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Introduction

Aged garlic extract suppressed macrophage-
mediated inflammation in acute respiratory
distress syndrome
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Background: Acute respiratory distress syndrome (ARDS) is a severe lung disorder characterized by
intense pulmonary inflammation. Although corticosteroids are the primary anti-inflammatory therapeutic
option, increased susceptibility to infection remains a significant clinical concern. Aged garlic extract
(AGE) is a natural agent demonstrating anti-inflammatory and antioxidant qualities, and a high safety
profile. We investigated the combined effect of AGE and low-dose steroids as a therapeutic approach
through AGE-induced anti-inflammatory effects. Methods: Differentiated M1 macrophages were estab-
lished by stimulating THP-1 cells with lipopolysaccharide (LPS) and interferon-gamma. We assessed inflam-
matory cytokine release and related signaling to investigate the effects of AGE and/or low-dose dexametha-
sone (DEX). We also assessed nuclear factor-kappa B (NF-xB) pathway activation using immunoblotting. We
evaluated the therapeutic efficacy of AGE by monitoring body weight, quantifying inflammatory cells in the
bronchoalveolar lavage fluid (BALF), and histological scoring of lung injury in an ARDS mouse model by
intratracheal LPS instillation. Results: AGE significantly inhibited cytokines like Interleukin (IL)-6 and
Monocyte chemoattractant protein-1 and suppressed NF-kB phosphorylation. Combining AGE with DEX
broadened and enhanced inhibition of inflammatory mediators compared to monotherapy, while further
suppressing NF-«xB expression. In an ARDS model, the combination of AGE and DEX significantly suppressed
LPS-induced body weight loss, inflammatory cell infiltration in BALF, and lung injury. Conclusions: Co-
administration of AGE and low-dose DEX effectively suppressed excessive pulmonary inflammation in ARDS.
This suggests a novel therapeutic approach that could enhance anti-inflammatory function, simultaneously
reducing the adverse outcomes associated with high-dose steroid monotherapy.

response is centrally mediated by immune cells known as
macrophages. Typically, inactive MO macrophages resident in

Acute respiratory distress syndrome (ARDS) is a serious clinical
state exhibiting sudden and severe breathing failure, typically
presenting with bilateral pulmonary infiltrates and arising
from various pulmonary and extrapulmonary insults.”” The
reported mortality rate ranges from 18% to 54.7%.°> A key
feature of ARDS is excessive pulmonary inflammation driven
by increased alveolar-capillary permeability, large-scale entry
of polymorphonuclear neutrophils, as well as overabundant
secretion of  pro-inflammatory signaling  molecules,
ultimately leading to impaired gaseous exchange and respirat-
ory insufficiency." This excessive pulmonary inflammatory
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the alveoli are responsible for pathogen surveillance and
phagocytosis. Upon exposure to potent inflammatory signals
such as Lipopolysaccharide (LPS) stimulation from ARDS,
these MO macrophages become activated via the NF-«B, p38/
MAPK, and other pathways and differentiate into powerful pro-
inflammatory M1 macrophages.”” Large amounts of pro-
inflammatory cytokines are generated and released by acti-
vated M1 macrophages, which initiate a cascade of further
inflammatory reactions.® Among these, interleukin (IL)-6 and
IL-1p are central to cytokine storm pathways, mediating fever
and pulmonary inflammation by binding to Toll-like recep-
tors.” Other key players include monocyte chemoattractant
protein-1 (MCP-1) and IL-8, which further inflammation by
recruiting monocytes and neutrophils, respectively.'®
Furthermore, tumor necrosis factor-a (TNF-a) contributes to
the pathology by inducing cytotoxicity in epithelial and endo-
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thelial cells, thereby worsening edema."® Consequently, the
activation of M1 macrophages and the subsequent release of
cytokines are crucial mechanisms that exacerbate the severe
pulmonary inflammation and tissue damage observed in
ARDS.

To date, the administration of corticosteroids, such as dexa-
methasone (DEX), is the primary treatment for ARDS; they
reduce the acute inflammatory responses.'*'* However, clini-
cal trials assessing the efficacy of corticosteroids in ARDS have
yielded inconsistent results. Some demonstrate improved sur-
vival and ventilator-free days, while others have not found a
clear mortality benefit, particularly when initiated late.'*"
Moreover, the use of systemic corticosteroids is associated
with significant side effects, such as the induction of a suscep-
tible state owing to the diverse effects of corticosteroids,'®™*® a
primary clinical concern in ARDS treatment. This highlights
the persistent unmet need for safer therapeutic options with
clear efficacy for ARDS. The severe inflammatory and oxidative
stress components of ARDS have made antioxidant therapies
attractive targets. However, numerous clinical trials of anti-
oxidant agents, such as N-acetylcysteine and a-tocopherol,
have failed to demonstrate significant improvements in
patient outcomes or mortality, underscoring the challenge in
translating anti-inflammatory and antioxidant strategies into
effective ARDS treatments.'**°

In this research, we focused on the anti-inflammatory activi-
ties of aged garlic extract (AGE). AGE is derived from fresh garlic,
resulting in an odorless preparation. It is characterized by the
presence of water-soluble organosulfur compounds, including
S-allylcysteine (SAC), S-allylmercaptocysteine (SAMC), and S-1-
propenyl-cysteine, which have antioxidant properties.*! The anti-
inflammatory potential of AGE against neuroinflammation and
renal injury,”® neuroinflammation and cognitive dysfunction,”®
and hepatotoxicity has been demonstrated.>® We hypothesize
that AGE, unlike previously tested compounds, exerts its anti-
inflammatory effects not merely by general scavenging but
specifically by modulating key pathways, such as the NF-«kB
pathway, thereby suppressing the activation of M1 macrophages
and inhibiting the subsequent transcription and release of
major proinflammatory cytokines. Furthermore, we hypothesized
that AGE would effectively prevent the tremendous inflammation
caused by ARDS and might be effective with reduced DEX doses
in combination therapy. Therefore, this research was designed to
investigate the protective effects of AGE against LPS-induced
ARDS and evaluate whether combining AGE with a low-dose
steroid could enhance therapeutic efficacy while minimizing the
risk of steroid-related complications.

