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Objective: Acute pancreatitis (AP) is a potentially life-threatening inflammatory disease with limited 
therapeutic options. Although honokiol has shown beneficial effects in animal models of AP, the mito-
chondrial mechanisms underlying these effects remain poorly understood. This study investigated
whether honokiol protects against AP by activating the mitochondrial deacetylase sirtuin 3 (SIRT3) and
regulating oxidative phosphorylation (OXPHOS) function.
Methods: A mouse model of caerulein-induced AP was established to assess the temporal expression of 
SIRT3 and the effects of its pharmacological inhibition. The efficacy of honokiol was evaluated in vivo 
using an AP mouse model and in vitro using 266-6 cells and primary pancreatic acinar cells. Proteomic
analysis was performed to identify SIRT3-regulated mitochondrial proteins and pathways. Protein–pro-
tein docking and immunoprecipitation were used to validate the interaction and acetylation of the res-
piratory complex subunits.
Results: SIRT3 expression was markedly reduced in AP, while its inhibition exacerbated disease severity, 
confirming a protective role. Honokiol treatment restored SIRT3 expression, alleviated inflammation and 
mitochondrial damage, and partially rescued OXPHOS protein expression. The proteomic profiling iden-
tified three candidate OXPHOS subunits—adenosine triphosphate synthase membrane subunit K, cyto-
chrome c 1 (CYC1) and ubiquinol-cytochrome c reductase hinge protein—that were restored by
honokiol treatment. The protein–protein docking analysis revealed strong binding affinity between
SIRT3 and CYC1. The immunoprecipitation assay further confirmed that honokiol reduced the acetylation
of CYC1, indicating that this effect is mediated by SIRT3 activity.
Conclusion: Honokiol activates SIRT3 and promotes deacetylation of the respiratory complex Ⅲ subunit 
CYC1, contributing to OXPHOS restoration and mitochondrial protection in AP. These findings suggest a 
previously unrecognized SIRT3–CYC1 signaling axis underlying honokiol’s mitochondrial protective 
effects in AP. 
Please cite this article as: Miao YF, Yao JQ, Peng Y, Bai D, Fan SH, Li HY, Jin W, Lu Y. Honokiol protects
against acute pancreatitis by activating SIRT3 to restore mitochondrial oxidative phosphorylation and
alleviate hyperacetylation. J Integr Med. 2026; Epub ahead of print.

© 2026 Shanghai Yueyang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine. 
Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons. 

org/licenses/by/4.0/). 
1. Introductio n

Acute pancreatitis (AP) represents a clinical emergency charac-
terized by activation of digestive enzymes while they are still
within the pancreatic acinar cells (PACs), leading to local necrosis 
and a systemic inflammatory response. Globally, the incidence of
AP has risen steadily over the past six decades [1], with severe 
cases exhibiting mortality rates from 30% to 50% [2]. Current man-
agement remains largely supportive, including fluid resuscitation,
analgesia and nutritional support [3], while targeted therapies 
such as protease inhibitors have shown limited efficacy due to poor
ondrial
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specificity [4,5]. Emerging evidence suggests that mitochondrial 
dysfunction plays a central role in acinar cell injury [6]. Therefore, 
it is reasonable to infer that the limited efficacy of targeted thera-
pies may stem from an insufficient understanding of mitochondrial
contributions to AP pathogenesis—an area this study seeks to
clarify.

The natural biphenolic compound honokiol, derived from Mag-
noliae Officinalis Cortex (the dried bark of Magnolia officinalis 
Rehder & E.H.Wilson), has emerged as a promising candidate for
AP treatment. Previous studies have documented its protective
effects that act through multiple mechanisms, including suppres-
sion of pro-inflammatory signaling pathways [7,8], modulation of 
metabolic profiles [9], and promotion of acinar cell apoptosis
[10]. However, these effects remain largely phenotypic and lack 
integration into a unifying mitochondrial-related mechanism. This 
gap is particularly relevant because mitochondrial dysfunction is a
key driver of AP pathogenesis [6]. Honokiol was initially identified 
as an activator of the oxidized form of nicotinamide adenine dinu-
cleotide (NAD+)-dependent protein deacetylase sirtuin 3 (SIRT3) in
cardiovascular disease [11], highlighting its potential to modulate 
mitochondrial function through protein deacetylation. However, 
it is unclear whether honokiol exerts similar effects in AP and 
whether SIRT3 targets mitochondrial respiratory complexes as part 
of this response. This gap is further underscored by a recent study
demonstrating that therapeutic fecal microbiota transplantation
alleviates AP by increasing nicotinamide mononucleotide levels,
which activate the SIRT3–peroxiredoxin 5 signaling pathway [12]. 

SIRT3, a predominant mitochondrial deacetylase, regulates cel-
lular metabolism under stress by targeting proteins such as super-
oxide dismutase 2 [13,14]. While its antioxidant function has been
partially explored in AP [12,13], its role in regulating mitochondrial 
respiration remains poorly understood. A recent study revealed 
that oxidative phosphorylation (OXPHOS) pathways were mark-
edly disrupted during the progress of AP [15]. Notably, cytochrome 
c1 (CYC1), a core component of mitochondrial complex Ⅲ, was 
identified as a candidate regulator because electron transport effi-
ciency could be influenced by acetylation of its binding partners
[16]. Specifically, acetylation of cytochrome c, the electron accep-
tor for CYC1, was shown to impair electron transfer to complex
Ⅳ [17], raising the possibility that CYC1 function is also 
acetylation-sensitive. This led us to hypothesize that SIRT3 may 
regulate the acetylation status of CYC1 as AP develops, potentially 
linking mitochondrial deacetylation to OXPHOS preservation. 
Therefore, this study investigated whether honokiol exerts its pro-
tective effects in AP through a SIRT3-mediated deacetylation
mechanism that regulates mitochondrial OXPHOS. Particular
attention was given to CYC1, a complex Ⅲ subunit whose involve-
ment in AP has not been previously characterized.

2. Material and methods

2.1. Compounds and reagents

Honokiol (purity: 99.76%; HY-N0003) and 3-(1H-1,2,3-triazol-
4-yl) pyridine (3-TYP, purity: 99.96%; HY-108331) were from Med-
ChemExpress (Shanghai, China). Caerulein (purity ≥ 95%; S62702) 
was from Shanghai Yuanye Bio-Technology (Shanghai, China). Tau-
rocholic acid sodium salt hydrate (NaT, purity ≥ 95%; T4009) and
taurolithocholic acid 3-sulfate disodium salt (TLCS, purity ≥ 90%;
T0512) were from Sigma–Aldrich (St. Louis, MO, USA).

