses
inflammation [7]. In animal models of ALI, AMPK ac-
tivation has been shown to significantly alleviate inflam-
matory cell infiltration and lung tissue injury [8]. Like-
wise, sirtuin 3 (SIRT3) is crucial for controlling inflamma-
tion. Upregulation of SIRT3 promotes autophagy through
the AMPK/mTOR pathway, consequently suppressing in-
flammatory responses [9]. Accumulating evidence sug-
gests that activation of AMPK/SIRT3 pathway alleviates
multiple inflammation-related pathologies, including ALI,
highlighting its potential as a therapeutic target for inflam-
matory disorders [10].
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Calcium/calmodulin-dependent protein kinase Iα
(CaMKIα) is a downstream effector of calcium signaling
that can phosphorylate AMPK and promote autophagy,
thereby playing an important role in inflammation reg-
ulation [11]. Previous studies have demonstrated that
CaMKIα activation induces ATG7-dependent autophagy,
suppresses excessive inflammation, and alleviates LPS-
induced acute pulmonary inflammation [12]. However,
these studies primarily focused on general AMPK-related
pathways in inflammatory contexts and did not directly
examine the AMPK/SIRT3 axis in acute lung injury
[13,14]. Thus, our study extends previous findings by di-
rectly linking CaMKIα activity to AMPK/SIRT3-mediated
modulation of inflammatory responses in ALI.

The present study aims to systematically investigate
the role and underlying mechanisms of CaMKIα in reg-
ulating the AMPK/SIRT3 signaling pathway during ALI.
Specifically, we sought to verify the regulatory effect of
CaMKIα on the AMPK/SIRT3 axis in ALI models and to
elucidate the critical mechanisms bywhich CaMKIαmodu-
lates inflammatory responses via this pathway. These find-
ings are expected to provide a theoretical basis and potential
molecular targets for novel therapeutic strategies against
ALI.

Materials and Methods

Animals
Adult Sprague-Dawley (SD) rats were obtained from

Speifu Biotechnology Co., Ltd. (Beijing, China). A total
of 30 adult rats (male: 20; female: 10; age: 8–10 weeks;
body weight: 250–300 g) were housed at a male-to-female
ratio of 1:2 for breeding under specific pathogen-free (SPF)
conditions. Pregnant females were transferred to individual
cages until natural delivery. After birth, 70 neonatal rats
were randomly selected for subsequent experiments. An-
imals were maintained at 22–26 °C with 40–70% relative
humidity and a 12-h light/dark cycle, with sterilized cages,
bedding, and feed.

All neonatal rats were euthanized at the end of the
experiment via intraperitoneal injection of pentobarbital
sodium (150 mg/kg), and death was confirmed by cessation
of heartbeat.

Grouping and Model Establishment
An adeno-associated virus (AAV) vector carrying

shRNA targeting CaMKIα (AAV-shCaMKIα) and a neg-
ative control vector (AAV-NC) were purchased from Pack-
Gene (Guangzhou, China). The validated shRNA sequence
targeting Camk1 was 5′-GGTGTCTGATATCAAGTTA-3′.
A scrambled shRNA sequence with no homology to the rat
genome was used as the negative control (AAV-NC). The
viral titer was 1 × 1011 vg/mL. Neonatal rats received in-
tratracheal administration of 20 µL virus suspension un-
der light anesthesia. The AAV serotype used was AAV2/9,

which exhibits preferential tropism for lung epithelial cells,
resulting in predominant gene modulation in alveolar ep-
ithelial cells.

To validate successful establishment of the LPS-
induced ALI model and to determine whether CaMKIα
expression is altered during ALI, a preliminary model-
validation experiment was performed. Neonatal rats were
assigned to a Control group (saline without LPS), a Model
group (saline + LPS), and a Model + KO-NC group (AAV-
NC + LPS). CaMKIα expression in lung tissues and Bron-
choalveolar Lavage Fluid (BALF) inflammatory indicators
were assessed, confirming successful ALI induction and
demonstrating comparable pathological changes between
the Model and Model + KO-NC groups.

