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Purpose: Inflammatory bowel disease (IBD) is a chronic condition driven by pro-inflammatory macrophages. Although natural
compounds with carbon—carbon double bonds (C=C bonds), such as -elemene, exhibit anti-inflammatory properties, their precise
subcellular targets and mechanisms remain elusive. This study aimed to develop a targeted nanomedicine to elucidate the anti-
inflammatory mechanism of f-elemene and establish a novel therapeutic strategy for colitis.

Patients and Methods: We engineered a reactive oxygen species (ROS)-responsive p-elemene nanoemulsion (ELE-NE) for targeted
drug delivery. Its therapeutic efficacy and mechanism were evaluated in a murine model of dextran sulfate sodium (DSS)-induced
colitis. A mitochondria-targeted, ROS-activatable near-infrared probe was also developed for in vivo imaging tracking of inflammatory
foci and assessment of therapeutic efficacy.

Results: In DSS-induced colitis mice, ELE-NE preferentially accumulated in inflamed colon tissue and effectively alleviated disease
pathology. Mechanistically, upon reaching inflammatory macrophages, ELE-NE utilized the pathological ROS surge to undergo spatially
confined aggregation at mitochondrial sites. This nano-aggregation directly disrupted the electron transport chain (ETC), potently
suppressing oxidative phosphorylation and reprogramming cellular energy metabolism. Consequently, this mitochondria-focused
metabolic intervention attenuated M1 macrophage polarization, reduced pro-inflammatory cytokine secretion.

Conclusion: This is the first report demonstrating that B-elemene acts via ROS-triggered mitochondrial aggregation and metabolic
reprogramming. We deciphered the mechanism of B-elemene, revealing that its olefinic (C=C) functional group enables bioresponsive
mitochondrial aggregation and metabolic reprogramming, thereby proposing the concept of “olefinic drugs” as a distinct therapeutic
class. Furthermore, we established a novel theranostic paradigm for treating inflammatory diseases using olefinic nanomedicines, enabled
by a companion imaging tool for non-invasive detection of inflammatory foci and dynamic monitoring of the treatment process.
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Introduction

Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s disease, is a group of chronic, immune-
mediated disorders driven by intestinal inflammation.'™ A hallmark of IBD pathogenesis is the aberrant infiltration of
immune cells into the gastrointestinal tract and the subsequent activation of complex inflammatory networks.*® While
intestinal homeostasis relies on a precise balance between pro- and anti-inflammatory signals, this equilibrium is pro-
foundly disrupted in IBD.®” A key driver of this pathology is the pervasive infiltration of M1 macrophages, which sustains
disease progression through the rampant secretion of pro-inflammatory cytokines such as TNF-o, IL-1p, and IL-6.%'°
Critically, the pro-inflammatory polarization of M1 macrophages is characterized by a metabolic shift toward aerobic
glycolysis, accompanied by impairment of the tricarboxylic acid (TCA) cycle and mitochondrial oxidative phosphorylation
(OXPHOS), positioning the mitochondrion as a potential therapeutic node.''

The therapeutic landscape for IBD, long dominated by aminosalicylates, corticosteroids, and immunomodulators, is
expanding to include novel anti-inflammatory agents.'>'® Despite these options, current treatments are often limited by
insufficient efficacy, significant adverse effects, and the emergence of drug resistance, underscoring an urgent unmet need
for safer and more targeted therapies.'” ' Recent explorations have ranged from inorganic elements (eg., selenium,
arsenic) and Mn3O,4 nanozymes to natural compounds like ellagic acid and curcumin, which often act through NF-xB
pathway inhibition.”** > Among natural products, terpenoids constitute the largest and most structurally diverse family
of secondary metabolites, classified by their isoprene units.’®*® A prominent member is the sesquiterpene B-elemene
(ELE), isolated from Curcuma wenyujin, which has been extensively studied for its antitumor properties.”’ % Beyond
oncology, ELE exhibits a broad spectrum of bioactivities, including antioxidant, cardiovascular protective, and anti-
inflammatory effects.>* > Notably, the olefinic (C=C) structure of p-elemene, while critical for its bioactivity, remains
largely unexplored as a responsive motif for stimuli-triggered drug delivery in inflammatory microenvironments.

ELE exhibits broad anti-inflammatory efficacy across disease models. It alleviates hepatic fibrosis in rats by reducing
plasma endotoxin, serum TNF-a, and hepatic CD14, and mitigates neuroinflammation by suppressing inflammatory

mediators and neuronal apoptosis.**? Despite these pharmacological observations, the initial molecular events and
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direct subcellular targets of ELE remain elusive, which represents a fundamental gap in understanding the action mode of
not only ELE but also numerous terpenoid natural products.

To enable targeted therapy for inflammatory bowel disease, we engineered a uniform pB-elemene nanoemulsion (ELE-NE)
using HS-15, effectively addressing the pharmaceutical limitations of the hydrophobic compound (Figure 1).*° We
strategically leveraged the pathological overproduction of reactive oxygen species (ROS)—a well-defined feature of the
IBD microenvironment that drives mucosal redox imbalance—as a key targeting cue for drug delivery.*'* Crucially, we
demonstrate that ELE’s olefinic architecture confers an intrinsic capacity for ROS-triggered molecular aggregation. This
triggered self- aggregation directly mediates the selective enrichment of ELE-NE on mitochondrial membranes of M1
macrophages, inducing a metabolic reprogramming that suppresses pro-inflammatory polarization and ameliorates experi-
mental colitis. This mechanism establishes the carbon—carbon double bond as a fundamental structural determinant govern-
ing immunometabolic modulation, which we term “olefinic drugs.” The known immunometabolic activities of various
C=C-rich natural products support the plausibility and further development of this conceptual framework.***® Leveraging
this targeting paradigm, we designed a companion ROS-triggered near-infrared (NIR) probe that co-localizes with inflam-
matory foci. The probe facilitates non-invasive spatiotemporal tracking of disease progression through real-time in vivo
imaging, providing a direct visual readout of therapeutic efficacy. This integrated design—pairing a therapeutic nanoemul-
sion with a companion diagnostic probe—follows the emerging paradigm of inflammation-targeted theranostics, which seeks