Experimental methods
Preparation and characterization of AGE

AGE used in this study was prepared from organically grown
garlic (Allium sativum L.) through a natural maturation
process. Briefly, sliced raw garlic cloves were extracted using an
aqueous ethanol solution and stored at room temperature for
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more than 10 months. This aging process facilitates the con-
version of harsh and strong odor compounds into stable,
water-soluble organosulfur compounds. To ensure the consist-
ency of experimental results and eliminate batch-to-batch vari-
ation, a single lot of AGE was used throughout this research.
The chemical characterization of the extract was performed by
the manufacturer (Wakunaga Pharmaceutical Co., Ltd,
Hiroshima, Japan). For sample preparation, a 2 mL aliquot of
AGE was mixed with 2 mL of an internal standard (IS) solution
(S-1-butenylcysteine, 0.5 mg mL™" in 20 mM HCI) and 16 mL
of 50% methanol. The mixture was shaken for 10 min and cen-
trifuged at 2000 rpm for 10 min. The supernatant was diluted
(1:10) with 50% methanol, filtered through a 0.22 pm mem-
brane, and subjected to Liquid Chromatography-Mass
Spectrometry (LC-MS) analysis using an UltiMate 3000 UHPLC
system coupled with a Q-Exactive quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Yokohama, Japan). A
1 pL aliquot was injected onto a Cadenza C18 column
(150 mm x 2.1 mm, 3 pm; Imtact, Kyoto, Japan) at 40 °C. The
mobile phase consisted of (A) 0.1% formic acid in water and
(B) 0.1% formic acid in 80% methanol at a flow rate of 0.2 mL
min~"'. The gradient elution was programmed as follows:
0-9 min, 0% B; 9-12 min, 0-40% B; 12-19 min, 40% B;
19-22 min, 40-100% B; 22-25 min, 100% B; 25-25.01 min,
100-0% B; and 25.01-32 min, 0% B. The bioactive constituents
were identified and quantified using the following MS/MS
transitions (m/z): 162.0577 > 73.0114 for SAC, 194.0304 >
73.0113 for SAMC, and 162.0577 > 145.0320 for S-1-propenyl-
cysteine. The concentration of these compounds in the AGE
lot was determined by comparing peak areas with those of
authentic standardized samples (Table 1). Representative
LC-MS chromatograms are provided in SI 1.

Dosage justification and human equivalent dose calculation

The dosages used in the in vivo and in vitro experiments were
determined based on the pharmacokinetic profile of SAC, a
primary bioactive marker of AGE. In humans, oral adminis-
tration of 0.5 g of AGE (containing approximately 0.7 mg of
SAC in the referenced study) has been reported to result in a
peak plasma concentration (Cpa.x) of approximately 18 ng
mL™" (0.11 pM),>® with the area under the plasma concen-
tration-time curve (AUC) of 0.43 mg h L™, In many clinical
studies employing AGE, doses of 1 g or higher have been used;
therefore, assuming linear pharmacokinetics, the Cpa and
AUC values of SAC are expected to be several-fold higher. In
mice, oral administration of SAC at 50 mg kg™ has been
reported to yield a Cyax of 12 pg mL™" (75 uM),>® with a corres-

Table 1 Chemical composition and concentrations of major allyl
amino acids in the AGE

Compound Concentration (mg per g-dry)
SAC 4.9

S-1-Propenyl-cysteine 4.8

SAMC 0.45
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ponding AUC value of 18 mg h L™". In this in vivo study using
an AGE dose of 2 g kg™ (equivalent to 5 mg of SAC), the Cpax
and AUC of SAC are estimated to be approximately one-tenth
of those observed at 50 mg kg™ *. Although the Cp,,, in mice is
substantially higher than that in humans, the total exposure
levels of SAC are comparable between mice and humans
because renal reabsorption of SAC is suggested to contribute
more prominently in humans,?” resulting in relatively higher
systemic exposure. Therefore, the dose used in this study rep-
resents a slightly higher but physiologically relevant exposure
to humans. In vitro assays, the concentrations were standar-
dized to match the in vivo exposure: 2.5 mg mL™"' of AGE,
6.25 pg mL™" (37.5 pM) of SAC, and 1.0 pg mL ™" (5.0 uM) of
SAMC. These concentrations reflect the bioactive levels
achieved following a potent therapeutic intake of AGE, allow-
ing for the evaluation of its anti-inflammatory potential within
a physiologically justifiable range.

Induction of M1 macrophages

Human monocytic leukemia THP-1 cells (ATCC, Manassas, VA,
USA) were used because their morphological and differentiation
properties are similar to those of primary monocytes and macro-
phages. To induce differentiation, THP-1 cells were seeded at a
density of 5.0 x 10° cells per mL and then treated with 10 ng
mL™" of Phorbol 12-myristate 13-acetate (PMA; Selleck
Chemicals, Houston, TX, USA, Cat. No. $S7791) for 48 hours in
RPMI 1640 supplemented with 10% Fetal calf serum (FCS;
Sigma-Aldrich, St Louis, MO, USA) and Penicillin-streptomycin-
amphotericin B (100 U mL™, 100 ug mL™", and 0.25 pg mL™,
respectively, FUJIFILM Wako, Osaka, Japan, Cat. No. 161-23181).
After PMA treatment, the culture supernatant was aspirated,
and the cells were subsequently rinsed twice with prewarmed
phosphate-buffered saline (PBS), followed by further incubation
in PMA-free RPMI 1640 medium for an additional 48 h to
obtain resting macrophages (M0 macrophages). To investigate
the effects of AGE on macrophage differentiation, two experi-
mental conditions were established: (i) MO macrophages cul-
tured without AGE (control group) and (ii) MO macrophages cul-
tured with AGE during the PMA-free incubation phase.