For mechanistic studies, neonatal rats were intratra-
cheally injected with AAV-NC or AAV-shCaMKIα at one
week of age. One week after viral transduction, ALI was
induced by intranasal instillation of LPS (5 mg/kg, HY-
D1056, MCE, NJ, USA). Based on this design, animals
were divided into four groups: Ctrl group (AAV-NC with-
out LPS), KO-CaMKIα group (AAV-shCaMKIα without
LPS), ALI group (AAV-NC + LPS), and ALI + KO group
(AAV-shCaMKIα + LPS). Body weight was recorded daily
starting from the day of LPS administration. Bronchoalve-
olar lavage fluid (BALF) and lung tissues were collected
seven days after LPS challenge for subsequent analyses.

Lung Wet-to-Dry Weight Ratio
After collecting BALF, the left (unlavaged) lung was

removed andweighed to determine its wet weight. The lung
tissue was subsequently dried in an oven at 80 °C for 48
hours until a stable weight was achieved. The dry weight
was then measured, and the wet-to-dry (W/D) ratio of the
lung was calculated to evaluate pulmonary edema.

BALF Total Cell Count and Total Protein
Concentration

The total cell count in BALF was measured with a
hemocytometer (Z359629, Merck, Darmstadt, DE). BALF
samples were centrifuged at 3000 rpm for 10 minutes at 4
°C, and the resulting supernatant was collected to determine
total protein content using a commercial assay kit (BCA
Protein Assay Kit, Cat. No. BCA1, Merck, Darmstadt, DE)
following the manufacturer’s instructions.

Histological Analysis
Lung tissues were fixed in 4% paraformaldehyde

(158127, Sigma-Aldrich, MI, USA), embedded in paraf-
fin, and sectioned at a thickness of 4 µm. Sections
were deparaffinized in xylene and rehydrated through
a graded ethanol series (100%, 95%, 80%, and 70%).
Histopathological changes, including inflammation and fi-
brosis, were assessed using hematoxylin and eosin (HE)
staining (C0105S, Beyotime, Shanghai, China) and Mas-
son’s trichrome staining (HT15, Sigma-Aldrich, MI, USA).
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Table 1. Primer sequences used for qRT-PCR.
Gene Forward sequence (5′-3′) Reverse sequence (5′-3′)

CaMKIα TGTGGCGTCATCCTGTATATCTTG CCTTCACGCCATCATTCTTCTTG
TNF-α GCCCACGTCGTAGCAA GTCTTTGAGATCCATG
IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC
IL-10 CAGAAATCAAGGAGCATTTG CTGCTCCACTGCCTTGCTTT
IL-1β CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC
β-actin GAAGATCAAGATCATTGCTCCT TACTCCTGCTTGCTGATCCA
qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction.

Table 2. Primary antibodies used in this study.
Antibody Brand Catalog number Dilution ratio

CaMKIα Abcam, Cambridge, UK ab68234 1:5000
NF-κB Proteintech, IL, USA 80979-1-RR 1:5000
NLRP3 Abcam ab263899 1:1000
COX-2 Abcam ab179800 1:1000
iNOS Abcam ab178945 1:1000
p-AMPK Abcam ab133448 1:1000
AMPK Abcam ab32047 1:1000
SIRT3 Abcam ab246522 1:1000
β-actin Abcam ab8226 1:1000
Abbreviations: CaMKIα, Calcium/Calmodulin-Dependent Pro-
tein Kinase Iα; NF-κB, Nuclear Factor kappa-light-chain-
enhancer of activated B cells; NLRP3, NOD-, LRR- and pyrin
domain-containing protein 3; COX-2, Cyclooxygenase-2; iNOS,
Inducible Nitric Oxide Synthase; p-AMPK, Phosphorylated AMP-
Activated Protein Kinase; SIRT3, Sirtuin 3.