2.2. Ethics and animals

All animal experiments were approved by the Institutional Ani-
mal Care and Use Committees of Chengdu University of Traditional
2

Chinese Medicine (approval No. 2025012). Male C57BL/6 mice (8– 
10 weeks of age) were purchased from the Laboratory Animal Cen-
ter of Sichuan University (certificate No. SCXK[川]2024-0026;
Chengdu, Sichuan Province, China) and housed in a specific
pathogen-free facility under standard conditions.

2.3. AP model and drug administration

Experimental AP was induced using a well-established proto-
col [18]. Mice received seven intraperitoneal (i.p.) injections of 
caerulein (50 lg/kg body weight, dissolved in sterile 0.9% sal-
ine) at 1-hour intervals. The mice in the control group received
an equal volume of saline. This caerulein-induced AP model is
widely used to mimic mild to moderate AP in mice [19]. For 
time-course analysis, mice were euthanized at 7, 12, 24 or 
48 h after the first caerulein injection via cervical dislocation
without anesthesia, in accordance with institutional ethical
guidelines.

To evaluate pharmacological interventions, the SIRT3 inhibi-
tor 3-TYP (50 mg/kg body weight, i.p.) was used. The compound 
was first dissolved in dimethyl sulfoxide (DMSO, 100 mg/mL), 
then diluted 1:20 in saline to a final concentration of 5 mg/
mL. Mice received 3-TYP (200 lL per dose, i.p.) twice: 1 h
before and 1 h after the first caerulein injection [20]. For hon-
okiol treatment, the compound was prepared similarly: the 
compound was dissolved in DMSO at 100 mg/mL and diluted 
in saline to a final concentration of 0.5, 1 or 2 mg/mL. Mice
received honokiol (200 lL per dose, via intragastric gavage)
1 h before the first caerulein injection, corresponding to 2.5, 5
or 10 mg/kg body weight [10]. In the rescue experiment, mice 
were pre-treated with honokiol (5 mg/kg body weight, via intra-
gastric gavage) 1 h before their first caerulein injection, and co-
treated with 3-TYP (50 mg/kg body weight, i.p.) 1 h before and
1 h after their first caerulein injection. Drug preparation and
administration followed the same protocols as described above.
All vehicle-treated animals received an equal volume of the
diluted DMSO-saline solution.

Unless otherwise specified, blood and pancreatic tissue samples 
were collected 12 h after the first caerulein injection for down-
stream analyses. Sample sizes were determined based on prior lab-
oratory experience, and preliminary experiments to ensure
adequate statistical power while minimizing animal use [18]. 

2.4. Histopatholo gy

Analysis of histopathology was performed as follows: after 
euthanasia, individual pancreas fragments were immediately col-
lected, fixed in 10% formalin, embedded in paraffin, sectioned into 
5 lm-thick slices, and stained with hematoxylin and eosin. The 
staining was performed by the laboratory of Servicebio Technology 
(Wuhan, Hubei Province, China). The stained slides were scanned
using a Panoramic MIDI digital scanner (3DHISTECH, Budapest,
Hungary). Pancreatic histopathology was evaluated by a profes-
sional pathologist in a blinded manner according to the Schmidt
pathology scoring criteria, which includes edema, inflammation
and necrosis (scores 0–3) [21]. 

2.5. H aematology

Initially, 50 lL of serum was diluted in 5× phosphate-buffered 
saline (PBS) solution. Pancreatic digestive enzyme parameters 
including serum amylase and lipase concentrations were detected
using a cobas® 6000 c501 automatic biochemical analyzer (Roche
Diagnostic, Basel, Switzerland) according to the manufacture’s
protocols.
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2.6. Western blotting and immunoprecipitation

Western blotting and immunoprecipitation were carried out 
according to the procedures reported by Kang et al. [22]. Briefly, 
pancreatic tissues and acinar cells were lysed in radioimmunopre-
cipitation assay (RIPA) buffer (P0013, Beyotime Biotechnology, 
Shanghai, China) containing protease and phosphatase inhibitors, 
followed by homogenization or sonication as appropriate. For 
phosphorylation assays, extra protease and phosphatase inhibitor 
cocktail (P1045, Beyotime Biotechnology, Shanghai, China) was 
added. Total protein was determined using the PierceTM 660 nm
Protein Assay Reagent (22660, Thermo Scientific, Rockford, IL,
USA), and proteins were separated using sodium dodecyl sulphate
electrophoresis–polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes. The separated proteins were
detected using primary antibodies listed in Table 1. 

For immunoprecipitation, pancreatic tissue lysates were pre-
pared using a mild RIPA buffer (P0013D, Beyotime Biotechnology, 
Shanghai, China). Protein A/G magnetic beads (HY-K0202, Med-
ChemExpress, Shanghai, China) were first incubated with 6 lg  of
anti-acetyllysine antibody for 30 min at room temperature on a 
rocking platform. The antibody-conjugated beads were then 
washed once with washing buffer (PBS containing 0.02% Triton 
X-100) for 5 min. Subsequently, 1 mL protein lysate (total protein
concentration: 1 mg/mL) was added and incubated with the beads
for an additional 30 min at room temperature. After incubation, the
immunocomplexes were washed three times with washing buffer,
eluted in Laemmli sample buffer, and denatured by boiling at
100 °C for 15 min. CYC1 was detected by Western blotting. The
band intensity was quantified using Fiji (version 2.16.0) for densit-
ometric analysis [23]. 

2.7. RNA extraction and quantitative real-time reverse transcription-
polymerase chain reaction

Total RNA was routinely extracted from 15 mg of pancreatic 
tissue using E.Z.N.A.® total RNA kit I (R6834, Omega Bio-Tek, 
Norcross, GA, USA) and quantified using NanoDropTM One/OneC 

(Thermo Scientific, Waltham, MA, USA). Then, 1 mg RNA sample 
was reversely transcribed into cDNA using the PrimeScriptTM RT 
reagent kit with gDNA eraser (perfect real time) (RR047Q, Takara,
Shiga, Japan). The polymerase chain reaction (PCR) amplification
was performed with QuantStudioTM 6 Flex (Applied Biosystems,
Carlsbad, CA, USA) using the TB Green® Premix Ex TaqTM II FAST
qPCR (CN830A, Takara, Shiga, Japan) with specific primers
(Table 2).

2.8. NAD+ content assay in pancreatic tissues

Pancreatic tissue (20 mg) was homogenized in 200 lL of NAD+ 

extraction buffer and processed according to the instructions 
provided with the CheKineTM micro coenzyme Ⅰ NAD(H) assay kit
(KTB1020, Abbkine, Wuhan, Hubei Province, China). Absorbance
Table 1 
Primary antibodies used in WB analysis.