M1 macrophage differentiation was achieved using a pre-
viously described protocol.?® In the control group,
MO macrophages were polarized into M1 macrophages by
stimulation with 100 ng mL™" LPS (055:B5, Sigma-Aldrich,
St Louis, MO, USA, Cat. No. L2880) and 20 ng mL™" Interferon-
¥ (IFN-y; PeproTech, Cranbury, NJ, USA, Cat. No. 300-02-20UG)
with or without DEX (Wako Pure Chemical Industries, Tokyo,
Japan, Cat. No. 040-30811) for 24 h. For the AGE-treated group,
MO macrophages pre-cultured with AGE were further stimu-
lated with LPS and IFN-y with or without DEX in the presence
of AGE, maintaining their exposure throughout the polariz-
ation process.

Cell viability assay

To assess the potential cytotoxicity of AGE, an MTT assay was
performed using THP-1-derived macrophages. THP-1 cells (1.0
x 10” cells per well) were seeded in 96-well plates and differen-
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tiated into MO macrophages by treatment with 10 ng mL ™"
PMA, followed by a 48 h recovery period. The cells were then
incubated with various concentrations of AGE (1.0, 2.5, and
5.0 mg mL ") for 24 h. Cells treated with 10% Dimethyl sulfox-
ide (DMSO) served as a positive control for cytotoxicity. After
incubation, 10 pL of MTT reagent (Sigma-Aldrich, St Louis,
MO, USA, Cat. No. M2128) was added to each well and incu-
bated at 37 °C for 4 h. The supernatant was then carefully aspi-
rated, and the resulting formazan crystals were dissolved in
100 pL of DMSO. After shaking for 1 min using a plate mixer,
the absorbance was measured at 570 nm using a microplate
reader (iMark, Bio-Rad Laboratories, Hercules, CA, USA).

Flow cytometric analysis to detect M1 macrophages

Following experimental treatments (as described under
“Induction of M0 and M1 macrophages”), THP-1-derived
macrophages were detached using Accutase (Funakoshi,
Tokyo, Japan, Cat. No. AT104) for 10 min at 37 °C. The cells
were then washed twice with PBS and resuspended at a con-
centration of approximately 1.0 x 10° cells per mL in the same
buffer. To exclude dead cells, cells were first stained with
Zombie near-infrared (NIR) dye (BioLegend, San Diego, CA,
USA, Cat. No. 77184) for 10 min in the dark at room tempera-
ture (20-25 °C) according to the manufacturer’s protocol. After
staining, cells were washed twice with PBS and pretreated with
Fc Block (Immunostep, Salamanca, Spain, Cat. No. FCR-2ML)
for 10 min at 4 °C to minimize non-specific antibody binding.
Subsequently, cells were incubated for 30 min in the dark at
4 °C with the following fluorochrome-conjugated primary anti-
bodies: anti-human CD11b-PE (BioLegend, Cat. No. 12-0118-
42, Clone ICRF44) and anti-human CD80-Alexa Fluor® 647
(BioLegend, Cat. No. 305216, Clone 2D10). Finally, the cells
were washed twice with PBS, resuspended in Fluorescence-
Activated Cell Sorting (FACS) buffer (PBS containing 0.05%
sodium azide and 0.5% BSA), and analyzed using an
LSRFortessa flow cytometer (BD Biosciences, San Jose, CA,
USA). Data were analyzed using FlowJo software (version
10.10.0; Tree Star, Ashland, OR, USA). The gating strategy was
as follows: initial gates were set to exclude debris and doublets
based on forward scatter area versus forward scatter height
plots. Live cells were then identified by gating on the Zombie
NIR dye-negative population. Within the live single-cell popu-
lation, macrophages were identified by gating on CD11b-posi-
tive cells. Finally, the percentage of CD80-positive cells and the
mean fluorescence intensity (MFI) of CD80 were determined
within the CD11b-positive cells.

Real-time PCR quantification for cytokine production

Reverse transcription of the purified RNA to ¢cDNA was per-
formed with the aid of a High-Capacity ¢cDNA Reverse
Transcription Kit, which included RNase Inhibitors (Thermo
Fisher Scientific, Waltham, MA, USA; Cat. No. 4374966), with
500-1000 ng of starting RNA per reaction. Quantitative poly-
merase chain reaction (qPCR) was carried out using the
StepOnePlus™ Real-Time PCR System with SYBR Green qPCR
Master Mix (Thermo Scientific, Waltham, MA, USA; Cat. No.
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A66732). The qPCR data were analyzed using the 2744
method, with M0 macrophage RNA serving as the control. The
primers used to measure the cytokine production level are
listed below (Table 2).

Enzyme-linked immunosorbent assay for inflammatory
cytokines measurement

After the designated experimental treatment period, the cell
culture supernatants were collected from each well.
Centrifugation proceeded at 12 000 rpm for 10 min at 4 °C;
this step served to pellet cellular debris. The supernatants
were immediately stored at —80 °C until further analysis.
Various inflammatory cytokine levels present in the cell
culture media were quantified using the commercial enzyme-
linked immunosorbent assay (ELISA) kits listed below.

Multiplex cytokine analysis. Initially, a multiplex ELISA plat-
form was used to simultaneously quantify multiple inflamma-
tory cytokines. IL-6, IL-1B, and TNF-a levels were measured
using a custom ProcartaPlex Human Cytokine/Chemokine
Panel (Thermo Fisher Scientific, Waltham, MA, USA; Product
No. PPX-06430949-000). Briefly, the cell culture supernatants
were diluted (1:2) with the assay diluent and added to the
wells. Subsequently, 50 pL of the diluted samples or standards
were added to the wells containing magnetic beads conjugated
with capture antibodies and incubated for 2 h at room temp-
erature. After washing, detection antibodies were applied and
incubated for 1 h. Streptavidin-phycoerythrin was added, after
another wash, and the cells were incubated for 30 min. The
beads were analyzed using a Luminex 200 system (Luminex
Corporation, USA).