to unify disease localization and therapeutic intervention within a single nanomedicine platform.**->°
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Figure | Mechanism of the ROS-triggered olefinic nanoemulsion (B-elemene) in modulating macrophage inflammation via targeting mitochondrial energy metabolism. (a)
Preparation of the ELE-NE. The ELE-NE was formulated by rapid homogenization of an ethanolic solution containing B-elemene and HS-15 in saline, using Tween 80 as
a dispersant. (b) ROS-triggered self- aggregation mechanism. In the ROS-enriched inflammatory microenvironment, the electron-rich olefinic bonds of B-elemene undergo
ROS-specific reactions, triggering in situ self- aggregation and the formation of nano-sized aggregates within the mitochondrial region. (c) Mitochondrial targeting and
metabolic reprogramming by ELE-NE. ELE-NE preferentially targets mitochondria in inflammatory macrophages via its ROS-triggered property. The aggregates disrupt the
electron transport chain, leading to mitochondrial membrane potential (A¥m) dissipation, suppression of ATP synthesis, and disruption of redox homeostasis. This
metabolic reprogramming effectively suppresses the pro-inflammatory phenotype of M| macrophages. In this figure, downward arrows (|) denote decrease or inhibition.
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Material and Methods

Reagents

All chemical reagents and assay kits were obtained from commercial suppliers and used according to the manufacturers’
instructions. Kolliphor® HS-15 (Solutol® HS-15, Macrogol 15 Hydroxystearate) was obtained from Sigma-Aldrich (USA).
B-Elemene (purity >98%), polysorbate 80 (Tween-80), and dextran sulfate sodium (DSS) were sourced from Aladdin (China).
Enzyme-linked immunosorbent assay (ELISA) kits were acquired from Meimian (China). The following commercial assay
kits were utilized for key functional analyses: Cell Counting Kit-8 (CCK-8; APExBIO, USA), GSH/GSSG-Glo™ Assay Kit
(Promega, USA), Extracellular Oxygen Consumption Assay Kit (Abcam, UK), and JC-1 Mitochondrial Membrane Potential
Assay Kit (Beyotime Biotechnology, China). Red blood cell lysis buffer was obtained from Solarbio (China). Fluorescent dyes
1,1’-dioctadecyl-3,3,3°,3’-tetramethylindotricarbocyanine iodide (DiR) and 3,3’-dioctadecyloxacarbocyanine perchlorate
(DiO) were purchased from MedChemExpress (USA) and Beyotime Biotechnology (China), respectively. The following
reagents and antibodies from BioLegend (USA) were used: Zombie Aqua™ Fixable Viability Kit (423101), and TruStain
FcX™ anti-mouse CD16/32 (Clone 93, Cat#101319). Fluorochrome-conjugated antibodies included: APC anti-mouse CD3
(Clone 17A2, Cat#100236), FITC anti-mouse CD3 (Clone 17A2, Cat#100203), FITC anti-mouse F4/80 (Clone BMS,
Cat#123108), APC anti-mouse CD11c (Clone N418, Cat#117310).

Isolation, Differentiation, and Polarization of Bone Marrow-Derived Macrophages
Bone Marrow Harvest and Primary Cell Isolation

Bone marrow was aseptically flushed from femurs and tibiae of 6-8-week-old male C57BL/6 mice using ice-cold
RPMI-1640 medium. The cell suspension was filtered through a 70-um strainer and centrifuged (500 xg, 5 min, 4 °C).
Erythrocytes were lysed with 1x red blood cell lysis buffer for 5 min at room temperature. After washing with PBS,
viable cells were counted and resuspended in complete growth medium: RPMI-1640 supplemented with 10% heat-i-
nactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL streptomycin.

Differentiation into MO Macrophages

Cells were seeded at a density of 1 x 10° cells per 10-cm dish and incubated overnight (approximately 16 h) at 37 °C
under 5% CO, to allow stromal cell attachment. Non-adherent hematopoietic progenitor cells were then transferred to
new dishes and cultured for 7 days in complete medium containing 20 ng mL~' recombinant murine macrophage
colony-stimulating factor (M-CSF). The medium was replaced with fresh M-CSF-containing medium on day 3. By day 6,
adherent cells had differentiated into quiescent MO macrophages, which were detached using trypsin-EDTA for
subsequent experiments.

Polarization to M| Phenotype
MO macrophages were polarized to the classical M1 phenotype by stimulation with 100 ng mL™" ultrapure lipopoly-
saccharide (LPS) for 48 h.

Synthesis of the ELE-NE

The B-elemene nanoemulsion was prepared via a facile emulsion/solvent diffusion method. Briefly, B-elemene (10 mg/mL)
and HS-15 (40 mg/mL) were separately dissolved in absolute ethanol. Subsequently, 100 pL of the B-elemene solution was
mixed with 50 pL of the HS-15 solution (mass ratio of 1:2). The resulting ethanolic mixture was injected dropwise (at a rate
of ~1 mL/min) into 2 mL of saline under continuous magnetic stirring (400 rpm). After stirring for 1 h at room temperature,
Tween-80 was added as a stabilizer to a final concentration of 0.5 mg/mL, and stirring continued for an additional 25 min.
The final formulation, designated ELE-NE, contained -elemene at a concentration of 0.5 mg/mL and was stored at 4 °C for

further use.!

