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KEY WORDS Abstract  Sepsis is a life-threatening disease caused by the dysregulated host immune response to
infection, which eventually leads to multi-organ failure. Current therapeutic strategies rely heavily on an-
tibiotics. However, conventional antimicrobial therapy often leads to antibiotic abuse and resistance.
Therefore, it is of utmost importance to develop new agents for treating sepsis. Here, we demonstrated
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that gambogenic acid (GNA) not only restricted the release of inflammatory cytokines in lipopolysaccha-
ride (LPS)-stimulated macrophages but also attenuated the inflammatory response and organ damage in
septic mice. By using the activity-based protein profiling (ABPP) strategy, we identified 30 potential
target proteins of GNA. Among these potential targets, we found that GNA directly bound to the
Cys684 residue of hexokinase 1 (HK1) and affected its enzyme activity and cellular localization. These
findings were confirmed by the cellular thermal shift assay (CETSA), bio-layer interferometry (BLI), and

single-site mutation experiments. Functionally, siHK1 alleviated the Warburg effect, suppressed the acti-
vation of NLRP3 inflammasome, and eventually suppressed the release of inflammatory cytokines. Taken
together, our findings demonstrated that GNA could attenuate inflammation by alleviating HK1-mediated
Warburg effect and NLRP3 inflammasome activation in sepsis and could serve as a novel therapeutic
agent for sepsis and inflammatory disorders.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sepsis is a life-threatening disease with multi-organ dysfunction
and high morbidity and mortality rates worldwide. Sepsis is
commonly induced by deleterious infection and dysregulated
immune function in the host'™. Studies have shown that sepsis is
the leading cause of global death, with a cumulative annual burden
of up to 50 million patients and a mortality rate of more than 40%,
wherein sub-Saharan Africa, Oceania, South Asia, East Asia, and
South-East Asia bear the heaviest burden®”. Although antibiotics,
fluid resuscitation, and organ support strategies have been used for
the treatment of sepsis in the clinic, limited therapeutic efficacy
was achieved®'°. To make matters worse, clinical trials of several
candidate drugs for the treatment of sepsis have failed to yield
promising outcomes''™'>. Therefore, it is important to further
elucidate its precise mechanisms and develop new active small
molecules to improve the treatment outcome of sepsis.

Patients with sepsis always harbor aberrant glucose metabolism
compared to healthy individuals, which is manifested by the
inability of cells to oxidize glucose through the tricarboxylic acid
cycle and a preference towards aerobic glycolysis, increasing the
level of lactic acid, a metabolic shift known as the “Warburg ef-
fect”!*!5. Hexokinase (HK) is the rate-limiting enzyme of the
glycolytic pathway, catalyzing the phosphorylation of glucose to
produce glucose 6-phosphate, which is the starting point of the
glycolytic pathway'®!”. HK1 is located mainly on the outer mito-
chondrial membrane under normal physiological conditions'®'®. It
has been shown that the release of HK from the outer mitochondrial
membrane promotes the activation of NLR family pyrin domain
containing 3 (NLRP3) inflammasome in inflammatory dis-
eases'?°. NLRP3 inflammasome is an important sensor in the
innate immune system responsible for detecting exogenous patho-
genic invasion and endogenous cellular damage®'. NLRP3 inflam-
masome consists of NLRP3, cysteinyl aspartate-specific proteinase
1 (Caspase-1), and apoptosis-associated speck-like protein con-
taining a CARD (ASC), where NLRP3 is responsible for trapping
danger signals and recruiting downstream molecules. Caspase-1 is
able to elicit the maturation of a variety of pro-inflammatory cyto-
kines, such as interleukin-18 (IL-10), and induce cellular pyrop-
tosis, and ASC mediates the interaction between NLRP3 and
Caspase-17>?>. Thus, targeting HK may be an attractive therapeutic
strategy for the treatment of sepsis.

Natural products provide a treasure trove for the discovery of
new drugs®*?>. Gambogenic acid (GNA), a bioactive natural

compound from the resin of Garcinia hanburyi Hook.f., has
extensive pharmacological activities, such as anti-tumor and anti-
fibrosis effects®®>!'. In addition, a previous study showed that
GNA inhibited LPS-stimulated inflammation in macrophages®?.
However, the efficacy of GNA in protecting mice from sepsis-
induced inflammation and multi-organ damage, as well as its
anti-inflammatory targets and mechanisms, remains unclear. In the
present study, we investigated the anti-inflammatory effects of
GNA in vitro and in vivo, and explored the potential targets and
mechanisms underlying its anti-inflammatory effects, providing
novel insights and strategies for the treatment of sepsis.