Antibody Source

Anti-acetyllysine rabbit monoclonal antibody PTM BIO (H
Anti-b-actin rabbit monoclonal antibody ABclonal (W
Anti-CYC1 polyclonal antibody Proteintech
Anti-NF-jB p65 polyclonal antibody Proteintech
Anti-p-NF-jB p65 (Ser468) recombinant monoclonal antibody Proteintech
Total OXPHOS rodent WB antibody cocktail Abcam (Ca
Anti-SIRT3 polyclonal antibody Proteintech

CYC1: cytochrome c1; NF-jB: nuclear factor-jB; OXPHOS: oxidative phosphorylation; p

3

was measured at 450 nm using an Infinite® 200 PRO microplate 
reader (Tecan, Männedorf, Switzerland ). The NAD+ content was
normalized to total protein concentration in each sample.

2.9. Transmission electron microscopy

Pancreatic tissue samples (1 mm3 ) were fixed in 2.5% glu-
taraldehyde at 4 °C overnight, rinsed with PBS, and post-fixed with 
1% osmium tetroxide. After graded ethanol dehydration, the tissues 
were embedded in epoxy resin. Ultrathin sections were cut, 
double-stained with uranyl acetate and lead citrate, and imaged
using a JEM-1400Flash transmission electron microscope (JEOL,
Tokyo, Japan). At least three copper grids were prepared per sam-
ple, and representative regions were selected for imaging under
low (10,000×) and high (25,000×) magnification, respectively.

2.10. Cell culture, cell viability and adenosine triphosphate
quantification

The 266-6 cells (WN-10438, Warner Bio, Wuhan, Hubei Pro-
vince, China) were cultured (37 ℃, 95% humidity and 5% CO2)  in
Dulbecco’s modified Eagle medium (L110KJ, BasalMedia Technolo-
gies, Shanghai, China) supplemented with 10% fetal bovine serum 
(10099141C, Thermo Scientific, Auckland, New Zealand) and 1% 
penicillin and streptomycin (BC-CE-007, Biochannel, Nanjing, 
Jiangsu Province, China). The identity of the cell line was confirmed 
through short tandem repeat profiling, and routine testing showed 
no mycoplasma contamination. After subculture and detachment, 
the cells were seed into 96-well plates at a density of 4 × 105-
cells/mL. The cells were treated with honokiol (1.25, 2.5, 5, 10, 
20, 40 and 80 lmol/L) for 12 h or NaT (2.5, 5, 10 and 20 mmol/L)
for 1 h, and then cell viability was determined using cell counting
kit-8 (C0037, Beyotime Biotechnology, Shanghai, China) according
to the manufacturer’s instructions. For adenosine triphosphate
(ATP) detection, 266-6 cells were treated with 10 mmol/L NaT for
1 h, with or without a 12-hour pretreatment with 10 lmol/L hon-
okiol. The control group received equal volumes of DMSO and PBS.
Total ATP levels were measured using an ATP assay kit (S0026,
Beyotime Biotechnology, Shanghai, China) according to the
manufacturer’s instructions.

2.11. PAC isolation, treatment and cytokine analysis

Primary PACs were isolated from C57BL/6 mice via collagenase 
Ⅳ (C9407, Sigma–Aldrich, St. Louis, MO, USA) digestion, filtered 
through a 100 lm cell strainer, and cultured at 37 °C in a humid-
ified incubator. After centrifugation and washing, cells were 
resuspended in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid-buffered saline. For stimulation, PACs were pretreated with
honokiol (5 or 10 lmol/L) for 30 min. This was followed by
co-incubation with TLCS (500 lmol/L) for an additional 30 min.
Culture supernatants in pancreatic tissue were collected and
analyzed for inflammatory cytokines using commercial enzyme-
Identifier Dilution 

angzhou, Zhejiang Province, China) PTM-105RM 1:1000 
uhan, Hubei Province, China) #3195 1:10,000 

 (Wuhan, Hubei Province, China) 10242-1-AP 1:1000 
10745-1-AP 1:1000 
82335-1-RR 1:3000 

mbridge, UK) ab110413 1:1000 
10099-1-AP 1:1000 

-NF-jB: phosphorylated NF-jB; SIRT3: sirtuin 3; WB: Western blotting.

move_t0005
move_t0010
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Table 2 
Primer sequences.

Gene Forward sequence (5′→3′) Reverse sequence (5′→3′) Size (bp) 

Tnf ACGGCATGGATCTCAAAGACA GTGAGGAGCACGTAGTCGG 112 
Il1b GAAATGCCACCTTTTGACAGTGAT TTCTCCACAGCCACAATGAGT 188 
Actb CAGGTCATCACTATTGGCAAC TCTTTACGGATGTCAACGTCA 140 

Actb: actin b; Il1b: interleukin 1b; Tnf: tumor necrosis factor.
linked immunosorbent assay (ELISA) kits: mouse tumor necrosis 
factor-a (TNF-a) ELISA kit (EM0183), interleukin-1b (IL-1b) ELISA 
kit (EM0109) and IL-6 ELISA kit (EM0121), according to the manu-
facturer’s instructions (Wuhan Feyen Biotechnology, Wuhan,
Hubei Province, China). Cytokine concentrations were calculated
from standard curves.

2.12. Hoechst 33342/propidium iodide staining

The 266-6 cells were seeded in 24-well plates at a density of 
2 × 105 cells/mL, and then treated with 10 m mol/L NaT for 6 h,
with or without a 12-hour pretreatment with 10 lmol/L honokiol.
PACs were processed similarly, as described in the Section 2.11. 
The Hoechst 33342/propidium iodide (PI) double-staining kit 
(CA1120, Solarbio, Beijing, China) was used to evaluate cell death. 
After staining, the cells were washed with PBS and visualized 
under an IX83 epifluorescence microscope (Olympus, Tokyo,
Japan). The proportion of necrotic cells was quantified by calculat-
ing the ratio of PI-positive nuclei (indicating membrane integrity
loss) to Hoechst 33342-stained nuclei (total) using Fiji software.

2.13. Imaging of dihydroethidium fluorescence

The 266-6 cells were seeded into 24-well plates at a density of 
2 × 105 cells/mL, and then treated with 5 mmol/L NaT for 6 h, with 
or without a 12-hour pretreatment with 10 lmol/L honokiol. The 
production of oxidative stress/reactive oxygen species (ROS) was 
assessed by dihydroethidium (DHE; 50102ES02, Yeasen Biotech-
nology, Shanghai, China) fluorescence. Briefly, cells were incubated
with 5 lmol/L DHE for 30 min, followed by imaging and fluores-
cence intensity analysis using an IX83 epifluorescence microscope
and a CeligoTM 200-BFFL-5C imaging cytometer (Nexcelom Bio-
science, Lawrence, MA, USA), respectively. All experimental proce-
dures were carried out at room temperature.