Single-Plex ELISA for IL-8 and MCP-1. As IL-8 and MCP-1
levels fell outside the detection range or standard curve in the
multiplex analysis, their concentrations were subsequently
determined using an ELISA kit, according to the manufac-
turer’s protocol: IL-8 (Thermo Fisher Scientific, Waltham, MA,
USA, Cat. No. 88-8086-86); MCP-1: (Thermo Fisher Scientific,
Waltham, MA, USA, Cat. No. 88-7399-88). Briefly, 96-well
microplates pre-coated with capture antibodies were incubated
with 100 pL of standards or diluted samples (IL-8 samples
were diluted 1:150, and MCP-1 samples were diluted 1 :400)
for 2 h at room temperature. After washing the wells three

Table 2 Primer sequences used for gPCR analysis
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times with Wash Buffer, 100 pL of Horseradish peroxidase-con-
jugated detection antibody was applied to each well and incu-
bated for 1 h at room temperature. After an additional
sequence of washing steps, 100 pL of TMB substrate was
applied to each well and incubated in the dark for 15 min. The
reaction was then stopped by applying 50 pL of stop solution
(1 M sulfuric acid), and the absorbance was measured immedi-
ately at 450 nm using a SpectraMax ABS Plus microplate reader
(Molecular Devices, San Jose, CA, USA). The concentrations of
the cytokines were calculated using a standard curve from seri-
ally diluted recombinant cytokine standards provided with the
kit.

Western blot analysis to detect AGE-mediated anti-
inflammatory signals

Western blot assays were performed to evaluate protein
expression in macrophages. First, cells were lysed with a radio-
immunoprecipitation assay Buffer (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan; Cat. No. 182-02451) sup-
plemented with an HAIt phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. 78428)
and a protease inhibitor cocktail (Roche, Basel, Switzerland,
Cat. No. 11836153001). After centrifugation at 12 000 rpm for
10 min at 4 °C, the supernatant was collected. Protein levels
were measured using the Bicinchoninic acid assay Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA, Cat.
No. 23225). Equal amounts of protein (10 pg) were separated
by SDS-PAGE using the 7.5% and 12% TGX FastCast
Acrylamide Kit (Bio-Rad Laboratories, Hercules, CA, USA, Cat.
No. 1610171 and 1610175). The separated proteins were elec-
trotransferred onto trans-Blot Turbo Mini-Size PVDF mem-
branes (Bio-Rad Laboratories, Hercules, CA, USA, Cat. No.
1704272). The membranes were blocked with a PVDF Blocking
Reagent (TOYOBO, Osaka, Japan, Code No. NYPBRO1) or Skim
milk (BD Difco™ Skim Milk; Becton, Dickinson and Company,
Cat. No. 232100) for 1 h at room temperature. The membranes
were incubated overnight at 4 °C with primary antibodies.
Primary antibodies against the following proteins were used
for immunoblotting: Anti-NF-kB p65 antibody [E379] (1: 1000;
Abcam, Cambridge, UK, Cat. No. ab32536), anti-Phospho-NF-
kB p65 [Ser536] [93H1] (1:1000; Cell Signaling Technology,

Target Sense primer (5-3') Antisense primer (5-3')

IL-6 AGACAGCCACTCACCTCTTCAG TTCTGCCAGTGCCTCTTTGCTG
IL-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC
CD80 CTCTTGGTGCTGGCTGGTCTTT GCCAGTAGATGCGAGTTTGTGC
IL-1B CCACAGACCTTCCAGGAGAATG GTGCAGTTCAGTGATCGTACAGG
TNF-a CTCTTCTGCCTGCTGCACTTTG ATGGGCTACAGGCTTGTCACTC
MCP-1 CATGAAAGTCTCTGCCGCCC GGGCATTGATTGCATCTGGCTG
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
CD163 CCAGAAGGAACTTGTAGCCACAG CAGGCACCAAGCGTTTTGAGCT
CD206 AGCCAACACCAGCTCCTCAAGA CAAAACGCTCGCGCATTGTCCA
IL-10 TCTCCGAGATGCCTTCAGCAGA TCAGACAAGCCTTGGCAACCCA
TGF-p TACCTGAACCGGTGTTGCTCTC GTTGCTGAGGTATCGCCAGGAA
Food Funct. This journal is © The Royal Society of Chemistry 2026
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USA, Cat. No. 3033), anti-inhibitor of nuclear factor kappa-B
alpha(IxkBa) (1:1000; Cell Signaling Technology, USA, Cat. No.
9242), GAPDH (1:1000; FUJIFILM Wako, Osaka, Japan, Cat.
No. 016-25523). The following day, the membranes were incu-
bated with anti-mouse IgG (1: 10000, Sigma-Aldrich, St Louis,
MO, USA, Cat. No. NA931) or anti-rabbit IgG (1 : 10000, Sigma-
Aldrich, St Louis, MO, USA, Cat. No. 934), for 1 h.
Visualization of the bound antibodies was achieved with per-
oxidase-conjugated secondary antibodies and enhanced che-
miluminescence using a ChemiDocTM Imaging System (Bio-
Rad Laboratories Inc., Hercules, CA, USA, Cat. No. 170-5061).
Band intensity was analyzed using the Image Lab software
6.0.1 (Bio-Rad Laboratories Inc.).

ARDS model animals and experimental design

Male C57BL/6] mice (8-10 weeks old, ~25 g) were purchased
from Oriental Yeast Co., Ltd (Tokyo, Japan). Mice were main-
tained in a specific pathogen-free environment under con-
trolled conditions (25 °C, 12 h light/dark cycle) with free
access to food and water. All animal experiments were
approved by the Animal Care and Use Committee of Juntendo
University (Approval No. 2024300) and performed in accord-
ance with the institutional and National Institutes of Health
guidelines.

