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Abstract

Background: Sustained activation of adipose tissue macrophages (ATMs) drives metabolic dysfunction in obesity, with the hypoxia-
inducible factor-1α (HIF-1α)/interleukin-1β (IL-1β) axis being a core signaling pathway. However, specific strategies targeting this axis
are still lacking. Here, we aimed to identify novel compounds capable of disrupting this pathway. Methods: We screened a natural
product library for inhibitors of IL-1β expression in macrophages. The hit compound LJ-6 was then evaluated in lipopolysaccharide
(LPS)-stimulated bone marrow-derived macrophages (BMDMs) and in a physiologically relevant model using conditioned medium
from obese adipose tissue. Mechanism of action was investigated via Western blotting, molecular docking, dynamics simulations, and
hypoxia-response element (HRE)-luciferase reporter assays with site-directed mutagenesis. Results: LJ-6 was identified as a potent
inhibitor of IL-1β. It dose-dependently suppressed IL-1β in both LPS-induced and obese adipose tissue-conditioned medium-induced
macrophage inflammation. Mechanistically, LJ-6 reducedHIF-1α protein stability. Molecular docking andmutagenesis studies supported
an interaction involving the Tyr92 and His197 residues of HIF-1α, and suggested that this interaction is critical for its inhibitory function
on the HIF-1α/IL-1β axis. Conclusions: This study identifies the natural compound LJ-6 as a novel direct inhibitor of HIF-1α. By binding
to HIF-1α, LJ-6 effectively suppresses the HIF-1α/IL-1β axis in macrophages, thereby reducing IL-1β-driven inflammatory responses
in cellular and ex vivo models of obesity-associated adipose tissue inflammation, and thus represents a promising lead compound for
therapeutic development.
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1. Introduction
Obesity, characterized by pathological lipid accumu-

lation in adipose tissue, has become a major global pub-
lic health challenge [1]. Beyond its effects on body shape,
it elevates the development of metabolic diseases, includ-
ing cardiovascular disorders, type 2 diabetes, non-alcoholic
fatty liver disease, and hypertension, imposing a substan-
tial health and socioeconomic burden [2,3,4]. Obesity is
now recognized not merely as a disorder of energy bal-
ance, but as a chronic, low-grade systemic inflammatory
disease [5]. This inflammation originates in pathologically
remodeled adipose tissue. In obesity, adipocyte hypertro-
phy gives rise to local relative hypoxia and cellular stress
[6]. Immune cells, particularly macrophages, infiltrate the
tissue. These adipose-tissue macrophages (ATMs) undergo

activation, adopt a pro-inflammatory phenotype, and se-
crete inflammatory cytokines such as tumor necrosis factor-
α (TNF-α) and IL-1β [7,8]. This inflammatory environ-
ment impairs insulin signaling in adipocytes and promotes
systemic insulin resistance, thereby disrupting metabolic
homeostasis [9]. Targeting ATM-driven inflammation is
therefore a promising therapeutic strategy.

Although current anti-obesity drugs, including
glucagon-like peptide-1 (GLP-1) receptor agonists, effec-
tively reduce weight, they may not completely reverse
established adipose tissue inflammation [10]. Even after
weight loss, abnormal ATMs activation and inflammatory
memory may persist, potentially contributing to weight
regain [11,12]. Thus, therapeutic strategies that directly
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target adipose inflammation are needed to complement
current weight-management approaches.

Among inflammatory mediators from ATMs, IL-1β
plays a central role [13,14]. Genetic studies have shown
that macrophage-specific deletion of IL-1β, but not TNF-α,
prevents the development of diet-induced obesity and in-
sulin resistance in mice [15,16]. Clinically, inhibitors of
the IL-1β pathway improve glycemic control and lower car-
diovascular risk [13,17], underscoring IL-1β as a key node
linking obesity, inflammation, and metabolic dysfunction.

Direct neutralization of IL-1β carries a potential risk
of increasing susceptibility to infections [18]. Targeting
upstream regulators of its production may therefore pro-
vide a safer therapeutic strategy. In this context, hypoxia-
inducible factor-1α (HIF-1α) represents a compelling tar-
get, as it is stabilized in the hypoxic adipose tissue of obe-
sity and acts as a key transcriptional driver of IL-1β in
macrophages [19]. Pharmacological or genetic inhibition
of HIF-1α has been shown to attenuate adipose tissue in-
flammation and improve metabolic parameters, supporting
its involvement in the obesity–hypoxia–inflammation cycle
[20]. Our previous work further established that activation
of the HIF-1α/IL-1β axis in ATMs exacerbates local inflam-
mation and accelerates metabolic dysfunction, reinforcing
this axis as a promising target for intervention [16]. How-
ever, existing small-molecule inhibitors of HIF-1α lack the
selectivity or safety profile required for chronic metabolic
diseases, highlighting the need for novel and specific mod-
ulators of this pathway.

To address this gap, we turned to the rich chemical
space of natural products, which have long been recognized
as a prolific source of bioactive compounds with favorable
biocompatibility [21]. We hypothesized that this resource
could yield novel agents capable of selectively inhibiting
the HIF-1α/IL-1β axis in macrophages, thereby alleviating
obesity-associated inflammation. Here, we report the dis-
covery and mechanistic characterization of LJ-6, a natural
compound identified in this IL-1β-directed screen, which
directly targets HIF-1α to suppress IL-1β expression.

2. Materials and Methods
2.1 Preliminary Screening of Natural Products for
Anti-Inflammatory Activity

A library of 42 natural products, encompassing di-
verse structural classes such as alkaloids, triterpenoids,
flavonoids, and lignans, was preliminarily screened
for their ability to suppress inflammatory activation in
macrophages. RAW 264.7 cells (#TIB-71, ATCC), a
murine macrophage line with the passages 5–10, were em-
ployed as the screening platform. The RAW 264.7 were
authenticated by STR profiling, and tested negative for my-
coplasma. The culture medium consisted of Dulbecco's
Modified Eagle Medium (DMEM) (#12800082, Gibco)
supplemented with 10% fetal bovine serum (FBS) (#10091-
148, Gibco) and penicillin (100 U/mL)-streptomycin (100

µg/mL) (#15140-122, Gibco) and cells were cultured at 37
°C with 5% CO2. At ~90% confluence, cells were placed
in 24-well plates at a density of 1.5 × 105 cells/well and
cultured for attachment for 12 h. For compound treatment,
RAW 264.7 were pretreated for 12 h using each test com-
pound (5 µM) and the reference inhibitor BAY 11-7082 (5
µM; #HY-13453, MedChemExpress). Then, inflammatory
activation was stimulated using 100 ng/mL lipopolysaccha-
ride (LPS, #L2630, Sigma) for a further 12 h. After stimu-
lation, the expression of key inflammatory genes was mea-
sured to evaluate the inhibitory activity of the natural prod-
uct library (Supplementary Table 1, Supporting Informa-
tion).