2.14. Quantitative proteomics and bioinformatic analysis

Pancreas tissue was homogenized in liquid nitrogen and 
extracted with lysis buffer containing 1% sodium dodecyl sulfate 
and 1% protease inhibitor. The protein solution was reduced with 
5 mmol/L dithiothreitol for 30 min at 56 °C, alkylated with 
11 mmol/L iodoacetamide for 15 min at room temperature in the 
dark, and then diluted with 200 mmol/L triethylammonium bicar-
bonate to achieve a urea concentration below 2 mol/L. Trypsin was 
then added at a trypsin-to-protein mass ratio of 1:50 for overnight 
digestion, followed by a second digestion at a ratio of 1:100 for 4 h.
The peptides were desalted using a Strata-X 33 lm polymeric
reversed phase extraction column (8B-S100-AAK, Phenomenex,
Torrance, CA, USA). For liquid chromatography–tandemmass spec-
trometry, peptides were separated on an EASY-nLCTM 1200 ultra-
performance liquid chromatography system and analyzed with
an Orbitrap ExplorisTM 480 mass spectrometer (Thermo Scientific,
Waltham, MA, USA). Data-independent acquisition (DIA) data were
processed using DIA-NN (version 1.8, Demichev, Ralser and Lilley
labs, University of Cambridge, Cambridge, UK) [24], and tandem 
mass spectra were searched against the Swiss-Prot database of
Mus musculus (17,132 entries) with a reverse decoy database.
4

Trypsin/P was set as the cleavage enzyme, allowing for one missed 
cleavage, with fixed modifications of N-terminal methionine exci-
sion and cysteine carbamidomethylation. The false discovery rate
was set to < 1%.

Unless otherwise specified, all visualizations in the following 
analyses were generated using the PTMCloud tool (PTM BIO, Hang-
zhou, Zhejiang Province, China; https://www.ptm-biolab-css.com. 
cn/cloudIndex). Principal component analysis (PCA) was used to 
assess the quantitative consistency of biological or technical repli-
cate samples. The relative quantitative values of all samples were 
used to generate a PCA plot. A Student’s t-test was used to assess 
differences in protein abundance. Differentially expressed proteins 
(DEPs) were identified as those with a fold change > 1.3 (upregu-
lated) or < 1/1.3 (downregulated) and P < 0.05. DEPs were visual-
ized through volcano plots. MitoCarta3.0 (Broad Institute,
Cambridge, MA, USA) was used to identify the sub-mitochondrial
locations and biochemical pathways of DEPs [25]. OXPHOS pro-
teins were visualized using a heatmap. Afterwards, protein–pro-
tein interactions (PPIs) were analyzed on the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database
(https://string-db.org) with a required minimum interaction score 
> 0.7 and visualized with Cytoscape (version 3.9.1, Cytoscape Con-
sortium, San Diego, CA, USA) [26]. Additionally, Gene Set Enrich-
ment Analysis (GSEA) was performed using the mouse hallmark 
gene sets from the Molecular Signatures Database (MSigDB) collec-
tions (v2022.1) [27,28]. 
2.15. Molecular docking

The molecular structure of honokiol was obtained from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/). The 3D struc-
tures of proteins were downloaded from the Protein Data Bank
(https://www.rcsb.org/) and AlphaFold (https://alphafold.com/). 
The water molecules were excluded, polar hydrogen atoms were 
added, charges for the protein were calculated, and rotatable bonds 
for the molecular ligand were detected. Both structures were then 
saved in the pdbqt format. Molecular docking calculations were
carried out using the AutoDock (version 4.2) and AutoDockTools
(version 1.5.7, The Scripps Research Institute, La Jolla, CA, USA)
[29]. Data were visualized using PyMOL (version 2.4.0, Schrödin-
ger, New York, NY, USA).
2.16. Statistical a nalysis

GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) 
was used for statistical analysis. Data are presented as 
mean ± standard error of the mean, unless otherwise specified. 
The normality of data distributions was assessed using the Sha-
piro–Wilk test. For normally distributed data, comparisons 
between two groups were performed using Student’s t-test (or 
Welch’s correction for unequal variances), and comparisons among
multiple groups were performed using one-way analysis of vari-
ance. For non-normally distributed data, the Kruskal–Wallis test
was applied. When multiple groups were compared, Dunn’s multi-
ple comparisons test was used as a post hoc test. A P value < 0.05
was considered statistically significant.

https://www.ptm-biolab-css.com.cn/cloudIndex
https://www.ptm-biolab-css.com.cn/cloudIndex
https://string-db.org
https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
https://alphafold.com/
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3. Results 

3.1. Severity of AP correlates with reduced pancreatic SIRT3 expression
and is exacerbated by SIRT3 inhibition

To characterize the progression of AP, we first established a 
caerulein-induced AP model and collected pancreatic tissue at 0,
7, 12, 24 and 48 h after the initial injection. As shown in Fig. 1A, 
acinar cell necrosis and histological scores markedly increased by 
7 h and peaked at 12 h post-injection. Serum amylase and lipase
levels exhibited a similar trend (Fig. 1B). Meanwhile, SIRT3 expres-
sion progressively decreased and reached its lowest level at 12 h
(Fig. 1C). Based on these findings, 12 h post-caerulein induction 
was selected as the optimal time point for subsequent
experiments.

SIRT3 reduction was accompanied by increased global protein
acetylation in the pancreas (Fig. 1D), as well as elevated mRNA 
levels of pro-inflammatory cytokines tumor necrosis factor (Tnf)
and interleukin 1b (Il1b) (Fig. 1E). To assess the functional rele-
vance of SIRT3 downregulation, we used 3-TYP, a pharmacolo gical
inhibitor with high selectivity for SIRT3 over other sirtuin isoforms
(Fig. 1F) [30]. The administration of 3-TYP significantly worsened 
pancreatic injury, as evidenced by increased histological scores
and elevated serum amylase and lipase (Figs. 1G and 1H). More-
over, 3-TYP treatment led to a higher degree of protein acetylation
compared to the AP model group (Fig. 1I), supporting a protective 
role for SIRT3 through the regulation of protein acetylation during
AP progression.

3.2. Honokiol reduces pancreatic injury and hyperacetylation in AP
through SIRT3-associated mechanisms

To explore the role of SIRT3 in the protective effect of honokiol 
against AP, we examined its binding affinity with the SIRT3 protein
via molecular docking, which revealed a binding energy of –
6.6 kcal/mol (Fig. 2A), consistent with previous reports describing 
honokiol as a SIRT3 activator [11]. The workflow of further exper-
imental validation is illustrated in Fig. 2B. Representative images of 
freshly harvested pancreatic tissue from each group are presented
in Fig. 2C. Mice were pretreated with honokiol at different doses 
(2.5, 5 or 10 mg/kg) prior to caerulein injection. Histological anal-
ysis showed that honokiol significantly reduced pancreatic injury
induced by caerulein, with all three doses resulting in lower histo-
logical scores (P < 0.05, Fig. 2D). In parallel, serum amylase and 
lipase levels were markedly decreased after treatment with hono-
kiol at 5 and 10 mg/kg (P < 0.001, Fig. 2E). As the protective effects 
of honokiol of two doses were comparable, 5 mg/kg was selected 
for subsequent experiments. Honokiol pretreatment notably
restored SIRT3 expression (P = 0.0161, Fig. 2F) and attenuated glo-
bal protein acetylation in pancreatic tissue (P < 0.05, Fig. 2G). In 
addition, the level of phosphorylated p65 (p-p65), a marker of 
nuclear factor-jB (NF-jB) pathway activation, was significantly 
increased in AP mice (P = 0.034), which was suppressed by hono-
kiol (P = 0.0172, Fig. 2F). Correspondingly, the mRNA levels of 
inflammatory cytokines Tnf and Il1b were also reduced in
honokiol-treated mice (Fig. 2H), suggesting that honokiol alleviates 
pancreatic inflammation potentially through modulation of SIRT3
activity and acetylation-related signaling.