Characterizations of ELE-NE
For physicochemical characterization, ELE-NE was formulated in deionized water to prevent interference from inorganic salts
present in saline. To study free radical-induced aggregation, ELE-NE (2 mL, 0.5 mg/mL in H,O) was treated with ammonium
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persulfate (APS) and tetramethylethylenediamine (TEMED) (100 uM each) to generate free radicals. The mixture was stirred
at room temperature for 24 h, and the resulting ELE-NE aggregates were harvested for subsequent analysis.

The morphology of pristine and free radical-aggregated ELE-NE was characterized by transmission electron micro-
scopy (TEM; FEI Tecnai20) at a 200 kV acceleration voltage. For TEM imaging, a sample droplet was applied to a 200-
mesh carbon-coated copper grid, blotted to remove excess liquid, and air-dried. Hydrodynamic diameter was assessed by
dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS system.

Gel permeation chromatography (GPC) was employed to analyze the reaction products. An ethanolic -elemene
solution (100 pL, 10 mg/mL) was mixed with an aqueous solution of APS and TEMED (1 mL, 100 uM each). The
reaction proceeded for 24 h at room temperature with stirring (400 rpm), after which the solvent was removed. The
residue was dissolved in dimethyl sulfoxide (DMSO), which also functioned as the mobile phase. Molecular weight
distribution was determined using an Agilent 1260 Infinity II GPC system, with untreated -elemene as the control. Data
were processed and visualized with GraphPad Prism 10.

Cell Viability Assay

Cytotoxicity was evaluated using the Cell Counting Kit-8 (CCK-8; APExBIO, USA). BMDMs were first polarized into
the M1 phenotype by treatment with 100 ng/mL LPS for 48 h. The cells were then collected and seeded into 96-well
plates at a density of 6,000 cells per well. Following overnight adhesion, the cells were exposed to serially diluted
ELE-NE (10-200 pg/mL) for 32 h. After treatment, 10 pL. of CCK-8 reagent was added to each well, and the plates were
incubated at 37 °C for 1 h. Absorbance was measured at 450 nm using a BioTek Epoch microplate reader. Cell viability
was expressed as a percentage relative to untreated control cells after blank subtraction. Data represent the mean +
standard deviation (s.d.) of five technical replicates per condition from three independent biological experiments.
Statistical analysis was performed using one-way ANOVA in GraphPad Prism 10.

ELISAs

To assess the effect of ELE-NE on the inflammatory response, M 1-polarized macrophages were treated with increasing
concentrations of ELE-NE (40, 60, and 70 pg/mL) for 48 hours (n = 5). Culture supernatants were then collected, and the
secretion levels of IL-1B, IL-6, and TNF-a were quantified using commercial ELISA kits (MEIMIAN) according to the
manufacturer’s instructions. Absorbance was measured at 450 nm using an Epoch microplate spectrophotometer, and
data from three independently experiments were analyzed with GraphPad Prism 10 software.

Confocal Microscopy Analysis

Bone marrow-derived macrophages (BMDMs) were plated on glass coverslips and assigned to different treatment groups
to establish distinct cellular models: MO (untreated), M1 (polarized with 100 ng/mL LPS for 48 h), and mitochondrial
stress (treated with 2 M Antimycin A for 8 h). All groups were then incubated for 48 h with 40 ug/mL of ELE-NE, free
B-elemene (Free ELE) or blank nanoemulsion (Blank-NE), which had been pre-labeled with 1 uM DiO (Beyotime).
Following treatment, cells were washed with PBS and stained with MitoTracker™ Red FM (Invitrogen) for mitochondria
and Hoechst 33342 (Beyotime) for nuclei. Coverslips were mounted in fresh pre-warmed medium, and images were
acquired using a laser scanning confocal microscope (LSM 880). Images were visualized using ZEISS ZEN 3.10
software. Colocalization of DiO-labeled ELE-NE (green) with MitoTracker Red (red) was quantified using ImagelJ/Fiji
software, with the Pearson’s correlation coefficient calculated. All quantitative data were obtained from three indepen-
dent experiments.

Mitochondrial Membrane Potential

Mitochondrial membrane potential (A¥m) was assessed using the JC-1 Assay Kit (Beyotime). LPS-induced M1
macrophages were seeded on coverslips in 6-well plates and treated with 40 pg/mL ELE-NE or PBS for 48 h. Cells
were then washed with pre-warmed PBS and incubated with 1 mL of JC-1 working solution at 37 °C for 20 min in the
dark. The working solution was prepared by diluting the 200x JC-1 stock in 1x staining buffer per the manufacturer’s
protocol. After incubation, cells were washed twice with JC-1 staining buffer to remove unbound dye. Nuclei were
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counterstained with DAPI (Beyotime), and images were acquired on an LSM 880 confocal microscope. Images were
visualized using ZEISS ZEN 3.10 software. Evaluation of membrane potential changes through fluorescence alterations
in JC-1 aggregates (red) and monomers (green).

Oxygen Consumption Measurements

Macrophage mitochondrial respiration was quantified using the Extracellular Oxygen Consumption Assay Kit (Abcam).
Bone marrow-derived M0 macrophages were polarized with LPS (100 ng/mL) to the M1 phenotype, seeded in 96-well
plates (1x10* cells/well), and treated for 24 h with ELE-NE (40, 60, or 70 pg/mL) or PBS (n = 5). Following the addition
of 10 uLL O,-sensitive probe to each well, reactions were immediately overlaid with 100 pL high-sensitivity mineral oil to
create a sealed microenvironment. Fluorescence (Ex/Em 380/650 nm) was measured at 1.5-min intervals for 120 min.
Data from three independently experiments were analyzed in GraphPad Prism 10.