For HE staining, sections were stained with hema-
toxylin for 5–8 min, rinsed, differentiated in 1% acid al-
cohol, blued in tap water, and counterstained with eosin for
1–3 min. For Masson’s trichrome staining, sections were
sequentially stained with Weigert iron hematoxylin for 5–
10 min, followed by Biebrich scarlet-acid fuchsin for 5–10
min. Sections were then differentiated in phosphomolyb-
dic/phosphotungstic acid solution until collagen staining
eliminated, and subsequently counterstained with aniline
blue for 5–10 min. After staining, all sections were dehy-
drated, cleared, andmounted with neutral resin for imaging.

All staining procedures were performed according to
the manufacturers’ instructions and optimized based on kit
protocols to ensure reproducibility.

Cell Culture and Stimulation
Rat alveolar type II epithelial cells (L2 cells, SNP-

R122, SUNNCELL, Wuhan, China) were maintained in
RPMI (R8758, Merck, Darmstadt, DE) medium contain-
ing 10% fetal bovine serum (FBS, 12103C, Merck, Darm-
stadt, DE) and 1% penicillin-streptomycin (P4333, Merck,
Darmstadt, DE) under standard culture conditions (37 °C,
5% CO2). L2 alveolar epithelial cells were routinely tested
and confirmed to be mycoplasma-free before use. Cell
identity was confirmed by morphological observation and

SP-C immunofluorescence staining. To establish an in
vitro ALI model, cells were exposed to LPS (100 ng/mL)
[15]. CaMKIα expression was silenced using siRNA trans-
fection, with a negative control (NC) group included to
eliminate nonspecific effects. Knockdown efficiency was
confirmed by Western blotting. In selected groups, cells
were additionally treated with the AMPK-specific inhibitor
Compound C (P5499, Merck, Darmstadt, DE, final concen-
tration 5 µM) to block AMPK activation and detect its role
in CaMKIα-mediated regulation of inflammation.

Cell Viability Assay
Cell viability was assessed using the Cell Counting

Kit-8 (CCK-8, C0038, Beyotime, Shanghai, China). Cells
were seeded in 96-well plates (CLS3600, Merck, Darm-
stadt, DE) at a density of approximately 5 × 103 cells per
well (100 µL/well) in triplicate. After treatment, 10 µL of
CCK-8 solution was added to each well, followed by incu-
bation for 2 h at 37 °C in 5% CO2. Absorbance at 450 nm
was measured with a microplate reader, and optical density
(OD) values were used to quantify cell viability. The mean
values were calculated for subsequent statistical analysis.

Cell Apoptosis Assay
Apoptotic cells were detected using a Terminal

deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining kit (11684795910, Roche Diagnostics,
IN, USA) and observed under a fluorescence microscope.

Measurement of Inflammatory Cytokines by
Enzyme-Linked Immunosorbent Assay (ELISA)

BALF and cell culture supernatants were centrifuged
at 3000 rpm for 10 minutes at 4 °C. Concentrations of
Tumor Necrosis Factor-alpha (TNF-α), Interleukin-6 (IL-
6), Interleukin-10 (IL-10), and Interleukin-1 beta (IL-
1β) were quantified using ELISA kits (EK0527, EK0411,
EK0418, EK0394; Wuhan Boster Biological Technology
Co., Wuhan, China) following the manufacturer’s instruc-
tions.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from lung tissues and L2
cells using TRIzol reagent (15596018, Thermo Fisher Sci-
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Fig. 1. Validation of ALI model establishment and CaMKIα expression in neonatal rats. (A) qRT-PCR analysis of CaMKIαmRNA
expression in lung tissues. (B,C) Western blot analysis of CaMKIα protein expression and corresponding densitometric quantification.
(D) Total cell count in BALF. (E) Total protein concentration in BALF. (F) Representative lung histological staining. (G–J) BALF levels
of inflammatory cytokines TNF-α, IL-6, IL-1β, and IL-10 measured by ELISA. n = 5. ***p < 0.001, **p < 0.01, nsp > 0.05. ALI,
acute lung injury; BALF, Bronchoalveolar Lavage Fluid; TNF-α, Tumor Necrosis Factor-alpha; IL-6, Interleukin-6; IL-10, Interleukin-
10; IL-1β, Interleukin-1 beta; ELISA, Enzyme-Linked Immunosorbent Assay.