3.3. SIRT3 inhibition reverses the protective effects of honokiol in AP

To assess whether the effects of honokiol depend on SIRT3 
activity, a rescue experime nt was performed by co-administering
the selective SIRT3 inhibitor 3-TYP (Fig. 3A). Compared with 
monotherapy with honokiol , co-treatment with 3-TYP partially
5

reversed the protective effects of honokiol on serum amylase and
lipase levels and pancreatic injury (Figs. 3B and 3C). While SIRT3 
protein expression remained unchanged, 3-TYP treatment partially 
reversed honokiol-induced suppression of p-p65 and restoration of
pan-acetylated proteins (Figs. 3D and 3E), indicating that SIRT3 
enzymatic activity is required for the protective effect. Compared 
with the control group, AP mice exhibited a significant reduction
in pancreatic NAD+ level (P = 0.0003, Fig. 3F) and SIRT3 expression 
(P < 0.0001, Fig. 3D), suggesting that NAD+ depletion may con-
tribute to SIRT3 suppression during disease onset. The administra-
tion of honokiol modestly increased NAD+ level, which, however, 
was not statistically significant. Compared to the honokiol
monotherapy, the co-administration with 3-TYP further reduced
NAD+ (P = 0.0013, Fig. 3F), implying a potential feedback relation-
ship between NAD+ availability and SIRT3 activity.

3.4. Proteomic analysis reveals impaired mitochondri al OXPHOS in AP

To investigate mitochondrial involvement in caerulein-
induced AP, quantitative proteomic analysis was performed on 
pancreatic tissue samples from control and AP mice. A total of
39,669 peptides and 6582 proteins were quantified. PCA showed
a clear separation between the two groups (Fig. 4A), and differ-
ential expression analysis identified 1070 DEPs, with 774 upreg-
ulated and 296 downregulated in the caerulein-induced AP
(Fig. 4B). To examine mitochondrial changes specifically, we 
cross-referenced the DEPs with the MitoCarta 3.0 database, 
which contains 1140 mitochondrial proteins in mice, identifying 
79 mitochondria-associated DEPs. Submitochondrial compart-
ment analysis revealed that these proteins were predominantly
localized to the mitochondrial matrix (41.77%) and inner mem-
brane (29.11%, Fig. 4C). Functional enrichment analysis indicated 
that OXPHOS was the most significantly enriched mitochondrial
pathways following metabolic processes (Fig. 4D). A heatmap of 
OXPHOS-related DEPs showed that 14 of 16 proteins were
downregulated in AP tissues (Fig. 4E). PPI network analysis of 
79 mitochondrial DEPs revealed prominent clusters involving 
OXPHOS components and mitochondrial transcription/transla
tion-related proteins (Fig. 4F), including a total of nine 
OXPHOS-related proteins most closely associated with AP 
pathology. Given that mitochondrial DEPs constituted only 
7.38% of all DEPs, we performed GSEA independent of DEP fil-
tering, which confirmed significant downregulation of the
OXPHOS pathway in AP samples (Fig. 4G).

3.5. Honokiol restores mitochondrial structure and OXPHOS protein
expression in AP

To validate the proteomic findings of mitochondrial OXPHOS 
disruption in caerulein-induced AP, we further examined mito-
chondrial ultrastructure and OXPHOS protein levels in the res-
cue experimental setting. Transmission electron microscopy 
showed well-preserved mitochondrial morphology in the control
group, whereas samples of pancreatic tissue from AP mice
showed evident structural damage, including swollen mitochon-
dria and cristae fragmentation (Fig. 5A). Honokiol pretreatment 
partially preserved mitochondrial integrity, while co-
administration of 3-TYP reversed this protective effect. Western 
blotting analysis using a multiplex OXPHOS antibody cocktail 
revealed that, compared with the control group, AP mice exhib-
ited significant downregulation of most representative OXPHOS 
complex subunits, including ATP synthase F1 subunit a
(ATP5F1A, complex Ⅴ; P = 0.0273), ubiquinol-cytochrome c
reductase core protein 2 (UQCRC2, complex Ⅲ; P = 0.0474),
and mitochondrially encoded cytochrome c oxidase Ⅰ (MT-CO1,
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Fig. 1. Severity of acute pancreatitis correlates with reduced pancreatic SIRT3 expression and is exacerbated by SIRT3 inhibition. A: Representative images of H&E-stained 
pancreatic tissues at different time points after CER injection (magnification: 200×) and quantitative analysis of pathological scores (n = 4). B: Serum amylase and lipase levels 
(n = 4). C: Representative images of Western blot analysis of SIRT3 expression across time points in pancreatic tissues and quantitative analysis of protein levels (n = 4). 
D: Western blotting analysis of pan-acetylated proteins in pancreatic tissues (n = 3). E: Relative mRNA levels of Tnf and Il1b in pancreatic tissues (n = 3). F: Schematic 
illustration of 3-TYP administration in the SIRT3 inhibition experiment. G: H&E-stained pancreatic sections following 3-TYP administration (magnification: 200×) and
quantitative analysis of pathological scores (n = 4). H: Serum amylase and lipase levels following 3-TYP administration (n = 4). I: Western blotting analysis of pan-acetylated
proteins following 3-TYP administration in pancreatic tissues (n = 2). Data are expressed as mean ± standard error of mean. *P < 0.05, vs control group. 3-TYP: 3-(1H-1,2,3-
triazol-4-yl) pyridine; CER: caerulein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; H&E: hematoxylin and eosin; Il1b: interleukin 1b; i.p.: intraperitoneal; SIRT3:
sirtuin 3; Tnf: tumor necrosis factor.
complex Ⅳ; P = 0.0172). The expression of NADH:ubiquinone 
oxidoreductase subunit B8 (NDUFB8, complex Ⅰ) also showed a 
trend of downregulation (P = 0.0633), while expression of
succinate dehydrogenase complex iron sulfur subunit B (SDHB,
6