2. Materials and methods
2.1.  Mice experiment

Eight-week-old male BALB/c mice were bought from Viewsolid
Biotech Co., Ltd. (Beijing, China). For all experiments, mice lived
in a Specific Pathogen-Free (SPF) facility with 65%—70% hu-
midity, 20—25 °C, and a 12-h light/dark cycle. Animal experi-
ments were conducted following the guidelines and approval of
the Institutional Animal Care and Use Committee and Animal
Ethics Committee of the Institute of Chinese Materia Medica
(approval number 2024B115).

To examine the effects of GNA on septic mice induced by CLP,
25 mice randomly were divided into 5 groups (n = 5 per group):
Sham group, CLP group, GNA low-dose group (0.5 mg/kg/day),
GNA medium-dose group (1 mg/kg/day), and GNA high-dose
group (2 mg/kg/day). Prior to the CLP surgery, mice in GNA
groups were intraperitoneally treated with different doses of GNA
(CHB-X-130, ChromaBio, China; prepared in 0.5% CMC) once a
day for successive 3 days, while the Sham and CLP groups
received an equal amount of vehicle intraperitoneally. On the 4th
day, except for the mice in the Sham group, the others underwent
CLP surgery to induce the sepsis model. Briefly, mice were
intraperitoneally injected with tribromoethanol solution (M2920,
AibeiBio, China) at a dose of 10 puL per gram body weight, fol-
lowed by disinfection of the abdominal skin under deep anes-
thesia, exposure and ligation of the cecum, and perforation of the
ligated portion using an 18-gauge needle. Correspondingly, mice
in the Sham group underwent a similar operation but did not
experience ligation and puncture. Postoperatively, mice were
immediately subcutaneously injected with 1 mL of saline for
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recovery. Four hours post CLP surgery, mice in the GNA group
were given 2 mg/kg GNA solution by intraperitoneal injection,
while the other mice received solvent injections. After another
12 h, all mice were euthanized and sacrificed for blood and tissues
(lungs, liver, spleen, intestines, kidneys) collection.

To observe the effects of GNA on the survival of septic mice
induced by CLP, 30 mice were randomly divided into 3 groups
(n = 10 per group): Sham group, CLP group, and GNA group.
Prior to the CLP surgery, mice in the GNA group were given
2 mg/kg/day of GNA (prepared in 0.5% CMC) by intraperitoneal
injection for 3 days, while mice in the Sham and CLP groups
received vehicle intraperitoneally. Post the CLP surgery described
above, the mortality rate of the mice within 48 h post-CLP was
recorded, followed by euthanasia of the animals.

2.2.  Serum biochemical analysis

The levels of TNF-a (ml002095, Mlbio, Shanghai, China), IL-13
(ml098416, Mlbio, Shanghai, China), IL-6 (ml063159, Mlbio,
Shanghai, China), and lactic acid (ml1205267, Mlbio, Shanghai,
China) in mouse serum were detected using assay kits, following
the corresponding manufacturer’s instructions.

2.3.  Pathological examination

Mouse tissues were fixed with 4% paraformaldehyde in PBS,
dehydrated, embedded in paraffin, and sectioned at 4 pum thick-
ness. The slices were treated sequentially with xylene and graded
ethanol before staining with hematoxylin—eosin. Tissue histology
images were viewed and photographed under a microscope.

2.4.  Cell experiment

RAW264.7 cells were obtained from the Chinese National Cell
Bank (Beijing, China). Cells were routinely cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS) in an incubator at 37 °C with 5% CO, at-
mosphere. For the cell viability experiment, RAW264.7 cells were
incubated in 96-well plates for 12 h, then GNA was added and
incubated for another 24 h. Cell viability was assayed using the
CCK-8 kit (C0038, Beyotime, Shanghai, China) as indicated in
the instructions. For cells used for morphological observation,
cells were inoculated into 6-well plates, and after the cells were
attached to the wall, drugs and/or LPS (MB5198, Meilunbio,
Dalian, China) were added and co-incubated with cells, and the
cell morphology was observed under a light microscope.