The percentage inhibition of IL-1β mRNA expres-
sion was calculated relative to the LPS-only control group.
Compounds that achieved ≥50% inhibition were classified
as “hits”, while those showing 25% to <50% inhibitionwere
designated as having “modest activity”. Compounds with
<25% inhibition were considered inactive.

2.2 Derivation of BMDMs From Bone Marrow

Bone marrow cells were flushed from the fe-
murs and tibiae of 8-week-old mice using phosphate-
buffered saline (PBS), prepared in-house with NaCl (9
g/L) [#10019318, Sinopharm], KH2PO4 (0.144 g/L)
[#10017608, Sinopharm], and Na2HPO4 (0.42 g/L)
[#20040617, Sinopharm] at pH 7.4. The harvested cell
suspension was centrifuged at 500 ×g for 5 minutes, and
the resulting pellet was treated with 1 mL of red blood
cell lysis buffer [#B541001, Sangon Biotech (Shanghai)
Co., Ltd] for 5 min to remove erythrocytes, followed by
a second centrifugation step (500 ×g, 5 minutes). The
remaining bone marrow cells were then resuspended in
culture medium composed of DMEM supplemented with
10% FBS, penicillin (100 U/mL) and streptomycin (100
µg/mL), and 20 ng/mL macrophage colony-stimulating
factor (M-CSF) [#RP01216, ABclonal], seeded into culture
plates, and maintained at 37 °C in a 5% CO2 humidified
incubator. Fresh medium was supplied every 48 h, and dif-
ferentiated bone marrow-derived macrophages (BMDMs)
were harvested on day 7 of culture.

The mature bone marrow-derived macrophages were
validated for their identity by surface marker (F4/80) anal-
ysis using flow cytometry (see Supplementary Fig. 1 of
Supplementary Materials for detailed results) and tested
negative for mycoplasma. The flow cytometry analysis
was performed in the following steps: Mature BMDMs
were subjected to a single wash with Dulbecco's phosphate-
buffered saline (DPBS) (#554656, BD Pharmingen), then
cells were resuspended in 100 µLDPBS supplemented with
2 µL Fc receptor blocking reagent (#553142, BD Pharmin-
gen) and kept at 4 °C for 15 min. Subsequently, 100 µL
of DPBS containing 2 µL of the F4/80 antibody (#565410,
BD Pharmingen) was added to the blocking mixture, and
the incubation was prolonged for a further 30 min at the
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same temperature. Finally, the cells were washed twice
with DPBS, re-suspended in 500 µL DPBS, and analyzed
on a CytoFLEX S flow cytometer (Beckman Coulter).

2.3 Macrophage Activation

To induce pro-inflammatory activation in
macrophage, cells were exposed to 100 ng/mL LPS
for designated time intervals, after which intracellular
mRNA and protein levels were assessed. For IL-1β
secretion analysis, cells were first primed with LPS (100
ng/mL) for 12 h, followed by a 30-minute incubation with
ATP (2 mM) [#HYB2176, MCE] to trigger inflammasome-
mediated release. The amount of IL-1β present in the
culture supernatant was then quantified using a mouse
IL-1β-specific enzyme-linked immunosorbent assay kit
[#RK00006, ABclonal].

2.4 Obtaining Conditioned Medium From Adipose Tissue

Epididymal fat pads (2 g) harvested from either
chow-fed lean or high-fat diet (HFD)-fed obese C57BL/6J
mice were minced and subjected to enzymatic dissocia-
tion in 10 mL of DMEM containing Collagenase D (2
mg/mL) [#11088882001, Roche], Dispase II (2.4 mg/mL)
[#4942078001, Roche], and CaCl2 (10 mM) [#10005817,
Sinopharm] at 37 °C for 1 hour. Digestion was terminated
by the addition of 10 mL of DMEM supplemented with
20% FBS, and the cell suspension was passed through a
40-μm mesh filter. Following centrifugation at 500 ×g for
10 min, the floating adipocyte layer and the pelleted stro-
mal vascular fraction were discarded, while the interven-
ing supernatant was retained as adipose tissue-conditioned
medium (AT CM). For macrophage stimulation, this AT
CM was diluted with fresh culture medium at a 1:3 ratio
(AT CM:medium) before application to BMDMs for the in-
dicated durations.

The collected conditioned media were used directly
without further dilution or concentration. Notably, the
healthy and obeseATCMwere prepared under strictly iden-
tical conditions, including tissue weight, digestion volume,
and processing time, and were applied to BMDMs in par-
allel. Therefore, any differential effects observed between
the two CM groups can be attributed to the distinct inflam-
matory milieu of the adipose tissues rather than procedural
variability.