complex Ⅱ) remained unchanged (Fig. 5B). The treatment with 
honokiol significantly restored the levels of ATP5F1A 
(P = 0.0268), UQCRC2 (P = 0.0271) and MT-CO1 (P = 0.017),
compared to the AP group. Although co-treatment with 3-TYP
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Fig. 2. HKL reduces pancreatic injury and hyperacetylation in AP through SIRT3-associated mechanisms. A: Molecular docking model showing the interaction between HKL 
and SIRT3. B: Schematic illustration of HKL administration in the CER-induced AP model. C: Representative images of freshly harvested pancreatic tissues. D: Pancreatic 
sections stained with hematoxylin and eosin (magnification: 200×) and quantitative analysis of pathological scores (n = 4). E: Serum amylase and lipase levels (n = 4). 
F: Representative images of Western blotting analysis of SIRT3, p65 and p-p65 in pancreatic tissues and quantitative analysis of protein levels (n = 3). G: Representative
images of Western blotting analysis of pan-acetylated proteins in pancreatic tissues (n = 2). H: Relative mRNA levels of Tnf and Il1b in pancreatic tissues (n = 3). Data are
expressed as mean ± standard error of mean. *P < 0.05, vs control group. AP: acute pancreatitis; CER: caerulein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HKL:
honokiol; Il1b: interleukin 1b; i.g.: intragastric gavage; i.p.: intraperitoneal; p65: nuclear factor-jB p65; p-p65: phosphorylated p65; SIRT3: sirtuin 3; Tnf: tumor necrosis
factor.
mildly suppressed these restorative effects, the differences were 
not statistically significant. These findings corroborate the pro-
teomic data and suggest that honokiol mitigates mitochondrial
damage in AP, potentially via SIRT3-mediated stabilization of
OXPHOS subunits.
7

3.6. Honokiol reduces NaT-induced oxidative stress, necrosis and
inflammation in 266-6 cells

To evaluate the effects of honokiol in vitro, we tested its cyto-
toxicity in pancreatic acinar 266-6 cell lines across a concentration



Yi-fan Miao, Jia-qi Yao, Y. Peng et al. Journal of Integrative Medicine xxx (xxxx) xxx

Fig. 3. SIRT3 inhibition reverses the protective effects of HKL in acute pancreatitis. A: Schematic illustration of the HKL and 3-TYP rescue experiment design. B: Serum 
amylase and lipase levels (n = 6). C: Representative images of pancreatic sections stained with hematoxylin and eosin after HKL treatment with or without 3-TYP co-
administration (magnification: 200×) and quantitative analysis of pathological scores (n = 6). D and E: Western blot analysis of SIRT3, p65 and p-p65 (D) and pan-acetylated
proteins (E) in pancreatic tissues (n = 3). F: Quantification of NAD+ content in pancreatic tissue (n = 6). Data are presented as mean ± standard error of mean. 3-TYP: 3-(1H-
1,2,3-triazol-4-yl) pyridine; CER: caerulein; HKL: honokiol; i.g.: intragastric gavage; i.p.: intraperitoneal; NAD+: nicotinamide adenine dinucleotide (oxidized form); p65:
nuclear factor jB p65; p-p65: phosphorylated p65; SIRT3: sirtuin 3.
range of 1.25–80 lmol/L. Honokiol showed no significant impact 
on cell viability at concentrations up to 10 lmol/L, with mild sup-
pression at 20 lmol/L and marked reductions at 40 and 80 lmol/L
(P < 0.01, Fig. 6A). Based on these results, 10 lmol/L was selected 
as the working concentration of honokiol for subsequent
experiments.

caerulein stimulation across a broad concentration range did 
not significantly affect cell viability in our preliminary experi-
ments, whereas NaT induced dose-dependent cytotoxicity, with
8

cell viability decreasing to 81.79%, 45.44% and 26.64% at 5, 10
and 20 mmol/L, respectively (Fig. 6B); thus, 5 or 10 mmol/L NaT 
was used to induce the AP model in the subsequent experiments. 
NaT stimulation also reduced intracellular ATP levels, which were
partially restored by honokiol pretreatment (P = 0.0093, Fig. 6C). 

Hoechst 33342/PI staining further revealed that honokiol 
reduced NaT-induced acinar necrosis (Fig. 6D). Consistent with 
in vivo observations, NaT exposure downregulated SIRT3 and
upregulated p-p65 expression, while honokiol pretreatment
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Fig. 4. Proteomic analysis reveals impaired mitochondrial OXPHOS in AP. A: Principal component analysis of proteomic profiles in pancreatic tissue samples of control and 
mice with CER-induced AP. B: Volcano plot of DEPs. C: Submitochondrial compartment distribution of mitochondrial-associated DEPs based on MitoCarta 3.0 annotations. 
D: Enriched mitochondrial pathways identified using MitoCarta 3.0 pathway analysis. E: Heatmap showing the expression of OXPHOS-related proteins (n = 3). F: Protein–
protein interaction network illustrating clusters associated with mitochondrial gene expression and OXPHOS components, with OXPHOS-related proteins highlighted.
G: Gene Set Enrichment Analysis of the top 20 enriched biological processes. AP: acute pancreatitis; CER: caerulein; DEPs: differentially expressed proteins; IMS:
intermembrane space; MIM: mitochondrial inner membrane; MOM: mitochondrial outer membrane; OXPHOS: oxidative phosphorylation; PC: principal component.

9
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Fig. 5. HKL restores mitochondrial structure and expression of OXPHOS proteins in acute pancreatitis. A: Transmission electron microscopy images showing mitochondrial 
ultrastructure in pancreatic tissue. The lower panel shows magnified views of the areas indicated with red brackets in the upper panel. B: Western blotting analysis of 
OXPHOS complex subunits in pancreatic tissue samples using a rodent-specific antibody cocktail, including ATP5F1A, UQCRC2, MT-CO1, SDHB and NDUFB8 (n = 3). Data are
expressed as mean ± standard error of mean. 3-TYP: 3-(1H-1,2,3-triazol-4-yl) pyridine; ATP5F1A: adenosine triphosphate synthase F1 subunit a; CER: caerulein; HKL:
honokiol; MT-CO1: mitochondrially encoded cytochrome c oxidase Ⅰ; NDUFB8: NADH:ubiquinone oxidoreductase subunit B8; OXPHOS: oxidative phosphorylation; SDHB:
succinate dehydrogenase complex iron sulfur subunit B; UQCRC2: ubiquinol-cytochrome c reductase core protein 2.
mitigated these changes (Fig. 6E). Together, these findings indicate 
that honokiol may mitigate NaT-induced mitochondrial stress and
inflammatory signaling in 266-6 cells.