Measurement of Intracellular GSH and GSSG Levels

The intracellular glutathione redox state was determined using the GSH/GSSG-Glo™ Assay Kit. Bone marrow-derived
MO macrophages were polarized to the M1 phenotype with LPS (100 ng/mL) and seeded in 96-well plates at 1x10* cells/
well. Cells were then treated for 24 h with ELE-NE (40, 60, or 70 pg/mL) or PBS (n=5). After treatment, the medium
was aspirated, and cells were lysed in 50 pL of the designated lysis reagent for parallel measurement of total and
oxidized glutathione, using cell-free wells as blanks. Following 5 min of shaking, 50 uL of Luciferin Generation Reagent
was added, and the plate was incubated for 30 min. Luminescence was recorded after the addition of 100 pL Luciferin
Detection Reagent and a 15-min stabilization period. The GSH/GSSG ratio was calculated as (Total Glutathione — 2 x
GSSG) / GSSG. For all measurements, background luminescence from cell-free blank wells was subtracted prior to
calculation. Absolute glutathione concentrations were derived from a standard curve generated with reference samples
provided in the kit according to the manufacturer’s instructions. Values were then normalized to the initial number of
cells seeded per well (parallel wells were seeded at identical density). Data from three independent experiments were
analyzed using GraphPad Prism 10.

Cellular ATP Measurement

Intracellular ATP levels were quantified using a commercial assay kit (Beyotime) and normalized to total protein
concentration. M1-polarized macrophages were plated in 6-well plates at 5x10° cells/well and allowed to adhere
overnight. Cells were treated for 24 h with ELE-NE (40, 60, or 70 pg/mL) or PBS vehicle (n=5). After treatment,
cells were lysed in 200 pL of ice-cold lysis buffer, and the lysates were centrifuged at 12,000 xg for 5 min at 4 °C. The
resulting supernatant was collected for analysis. For the ATP assay, 100 puL of freshly prepared ATP detection reagent
was dispensed into an opaque white luminometer plate and equilibrated for 5 min at room temperature. Then, 20 pL of
each supernatant was injected, and luminescence was immediately measured using a GloMax® Discover Microplate
Luminometer. Total protein concentration was determined in parallel by BCA assay for normalization. Data from three
independent experiments were analyzed using GraphPad Prism 10.

Synthesis of the ROS-Triggered Near-Infrared Probe

To enable non-invasive near-infrared imaging of inflammatory foci, we prepared a DiR-labeled B-elemene nanoemulsion
(DiR-ELE-NE) serving as a ROS-triggered NIR imaging probe. Briefly, 100 uL of B-elemene ethanolic solution (10 mg/
mL) was mixed with 50 pL of HS-15 ethanolic solution (40 mg/mL) and DiR working solution (final concentration
1 uM) to form the organic phase. Under continuous magnetic stirring at 400 rpm, the organic phase was slowly injected
dropwise into 2 mL of physiological saline. After stirring for 1 h at room temperature, Tween-80 was added as a stabilizer
(final concentration 0.5 mg/mL), and stirring was continued for an additional 25 min to yield the final DiR-labeled ELE-
NE probe. The probe was stored at 4 °C protected from light until further use.
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Vivo Near-Infrared Fluorescence Imaging

The in vivo targeting and imaging capability of the probe was evaluated in a dextran sulfate sodium (DSS)-induced
colitis mouse model. Colitis was induced in C57BL/6 mice by administering 2% (w/v) DSS in drinking water for 8
consecutive days. DSS-treated and healthy control mice received an intravenous injection of DiR-ELE-NE probe (5 mg/
kg) via the tail vein. Twenty-four hours post-injection, in vivo NIR fluorescence imaging of the abdominal region was
performed using an In Vivo FX Pro Bruker imaging system. Acquired images were visualized using Bruker MI software
(version 7.2.1).

Flow Cytometric Analysis

To identify the immune cell subsets targeted by DiR-ELE-NE within the inflamed intestine, single-cell suspensions were
prepared from intestinal tissues of DSS-induced colitis mice and healthy controls following intravenous administration of
DiR-ELE-NE (5 mg/kg) as described in the preceding subsection. Briefly, mice were euthanized 24 h post-injection, and
intestines were harvested, flushed with PBS, and minced into ~1 mm® fragments. Tissue digestion was performed for
60 min at 37 °C with gentle shaking in RPMI-1640 complete medium containing 2 mg/mL collagenase IV (MCE),
2.5 mg/mL Liberase (Roche), and 0.1 mg/mL DNase I (Sigma-Aldrich). The resulting cell suspension was filtered
through a 70-pum cell strainer, and fibroblasts were removed by differential adhesion.

For flow cytometric staining, cells were first incubated with an anti-CD16/32 antibody (BioLegend) to block Fc
receptors. Surface staining was then performed using fluorochrome-conjugated antibodies against CD3, F4/80, and
CDl1c (BioLegend), and 7-AAD was used to exclude dead cells. The frequency of DiR" cells was determined within
each gated immune population. All data are representative of three independent experiments.