entific, MA, USA) and subsequently treated with DNase I
(11284932001, Sigma-Aldrich, MI, USA). cDNA was syn-
thesized from 1 µg of RNA using the High-Capacity cDNA
Reverse Transcription Kit (4368814, Thermo Fisher Sci-
entific, Waltham, MA, USA). Quantitative PCR was per-
formed with a qRT-PCR kit (11732088, Thermo Fisher
Scientific, Waltham, MA, USA), and relative mRNA lev-
els were normalized to β-actin using the 2−∆∆Ct method.
Primer sequences are provided in Table 1.

Western Blotting

Total protein was isolated from rat lung tissues and
L2 cells using RIPA (R0278, Merck, Darmstadt, DE) lysis

buffer, and concentrations were measured with a BCA Pro-
tein Assay Kit (P0012, Beyotime, Shanghai, China). Equal
amounts of protein (20 µg per lane) were resolved by poly-
acrylamide gel electrophoresis (PAGE) and transferred onto
PVDF (IESN07852, Merck, Darmstadt, DE) membranes.
Membranes were blocked with 5% non-fat milk for 1 h at
room temperature and then incubated overnight at 4 °Cwith
the designated primary antibodies (Table 2). After washing
with TBST, membranes were incubated with Horseradish
Peroxidase (HRP)-conjugated secondary antibodies (goat
anti-rabbit IgG-HRP, ab6721, Abcam, 1:2000; goat anti-
mouse IgG-HRP, ab205719, Abcam, 1:2000) at room tem-
perature for 1 hour. Protein bands were detected using a
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Fig. 2. Effect of CaMKIα knockdown on pulmonary function in ALI rats. (A,B) Validation of CaMKIα knockdown by Western
blotting. (C) Lungwet/dry weight ratio. (D) Bodyweight changes. (E) Total BALF cell counts. (F) BALF total protein concentration. (G)
Histological changes in lung tissue; arrows indicate inflammatory infiltration. Hematoxylin and Eosin (H&E) staining: magnification,
200×; Masson staining: magnification, 100×. n = 5. ***p < 0.001, **p < 0.01, nsp > 0.05.

ChemiDoc XRS+ imaging system (Bio-Rad, Hercules, CA,
USA), and relative protein levels were quantified with Im-
ageJ Pro-Plus 6.0 software (Tanon, Shanghai, China).

Statistical Analysis
Data are presented as the mean ± SEM. Statistical

analyses were conducted using GraphPad Prism version 7.0

(GraphPad Software, San Diego, CA, USA). Comparisons
between control and treatment groups were performed us-
ing two-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. Statistical significance was defined
solely as a p < 0.05.
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Fig. 3. Mechanisms underlying the effects of CaMKIα knockdown on pulmonary inflammation. (A–D) BALF cytokine levels
(TNF-α, IL-6, IL-1β, IL-10). (E–H) mRNA levels of cytokines in lung tissue. (I–M) Protein expression of NF-κB, NLRP3, COX-2,
and iNOS. (N–P) Protein levels of p-AMPK, AMPK, and SIRT3. n = 5. ***p < 0.001, **p < 0.01, *p < 0.05, nsp > 0.05.
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Results

CaMKIα Is Upregulated in LPS-Induced ALI and
Validation of ALI Model Establishment

qRT-PCR analysis revealed that CaMKIα mRNA ex-
pression was significantly increased in lung tissues of the
Model group compared with the Control group (p < 0.01,
Fig. 1A). Consistently, Western blot analysis demonstrated
a marked upregulation of CaMKIα protein levels in ALI
rats, as evidenced by quantitative densitometric analysis
(Fig. 1B,C).