2.5 RNA Extraction and Real-Time Quantitative PCR
Analysis

Total RNA was extracted from cultured cells using
TRIzol-based methodology. Briefly, cells were lysed in
300 µL of TRIzol reagent [#15596018, Invitrogen] on ice
for 15 minutes, followed by the addition of 60 µL of chloro-
form [#10006818; Sinopharm] and vigorous vortexing for
15 seconds. Phase separation was achieved by centrifuga-
tion at 12,000 ×g for 15 minutes, and the aqueous upper
phase was transferred to a fresh tube. RNAwas precipitated

by mixing the recovered aqueous phase with 150 µL of iso-
propanol [#80109218; Sinopharm], vortexed briefly, and
kept at –20 °C overnight. The precipitated RNA was col-
lected by centrifugation (12,000 ×g, 15 minutes), washed
twice with 70% ethanol [#10009218; Sinopharm], and cen-
trifuged again at 7500 ×g for 10 minutes. After air-drying,
the RNA pellet was dissolved in 20 µL of RNase-free wa-
ter, and its concentration was determined using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific). For
cDNA synthesis, 1 µg of total RNAwas reverse-transcribed
with theABScript III RTMasterMix for qPCR [#RK20408,
ABclonal] and diluted to a final volume of 180 µL with
nuclease-free water. Quantitative PCR was performed in a
10-µL reaction mixture containing 4 µL of diluted cDNA,
1 µL of gene-specific primers (Supplementary Table 3),
and 5 µL of 2 × Universal SYBRGreen Fast qPCR Mix
[#RK21203, ABclonal]. Amplification was carried out on
a QuantStudio system (Thermo Fisher Scientific) under the
following cycling parameters: initial denaturation at 95 °C
for 5 minutes, followed by 40 cycles of 95 °C for 30 sec-
onds and 60 °C for 30 seconds. Raw threshold cycle (Ct)
values were acquired using QuantStudio Software (v1.5.2),
and relative transcript levels were calculated after normal-
ization to the endogenous reference gene (β-actin).

2.6 Western blotting Assay

To prevent HIF-1α degradation, all lysis procedures
were carried out on ice using SDS loading buffer freshly
supplemented with a protease inhibitor cocktail [#HY-
K0010, MedChemExpress]. Following two washes with
PBS, cells were harvested in SDS loading buffer com-
posed of 0.5 M Tris-HCl (pH 6.8, 20 mL) [#1610799,
Bio-Rad], SDS (4 g) [#20106ES76, Yeasen], bromophe-
nol blue (200 mg) [#71008060, Sinopharm], glycerin (20
mL) [#10010618, Sinopharm], and DTT (3.08 g) [#ST040,
Beyotime] brought to a final volume of 200 mL with dis-
tilled water. The lysates were then heated at 100 °C for
10 minutes to achieve complete denaturation. Protein sam-
ples were resolved by SDS-PAGE using a running buffer
(glycine 14.4 g/L [#60112ES96, Yeasen], Tris-base 3.02
g/L [#60102ES, Yeasen], SDS 1 g/L), and subsequently
electrotransferred onto nitrocellulose membranes in trans-
fer buffer (glycine 14.4 g/L, Tris-base 3.02 g/L, methanol
200 mL/L [#80080418, Sinopharm]). Following transfer,
membranes were blocked for 1 hour at ambient temper-
ature with 5% non-fat milk to minimize background sig-
nals. The blocked membranes were then probed with pri-
mary antibodies (Supplementary Table 4) overnight at 4
°C. After removal of the primary antibody solution, the
membranes were rinsed three times (10 minutes each) with
TBST [Tris-base 2.42 g/L, NaCl 8 g/L, HCl 1.6 mL/L
[#10011028, Sinopharm], Tween-20 1 mL/L [#30189328,
Sinopharm], pH 7.6] and subsequently incubated with sec-
ondary antibodies for 1 hour at room temperature. Im-
munoreactive bands were visualized using ECL detection
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buffer [#MA0186, MeilunBio] and imaged with the Chemi-
Doc system (Bio-Rad).

The density of protein was quantified using ImageJ
software (v1.54p), and the relative protein expression level
was calculated as the ratio of the target protein band inten-
sity to the corresponding loading control (β-actin) band in-
tensity, and the fold change was normalized to the control
group.

2.7 Protein Structure Preparation and Molecular
Dynamics Simulations

The initial protein structure was modeled us-
ing the Swiss-Model server (accession: Q16665_11-
357:4zpk.1.B) [22]. To better approximate physiological
conditions for subsequent molecular dynamics (MD)
simulations and docking studies, the protein termini were
capped with an N-acetyl (ACE) group at the N-terminus
and an N-methylamide (NME) group at the C-terminus.

A cubic simulation box with periodic boundaries was
constructed, and the protein was solvated using the TIP3P
water model [23]. Neutralization of the system was per-
formed, and NaCl was added to a final concentration of
150 mM to achieve physiological ionic strength. The Am-
ber ff99SB*-ILDN force field [24,25,26,27] was applied to
the protein, with ligand parameters derived from the Gen-
eral Amber Force Field (GAFF) [28]. System equilibration
was performed with Desmond (v2023.4) [29] on a GPU,
following a standard protocol involving NVT and NPT en-
sembles. Production MD simulations were conducted in
the NPT ensemble at 310 K and 1.013 bar, maintained by
the Nosé-Hoover thermostat [30] and the Martyna-Tobias-
Klein barostat [31], respectively. A 2-fs time step was used
with a multigrator scheme employing a modified r-RESPA
integrator [32], where long-range electrostatics were evalu-
ated every three steps. All simulations were carried out on
an NVIDIA RTX-3080TI GPU for a total duration of 500
ns.

Analysis of the root-mean-square deviation (RMSD)
trajectory indicated that the protein structure reached con-
vergence after approximately 230 ns, remaining stable for
the remainder of the simulation (230–500 ns, Supplemen-
tary Fig. 4, Supporting Information), with secondary struc-
ture elements preserved throughout. The final frame from
the 500 ns trajectory was extracted and served as the recep-
tor structure for subsequent molecular docking studies.

2.8 Molecular Docking and MM/GBSA-Based Binding
Affinity Assessment

Global molecular docking was performed to explore
potential binding modes of LJ-6. The receptor structure
was prepared using AutoDockTools (v1.5.7). A docking
grid of dimensions 81.9 × 81.9 × 81.9 Å3 was centered
on the protein to encompass the entire structural domain.
Docking calculations were executed with AutoDock Vina
[33,34], using an exhaustiveness value of 512 to generate

100 initial ligand conformational poses. Prior to docking,
the initial geometry of LJ-6 was optimized using OpenBa-
bel (v3.1.0) [35], and was subsequently processed with the
Meeko toolkit [36] to ensure correct formatting for dock-
ing. Following the docking screening, 97 distinct ligand-
receptor complex poses were obtained (Supplementary
Fig. 5, Supporting Information).