Mice were randomly assigned to four experimental groups
stratified by body weight. All the mice received a single intra-
tracheal instillation of LPS (20 mg kg™"). This procedure estab-
lished the ARDS model, consistent with previously reported
methods.”*?° Twelve mice from each group were used to
assess changes in body weight. Group A (control) received an
intraperitoneal (i.p.) injection of PBS and oral distilled water
(DDW; 10 mL kg™). Group B received an i.p. injection of DEX
(1 mg kg™!) and oral DDW. Group C received i.p. PBS and oral
AGE (2 g kg™"), whereas Group D received an i.p. injection of
DEX (1 mg kg™') and oral AGE. AGE or DDW was administered
orally once daily for 2 days prior to LPS instillation and contin-
ued thereafter. DEX (Wako Pure Chemical Industries, Tokyo,
Japan, Cat. No. 040-30811) was administered i.p. once daily
starting on the day of LPS instillation. The administration
volume for both oral and i.p. treatments was consistently
10 mL kg™" across all groups to ensure equal solvent exposure.
Body weight was monitored daily, and the percentage change
in body weight was calculated until day 4. Any mice that died
prematurely or were excluded due to technical failure were
excluded from the analysis. The final number of animals ana-
lyzed in each group is visually represented by individual data
points within the figures.

Bronchoalveolar lavage fluid (BALF) and histological evalu-
ations were performed on five-six mice from each group follow-
ing the same treatment protocol. BALF samples were collected
according to a previously described method.** The mice were
euthanized by inhalation of 5% isoflurane. BALF was collected
by cannulating the trachea and lavaging the lungs twice with
sterile saline (1.0 mL, twice). Total cell counts were determined
using Tiirk’s solution, and differential cell counts were per-
formed on cytospin preparations stained with Diff-Quik
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(Sysmex International Reagents, Kobe, Japan, Cat. No. 16920).
Lung tissues were fixed in 10% neutral-buffered formalin,
embedded in paraffin, and sectioned at 3 pm. These tissue
slices were then stained using Hematoxylin and Eosin (HE).
Both the differential cell counts of BALF and the histological
evaluations of lung tissues were blinded by two independent
observers (SN and SS). For the lung tissues, histological
scoring was conducted based on previously established
criteria.*?

Statistical analysis

Data are expressed as the mean + standard deviation. A one-
way analysis of variance followed by Tukey’s multiple compari-
sons test was used for comparisons involving three or more
groups. GraphPad Prism 9 (GraphPad Inc., San Diego, CA,
USA) was used to create the column graphs and perform stat-
istical analyses. Statistical significance was set at p < 0.05.

Results

AGE and DEX reduce the expression of MCP-1 in
M1 macrophages

Given the critical role of MCP-1 in monocyte recruitment and
M1 macrophage polarization during inflammation, we
assessed MCP-1 mRNA expression by RT-PCR in cells treated
with various concentrations of DEX (1 pg mL ™", 100 ng mL ™",
10 ng mL™", and 1 ng mL™").** Our results demonstrated a
clear dose-dependent inhibition of MCP-1 mRNA expression
by DEX. While DEX at 1 ng mL ™" exhibited a modest suppres-
sion of inflammatory responses, higher concentrations (100 ng
mL™" and 1 pg mL™") induced potent anti-inflammatory
effects, with the fold change of MCP-1 mRNA expression reach-
ing a near-saturated level. Based on these findings, and with
the aim of investigating a potential steroid-sparing effect
through combination therapy, 1 ng mL ™" DEX was identified
as a suboptimal or partially effective concentration for anti-
inflammatory action in our iz vitro model (SI 2a).

Next, we evaluated the anti-inflammatory dose-response of
AGE by treating cells with various concentrations (0.5, 1.5, and
2.5 mg mL™') and measuring MCP-1 mRNA expression.
Treatment with AGE at 2.5 mg mL™" resulted in a significant
reduction in the fold-change of MCP-1 mRNA compared to the
control group (p = 0.0275; SI 2b). Following the identification
of 2.5 mg mL™" as the effective concentration, we performed
an MTT assay to confirm that this dose did not induce non-
specific cytotoxicity. The results showed that AGE at concen-
trations up to 5.0 mg mL ™" maintained cell viability compar-
able to the untreated control, whereas 10% DMSO significantly
reduced viability (SI 2c). These findings ensure that the
observed anti-inflammatory effects of AGE at 2.5 mg mL ™"
were not due to impaired cell viability, demonstrating a favor-
able safety profile within the dose range used in this study.
Consequently, this concentration of AGE was used in the sub-
sequent experiments with DEX.
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Fig. 1 Morphological changes and CD80 expression. Representative
bright-field microscopy images of THP-1 macrophages after PMA differ-
entiation and  subsequent treatment. (a) Morphology of
MO macrophages, morphology of M1 macrophages, M1 macrophages
treated with DEX, M1 macrophages treated with AGE, and
M1 macrophages treated with DEX and AGE. All images were taken at
%20 objective lens. Scale bar, 100 pm. All images are representative of at
least three independent experiments. The expression of CD80 in THP-1-
derived macrophages was analyzed using flow cytometry. (b)
Representative flow cytometry plots illustrating the gating strategy used
for the M1 macrophages. After excluding doublets and dead cells (ident-
ified by NIR Zombie dye), live cells were gated on the CD11b-positive
population. Within the CD11b-positive population gate, the percentage
of CD80-positive cells was determined. (c) Representative histograms
showing the overlay of CD80 expression on MO and M1 macrophages,
demonstrating the induction of CD80 expression upon M1 polarization.
(d) The percentage of CD80-positive cells and (e) the mean fluor-
escence intensity (MFIl) of CD80 in the CD11b-positive population were
quantified. Data were calculated as the mean + standard error of the
mean (SEM) and analyzed using one-way ANOVA. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. PMA, Phorbol 12-myristate 13-acetate;
DEX, dexamethasone; NIR, near-infrared; MFI, mean fluorescence inten-
sity; SEM, standard error of the mean; AGE, aged garlic extract; ANOVA,
analysis of variance.