Animals

Female C57BL/6 mice (6—8 weeks old) from the Guangdong Experimental Animal Center were housed under standard
conditions (12 h light/dark cycle, 25 °C) with ad libitum access to food and water. After acclimatization, mice were
randomized into three groups (n = 5): healthy controls, DSS-colitis mice receiving PBS, and DSS-colitis mice treated
with ELE-NE (5 mg/kg). Colitis was induced with 2% (w/v) DSS in drinking water for 8 days.’> ELE-NE or PBS vehicle
was administered intravenously on days 2, 4, 6, and 8. Body weight was tracked every other day until euthanasia and
sample collection on day 9. All animal procedures were approved by the Animal Ethics Committee of Southern Medical
University and performed in compliance with institutional ethical guidelines.

Biosafety Evaluation

To assess the systemic biosafety of ELE-NE, female C57BL/6 mice were randomized to receive intravenous injections of
either ELE-NE (5 mg/kg) or PBS as a control (n = 3 mice per group). Dosing was performed every other day for a total
of four administrations. On day 9, mice were euthanized, and blood was collected for serum separation. Comprehensive
serum biochemical analysis was conducted to quantify markers of hepatic and renal function.

Statistical Analysis

Data are presented as the mean + s.d. All statistical analyses were performed using GraphPad Prism 10. Specific tests
were applied as follows: unpaired two-tailed Student’s t-tests for comparisons between two groups; one-way ANOVA
with Tukey’s post hoc test for multiple comparisons; and two-way ANOVA with Tukey’s post hoc test for datasets with
two independent variables. A P value of less than 0.05 was considered statistically significant. Significance levels in
figures are denoted as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.

Results

Characterization and Radical-Triggered Response of 3-Elemene Nanoemulsion
As a typical sesquiterpene hydrocarbon, ELE contains no polar functional groups, rendering it intrinsically hydrophobic
and moderately volatile. These properties severely limit its aqueous solubility, thereby compromising bioavailability and
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hindering efficient targeted delivery. To overcome these limitations, we developed a nanoemulsion-based delivery system
(B-elemene nanoemulsion, ELE-NE) using the biocompatible surfactant HS-15 as the primary lipid carrier. ELE-NE was
prepared by homogenizing ELE and HS-15 at a 1:2 mass ratio in ethanol, followed by slow injection into saline under
continuous stirring. Tween-80 was incorporated as a dispersant (final concentration: 0.5 mg/mL) to form a uniform
nanoemulsion with a final ELE concentration of 0.5 mg/mL.

TEM revealed well-dispersed and monodisperse nanoparticles with no detectable aggregation (Figure 2a), consistent
with the morphology of an ideal nanocarrier capable of minimizing aggregation during systemic circulation. DLS further
indicated a narrow size distribution, with the majority of particles ranging between 20 and 40 nm (Figure 2c, blue).
Together, these data confirm the successful fabrication of a stable and uniform nano-delivery platform suitable for further
biological evaluation.

To evaluate the cytotoxicity of ELE-NE, we treated mouse BMDMs—central effector cells in colitis—with increasing
concentrations of the ELE nanoemulsion (10-200 pg/mL) for 48 h and assessed cell viability using a CCK-8 assay
(Figure 2e¢). The nanoemulsion exhibited negligible cytotoxicity at concentrations up to 70 pg/mL, with cell viability
remaining at approximately 99%. However, a slight yet significant reduction to 80.5 = 2.8% was observed at 90 pg/mL.
Further increasing the concentration resulted in a marked, dose-dependent decrease in viability, which plummeted to
nearly complete cell death (3.50 + 0.35%) at the highest concentration tested (200 pg/mL). This concentration-response
profile establishes a therapeutic window for ELE-NE, with significant cytotoxicity occurring only beyond 70 pg/mL.

— ELE-NE
— ELE-NE+APS+TEMED

Intensity (percent)
N
<

104
0- T T - T , : .
0 100 200 300 400
Size (d.nm)
d ¢ € 150
— ELE+APS+TEMED Mn = 5011 g/mol ns
4000_ — Free ELE PDI =2.228 4 *
/ —~
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Figure 2 Physicochemical characterization, free radical-induced polymerization, and in vitro cytotoxicity of ELE-NE. (a) Representative TEM image of the freshly prepared
ELE-NE. (b) Representative TEM image of the polymeric products formed after ELE-NE was treated with a free radical-initiation system containing APS and TEMED. Scale
bars for (a) and (b): 100 nm. (c) Hydrodynamic size distribution profiles of pristine ELE-NE (blue) and free radical-induced polymeric products (red), as measured by DLS.
(d) Molecular weight analysis by GPC comparing untreated free ELE and the products from free radical-induced polymerization of ELE. (e) Viability of BMDMs after
32 h treatment with a concentration gradient of ELE-NE, assessed by CCK-8 assay. Cells were seeded at 6,000 cells per well in a 96-well plate (n = 5). Data are
representative of three independent experiments. Data in panel e are presented as mean * s.d. and were analyzed by one-way ANOVA with Tukey’s post hoc test.
Significance levels are indicated as *p < 0.05 and ns (not significant).
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To definitively investigate whether free radicals trigger the polymerization of ELE, we introduced APS and TEMED
into ELE-NE to establish a controlled radical-generating system.>> > The mixture was incubated at room temperature for
24 hours, after which the resulting nanostructures were analyzed by TEM. TEM revealed a striking morphological shift:
the initially spherical ELE-NE particles reorganized into needle-like structures over 100 nm in length (Figure 2b). This
radical-induced self- aggregation is facilitated by the emulsion droplets, which concentrate both radicals and ELE
molecules at the oil-water interface, thereby enhancing collision frequency and providing a localized environment
conducive to polymerization.