The binding affinities of these complexes were fur-
ther evaluated and refined using the MM/GBSA method as
implemented in the gmx_MMPBSA.py tool [37,38]. This
post-docking refinement protocol involved energy mini-
mization followed by binding free energy scoring. To as-
sess the stability of the predicted binding modes, each com-
plex subsequently underwent a short 10-ns MD simulation
(Supplementary Table 2, Supporting Information). The
binding free energy was then re-calculated using the same
MM/GBSA protocol on snapshots extracted from the equi-
librated portion of these simulations.

Subsequently, the top 5 ranked conformations based
on the MM/GBSA results were subjected to a prolonged
500 nsMD simulation using Desmond, employing the same
simulation parameters as described above. The most stable
conformation from this long-timescale simulation was se-
lected for further in-depth analysis (Supplementary Fig.
6, Supporting Information).

2.9 Cellular Thermal Shift Assay
Mature BMDMswere pretreated with 100 ng/mL LPS

for 12 hours to induce HIF-1α expression. Cells were then
harvested and lysed in IP lysis buffer (#P0013, Beyotime)
on ice for 30 minutes, followed by centrifugation at 12,000
×g for 10 minutes at 4 °C to collect total protein lysates.
The clarified lysates were divided into two aliquots and in-
cubated with either DMSO (vehicle control) or 10 µM LJ-6
for 30 minutes at room temperature. Each sample was then
further split into 50 µL aliquots and subjected to heating
at the indicated temperatures for 3 minutes. After heating,
the samples were centrifuged at 15,000 ×g for 30 minutes
at 4 °C to remove precipitated aggregates, and the resulting
soluble fractions were mixed with an equal volume of 2 ×
loading buffer and analyzed by Western blotting using an
anti-HIF-1α antibody.

2.10 Luciferase Assay
293T cellswere seeded in a 10-cm dish and co-

transfected with the HRE luciferase reporter plasmid and
the HIF-1α expression plasmid using Lipofectamine 2000
(#11668019, Thermo Fisher Scientific). After 24 hours,
the transfected cells were harvested and replated into a
black-frame, clear-bottom 96-well plate. Following an
additional 24-hour culture, the cells were treated with
LJ-6 for 12 hours. Luciferase activity was then mea-
sured using the Steady-Lumi™ II Firefly Luciferase Re-
porter Gene Assay Kit (#RG059M, Beyotime) on a Mul-
timode Plate Reader (EnVision, PerkinElmer). 293T cells
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(#CRL-3216) were purchased from ATCC and were used
in the passages 5–10. The culture medium consisted of
high-glucose DMEM (#12800082, Gibco) supplemented
with 10% serum (#10091-148, Gibco) and penicillin (100
U/mL)-streptomycin (100 µg/mL) (#15140-122, Gibco)
and at 37 °C with 5% CO2. Only 293T cells that were au-
thenticated by STR profiling and tested negative for my-
coplasma were used in this study.

2.11 Animal Experiments

The mouse experiments and protocols were approved
by the Shanghai Institute of Materia Medica (Approved
No. 2025-04-LJ-202), and this study was carried out in
accordance with the ARRIVE guidelines. Wild-type (no
genetic modifications) C57BL/6J male mice (strain #202),
aged 6–8 weeks, were obtained from Shanghai Shengchang
Biotechnology Co., LTD (China). Upon arrival, all ani-
mals were confirmed to be specific pathogen-free (SPF)
and in good health, based on the health monitoring cer-
tificates supplied by the vendor; their genotype was veri-
fied by the vendor’s certification. The mice were housed
in an SPF barrier facility at the Shanghai Institute of Mate-
ria Medica, under a 12/12 hours light/dark cycle at 22 ± 2
°C and 50% humidity, with 5 animals per individually ven-
tilated cage. After a 1-week acclimatization period, dur-
ing which no signs of infection, illness, or abnormal behav-
ior were observed, the mice were subjected to experimen-
tal procedures. None of the animals had been exposed to
any prior interventions (e.g., surgery, drug administration,
or behavioral testing), and no genetic modifications were
applied. To induce obesity, mice were fed a high-fat diet
containing 60% kcal fat (#D12492, Research Diets), while
the control group received a normal chow diet (Shanghai
Shilin Biotechnology Co., LTD, China). The experimen-
tal unit was an individual mouse. Based on preliminary
data, the epididymal adipose tissue from a single healthy
mouse weighs approximately 0.4 g; since 2 g of adipose tis-
sue was required per group for preparation of conditioned
medium, each group comprised 5 mice (5 on chow diet and
5 on high-fat diet). A body weight exceeding 40 g was pre-
defined as the criterion for successful obesity induction in
the high-fat diet group. After 20 weeks of HFD feeding,
all mice in this group met this threshold; therefore, no an-
imals were excluded from the study. At the onset of obe-
sity induction, the 10 mice were evenly allocated to the two
groups based on comparable baseline body weight, without
randomization, as this approach ensured balanced starting
conditions between groups. The experimental and control
groups were housed in separate cages under identical en-
vironmental conditions. The study was not blinded; both
the first author and the corresponding authors were aware
of the group assignments and animal conditions through-
out the experiment. Following successful obesity induc-
tion, body weights were recorded. Statistical comparisons
between the two groups were performed using a two-tailed

unpaired Student’s t-test in GraphPad Prism (v8.0.1). Body
weight data are presented as mean ± SEM for each group.

2.12 Euthanasia of Mice
At the end of the animal experiment, mice were eu-

thanized by gradual CO2 (Shanghai Central Gases) inhala-
tion using an SMQ-I type asphyxiation chamber (Shanghai
Tianhuan Science Develop Co., LTD, China). CO2 was in-
troduced into the chamber at a displacement rate of 50% of
the chamber volume per minute for 1.5 minutes, then the
gas flow was maintained for another 1.5 minutes. Death
was confirmed by observation of cardiac arrest, cessation
of respiration, and fixed dilated pupils for at least 10 min-
utes.