3.7. Honokiol attenuates TLCS-induced injury and inflammatory
signaling in PACs

To extend the findings of in vitro studies on the 266-6 cells to a 
more physiologically relevant model, PACs were isolated and sub-
jected to TLCS stimulation, a well-established method for mimick-
ing acinar injury [31]. Honokiol pretreatment at 5 or 10 lmol/L 
significantly improved cell necrosis, as assessed by PI staining
(both P < 0.0001, Fig. 7A). Both concentrations conferred compara-
ble protective effects. Inflammatory cytokine levels measured in 
the culture supernatant by ELISA revealed that TLCS stimulation 
markedly increased TNF-a, IL-1b and IL-6 production, which was
significantly reduced by honokiol pretreatment (all P < 0.05,
Fig. 7B). Immunoblot analysis further showed that TLCS upregu-
lated p-p65 levels in PACs, which were attenuated by honokiol at 
either dose (P < 0.05); the reversing effects of honokiol were
observed in the TLCS-suppressed SIRT3 expression, however, with-
out statistical significance (Fig. 7C). These results suggest that hon-
okiol protects PACs against TLCS-induced injury, potentially by
preserving SIRT3 expression and attenuating NF-jB activation.
10
3.8. Honokiol promotes SIRT3-mediated deacetylation of CYC1 and
alleviates OXPHOS dysfunction in AP

To investigate whether the protective effects of honokiol 
involve SIRT3-regulated mitochondrial proteins, proteomic analy-
sis was conducted to compare mitochondrial DEPs between AP 
and honokiol-treated groups. Among these, ATP synthase mem-
brane subunit K (ATP5MK), CYC1 and ubiquinol-cytochrome c
reductase hinge protein (UQCRH), three key components of the
OXPHOS pathway, were downregulated in the caerulein-induced
AP model and then partially restored by honokiol treatment
(Fig. 8A and 8B). In parallel, NaT stimulation in 266-6 cells led to 
elevated ROS levels, as indicated by DHE fluorescence. The pre-
treatment with honokiol markedly reduced ROS accumulation
(Fig. 8C), suggesting protection against OXPHOS-related oxidative 
stress. Protein–protein docking simulations revealed binding 
energy between SIRT3 and ATP5MK (–27.8 kcal/mol), between 
SIRT3 and CYC1 (–28.8 kcal/mol) and between SIRT3 and UQCRH
(–11.0 kcal/mol), with the SIRT3–CYC1 interaction involving nine
predicted binding residues, indicating a particularly strong affinity
(Fig. 8D). To further assess whether honokiol enhances SIRT3-
mediated deacetylation of CYC1, immunoprecipitation with a 
pan-acetylation antibody was performed. The level of acetylated
CYC1 was elevated but reduced following honokiol treatment in
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Fig. 6. HKL reduces NaT-induced oxidative stress, necrosis and inflammation in 266-6 cells. A: CCK-8 assay evaluating the cytotoxicity of HKL in 266-6 cells (n = 6). B: CCK-8 
assay assessing the cytotoxicity of NaT in 266-6 cells (n = 5). C: Intracellular levels of ATP following NaT exposure (10 mmol/L) and HKL (10 lmol/L) pretreatment (n = 5). 
D: Fluorescence imaging of necrotic cells using Hoechst 33342/PI double-staining in 266-6 cells treated with 10 mmol/L NaT (magnification: 200×) and quantitative analysis
(n = 5). E: Western blotting analysis of SIRT3, p65 and p-p65 in 266-6 cells treated with 5 mmol/L NaT (n = 3). Data are expressed as mean ± standard error of mean. ATP:
adenosine triphosphate; CCK-8: cell counting kit-8; DMSO: dimethyl sulfoxide; HKL: honokiol; NaT: taurocholic acid sodium salt hydrate; p65: nuclear factor-jB p65; p-p65:
phosphorylated p65; PI: propidium iodide; SIRT3: sirtuin 3.
AP tissue (Fig. 8E), supporting CYC1 as a downstream target of 
SIRT3 and a potential regulatory point in honokiol-mediated mito-
chondrial protection.

4. Discussion 

The findings of this study demonstrate a SIRT3-dependent 
mechanism through which honokiol protects against AP. Tempo-
rally, SIRT3 expression was markedly suppressed during AP pro-
gression. Pharmacological inhibition of SIRT3 by 3-TYP 
aggravated pancreatic injury and increased global protein acetyla-
tion, underscoring the importance of SIRT3 activity in AP. Pro-
teomic analysis revealed that OXPHOS was the most significantly 
affected mitochondrial pathway in AP. The administration of hon-
okiol restored SIRT3 expression, mitigated mitochondrial and
inflammatory injury, and partially rescued OXPHOS protein levels.
Among the OXPHOS-associated candidates, CYC1 was prioritized
as a potential SIRT3 target based on protein–protein docking anal-
ysis. Immunoprecipitation assays further demonstrated increased
acetylation of CYC1 in AP, which was reduced following honokiol
treatment, supporting its potential role as a downstream effector
of SIRT3 in maintaining mitochondrial integrity.

SIRT3 is widely recognized as a key mitochondrial regulator in 
various tissues, where its activation improves cellular resilience
against oxidative stress, inflammation and metabolic dysfunction
[32–34]. However, its role in AP has been relatively underexplored. 
To date, only three experimental studies have specifically exam-
ined SIRT3 in AP. Liu et al. [12] demonstrated that the expression
11
of SIRT3 was markedly downregulated in a caerulein-induced AP 
model and that its overexpression ameliorated pancreatic injury
by reducing oxidative stress and restoring mitochondrial function.
Jin et al. [35] reported decreased SIRT3 expression in lung tissue in 
a severe AP model induced by caerulein and lipopolysaccharide. 
Another study found that honokiol activated SIRT3 and attenuated
hypertriglyceridemia-associated AP in rats; however, the down-
streammitochondrial targets were not investigated [13]. Our study 
was conducted to complement these existing data. We character-
ized the temporal decline of pancreatic SIRT3 in caerulein-
induced AP and showed that pharmacological inhibition of SIRT3 
with the selective inhibitor 3-TYP aggravated pancreatic injury 
and increased global protein acetylation. Given the central role of
mitochondria in early acinar cell injury, we subsequently focused
on OXPHOS, the core metabolic process that sustains cellular ATP
production and redox balance.