DLS confirmed the polymerization, revealing a marked shift in the hydrodynamic diameter of ELE-NE from 2040
nm to 100-300 nm upon radical treatment (Figure 2c, red). This size progression, consistent with the needle-like
polymers observed by TEM, indicates the formation of well-defined aggregates. For molecular-scale validation, GPC
of the radical-treated sample (in DMSO) displayed a distinct peak corresponding to a polymer with a number-average
molecular weight (Mn) of 5011 g/mol (Figure 2d). No such peak was detected in the untreated ELE control, providing
unambiguous evidence for radical-initiated polymerization of the olefin-rich compound. These results provide evidence
for radical-initiated polymerization of the olefin-rich compound. Collectively, our findings establish a mechanistic
foundation for ELE-NE’s responsive activation within the ROS-enriched microenvironment characteristic of colitis.

ELE-NE Exhibits ROS-Dependent Mitochondrial Targeting and Suppresses

Pro-Inflammatory Cytokine Production in Macrophages
To investigate the ROS dependence of ELE-NE’s mitochondrial targeting in macrophages, we established in vitro models
with varying levels of mitochondrial ROS (mtROS). Specifically, LPS was employed to induce M1 polarization along

3657 and antimycin A, an electron transport chain inhibitor, was used to elicit a robust mtROS

with mtROS generation,
burst.”®* ¢! Free B-clemene (Free ELE) and blank nanoemulsion without B-elemene (Blank-NE) were included as
controls. Following a 48-hour incubation of these models with DiO-labeled ELE-NE (40 pg/mL), mitochondria and
nuclei were stained with MitoTracker Red CMXRos and Hoechst 33342, respectively, for confocal microscopy analysis,
and colocalization was quantified using Pearson’s correlation coefficient (PCC) (Figure 3a). In MO macrophages, the
green fluorescence of ELE-NE showed minimal overlap with the red mitochondrial signal. LPS-stimulated macrophages,
however, exhibited partial colocalization. Most notably, antimycin A-treated macrophages—which sustained a potent
mtROS burst—displayed the most intense colocalization (yellow), with PCC values significantly greater than those in the
LPS group. In contrast, free ELE showed minimal cellular uptake and negligible mitochondrial colocalization across all
conditions, while Blank-NE exhibited PCC values comparable to those of untreated controls. Together, the gradient of
colocalization efficiency across M0, LPS-stimulated, and antimycin A-treated groups—observed exclusively for ELE-NE
—provides compelling evidence that ELE-NE’s mitochondrial targeting is directly proportional to and governed by the
intracellular mtROS level, while also ruling out non-specific binding of the nanocarrier itself.

We next interrogated the functional consequences of ELE-NE’s mitochondrial localization. Using the AWYm-sensitive
dye JC-1,*°* we observed that ELE-NE treatment led to a marked decrease in mitochondrial membrane potential, as
evidenced by a shift from red to green fluorescence (Figure 3b). This reduction in AYm, consequent to mtROS-triggered
ELE-NE accumulation, is consistent with compromised mitochondrial energy production, thereby proposing a plausible
mechanism for its functional modulation of inflammatory macrophages.

To characterize the immunomodulatory capacity of ELE-NE, we measured its impact on pro-inflammatory cytokine
secretion in LPS-induced M1 macrophages via ELISA. Treatment with increasing concentrations of ELE-NE (40, 60, and
70 pg/mL) resulted in a potent, dose-dependent suppression of all cytokines analyzed. TNF-a levels were markedly
reduced (Figure 3c), reaching 306.3 + 141.6 pg/mL at 70 pg/mL—approximately 16% of those in LPS-only controls.
Secretion of IL-1f and IL-6 was similarly attenuated (Figure 3d and e), dropping to 18.3% and 19.7% of control levels,
respectively, at the highest ELE-NE concentration (70 pg/mL). In contrast, free ELE was less effective at suppressing
cytokine secretion at equivalent concentrations. Specifically, at 70 ug/mL, TNF-a levels remained around 53% of those in
LPS-induced controls, with virtually no decrease at 40 pg/mL (Figure Sla). Likewise, at 70 ug/mL, IL-1f and IL-6 levels
were only reduced to approximately 50% and 49% of control levels, respectively (Figure S1b and c). These data
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demonstrate that ELE-NE effectively blunts the inflammatory response in macrophages. This anti-inflammatory effect
can be attributed to its mechanism of ROS-triggered mitochondrial targeting and the subsequent disruption of mitochon-
drial membrane potential.

ELE-NE Suppresses Mitochondrial Respiration and Electron Transfer

To determine the metabolic consequences of ELE-NE’s mitochondrial targeting, we measured the oxygen consumption rate
(OCR) as a proxy for oxidative phosphorylation.®>> In LPS-induced M1 macrophages, ELE-NE treatment for 48 h induced
a concentration-dependent suppression of mitochondrial respiration (Figure 4a), reducing the OCR to 15.9% of control
values at 70 pg/mL. In contrast, free ELE at an equivalent high concentration (70 pug/mL) only mildly decreased the OCR to
77.4% of the control level, indicating that efficient mitochondrial respiratory suppression requires nanoemulsion-mediated
delivery. This progressive impairment is consistent with a disruption of electron transport chain (ETC) function.