2.13 Cell Viability Assay
BMDMs were differentiated from bone marrow

monocytes in 10-cm dishes with M-CSF-containing
medium for 7 days. After differentiation, cells were
detached and seeded into 96-well plates at a density of 2 ×
104 cells per well. Following 12 h of attachment, cells were
treated with various concentrations of LJ-6 (0–20 µM) for
12 h, and then stimulated with LPS (100 ng/mL) for an
additional 12 h. Subsequently, 10 µL of Cell Counting
Kit-8 (CCK-8) enhanced solution (#MA0218, Meilunbio)
was added to each well, and the plates were incubated at
37 °C for 1 h. Absorbance at 450 nm was measured using
SpectraMax M5 Microreader (Molecular Devices). Cell
viability was calculated relative to LJ-6 untreated control
cells (set as 100%).

2.14 Lactate Dehydrogenase (LDH) Cytotoxicity Assay
BMDMs were seeded and treated with LJ-6 and LPS

as described in Section 2.13. 293T cells were seeded into
96-well plates at a density of 5 × 104 cells per well and cul-
ture to approximately 90% confluence. Medium without
cell (background group) and maximum LDH release con-
trol cells (without LJ-6) were also included. One hour be-
fore the end of the experiment, themaximum release control
wells were treated with 15 µL of LDH release reagent (sup-
plied with the kit, #C0017, Beyotime) to achieve complete
lysis of the cells. At the end of treatment, the plate was
centrifuged at 400 ×g for 5 minutes. An aliquot of 120 µL
of supernatant from each well was carefully transferred to
a new 96-well plate. Subsequently, 60 µL of the LDH de-
tection working solution was added to each well. The plate
was incubated for 30 minutes at room temperature in the
dark. Absorbance was measured at 490 nm using a Spec-
traMax M5 microplate reader, with 620 nm as the refer-
ence wavelength. Culture medium without cells served as a
blank control to subtract background absorbance. For each
sample, the background-subtracted absorbance was divided
by that of the maximum release control (also background-
subtracted) to calculate the percentage of LDH release.
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2.15 Cycloheximide (CHX) Chase Assay
BMDMs were cultured in 12-well plates and stimu-

lated with LPS (100 ng/mL) for 12 h to induce HIF-1α ex-
pression. Then, cells were treated with 10 µg/mL cyclohex-
imide (CHX, #HY-12320, MedChemExpress) in the pres-
ence of either DMSO (vehicle control) or LJ-6 (10 µM).
Cells were harvested at 0, 5, 10, 15, 20, and 25 minutes af-
ter CHX addition, and the protein sample was separated by
SDS-PAGE and subjected to Western blotting analysis with
anti-HIF-1α and anti-β-actin antibodies.

2.16 Statistical Analysis
Data are shown as mean ± SEM throughout. Statis-

tical comparisons between two experimental groups were
conducted using Student’s unpaired, two-tailed t-test. For
analyses involving three or more groups, one-way ANOVA
was carried out with GraphPad Prism.

3. Results
3.1 Identification of LJ-6 as a Potent Anti-Inflammatory
Lead Compound From a Natural Product Library

Chronic inflammation is a hallmark of obesity and a
key driver of its associated metabolic complications. In
adipose tissue, infiltrating macrophages orchestrate this
inflammatory response, largely through the overproduc-
tion of cytokines such as IL-1β, which critically promotes
insulin resistance and metabolic dysfunction. Targeting
macrophage-mediated inflammation, and in particular the
IL-1β pathway, thus represents a promising therapeutic av-
enue.

To identify novel anti-inflammatory agents, we per-
formed an initial screen of a library of 42 natural com-
pounds. Using LPS-stimulated RAW 264.7 macrophages,
we evaluated each compound at 5 µM, focusing on
the suppression of IL-1β expression. Several com-
pounds showed modest activity (Supplementary Table
1), but one, LJ-6 (Fig. 1A, library ID D8) with
IUPAC name (E)-3-(4-hydroxyphenyl)-1-(5-methoxy-2,2-
dimethylchromen-8-yl)prop-2-en-1-one, stood out, inhibit-
ing LPS-induced IL-1β expression by 71.9%. This marked
effect, specifically on IL-1β, nominated LJ-6 as a promising
lead for further mechanistic investigation of the HIF-1α/IL-
1β axis.

3.2 Dose-Response and Cytotoxicity of LJ-6 in Primary
Macrophages

To identify the hit compound, we performed a
high-throughput screen using the RAW 264.7 murine
macrophage cell line. This cell line serves as a standard
and convenient in vitro tool owing to its robust and repro-
ducible response to LPS stimulation. Nevertheless, con-
sidering that RAW 264.7 cells are a transformed cell line
that may not fully replicate the phenotypic and functional
features of primary macrophages, we proceeded to vali-
date the activity of LJ-6 in a more physiologically rele-

vant cell model. ATMs are major contributors to obesity-
associated adipose tissue inflammation. Accumulating evi-
dence indicates that monocyte-derived macrophages, rather
than tissue-resident populations, represent the predomi-
nant pathogenic subset driving this inflammatory process
[39,40,41,42]. Consistent with this pathological origin,
bone marrow-derived macrophages (BMDMs), which are
differentiated from bonemarrowmonocytes under the stim-
ulation of M-CSF, were utilized as a more relevant cell
model compared to the RAW 264.7 cell line.

To bridge the gap between the immortalized RAW
264.7 screen and the physiologically relevant primary cells,
we first determined the potency and safety profile of LJ-6
(structure shown in Fig. 1A) in BMDMs. BMDMs were
treated with a broad concentration range of LJ-6 (0.156–20
µM). Quantitative PCR analysis of Il1b mRNA revealed a
steep dose-response curve, with statistically significant sup-
pression commencing at 0.625 µM (Fig. 1B). Non-linear
regression analysis of the inhibition data yielded an IC50
value of 7.84 µM for LJ-6-mediated IL-1β suppression (Fig.
1C). To exclude the possibility of non-specific effects aris-
ing from cell damage, we concurrently assessed cell via-
bility and membrane integrity. The CCK-8 assay demon-
strated that LJ-6 maintained BMDM viability at concentra-
tions up to 10 µM, with a mild but significant reduction
observed only at the highest tested concentration of 20 µM
(Fig. 1D). Consistently, lactate dehydrogenase (LDH) re-
lease into the culture medium, a marker of cytotoxicity, re-
mained unchanged across the 0.156–10 µM range and be-
came significantly elevated only at 20 µM (Fig. 1E). These
data indicate that LJ-6 exerts its anti-inflammatory activity
within a concentration window (≤10 µM) devoid of non-
specific cytotoxic effects. Based on these results, 5 µM and
10 µM were selected as the optimal non-cytotoxic concen-
trations for subsequent mechanistic investigations.