To further verify successful ALI model establishment,
BALF was collected and analyzed. The total cell count and
total protein concentration in BALF were significantly ele-
vated in the Model group compared with the Control group
(p < 0.01), indicating increased inflammatory cell infiltra-
tion and alveolar-capillary barrier disruption (Fig. 1D,E).
No significant differences were detected between theModel
and Model + KO-NC groups.

Histological examination revealed pronounced alveo-
lar damage and inflammatory cell infiltration in the Model
group compared with the Control group, which showed
preserved lung architecture (Fig. 1F). Similar histopatho-
logical alterations were observed in the Model + KO-NC
group, suggesting no obvious impact of the control vec-
tor on LPS-induced lung injury. In addition, ELISA results
demonstrated that pro-inflammatory cytokines TNF-α, IL-
6, and IL-1β were significantly increased, while the anti-
inflammatory cytokine IL-10 was decreased in the BALF of
Model rats compared with Controls (p < 0.001), while no
significant differences were observed between the Model
and Model + AAV-NC groups (Fig. 1G–J).

Knockdown of CaMKIα Improves Pulmonary
Function in ALI Rats

Western blotting demonstrated a significant upregula-
tion of CaMKIα in the ALI group (p < 0.001), whereas
its expression was markedly decreased in both the KO-
CaMKIα and ALI+KO groups, confirming effective gene
silencing (Fig. 2A,B, p < 0.001). Functionally, ALI rats
showed a higher lung wet/dry ratio (p < 0.001), reduced
body weight gain (p < 0.001), and increased BALF cell
counts and protein levels (Fig. 2C–F, p < 0.001). These
pathological alterations were notably ameliorated after
CaMKIα knockdown (p < 0.05, p < 0.001). Consistently,
histological evaluation revealed extensive inflammatory in-
filtration and alveolar injury in ALI lungs, which were sub-
stantially alleviated by CaMKIα silencing (Fig. 2G).

Knockdown of CaMKIα Suppresses Pulmonary
Inflammation and Activates the AMPK/SIRT3
Pathway in ALI Rats

In the ALI group, TNF-α, IL-6, and IL-1β levels in
BALFwere significantly elevated, while IL-10was reduced
(p < 0.001). These alterations were reversed by CaMKIα

knockdown (Fig. 3A–D, p < 0.05, p < 0.001). qRT-PCR
results confirmed consistent trends in lung tissue mRNA
expression (Fig. 3E–H). Protein analysis further demon-
strated that nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-κB), NOD-, LRR- and pyrin domain-
containing protein 3 (NLRP3), cyclooxygenase-2 (COX-2),
and inducible nitric oxide synthase (iNOS) were markedly
upregulated in ALI rats (p < 0.001), but downregulated
upon CaMKIα knockdown (Fig. 3I–M, p< 0.05, p< 0.01).
Importantly, CaMKIα knockdown promoted the expres-
sion of p-AMPK and SIRT3 (p < 0.05, p < 0.01), sug-
gesting that its anti-inflammatory effects may be mediated
through the AMPK/SIRT3 signaling pathway (Fig. 3N–P).

CaMKIα Knockdown Enhances Cell Viability and
Reduces Apoptosis in L2 Cells

In vitro, LPS stimulation significantly increased
CaMKIα expression in L2 cells (p < 0.05), while siRNA-
mediated knockdown effectively reduced its expression
(Fig. 4A,B, p < 0.001). CCK-8 assays showed that LPS
markedly decreased cell viability (p < 0.01), which was
restored upon CaMKIα knockdown (Fig. 4C, p < 0.05).
TUNEL staining revealed increased apoptosis after LPS
treatment (p < 0.001), whereas CaMKIα knockdown sub-
stantially reduced apoptosis (Fig. 4D,E, p < 0.001).