Morphological change of macrophage cells after DEX and AGE
treatment

Morphological changes in THP-1 macrophages after various
treatments were examined using bright-field microscopy. As
shown in Fig. 1a, unstimulated M0 macrophages exhibited a
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relatively circular morphology with smooth boundaries, and
pseudopod formation was rarely observed. In contrast, LPS
and IFN-y induced M1 macrophages showed a clear morpho-
logical change, displaying numerous elongated pseudopods
and an irregular cell shape. Following co-treatment with DEX
or AGE, the macrophages still showed pseudopod formation,
suggesting that these treatments alone did not fully suppress
the morphological changes associated with M1 macrophage
activation. However, combined treatment with DEX and AGE
resulted in a strong suppression of these morphological
changes, with fewer cells exhibiting pseudopods compared to
the single-treated groups.

AGE enhances the effects of DEX on the reduction of cellular
CD80 expression in M1 macrophages

Flow cytometry was used to evaluate the expression of the
M1 macrophage-specific marker CD80 in THP-1-derived
macrophages (Fig. 1b and c). Treatment with AGE alone sig-
nificantly reduced the percentage of CD80 positive cells (p =
0.0045 vs. positive control; Fig. 1d) and CD80 MFI (p = 0.0005
vs. positive control; Fig. 1e). Furthermore, co-administration of
DEX with AGE resulted in an even greater reduction in both
the percentage of CD80 positive cells (p < 0.0001; Fig. 1d) and
CD80 MFI (p < 0.0001; Fig. 1e) compared to AGE treatment
alone.

AGE synergistically enhances the effect of DEX on the
suppression of inflammatory cytokine release

FACS analysis showed that AGE suppressed the expression of
the M1-macrphage-specific cellular surface marker CD80,
suggesting the restoration of the MO-macrphage phenotype
(Fig. 1d and e). Subsequently, the effects of AGE on the
expression of inflammatory cytokines, with or without co-incu-
bation with DEX, were analyzed in terms of mRNA expression.
RT-PCR revealed significant alterations in the mRNA
expression levels of several proinflammatory markers. As
shown in Fig. 2a-e, treatment with AGE alone significantly
suppressed the mRNA levels of IL-6, IL-1f, and MCP-1 (p <
0.0001, 0.0005, and 0.0077, respectively), while a similar down-
ward trend was observed for IL-8 and TNF-a (p = 0.4339 and p
= 0.0691). Furthermore, co-administration of DEX and AGE
resulted in a more pronounced reduction in these mRNA
levels compared to the positive control (LPS + IFN-y) (p <
0.0001 for IL-6 and MCP-1, p = 0.0002 for IL-8; p = 0.0001 for
IL-1B; p = 0.0078 for TNF-a). This combined effect highlighted
the potential of AGE to enhance the anti-inflammatory efficacy
of suboptimal doses of DEX. Compared to AGE treatment
alone, the combination therapy further suppressed mRNA
expression, with significant differences observed for IL-8 (p =
0.00023) and MCP-1 (p = 0.0156), while IL-6, IL-1f, and TNF-«
showed similar downward trends (p = 0.4158, 0.7283, and
0.6288, respectively). In addition to cytokine analysis, AGE
treatment alone significantly reduced CD80 mRNA expression
(Fig. 2f). The co-administration of DEX and AGE led to a
greater reduction compared to the positive control (p =
0.0003), although the further reduction compared to AGE

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Effects of AGE and DEX on inflammatory marker expression in
macrophages. The mRNA expression levels of (a) IL-6, (b) IL-8, (c) IL-1,
(d) TNF-a, (e) MCP-1, and (f) CD80 were quantified by quantitative RT-
qPCR. Expression levels were normalized to the GAPDH mRNA levels.
The protein levels of (g) IL-6, (h) IL-8, (i) IL-1B, (j) TNF-a, and (k) MCP-1
were measured in cell culture supernatants by ELISA. Data were calcu-
lated as the mean + SEM and analyzed using a one-way ANOVA. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. SEM, standard error
of the mean; ANOVA, analysis of variance; ELISA, enzyme-linked
immunosorbent assay; TNF-a, tumor-necrosis factor alpha; GAPDH, gly-
ceraldehyde 3-phosphate dehydrogenase; RT-PCR, real-time polymer-
ase chain reaction.

alone did not reach statistical significance (p = 0.1270). To cor-
roborate these findings at the protein level, we performed
ELISA for key inflammatory cytokines in the cell culture super-
natants. LPS and IFN-y stimulation significantly increased the
production of all analyzed cytokines. While AGE or DEX alone
showed significant or partial suppression, the combined treat-
ment (DEX + AGE) led to a markedly greater suppression com-
pared to the positive control (p < 0.0001 for IL-6, TNF-a, and
MCP-1; p = 0.0006 for IL-8; p = 0.0074 for IL-1p). Notably, com-
pared to AGE treatment alone, the combination therapy
further significantly reduced the protein levels of IL-6 (p <
0.0001), IL-8 (p = 0.0389), and IL-1p (p = 0.0349), whereas TNF-
o and MCP-1 levels remained comparable between the two
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groups (p = 0.3274 and 0.2735, respectively) (Fig. 2g-k).
Furthermore, to investigate whether AGE also promotes a shift
toward an anti-inflammatory phenotype, we analyzed the
mRNA expression of M2 macrophage markers, including
CD163, CD206, Transforming Growth Factor-beta (TGF-p), and
IL-10 (SI 3). The co-administration of DEX and AGE signifi-
cantly up-regulated the mRNA expression of CD163 and CD206
compared to the positive control (LPS and IFN-y-stimulated
group) (p = 0.0002, and <0.0001, respectively). Notably, this
combination therapy also showed a significant increase in
these markers compared to AGE treatment alone (p = 0.0047
for CD163; p < 0.0001 for CD206), demonstrating a synergistic
effect in promoting M2 polarization. Regarding TGF-$ and
IL-10, the combined treatment resulted in a significant up-
regulation compared to the positive control (p = 0.025 for TGF-
B; p = 0.0124 for IL-10). Although the combination of DEX and
AGE did not significantly increase TGF-f and IL-10 levels com-
pared to AGE alone (p = 0.5142 and p = 0.0810, respectively),
the DEX + AGE group exhibited a modest upward trend in the
expression of both cytokines.