Mitochondrial dysfunction, particularly impaired OXPHOS, is a 
hallmark of early acinar cell injury in AP. Using proteomic profiling 
combined with annotation via the MitoCarta 3.0 database, our 
study identified a significant downregulation of OXPHOS-related 
proteins in AP mice, indicating a disruption in mitochondrial respi-
ratory capacity. These findings align with previous reports showing
that mitochondrial collapse leads to ATP depletion, ROS accumula-
tion and necrotic cell death in acinar cells, which triggers inflam-
matory cascades and further amplifies AP severity [15,36]. In the 
established AP model in this study, bile acid (NaT/TLCS) stimula-
tion recapitulated these events in vitro, where honokiol pretreat-
ment effectively reversed ATP loss, suppressed ROS generation,
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Fig. 7. HKL attenuates TLCS-induced injury and inflammatory signaling in pancreatic acinar cells. A: Fluorescence imagesof necrotic cell death using Hoechst 33342/PI 
staining (magnification: 200×) and quantitative analysis (n = 3). B: Enzyme-linked immunosorbent assay of TNF-a, IL-1b and IL-6 in culture supernatants (n = 3). C: Western 
blotting analysis of SIRT3, p65 and p-p65 (n = 3). Data are expressed as mean ± standard error of mean. HKL: honokiol; IL-1b: interleukin-1b; p65: nuclear factor-jB p65;
p-p65: phosphorylated p65; PI: propidium iodide; SIRT3: sirtuin 3; TLCS: taurolithocholic acid 3-sulfate disodium salt; TNF-a: tumor necrosis factor-a.
and reduced necrosis and cytokine release, supporting the notion 
that preservation of OXPHOS function mitigates inflammatory
injury.

SIRT3 has been increasingly recognized as a key regulator of 
mitochondrial function via its NAD+-dependent deacetylase activ-
ity. SIRT3 maintains OXPHOS efficiency by deacetylating specific
12
mitochondrial proteins. For example, in liver mitochondria, SIRT3 
deficiency leads to hyperacetylation of ATP synthase subunits
and impairs ATP generation [37]; in brown adipose tissue, SIRT3 
deletion disrupts lipid oxidation and mitochondrial respiratory
chain activity [38]; in heart tissue, SIRT3 deficiency results in 
hyperacetylation of more than 50 subunits of the electron trans-
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Fig. 8. HKL promotes SIRT3-mediated deacetylation of CYC1 and alleviates OXPHOS dysfunction in acute pancreatitis. A: Overlapping differentially expressed proteins of the 
mitochondria between control vs CER and HKL vs CER based on proteomic analysis of pancreatic tissues. B: Heatmap showing the expression of ATP5MK, CYC1 and UQCRH in 
pancreatic tissues from control, CER and HKL groups (n = 3). C: Fluorescence imaging of reactive oxygen species by DHE staining in 266-6 cells using a CeligoTM imaging 
cytometer with a 4× objective lens and quantitative analysis (n = 5). D: Protein–protein docking simulations of SIRT3 with ATP5MK, CYC1 and UQCRH. E: IP analysis of
acetylated CYC1 in pancreatic tissues. Data are expressed as mean ± standard error of mean. ATP5MK: adenosine triphosphate synthase membrane subunit K; CER: caerulein;
CYC1: cytochrome c1; DHE: dihydroethidium; HKL: honokiol; IgG: immunoglobulin G; IP: Immunoprecipitation; NaT: taurocholic acid sodium salt hydrate; OXPHOS:
oxidative phosphorylation; SIRT3: sirtuin 3; UQCRH: ubiquinol-cytochrome c reductase hinge protein.
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port chain, leading to compromi sed mitochondrial bioenergetics
[39]. Collectively, these findings underscore a conserved role of 
SIRT3 in sustaining mitochondrial respiratory function via lysine 
deacetylation. Extending this concept to AP, our study suggests 
that honokiol restores mitochondrial homeostasis by enhancing 
SIRT3-mediated deacetylation, thereby preserving OXPHOS integ-
rity. As a NAD+-dependent enzyme, SIRT3 activity is intrinsically
tied to NAD+ availability. In our study, pancreatic NAD+ levels were
significantly decreased in mice with caerulein-induced AP, consis-
tent with findings of a previous study [12]. Honokiol modestly 
increased NAD+ content but did not meet the threshold for statis-
tical significance, whereas co-treatment with 3-TYP and honokiol 
increased the inhibition. These findings suggest a potential feed-
back loop between NAD+ availability and SIRT3 function in AP
under inflammatory stress. Although honokiol has been reported
to restore the NAD+/NADH ratio in a hepatic encephalopathy model
[40], whether it acts through similar mechanisms in AP remains to
be investigated.

To explore downstream mediators through which SIRT3 poten-
tially regulates mitochondrial respiration in AP, we performed pro-
teomic analysis and identified that three OXPHOS-related subunits, 
i.e., ATP5MK, CYC1 and UQCRH, were downregulated in pancreati-
tis and partially restored by honokiol treatment. Among these,
CYC1, a core component of complex Ⅲ that facilitates electron
transfer to cytochrome c, emerged as a potential SIRT3 target
owing to its essential role in maintaining mitochondrial membrane
potential and ATP synthesis [41]. To our knowledge, acetylation of 
CYC1 in mammals has not been previously reported. However, 
structural studies indicate that lysine acetylation of its interacting
partner, cytochrome c, impairs electron transfer to complex Ⅳ,
thereby attenuating ATP generation [17]. The immunoprecipitation 
experiments revealed that CYC1 acetylation was markedly 
increased in AP and reversed by honokiol, supporting the notion 
that honokiol restores mitochondrial function, at least in part, via 
SIRT3-mediated deacetylation of CYC1. This finding represents 
the first evidence that CYC1 acetylation is associated with mito-
chondrial dysfunction in AP, highlighting a previously unrecog-
nized SIRT3-CYC1-OXPHOS axis that may underlie the
therapeutic effects of honokiol on mitochondrial injury in AP.

Nevertheless, this study has several limitations. First, SIRT3 
activity was modulated using the administration of 3-TYP, a selec-
tive pharmacological inhibitor. Although this approach provides 
practical advantages, it may not be fully selective for SIRT3, and 
thus future studies employing genetic models need to be carried 
out to provide more evidence. Second, while we identified CYC1 
as a potential SIRT3 substrate involved in OXPHOS regulation, the 
specific lysine residues responsible for its acetylation and their 
functional consequences remain to be identified. Further studies 
employing immunoprecipitation–mass spectrometry and lysine-
mutant constructs are warranted to confirm the mechanistic
relevance of CYC1 deacetylation. Moreover, although our findings
indicate that NAD+ depletion may contribute to SIRT3 dysfunction
in AP, the upstream regulators of NAD+ homeostasis and their
modulation by honokiol remain to be elucidated. It is believed that
understanding how honokiol affects NAD+ biosynthesis or salvage
pathways can provide new therapeutic entry points for mitochon-
drial protection in AP.

5. Conclusion 

Honokiol exerts protective effects in AP by activating SIRT3, 
enhancing its interaction with CYC1, a core subunit of mitochon-
drial complex Ⅲ, and promoting its deacetylatio n. This interaction
contributes to the restoration of mitochondrial OXPHOS and
mitigation of mitochondrial dysfunction. Collectively, our findings
14
suggest that CYC1 is a novel downstream target of SIRT3 and pro-
vide new insight into mitochondrial regulation in pancreatitis.
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