3.3 LJ-6 Suppresses IL-1β in LPS-induced Primary
Macrophages

Having established the effective and safe dose range,
we next validated the anti-inflammatory efficacy of LJ-6
in the LPS-stimulated BMDM model at the selected con-
centrations. BMDMs were pretreated with LJ-6 for 12
hours prior to stimulation with LPS for an additional 12
hours to model a pro-inflammatory challenge. As shown in
Fig. 2, LJ-6 treatment induced a concentration-dependent
reduction in LPS-induced mRNA expression for key pro-
inflammatory mediators, which included significant de-
creases in Il1b, Il6, Nos2, and Ccl2 gene expression (Fig.
2A–D), indicating a broad suppressive effect on the inflam-
matory gene program.

We next focused on IL-1β, a key cytokine in metabolic
inflammation. Consistent with the transcriptional data,
LJ-6 markedly reduced the intracellular levels of pro-IL-
1β (Fig. 2E). Densitometric quantification confirmed this
dose-dependent inhibition (Fig. 2F). Notably, detectable
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Fig. 1. Dose-response, potency, and cytotoxicity profile of LJ-6 in BMDMs. (A) Chemical structure of LJ-6. (B) BMDMs were
pretreated with indicated concentrations of LJ-6 (0–20 µM) for 12 hours, followed by LPS (100 ng/mL) stimulation for 12 hours. Il1b
mRNA expression was measured by qPCR; the LPS-only group (0 µM LJ-6) was taken as the control group for p-value calculation, n =
4 biological replicates. (C) Non-linear regression analysis of the inhibition data from (B), yielding an IC50 value of 7.84 µM. (D) Cell
viability was assessed by CCK-8 assay. BMDMs were pretreated with indicated concentrations of LJ-6 (0–20 µM) for 12 hours, followed
by LPS (100 ng/mL) stimulation for 12 hours, n = 6 biological replicates. (E) Cytotoxicity was evaluated by measuring LDH release
in the culture supernatant. BMDMs were pretreated with indicated concentrations of LJ-6 (0–20 µM) for 12 hours, followed by LPS
(100 ng/mL) stimulation for 12 hours, n = 6 biological replicates. Data are presented as mean ± SEM. BMDMs, bone marrow-derived
macrophages; LPS, lipopolysaccharide; CCK-8, Cell Counting Kit-8.

secretion of mature IL-1β into the culture supernatant re-
quired a secondary stimulus (ATP) following LPS prim-
ing, a standard model of inflammasome activation. Un-
der these conditions, LJ-6 pretreatment significantly re-
duced the extracellular levels of secreted IL-1β (Fig. 2G).
Under the same ATP stimulation conditions, LJ-6 did not
cause detectable cytotoxicity as assessed by LDH release
(Supplementary Fig. 2). The parallel reduction in both in-
tracellular protein levels (Fig. 2E,F) and secreted cytokine
levels (Fig. 2G) suggests that LJ-6 primarily acts by sup-
pressing IL-1β synthesis, rather than by specifically inter-
fering with its processing or secretion pathways.

Collectively, these findings demonstrate that the nat-
ural compound LJ-6 effectively inhibits the LPS-induced
expression and production of IL-1β, along with other crit-
ical inflammatory genes, in primary macrophages, under-
scoring its potential as an inhibitor of macrophage-driven
inflammation.

3.4 LJ-6 Inhibits IL-1β in Macrophages Exposed to an
Obese Adipose Tissue Microenvironment

To evaluate the anti-inflammatory effect of LJ-6
in a more physiologically relevant obesity context, we

employed an ex vivo model based on adipose tissue-
conditioned medium (AT CM). Chow-fed healthy mice and
high-fat diet (HFD)-fed mice with obesity (20-week feed-
ing regimen; Fig. 3A) were used to obtain AT CM, which
retains soluble factors released by the adipose tissue in vivo
(Fig. 3B). BMDMswere then treated with ATCM tomimic
the local inflammatory milieu of lean or obese adipose tis-
sue.

AT CM from obese mice significantly upregulated
the levels of key pro-inflammatory genes (Il1b, Nos2, and
Ccl2) in BMDMs, compared with CM from lean mice, con-
firming that obesity shifts the adipose secretome toward a
pro-inflammatory state (Fig. 3C–F). Pre-treatment with LJ-
6markedly attenuated this obesity-associated inflammatory
response, reducing the expression of Il1b, Nos2, and Ccl2
(Fig. 3C–F). At the protein level, LJ-6 at 5 µM showed
a trend toward reducing the intracellular accumulation of
IL-1β induced by obese AT CM, while the 10 µM dose pro-
duced a statistically significant reduction, as demonstrated
by Western blotting analysis and its quantification (Fig.
3G,H).

These data indicate that LJ-6 can effectively counter-
act the pro-inflammatory signals emanating from obese adi-
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Fig. 2. LJ-6 inhibits LPS-induced IL-1β production in BMDMs. (A–D) mRNA expression levels of Il1b (A), Il6 (B), Nos2 (C),
and Ccl2 (D) in BMDMs, n = 4 biological replicates. (E) Representative Western blotting analysis of IL-1β protein expression. (F)
Quantification of the Western blotting data shown in (E) is presented, n = 4 independent experiments. (G) Secreted IL-1β levels in
culture medium, BMDMs received a 12-hour pretreatment with LJ-6, after which they were exposed to LPS (100 ng/mL) for 12 hours
and then to ATP (2 mM) for an additional 30 minutes, n = 4 biological replicates. Values represent means ± SEM.

pose tissue in an ex vivo setting, highlighting its potential
utility in obesity-associated adipose tissue inflammation.