CaMKIα Knockdown Attenuates L2 Cell
Inflammation and Activates the AMPK/SIRT3
Pathway

LPS exposure markedly increased TNF-α, IL-6, and
IL-1β secretion while reducing IL-10 in L2 cell super-
natants (all p < 0.001). These cytokine changes were ef-
fectively reversed by CaMKIα knockdown (Fig. 5A–D,
p < 0.05-0.001). Consistent results were obtained at the
transcriptional level by qRT-PCR (Fig. 5E–H). Western
blotting further showed that LPS robustly upregulated ex-
pression levels of NF-κB, NLRP3, COX-2, and iNOS (p
< 0.001), whereas CaMKIα silencing significantly sup-
pressed these protein levels (Fig. 5I–M, p < 0.05-0.001).
In parallel, knockdown of CaMKIα promoted phosphoryla-
tion of AMPK and enhanced SIRT3 expression (Fig. 5N–P,
p < 0.05–0.01).

Inhibition of the AMPK/SIRT3 Pathway Abolishes
the Protective Effects of CaMKIα Knockdown on L2
Cells

To validate pathway involvement, L2 cells were
treated with the AMPK inhibitor Compound C, which
significantly suppressed p-AMPK and SIRT3 expression
(Fig. 6A–C, p < 0.001). Functionally, inhibition of AMPK
diminished the restoration of cell viability induced by
CaMKIα knockdown and markedly increased apoptosis
(Fig. 6D–F, p< 0.05, p< 0.001), indicating that the protec-
tive effects of CaMKIα knockdown are mediated through
the AMPK/SIRT3 signaling pathway.

https://www.discovmed.com/


475

Fig. 4. Validation of CaMKIα knockdown efficiency and its effects on viability and apoptosis in L2 cells. (A,B) Western blot
validation of CaMKIα knockdown. (C) Cell viability assessed by Cell Counting Kit-8 (CCK-8). (D,E) Apoptosis analysis by TUNEL
staining and fluorescence quantification (magnification, 200×). n = 3. ***p < 0.001, **p < 0.01, *p < 0.05, nsp > 0.05. TUNEL,
Terminal deoxynucleotidyl transferase dUTP nick end labeling.

Inhibition of the AMPK/SIRT3 Pathway Attenuates
the Anti-Inflammatory Effects of CaMKIα
Knockdown

Cytokine profiling showed that LPS stimulation
markedly elevated TNF-α, IL-6, and IL-1β levels while
suppressing IL-10 (all p < 0.001). These changes were
significantly ameliorated by CaMKIα knockdown (p <

0.001). In contrast, co-treatment with the AMPK inhibitor
Compound C abrogated this protection, resulting in higher
pro-inflammatory cytokines and further reduction of IL-10
(Fig. 7A–D, p < 0.05-0.001). Similar trends were con-
firmed at the mRNA level (Fig. 7E–H). Western blotting
further demonstrated that CaMKIα silencing downregu-
lated NF-κB, NLRP3, COX-2, and iNOS expression lev-
els (p < 0.001), whereas these inhibitory effects were sig-

nificantly attenuated by AMPK blockade (Fig. 7I–M, p
< 0.05-0.01). Taken together, these results indicate that
CaMKIα exerts anti-inflammatory protection through the
AMPK/SIRT3 pathway, and this effect is largely abolished
when AMPK activity is inhibited.