We next assessed the impact on redox and energy metabolism. ELE-NE concentration-dependently depleted the GSH/
GSSG ratio in M1 macrophages (Figure 4b), indicating oxidative stress compatible with ETC disruption. Free ELE
(70 pg/mL) showed no significant effect on the GSH/GSSG ratio relative to untreated controls. Concurrently, intracel-
lular ATP levels were severely compromised, dropping by approximately 75% at 70 pg/mL ELE-NE (0.54 £+ 0.03 pmol/
L) compared to untreated controls (2.17 £ 0.06 pmol/L) (Figure 4c). In comparison, free ELE (1.74 = 0.14 pmol/L) at
70 pg/mL only decreased ATP levels by approximately 20% relative to untreated controls, a far weaker effect than that of
ELE-NE. This concordant redox imbalance and energy failure demonstrate that ELE-NE disrupts mitochondrial
OXPHOS, thereby precipitating a metabolic crisis in inflammatory macrophages. The markedly attenuated effects of
free ELE further confirm that nanoemulsion encapsulation is essential for the full metabolic disruption exerted by
B-elemene. We thus define a mechanism in which mitochondrial targeting of ELE-NE via ROS leads to ETC inhibition.
The consequent collapse of respiration and redox balance impairs oxidative phosphorylation, culminating in a critical
ATP deficit that metabolically undermines the pro-inflammatory activation of macrophages.

ELE-NE Targets Intestinal Inflammation in Mice
To assess the inflammatory site targeting of ELE-NE in vivo, we used the DSS-induced colitis model in C57BL/6J mice.
Following intravenous administration of DiR-labeled ELE-NE to both DSS-treated and healthy control mice, near-
infrared fluorescence imaging at 24 hours revealed a significantly stronger signal in the abdomens of colitis mice
compared to controls (Figure 4d), indicating preferential accumulation at sites of inflammation. Ex vivo imaging of
isolated colons confirmed this specific targeting to the inflamed intestinal tissue (Figure 4e). Quantitative analysis verified
a dramatically higher fluorescence intensity in colitic mice, reaching 9.38-fold that of the healthy controls (Figure 4f).
To identify which immune cells in inflamed intestines are targeted by ELE-NE, we performed flow cytometry on
single-cell suspensions from colonic tissues. In colitis mice, macrophages exhibited the highest DiR signal, with
approximately 29% of cells being DiR" (Figure 4g)—representing an increase of approximately 3.4-fold over the level
in dendritic cells (6.53 + 1.12%) and 18.6-fold over that in T cells (1.47 + 0.49%). The DiR" percentages in dendritic
cells and T cells showed no significant difference from those in healthy controls. These results establish that systemically
administered ELE-NE preferentially accumulates in intestinal macrophages during inflammation, underscoring its
specific targeting toward inflammation-associated macrophages.

ELE-NE Ameliorates DSS-Induced Colitis in Mice

To assess the therapeutic efficacy of ELE-NE in colitis, we established a model by administering 2% DSS in the drinking
water of C57BL/6J mice. Colitis mice received intravenous ELE-NE (5 mg/kg) every other day for a total of four doses,
with age-matched healthy and untreated colitis mice serving as controls. All mice were analyzed on day 9 (Figure 5a).
Given their central role in disease pathogenesis, we quantified colonic levels of key pro-inflammatory cytokines. ELE-NE
treatment significantly suppressed IL-1p and IL-6 production, reducing them to approximately 26% and 22% of the levels
in the untreated colitis group, respectively (Figure 5b). TNF-a levels were also markedly reduced, to about 32% of those
in untreated controls (Figure 5c). These results confirm that ELE-NE alleviates intestinal inflammation by attenuating the
production of pivotal pro-inflammatory cytokines.
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Figure 5 ELE-NE ameliorates ulcerative colitis in mice by suppressing colonic inflammation. (a) Mice received 2% DSS in drinking water for 8 days to induce colitis.
From day 2, ELE-NE (5 mg/kg) or PBS was administered intravenously every other day (4 total doses). Each group contained at least five biologically independent mice. (b and
c) ELISA quantification of pro-inflammatory cytokines in colon tissues: IL-IB and IL-6 (b), and TNF-a (c) (n=5). (d) Relative colon length in healthy, DSS, and ELE-NE-treated
mice as a measure of tissue damage (n=5). (e) Body weight changes of healthy control mice, DSS-induced colitis model mice, and ELE-NE-treated colitis mice throughout the
experimental period (n=5). (f) Representative H&E-stained colon sections from each group, showing tissue morphology and inflammatory infiltration. Data are representa-
tive of three independent experiments. Data are presented as mean # s.d. Statistical analyses were performed using two-way ANOVA (b and e) and one-way ANOVA with
Tukey’s post hoc test (c and d). Significance levels are indicated as *p < 0.05, *p < 0.01, ¥*p < 0.001, ****p < 0.0001, and ns (not significant).

We next evaluated the therapeutic impact of ELE-NE by assessing key metrics of disease severity, including colon
length, body weight, and histology. ELE-NE treatment markedly alleviated colon shortening, maintaining colon length at
approximately 90% of healthy controls compared to 64% in DSS-treated mice (Figure 5d). ELE-NE treatment also
mitigated body weight loss, sustaining a body weight of 17.7 + 0.5 g in treated mice versus 15.9 + 0.5 g in DSS controls
by day 9 (approximately 93% of initial weight; Figure 5e).

Histological analysis of colon sections by H&E staining revealed severe inflammatory damage in DSS-treated mice,
characterized by epithelial disruption and crypt distortion or loss (Figure 5f). ELE-NE treatment markedly attenuated
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these pathological changes and promoted the restoration of epithelial and crypt architecture. Together, these findings
demonstrate that ELE-NE effectively ameliorates DSS-induced colitis, as reflected by improved colon length, reduced
weight loss, and preserved tissue integrity.

Safety Evaluation of ELE-NE

The clinical translation of systemically administered nanomedicines requires a thorough assessment of their in vivo biosafety. To
evaluate the safety of ELE-NE, healthy C57BL/6J mice received intravenous injections of either PBS or ELE-NE (5 mg/kg).
Serum was collected on day 9 for a comprehensive biochemical analysis. No significant differences were observed between the
two groups across a panel of markers for hepatic injury (alanine aminotransferase, ALT; aspartate aminotransferase, AST), biliary
function (total bilirubin, TB; direct bilirubin, DB), renal function (urea, creatinine), muscle damage (creatine kinase, CK), and
general tissue stress (lactate dehydrogenase, LDH; total protein, TP) (Figure S2). These results confirm that a single course of
ELE-NE treatment elicits no detectable hepatotoxicity, nephrotoxicity, or myotoxicity, supporting its favorable biosafety profile.