Combination of AGE and DEX suppressed NF-kB signaling

First, a time-course study was conducted to evaluate the peak
expression of phosphorylated (p)-NF-xB. The p-NF-kB/total (t)-
NF-kB ratio peaked at 45 min, which was used as the time
point for subsequent experiments (Fig. 3a). The main analysis
revealed that all treatment groups exhibited a significant
decrease in the p-NF-kB/t-NF-kB ratio compared to the control
group (M1 macrophages) (Fig. 3b and c). Notably, combined
AGE and DEX treatment resulted in a more pronounced sup-
pression of NF-kB phosphorylation than the control group (p =
0.0007). While the combination therapy showed a trend toward
greater suppression than treatment with AGE or DEX alone,
the difference between AGE alone and the DEX + AGE group
did not reach statistical significance (p = 0.7150). Similarly, a
time-course study of IkBa showed that it degraded most
rapidly at 30 min (Fig. 3d). Consistent with the NF-xB results,
both AGE and DEX treatments led to greater preservation of
IkBa compared to the control group (Fig. 3e and f). The co-
administration of DEX and AGE significantly inhibited IxBa
degradation compared to the control group (p = 0.0293),
although no significant difference was observed when com-
pared to AGE treatment alone (p = 0.6284). These results
suggest that combined therapy effectively inhibits NF-«xB sig-
naling by preventing IxBa degradation. The uncropped blots
for these experiments are shown in SI 4.

AGE and DEX attenuated LPS-induced lung injury in the ARDS
model mice

Despite the administration of a high dose of LPS, the mortality
rate was very low (<10%) across all groups, indicating that a
lethal model was not achieved in the present study.
Consequently, the body weight change was used as the
primary endpoint to assess disease severity. Based on previous
studies, day 4 was selected as the time point for evaluation of
acute inflammation.?* This day represents the peak of acute
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Fig. 3 Effect of LPS and IFN-y on NF-xB and IkBa signaling in macro-
phages. (a) Immunoblot analysis of time-dependent NF-kB phosphoryl-
ation in MO macrophages. Cells were stimulated with LPS and IFN-y for
the indicated periods (0—90 min), and the phosphorylation status of NF-
kB NF-kB was determined. (b) Representative immunoblot of phos-
phorylated (p)-NF-xB/total (t)-NF-kB from MO macrophages stimulated
with LPS and IFN-y for 45 min. (c) Quantification of the immunoblot
shown in (b). The fold change of p-NF-kB/t-NF-xB was calculated rela-
tive to the unstimulated control. (d) Immunoblot analysis of time-depen-
dent IkBa in MO macrophages. Cells were stimulated with LPS and IFN-y
for the indicated periods (0—90 min), and the status of IkBa was deter-
mined. (e) Immunoblot analysis of IkBa/GAPDH in MO macrophages
stimulated for 30 min. (f) Quantification of the immunoblot shown in
(e). The relative protein level of IkBa was normalized to GAPDH. Data
were calculated as the mean + SEM and analyzed using one-way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. LPS,
lipopolysaccharide; ANOVA, analysis of variance; SEM, standard error of
mean; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

lung injury, characterized by maximal body weight loss and
cellular infiltration. Body weight loss, BALF analysis, and histo-
pathological assessment of the lung tissue were performed. To
examine the anti-inflammatory properties of AGE and DEX, a
murine lung injury model was established by intratracheal LPS
instillation (Fig. 4a). Prior to the main study, preliminary
experiments were conducted to determine an appropriate dose
of DEX to serve as a positive control demonstrating a minimal
therapeutic effect, allowing for the clear assessment of the
added benefit of AGE. We compared the effect of various DEX
doses (1, 2, and 3 mg kg™") on the time course of body weight
change following LPS-induced ARDS. As shown in SI 5, the
1 mg kg™ dose was selected because it resulted in a less pro-
nounced improvement in body weight loss over 4 days com-
pared to the higher doses, thereby providing a suitable base-
line effect for comparison with combination treatments. The
administration of AGE and DEX significantly restored LPS-
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Fig. 4 Effect of AGE and DEX on a mouse model of LPS-induced lung
injury. (@) A schematic representation of the experimental design. Mice
were given an oral gavage of either AGE or DDW for two days prior to
the intratracheal instillation of LPS on day 0. Thereafter, oral adminis-
tration of AGE or DDW, along with an i.p. injection of either DEX or PBS,
continued until day 3, when the mice were euthanized for subsequent
analysis. (b) The percentage change in body weight was monitored daily
for all experimental groups. Body weight was normalized to 100% on
Day O (the day of LPS instillation). (c) A bar graph showing the mean per-
centage body weight change for each group on day 4 (n = 12 in each
group). (d) HE-stained lung specimens on day 4. Bars, 200 pm and
100 pm. Representative images of whole lung sections are shown in SI
3A-D. (e) Lung injury scores on days 4 (n = 5 in each group). (f—h)
Concentrations of inflammatory cells (total cells, neutrophils, and
macrophages) in the BALF of each group on day 4 (n = 6 in each group).
Data were calculated as the mean + SEM and analyzed using one-way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. LPS,
lipopolysaccharide; DEX, dexamethasone; AGE, aged garlic extract;
RT-PCR, real-time polymerase chain reaction; ANOVA, analysis of var-
iance; SEM, standard error of mean; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase; IFN-y, interferon gamma.

induced body weight loss on day 4 compared to the positive
control (p < 0.0001; Fig. 4b and c). Notably, combination
therapy resulted in a significantly greater improvement in
body weight than AGE treatment alone (p = 0.0002). Consistent
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with these results, mice treated with the combination of AGE
and DEX exhibited improved cellular infiltration and a signifi-
cantly reduced lung injury score compared to the positive
control (p = 0.0017; Fig. 4d and e; SI 6). Additionally, the com-
bined AGE and DEX treatment effectively reduced the
numbers of total cells, neutrophils, and macrophages in the
BALF compared to the positive control (p = 0.0038, 0.0095, and
0.0453, respectively; Fig. 4f-h). Although the further reduction
in these cellular parameters by the combination therapy com-
pared to AGE treatment alone did not reach statistical signifi-
cance (p = 0.5840, 0.5223, and 0.9996, respectively), the DEX +
AGE group exhibited a consistent downward trend in the infil-
tration of total cells, neutrophils, and macrophages.