Discussion

ALI and its severe form, ARDS, are serious critical
conditions marked by widespread damage to alveolar ep-
ithelial and endothelial cells, extensive infiltration of in-
flammatory cells, and overproduction of pro-inflammatory
cytokines [16,17]. These pathological alterations ulti-
mately compromise the alveolar-capillary barrier and im-
pair oxygenation [18]. Although the underlying mech-
anisms have been partially elucidated, effective targeted
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Fig. 5. Effects of CaMKIα knockdown on L2 cell inflammation. (A–D) Cytokine levels in cell supernatants. (E–H) Cytokine mRNA
expression in L2 cells. (I–M) Protein expression of NF-κB, NLRP3, COX-2, and iNOS. (N–P) Protein levels of p-AMPK, AMPK, and
SIRT3. n = 3. ***p < 0.001, **p < 0.01, *p < 0.05, nsp > 0.05.
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Fig. 6. Validation of AMPK/SIRT3 inhibition and its effects on viability and apoptosis in L2 cells. (A–C) Western blot validation
of AMPK/SIRT3 inhibition. (D) Cell viability assessed by CCK-8. (E,F) Apoptosis analysis by TUNEL staining and fluorescence
quantification (magnification, 200×). n = 3. ***p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 7. Effects of AMPK/SIRT3 pathway inhibition on inflammatory responses in L2 cells. (A–D) Cytokine levels (TNF-α, IL-6,
IL-1β, IL-10) in cell supernatants. (E–H) mRNA expression of cytokines in L2 cells. (I–M) Protein expression of NF-κB, NLRP3,
COX-2, and iNOS assessed by Western blotting. n = 3. ***p < 0.001, **p < 0.01, *p < 0.05.
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therapies remain limited [19]. Therefore, identifying novel
molecular regulatory nodes is crucial for understanding the
inflammatory mechanisms of ALI and exploring potential
therapeutic targets. In this study, we employed a neonatal
rat LPS-induced ALI model and L2 cells to systematically
investigate the role of CaMKIα in inflammatory responses
and its relationship with the AMPK/SIRT3 signaling path-
way. Our results demonstrated that LPS stimulation in-
duced upregulation of CaMKIα, whereas AAV-shRNA- or
siRNA-mediated knockdown of CaMKIα markedly allevi-
ated lung injury, reduced inflammation and apoptosis, and
restored AMPK phosphorylation and SIRT3 expression.
Further experiments using AMPK inhibition indicated that
AMPK activation is essential for the protective effects of
CaMKIα knockdown. Collectively, these findings suggest
that CaMKIα may promote inflammation by negatively
regulating the AMPK/SIRT3 pathway, and its knockdown
relieves this inhibition to exert anti-inflammatory protec-
tion.

Upregulation and Biological Significance of
CaMKIα in ALI

We found that CaMKIα was significantly upregu-
lated in both the LPS-induced neonatal rat ALI model and
L2 cells, and that knockdown of CaMKIα improved pul-
monary function, mitigated inflammation and apoptosis.
As a downstream effector of calcium signaling, CaMKIα
has been implicated in the regulation of inflammation, cell
death, and metabolic reprogramming, particularly in con-
nection with the canonical AMPK pathway [11,20]. Our
findings indicate that CaMKIα contributes to inflammatory
responses in ALI by regulating the AMPK/SIRT3 axis, re-
vealing a previously unrecognized link between calcium
signaling and energy-sensing pathways in inflammation.
Notably, while the CaMKIα-AMPK pathway has been im-
plicated in inflammation, this study is the first to show that
CaMKIα knockdown alleviates LPS-induced acute lung in-
jury through the AMPK/SIRT3 axis in neonatal rats and
alveolar epithelial cells, highlighting a novel upstream reg-
ulatory mechanism and potential therapeutic target. How-
ever, our conclusions are based on functional evidence,
as direct molecular interactions between CaMKIα and
AMPK/SIRT3 components have not been demonstrated.
Future studies using co-immunoprecipitation, kinase as-
says, or phosphorylation site mapping are needed to clarify
the precise biochemical relationship.