Discussion

B-Elemene, a sesquiterpene derived from Curcuma wenyujin, possesses diverse pharmacological activities.>**°*%” However,
its anti-inflammatory mechanism remains unclear, hindering clinical application. This study developed ROS-triggered ELE-
NE and elucidated its mechanism of action in a colitis model. We uncover a novel therapeutic pathway where ELE-NE acts as
a “mitochondrial metabolic disruptor” via ROS-triggered, aggregation-dependent mitochondrial targeting.

Mechanistically, ELE-NE exploits the pathological ROS burst in inflammatory macrophages. First, its designed
microenvironment facilitates ROS-driven molecular aggregation of ELE, forming nanoscale aggregates (Figure 2b—d).
Second, this aggregation is spatially confined to mitochondrial surfaces in M1 macrophages, as confirmed by colocaliza-
tion and ROS-scavenging experiments (Figure 3a). Third, these aggregates directly disrupt the ETC, reducing OCR and
ATP levels by approximately 84% and 75%, respectively, at a therapeutic concentration of 70 pg/mL (Figure 4a and c).
Fourth, ETC dysfunction disrupts redox balance (reduced GSH/GSSG ratio, Figure 4b) and reprograms cellular
metabolism, thereby abolishing M1 polarization. Consequently, ELE-NE potently suppresses pro-inflammatory cytokines
(TNF-0, IL-1B, IL-6) to 16-20% of control levels in vitro and 22-32% in vivo (Figure 3c—e, 5b and c).

A key innovation is the identification of the olefinic (C=C) bond as a functional, bioresponsive motif. Unlike classic

phytochemicals that bind signaling proteins,®®%°

the C=C moiety in ELE enables ROS-triggered self-aggregation, driving
organelle-specific targeting. This insight extends to other olefin-rich natural products, suggesting a generalizable frame-
work. We therefore propose the concept of “olefinic drugs”—a class of therapeutics that operate via mitochondrial
metabolic reprogramming, complementing existing metabolic intervention strategies.

In vivo, ELE-NE showed targeted efficacy. It accumulated 9.4-fold higher in inflamed colon tissues than in healthy
controls (Figure 4f), with specific targeting to intestinal macrophages (29% DiR" positive, Figure 4g). This precision
translated to preserved colon length (~90% of healthy controls vs. 64% in the DSS group), reduced weight loss, and
restored intestinal histology (Figure 5d—f), with no signs of systemic toxicity (Figure S2). In contrast to conventional
biologics (eg., anti-TNF-a antibodies), which are associated with high costs, risk of immunogenicity, and primary or
secondary loss of response, ELE-NE offers a distinct advantage through its low-cost potential, favorable safety profile,
and a novel mechanism of metabolic reprogramming that addresses key limitations of current IBD therapies.
Furthermore, we developed a ROS-activatable, mitochondria-targeted NIR fluorescent probe for non-invasive imaging,
establishing a theranostic platform with clinical potential.

Looking forward, this work directly suggests two impactful research trajectories. First, applying the ‘nano-confined
aggregation’ platform to other IBD-relevant immune cells (eg., T cells, dendritic cells, and M2 macrophages) will fully reveal
its immunomodulatory scope. Second, and more broadly, the mechanistic principle we established provides a generalizable
framework. In fact, other terpenes such as limonene and pinene have been reported to undergo radical polymerization or
copolymerization via their C=C bonds under appropriate conditions, forming cross-linked networks—highlighting the
intrinsic reactivity of the olefinic motif.”® Extending this framework to diverse olefinic natural products promises to validate
and ultimately expand the “olefinic drug” concept, potentially unlocking a new class of metabolism-targeted therapeutics.

14 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/599389/%5B599389%5D%20Revised%20Supplementary%20information_20260426.docx
https://www.dovepress.com/article/supplementary_file/599389/%5B599389%5D%20Revised%20Supplementary%20information_20260426.docx

Luo et al

Beyond these directions, further studies incorporating sex-specific validation, chronic colitis models, and head-to-head
comparisons with standard therapies will be valuable to fully assess the translational potential of this platform.

In conclusion, we decipher a ROS-responsive mitochondrial targeting mechanism for -elemene and establish the
olefinic group as a novel bioresponsive pharmacophore. The proposed “olefinic drugs” concept establishes a new
theranostic paradigm for treating inflammatory diseases through metabolic reprogramming.

Conclusion

In summary, this study elucidates a previously undefined anti-inflammatory mechanism of B-elemene. We demonstrate
that its engineered nanoemulsion (ELE-NE) functions as a mitochondrial metabolic disruptor: it targets mitochondria in
inflammatory macrophages and undergoes ROS-triggered, nano-confined aggregation at this site. This process impairs
the electron transport chain, reprograms cellular energy metabolism, and alleviates experimental colitis. Complementing
the therapy, a ROS-activatable, mitochondria-targeted NIR probe was developed, enabling non-invasive imaging and
establishing a theranostic strategy. More broadly, our work redefines the olefinic (C=C) bond as a bioresponsive effector,
thereby establishing the conceptual framework of “olefinic drugs.” These findings advance the understanding of natural
product immunomodulation and provide a generalizable blueprint for developing metabolism-targeted therapeutics.
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