3.5 LJ-6 Suppresses IL-1β Through Direct Binding to
HIF-1α

Given the central role of HIF-1α in driving IL-1β ex-
pression during pro-inflammatory macrophage activation
and in obese adipose tissue remodeling, we next inves-
tigated whether LJ-6 modulates this pathway. In LPS-
stimulated BMDMs, LJ-6 treatment dose-dependently re-
duced HIF-1α protein levels (Fig. 4A,B), while also de-
creasing IL-1β expression (Fig. 4A,C), suggesting that
HIF-1α may be involved in its anti-inflammatory action.
To test this hypothesis, we co-treated cells with LJ-6 and
pharmacological BAY 87-2243 (HIF-1α inhibitor). The in-
hibitor abrogated the suppressive effect of LJ-6 on IL-1β
mRNA (Fig. 4D), indicating that LJ-6 inhibits IL-1β in a
HIF-1α-dependent manner.

To further investigate whether LJ-6 modulates HIF-
1α protein stability, we performed a cycloheximide (CHX)
chase assay. LJ-6 treatment significantly accelerated the
degradation of HIF-1α protein in BMDMs, indicating that
LJ-6 promotes HIF-1α instability (Fig. 4E). Additionally,
to obtain direct biophysical evidence for the interaction be-

tween LJ-6 and HIF-1α, we performed a cellular thermal
shift assay (CETSA), and found LJ-6 treatment markedly
enhanced the thermal stability of endogenous HIF-1α in
BMDM cell lysates (Fig. 4F), providing direct evidence
that LJ-6 interacts with HIF-1α in a biological context.

To delineate the molecular details of this interaction,
we performed molecular docking followed by MD simula-
tions. Global docking of LJ-6 against HIF-1α generated 97
poses, which were refined by 10-ns MD and MM/GBSA
scoring. The top 5 poses underwent extended 500-ns MD
simulations, from which the most stable complex was se-
lected for a final 1000-ns simulation. The trajectory con-
firmed that LJ-6 stably occupies a binding pocket flanked
by residues Tyr92 and His197 (Fig. 4G and Supplemen-
tary Fig. 6, Supporting Information). Specifically, the
chalcone carbonyl of LJ-6 forms a hydrogen bond with
His197, while its B-ring engages Tyr92 via cation-π inter-
action, suggesting a direct and specific binding mode.

To functionally validate this interaction, we intro-
duced Y92A and H197A mutations into HIF-1α and mea-
sured its transcriptional activity using a hypoxia-response
element (HRE)-driven luciferase reporter. Under the same
experimental conditions, LJ-6 did not cause detectable cy-
totoxicity as assessed by LDH release (Supplementary

8

https://www.imrpress.com


Fig. 3. LJ-6 inhibits conditioned medium-induced IL-1β production in BMDMs. (A) Body weights of lean (chow-fed) and obese
(HFD-fed) mice after 20 weeks, n = 5 animals per group. The mean body weight of healthy mice were 30.0 g, the mean body weight
of obese mice were 56.8 g, and the effect size, expressed as the mean difference between the two groups, was calculated with a 95%
confidence interval of [24.08, 29.40]. (B) Schematic of adipose tissue-conditioned medium (AT CM) collection. (C–F) The expression
levels of pro-inflammatory genes, namely Il1b (C), Il6 (D), Nos2 (E), and Ccl2 (F) in BMDMs treated with AT CM from lean or obese
mice, with or without LJ-6 pre-treatment, n = 4 biological replicates. (G) Representative immunoblots depicting intracellular IL-1β
protein abundance. (H) Quantification of the Western blotting data shown in (G) is presented, n = 3 independent experiments. BMDMs
received a 12-hour pretreatment with LJ-6 (or vehicle control), followed by 4-hour (for mRNA analysis) or 12-hour (for protein analysis)
incubation with AT CM. Values are mean ± SEM. HFD, high-fat diet.

Fig. 3, Supporting Information). While LJ-6 effectively
inhibited luciferase activity induced by wild-type HIF-1α,
it failed to suppress signals from either mutant (Fig. 4H–
J), confirming that both residues are essential for LJ-6-
mediated inhibition.

Together, these data demonstrate that LJ-6 binds di-
rectly to HIF-1α at Tyr92 and His197, destabilizes HIF-
1α protein, and thereby suppresses IL-1β expression in
macrophages.
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Fig. 4. LJ-6 reduces IL-1β through HIF-1α. (A) Representative immunoblots showing HIF-1α and IL-1β expression in BMDMs.
(B,C) Quantification of HIF-1α (B) and IL-1β (C) protein levels from (A), n = 4 independent experiments. (D) Il1b mRNA expression
in BMDMs pre-treated with LJ-6 (5 µM) and/or BAY 87-2243 (10 µM, #HY-15836, MedChemExpress) for 12 h, followed by LPS (100
ng/mL) for 12 h, n = 3 biological replicates. (E) Cycloheximide (CHX) chase assay. (F) Cellular thermal shift assay (CETSA). (G)
Predicted binding mode of LJ-6 (green sticks) in the HIF-1α pocket (surface representation). Key interactions with Tyr92 and His197
(sticks) are shown. (H–J) HRE-driven luciferase reporter activity was measured in 293T cells transfected with WT or mutant HIF-1α
constructs (Y92A or H197A) along with the HRE-luciferase plasmid, following 12 hours of LJ-6 treatment or vehicle control, n = 5
biological replicates. Data are mean ± SEM.

4. Discussion

This study identifies the natural compound LJ-6 as a
novel, direct inhibitor of HIF-1α, which effectively sup-
presses the key pro-inflammatory axis HIF-1α/IL-1β of
macrophages, suggesting its potential to mitigate IL-1β-
driven adipose tissue inflammation. We validated its ef-
ficacy not only in a canonical LPS-stimulation model
but, more importantly, in a pathophysiologically relevant
model using conditioned medium from obese adipose tis-
sue, which reflects the complex secretome of the disease
state. Mechanistically, we pinpoint Tyr92 (located in the
PAS-A domain) and His197 (located in the inter-domain

linker region preceding PAS-B) as the direct binding site for
LJ-6 within the HIF-1α protein. This interaction is critical
for its inhibition of HIF-1α protein stability and transcrip-
tional activity, resulting in downregulation of Il1b. Our
work thus provides both a novel chemical probe for dis-
secting HIF-1α signaling in immunometabolism and a com-
pelling proof-of-concept in cellular and ex vivomodels that
pharmacologically disrupting this axis is a viable therapeu-
tic strategy against obesity-related inflammation.