Discussion

We demonstrated for the first time that the co-administration of
AGE and low-dose DEX synergistically suppresses inflammation
that cannot be adequately controlled by steroid monotherapy.
This combination resulted in attenuated weight loss, a
reduction in the number of inflammatory cells in the BALF, and
an improvement in the histological lung injury score in ARDS
model mice. The expression of key pro-inflammatory cytokines
released from M1-macrophages was strongly inhibited by com-
bined treatment. Additionally, we confirmed several key
mechanistic insights, including the suppression of CD80
expression, a surface marker for M1 macrophages known to be
a crucial co-stimulatory signaling molecule,*” and the inacti-
vation of the NF-«B pathway. Taken together, these results
suggest that the combination of AGE and DEX effectively miti-
gates the excessive inflammatory response characteristic of
ARDS via multiple complementary mechanisms.

Previous studies have reported the anti-inflammatory pro-
perties of AGE from various perspectives;*®° for instance, one
study demonstrated its inhibitory effect on the production of
inflammatory cytokines, such as IL-6 and IL-8, induced by
SARS-CoV-2 infection.”® The anti-inflammatory effect observed
in this study is consistent with numerous prior reports that
demonstrate AGE’s ability to suppress the NF-«kB pathway.*' ™
It has been reported that SAC, a constituent of AGE, inhibits
NF-kB activation through multiple mechanisms, including an
effect on IxkBa via MAP kinases and a potent inhibitory effect
on Inhibitor of nuclear factor kappa-B kinase subunit beta
kinase, which prevents IkBa phosphorylation.*>** In addition
to these mechanisms, our results suggest that AGE containing
SAC may increase the expression of IkBa through various
signals (Fig. 5), and the combination of these effects may lead
to the suppression of the NF-kB pathway. Furthermore, AGE
treatment significantly up-regulated the mRNA expression of
M2 marker IL-10. While the increases in other markers, such
as CD163 and TGF-p associated with the pro-resolving M2a
and M2c phenotypes, respectively®® did not reach statistical
significance, they followed a consistent upward trend. These
results are consistent with a previous report by Miki et al,
which demonstrated that S-1-propenyl-cysteine, a key constitu-
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Fig. 5 AGE and DEX suppressed lung inflammation via NF-«B signaling.
The combination of dexamethasone and AGE exhibited a potent anti-
inflammatory effect during the acute inflammatory phase by suppressing
the NF-xB pathway, leading to the inhibition of pro-inflammatory cyto-
kine production and CD80 expression. Schematic representation of the
signaling pathway. This figure was created by modifying the elements of
Servier Medical Art (smart.servier.com). AGE, aged garlic extract.

ent of AGE, promotes M2c-like polarization.’® Notably, the
combination of AGE and DEX exerted a much more potent
effect, significantly up-regulating all examined M2 markers
and anti-inflammatory cytokines. These findings indicate that
the combined treatment likely exerts its therapeutic effects
through a dual mechanism: the potent inhibition of M1 acti-
vation and the promotion of a reparative M2-like phenotype.

Recently, the use of naturally derived substances such as
natural herbs as an alternative to steroids has gained attention
in basic research because of their unique advantages, includ-
ing fewer side effects, diverse mechanisms of action, and
abundant availability,”” although their acceptance in clinical
practice is currently limited due to the lack of high-quality
human clinical research. Therapeutic strategies that combine
other drugs, such as immunosuppressants in the treatment of
interstitial pneumonia, to reduce steroid dosage due to side
effects are widely applied in clinical practice.*®**° Considering
this, the combination of steroids and naturally derived sub-
stances can be considered a rational treatment strategy. Our
finding of its synergistic effect with low-dose DEX in ARDS
suggests that the anti-inflammatory properties of AGE demon-
strated in these preliminary studies are effective even in the
critical state of ARDS. This method has the potential to con-
tribute to the refinement of existing standard treatments.
Thus, this study broadens the scope of therapeutic appli-
cations of AGEs in the context of respiratory diseases.

This study has some limitations. First, we did not evaluate
long-term or major clinical outcomes of ARDS. While the LPS-
induced model is a validated screening tool, it does not fully
recapitulate the complex and heterogeneous nature of human
ARDS. Specifically, it often fails to capture key clinical features
such as extensive epithelial injury, coagulation abnormalities,
and fibroproliferation.’*™? Furthermore, as our experimental
protocol did not achieve a lethal model, it should be character-
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ized as a mild-to-moderate injury model. Therefore, caution is
required when extrapolating the therapeutic efficacy of AGE
and DEX observed here to severe or lethal clinical ARDS. In
addition to the limitations of the in vivo model, the physiologi-
cal relevance of the AGE concentration used in our in vitro
experiments must be addressed. Although our MTT assay con-
firmed that this concentration did not affect cell viability up to
5.0 mg mL™", it is relatively high compared to typical human
plasma levels. There is an inherent gap between static in vitro
environments and the dynamic absorption, distribution,
metabolism, and excretion processes in a living organism.
While peak concentrations of AGE constituents in mice can be
substantially higher than those in humans, the direct translat-
ability of these high in vitro doses to clinical settings remains a
challenge. Finally, as the AGE used in this study contains a
variety of compounds that may affect multiple signaling path-
ways, further investigation is needed to identify the specific
active components and their precise underlying mechanisms
in more advanced models before proceeding to clinical trials.

Conclusions

This study demonstrates that adding AGE to low-dose steroids
could maximize the anti-inflammatory effects in ARDS, pro-
posing a novel strategy for improving steroid therapy by avoid-
ing its adverse effects. While the optimal role of steroid
therapy in ARDS remains debatable, these results suggest a
new potential complementary treatment option. However,
further verification is required to facilitate its clinical
application.
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