Mechanisms of CaMKIα-Mediated Regulation of the
AMPK/SIRT3 Pathway in Inflammation Attenuation

Our findings indicate that CaMKIα knockdown re-
stores p-AMPK and SIRT3 expression while suppressing
pro-inflammatory mediators, including NF-κB, NLRP3,
COX-2, and iNOS. Extensive evidence has demonstrated
that AMPK activation protects against inflammatory lung
injury by suppressing NF-κB signaling and NLRP3 inflam-

masome activity, enhancing autophagy, and limiting pro-
inflammatory cytokine production, ultimately alleviating
lung damage induced by LPS or sepsis [20–22]. SIRT3 has
similarly been shown to confer anti-inflammatory protec-
tion in ALI and sepsis-associated lung injury, with its up-
regulation typically associated with inflammation suppres-
sion and initiation of repair responses [23,24]. Consistently,
in our study, CaMKIα knockdown increased p-AMPK
and SIRT3 levels, correlating with the observed anti-
inflammatory phenotype. By relieving CaMKIα-mediated
negative regulation, AMPK/SIRT3 signaling activity is re-
stored, which inhibits NF-κB- and NLRP3-mediated in-
flammatory responses. Experiments using Compound C
further confirmed the essential role of AMPK in mediating
these protective effects [25,26].

Our findings expand current understanding of ALI
pathology by identifying CaMKIα as an upstream mod-
ulator capable of the AMPK/SIRT3 axis, thereby linking
calcium signaling to mitochondrial homeostasis and in-
flammatory control. This mechanistic connection has been
insufficiently addressed in previous ALI research, which
has primarily focused on downstream AMPK activation
or SIRT3-mediated mitochondrial protection. Recent stud-
ies have emphasized the importance of upstream regula-
tory nodes that integrate metabolic stress and inflamma-
tory signaling in lung injury, highlighting the relevance
of our results in addressing this gap. By demonstrat-
ing that CaMKIα suppression alleviates inflammatory re-
sponses through AMPK/SIRT3-related pathways, our study
provides both conceptual and mechanistic insights that may
inform the development of targeted therapies for neonatal
ALI.

Nevertheless, several limitations should be acknowl-
edged. Compound C was selected because it is a widely
used pharmacological AMPK inhibitor and has been vali-
dated in numerous ALI and inflammation-related studies to
effectively suppress AMPK activation in vitro and in vivo
[27,28]. However, it is not completely specific and may in-
fluence other kinases and metabolic pathways [29], which
could contribute to off-target effects. Therefore, although
our results strongly support a role for AMPK/SIRT3 acti-
vation in CaMKIα-mediated regulation of inflammatory re-
sponses, future studies employing more selective inhibitors
or genetic approaches are required to confirm the pathway
specificity. Additionally, our in vitro experiments were lim-
ited to alveolar type II epithelial L2 cells and did not account
for the contributions of other key immune cell populations
in ALI. Future studies could employ conditional CaMKIα
and AMPK/SIRT3 knockout animal models and analyses
across multiple time points and LPS doses to elucidate the
dynamic regulation of this signaling network. Systematic
investigations of cell type-specific effects, combined with
transcriptomic and metabolomic analyses, would further
clarify the downstream regulatory network of CaMKIα.
From a translational perspective, small-molecule inhibitors
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or gene-based strategies targeting CaMKIα may represent
novel therapeutic approaches for ALI/ARDS. Combining
these approacheswith existingAMPKactivators and SIRT3
agonists could further enhance their clinical potential.

Conclusion

In summary, our study demonstrates that CaMKIα
contributes to inflammatory responses in acute lung in-
jury by negatively regulating the AMPK/SIRT3 pathway.
Knockdown of CaMKIα alleviates LPS-induced lung in-
jury, reduces apoptosis, and suppresses pro-inflammatory
cytokine production in neonatal rats and alveolar epithelial
cells, largely through restoration of AMPK phosphoryla-
tion and SIRT3 expression. These findings reveal a novel
upstream regulatory mechanism and suggest that targeting
CaMKIα may represent a promising therapeutic strategy
for ALI/ARDS.
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