2.5.  Cytokines and metabolites measurement

RAW264.7 cells and cultured medium were collected. Intracel-
lular r-lactic acid (BC2235, Solarbio, Beijing, China) levels and
medium TNF-a (ml002095, Mlbio, Shanghai, China), IL-6
(ml063159, Mlbio, Shanghai, China), IL-18 (m1098416, Mlbio,
Shanghai, China), and NO (BN27106, Biorigin, Beijing, China)
levels were analyzed using the ELISA kits as prompted by the
instructions.

2.6.  Western blotting
RAW264.7 cells were collected and lysed. Protein concentrations

were measured by a BCA assay kit (CW0014S, CWhbio, Taizhou,
China). Equal amounts of protein were separated by SDS-PAGE

from different samples and transferred onto a PVDF membrane
(IPVH00010, Millipore, MA, USA). After being blocked with 5%
skimmed milk, the membranes were incubated with primary an-
tibodies, including HK1 (A0533, ABclonal, Wuhan, China),
NLRP3 (30109-1-AP, Proteintech, China), pro-Caspase-1
(AB179515, Abcam, UK), IL-18 (AB234437, Abcam, UK),
ASC (A16672, ABclonal, China), MTCO2 (55070-1-AP, Pro-
teintech, Wuhan, China), Tubulin (M1501-1, HuaBio, Hangzhou,
China), and -actin (AC026, ABclonal, Wuhan, China) overnight
at 4 °C. After washing, the membranes were incubated with the
corresponding secondary antibody. Blots were visualized using the
enhanced chemiluminescence kit (MA0186-2, Meilunbio, Dalian,
China) and semi-quantified using ImageJ software.

For Pull-down Western blot analysis, proteins were incubated
with DBIA, precipitated with cold methanol, and then resus-
pended in PBS containing 0.2% SDS, followed by enrichment
with streptavidin beads. The enriched proteins were denatured and
dissociated from the beads at 95 °C and then subjected to
immunoblotting as described above.

2.7.  Quantitative real-time PCR

The total RNA was extracted from RAW264.7 cells using an RNA
isolation kit (ET111-01, TransGen Biotech, China) and reversely
transcribed into ¢cDNA using a DNA synthesis kit (AT311-02,
TransGen Biotech, China). Quantitative real-time PCR (RT-qPCR)
was conducted using synthetic primers and SYBR Green on the
QuantStudio 5 real-time PCR instrument (Applied Biosystems,
Thermo, USA) coupled with StepOne software v2.3 following
standard protocols. Primers for all genes in this study are listed in
Supporting Information Table S1.

2.8.  Protein competitive labeling experiments

For the live cell competitive labeling experiments,
RAW?264.7 cells were initially incubated with or without GNA for
2 h post LPS treatment for 12 h, and then treated with IAA-yne
probe for 1 h. Cells were collected and lysed for protein extrac-
tion. Proteins were extracted by precipitation with pre-cooled
acetone. After centrifugation, protein pellets were dissolved in
loading buffer, denatured at 95 °C for 10 min, and separated by
SDS-PAGE. Fluorescent gel images were acquired by Sapphire
Biomolecular Imager (Azure Biosystems). Coomassie brilliant
blue (CBB) staining was used as a loading control.

For the in vitro competitive labeling experiment, total proteins
were extracted from RAW264.7 cells after LPS stimulation. Pro-
teins were then co-incubated with or without competitors for 3 h,
followed by incubation with the IAA-yne probe for click reaction,
and finally subjected to gel electrophoresis.

2.9.  ABPP-based target identification

RAW264.7 cells were treated with LPS and collected to extract
total protein. The protein concentrations of each sample were
measured by the BCA assay kit and adjusted to 2 mg/mL per
sample. Then the protein extractions were incubated with or
without GNA (500 umol/L) for 3 h, followed by 1 h treatment
with DBIA. Sequentially, proteins were reduced by DTT, alky-
lated with TAA, then precipitated with methanol/chloroform. The
precipitates were dissolved in 400 pL of EPPS buffer (BN24148,
Biorigin, Beijing, China), digested with trypsin at 37 °C overnight,
labeled with TMT reagents, and incubated with streptavidin beads



340

Huanhuan Pang et al.

at room temperature for 4 h. The streptavidin beads were washed
with 0.1% formic acid in water (twice) and 0.1% formic acid in
50% acetonitrile/water (twice). The eluents were collected and
concentrated to dryness by a speed vacuum concentrator at 45 °C.
Peptide samples were resuspended in 0.1% formic acid in water
and detected by an Orbitrap Fusion Lumos (Thermo Fisher Sci-
entific) mass spectrometer coupled to an Easy-nLC1000 liquid
chromatography system (Thermo Fisher Scientific) as previously
described”*”””. Two-tailed unpaired Student’s r-tests followed by
Benjamini—Hochberg FDR correction were performed to compare
the levels of proteins between DBIA and DBIA + GNA groups.
Proteins with [fold change| > 2 and adjusted P value (P,gj) < 0.01
were considered as differential proteins.