Chronic, low-grade inflammation driven by ATMs is
a hallmark of metabolic dysfunction in obesity. While cur-
rent weight-loss treatments (including GLP-1 receptor ag-
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onists) are effective, they may not fully resolve the estab-
lished inflammatory state of adipose tissue. This “inflam-
matory memory” can create a microenvironment conducive
to metabolic dysfunction and even weight regain. There-
fore, agents that directly modulate the macrophage inflam-
matory program, either independently or in synergy with
weight-loss strategies, address a critical unmet need. LJ-
6 represents a candidate of this class with potential for
“causal” anti-inflammatory intervention that warrants fur-
ther investigation in vivo.

We employed a dual-model strategy to validate LJ-6.
Its potent activity in the classic LPS model confirmed its
intrinsic anti-inflammatory capacity. However, the inflam-
matory milieu in obesity is a complex network of signals
from adipocytes, immune cells, and stromal components.
Our use of conditioned medium from obese adipose tissue,
which incorporates this pathophysiological secretome, pro-
vides more compelling translational evidence. LJ-6’s effi-
cacy in this model suggests it can counteract inflammation
driven by the synergistic action of multiple obesity-released
factors, moving beyond single-pathway inhibition and sug-
gesting its potential utility in a complex in vivo setting.

The central mechanistic finding of this study is the
identification of HIF-1α as LJ-6’s direct target. In obese
adipose tissue, hypoxia stabilizes HIF-1α in ATMs, making
it a master transcriptional regulator linking hypoxia to in-
flammation, including direct transactivation of IL-1β. Our
data delineate a clear pathway: LJ-6 reduces HIF-1α protein
levels, and its effect depends onHIF-1α. Crucially, molecu-
lar docking andmutagenesis experiments revealed that LJ-6
binds to residues Tyr92 (located in the PAS-A domain) and
His197 (located in the inter-domain linker region preced-
ing PAS-B) of HIF-1α. Given that the PAS-B domain is es-
sential for heterodimerization with HIF-1β (ARNT) to form
the transcriptionally active complex, we propose that LJ-
6 likely inhibits HIF-1α function by disrupting this critical
protein-protein interaction, a mechanism that differs from
inhibitors that promote HIF-1α degradation. This finding
provides a novel chemical scaffold and a rationale for de-
veloping specific inhibitors of the HIF-1α/HIF-1β dimer-
ization interface.

LJ-6 is a chalcone derivative, a class of compounds
known for anti-inflammatory properties typically mediated
through NF-κB orMAPK pathways. Our discovery that LJ-
6 acts via direct HIF-1α inhibition reveals a novel mecha-
nism of action for chalcones, broadening their known phar-
macological scope. This highlights their potential for treat-
ing conditions in which hypoxia-inflammation crosstalk is
pivotal, such as obesity, atherosclerosis, and cancer. As a
natural product, LJ-6 may offer favorable biocompatibility,
supporting its further development as a lead compound.

A notable observation in our study is that LJ-6 also re-
duced the expression of other pro-inflammatory genes, in-
cluding Il6, Nos2, and Ccl2, alongside IL-1β (Fig. 2A–D).
While our mechanistic data firmly establish that HIF-1α is

required for LJ-6-mediated suppression of IL-1β (Fig. 4D–
J), the molecular basis for the inhibition of these additional
inflammatory mediators remains unknown and falls beyond
the scope of the current investigation. Several possibilities
could be considered. For instance, since HIF-1α is a master
transcriptional regulator, the downregulation of Il6 or Nos2
might be secondary to HIF-1α inhibition or a downstream
effect of reduced IL-1β signaling. Alternatively, as a chal-
cone derivative, LJ-6 might directly engage other signaling
pathways, such as NF-κB or MAPK, to exert broader ef-
fects. Unbiased transcriptomic or phospho-proteomic pro-
filing would be required to distinguish these possibilities in
future studies. Importantly, however, our central finding,
that LJ-6 serves as a direct HIF-1α-binding chemical probe
to functionally validate the therapeutic potential of target-
ing the HIF-1α/IL-1β axis, remains robust, irrespective of
whether its effects on other genes are direct or indirect.

5. Limitations
This study has limitations that outline clear future di-

rections. First, the in vivo efficacy and pharmacokinetic
profile of LJ-6 in animal models of diet-induced obesity
require evaluation. Second, while we focused on IL-1β,
HIF-1α regulates a broad transcriptional program. Global
transcriptomic or proteomic analyses are needed to fully de-
fine LJ-6’s impact on themacrophage phenotype. Third, the
precise biochemical consequence of LJ-6 binding, whether
it primarily disrupts dimerization, affects co-activator re-
cruitment, or influences protein stability, warrants further
investigation via co-immunoprecipitation and degradation
pathway assays.

6. Conclusions
Collectively, these findings establish LJ-6 as a previ-

ously unrecognized direct HIF-1α inhibitor that acts within
macrophages. We demonstrate that LJ-6 effectively sup-
presses the HIF-1α/IL-1β axis, thereby reducing IL-1β ex-
pression in both canonical (LPS) and pathophysiologically
relevant cellular and ex vivomodels. Notably, LJ-6 also re-
duced the expression of other inflammatory genes (e.g., Il6,
Nos2 and Ccl2), although the mechanisms underlying these
additional effects require further investigation. Mechanis-
tically, LJ-6 exerts this effect through direct engagement
of HIF-1α at Tyr92 and His197, which consequently sup-
presses its transcriptional output. Our work provides mech-
anistic insights that may inform future translational studies.
At the mechanistic level, it furnishes direct pharmacolog-
ical evidence that specifically targeting the HIF-1α/IL-1β
axis in macrophages is a viable strategy to counteract adi-
pose tissue inflammation, a core driver of obesity-related
metabolic dysfunction, as shown in cellular and ex vivo
models. Translationally, LJ-6 emerges as a promising ther-
apeutic lead. It serves as a prototype compound for further
optimization and in vivo testing toward the goal of resolving
metabolic inflammation.
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Taken together, by discovering and characterizing LJ-
6, our work not only deepens the mechanistic understand-
ing of HIF-1α’s role in metabolic inflammation but also
provides a chemical starting point for developing targeted
immunometabolic strategies against obesity and its comor-
bidities.
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