2.10.  Cellular thermal shift assay

Total protein was extracted from LPS-treated RAW264.7 cells,
and proteins were quantified and divided equally into two portions
(1.5 mg/mL, 1 mL), incubated with GNA (80 pmol/L) or DMSO
for 2 h at room temperature. Each protein sample was added to
one of the 8 PCR tubes, heated at 8 different temperatures (42, 47,
52, 57, 62, 67, 72, and 77 °C) for 3 min, and then incubated in a
thermal cycler at 4 °C for 3 min (Applied Biosystems, Inc.). The
samples were centrifuged at 22,000x g for 20 min, then each su-
pernatant was mixed with protein loading buffer and denatured at
95 °C for 10 min, followed by immunoblotting.

2.11.  Intracellular imaging and immunofluorescence

RAW264.7 cells were cultured in a polylysine-precoated 4-
chamber glass-bottom dish (D35C4-20-1-N, Cellvis, USA), pre-
stimulated with LPS for 6 h, and then incubated with or without
GNA. Cells were sequentially treated with 4% paraformaldehyde
for 15 min and 0.2% Triton X-100 in PBS for 15 min, followed by
incubation with 3% BSA in PBS for 60 min. Cells were incubated
with primary antibody (1:300), followed by washing with PBS
buffer, and then treated with a secondary fluorescent antibody
(1:500). Imaging of immunostained cells was performed using a
confocal laser scanning microscope (Leica TCS SP8 SR).

For the co-localization of probes and proteins within cells,
follow the above steps until completing the GNA incubation.
Subsequently, cells were incubated with IAA-yne for 1 h, fixed
and permeabilized as described above, and click chemistry was
performed for 1 h at room temperature, followed by antibody
incubation and nuclear staining to treat the cells, and finally, cell
imaging.

2.12.  Molecular docking

The structure of GNA was obtained from PubChem (CID:
10794070), and the protein 3D structure of HK1 was downloaded
from Alphafold (P17710). The docking between GNA and HK1
was performed by DeepMice (http://www.deepmice.com/).
Docking results were analyzed and presented using Pymol (https://
www.pymol.org/).

2.13.  Enzyme activity

HK activity was measured by the HK activity assay kit according
to the instructions. RAW264.7 cells were incubated with different
concentrations of GNA or 15 mmol/L 2-DG or DMSO post LPS
treatment, and then lysed with the reagents in the kit. After the

reaction was completed, the absorbance values were detected and
recorded using a multimode plate reader (PerkinElmer, USA).
Data were processed by GraphPad Prism (version 9.5) software.

2.14.  Seahorse experiment

The Seahorse XFe extracellular flux analyzer (Seahorse Biosci-
ence, USA) was applied to detect cellular extracellular acidifica-
tion rate (ECAR) and oxygen consumption rate (OCR) of
RAW264.7 cells. OCR was detected using the Mito-stress test kit
(103673-100, Agilent Technologies, USA), and ECAR was
detected using the glycolysis stress test kit (103020-100, Agilent
Technologies, USA). RAW264.7 cells were cultured in Seahorse
XFe96 microplates and sequentially treated with LPS and GNA or
solvent. The following experiments were conducted according to
the manufacturer’s instructions. Data were acquired and processed
using Seahorse XFe Wave software (Agilent Technologies, USA).

2.15.  Expression and purification of recombinant proteins

The coding sequences of mouse HKI protein and cysteine-
mutated HK1 (Cys684 to Ala684, pET28a-HK1-C684A) were
synthesized by Sangon Biotech and cloned into the pET-28a(+)
vector. The recombinant protein was expressed in Escherichia
coli BL21 (DE3) and induced by isopropyl-3-p-thiogalactopyr-
anoside at 18 °C for 24 h. Cell pellets were collected and resus-
pended with PBS buffer containing 20 mmol/L Tris—HCI (pH 7.3)
and 200 mmol/L NaCl. Cell fragmentation was performed at low
temperature to obtain cell lysates containing recombinant proteins.
The proteins were enriched with Ni-NTA beads (SA004100,
Smart-Lifesciences, Changzhou, China) and eluted with a gradient
of imidazole solution. After centrifugation, the protein pellets
were resuspended in PBS buffer, and concentrated to yield the
recombinant proteins were obtained by exchanging the imidazole
in the samples with PBS buffer and concentrating them.

2.16.  Bio-layer interferometry (BLI) assay

The interactions between GNA and HK1 or HK1-C684A mutants
were investigated by BLI. Briefly, freshly prepared recombinant
proteins were pre-coupled to the Ni-NTA biosensor (18-5101,
Sartorius, Germany), and the binding and dissociation curves were
measured post GNA treatment. The binding and dissociation time
was set to 90 s. Kinetic analyses were done using Octet Analysis
Studio (13.0).

2.17.  RNA interference and transfection

The short interfering (si) RNAs targeting HK1 were designed and
synthesized by Shanghai Generay Biotech Co., Ltd. (Supporting
Information Table S2). The siRNA and vectors were transfected
into RAW264.7 cells by Lipofectamine 2000 (11668019, Thermo
Fisher, USA). Cells transferred with siRNA were subjected to
Western blotting, cellular cytokine analysis, and RT-qPCR
analysis.

2.18.  Isolation of mitochondria and cytoplasm

The separation of mitochondria and cytoplasm was performed
using a cellular mitochondrial isolation kit (C3601, Beyotime,
Shanghai, China), and the isolated mitochondria or cytoplasm
were subjected to Western blotting.
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2.19.  Statistical analysis

Statistical analyses were performed by GraphPad Prism 9.5 soft-
ware. Differences between groups were assessed using One-way
ANOVA followed by Tukey’s multiple comparisons test. Survival
data of mice were assessed using the Kaplan—Meier method. Data
are reported as mean =+ standard deviation (SD). P < 0.05 was
considered significant.

3. Results
3.1.  GNA alleviates multi-organ damage in septic mice

To evaluate whether gambogenic acid (GNA) could protect mice
from sepsis-induced inflammation and multi-organ damage, we
pretreated mice with GNA for 3 days, followed by cecal ligation and
puncture (CLP) surgery (Fig. 1A). Biochemical analysis revealed
that compared to the sham surgery group, CLP surgery elevated the
levels of inflammatory cytokines in the serum of mice, i.e., tumor
necrosis factor-a (TNF-«), interleukin 6 (IL-6), and IL-18, while
GNA treatment significantly reduced the levels of those cytokines
(Fig. 1B—E). Hematoxylin-eosin (HE) staining of tissue sections
showed that, in comparison with control mice, those in the model
group displayed multi-organ damage, including lung, liver, spleen,
intestine, and kidney, characterized by disruption of normal tissue
architecture and enhanced inflammatory cell infiltration, whereas
GNA treatment ameliorated these pathological alterations (Fig. 1F).
Strikingly, within the first 48 h after CLP surgery in mice, GNA
significantly improved the survival of septic mice compared with
untreated mice (Fig. 1G). These results demonstrate that GNA al-
leviates the inflammatory response, protects against multi-organ
damage, and improves the survival of septic mice.

3.2.  GNA inhibits the release of inflammatory cytokines in
macrophages

To investigate the anti-inflammatory effects of GNA, we induced
inflammation with LPS in RAW264.7 cells. We chose 1 pmol/L as
the maximal concentration for GNA treatment to avoid substantial
effects on cell viability (Supporting Information Fig. S1). We first
examined the effect of different concentrations of GNA on the
macrophage morphology under a microscope. Untreated control
cells exhibited a round morphology without pseudopods, whereas
LPS-treated cells increased in size and extended pseudopods,
indicating the activation of macrophages. These morphological
changes in cells were ameliorated by GNA treatment (Fig. 2A).
Additionally, we observed elevated levels of nitric oxide (NO),
TNF-«, IL-6, and IL-18 in the supernatant of cells after LPS
stimulation, which were inhibited by GNA treatment in a dose-
dependent manner (Fig. 2B—E). Subsequently, we confirmed the
elevated levels of these inflammatory cytokines using RT-qPCR
and found that mRNA levels of Tnfa and 1l6 were elevated in
LPS-stimulated cells, which were restored after GNA treatment
(Fig. 2F and G). These findings indicate that GNA can inhibit the
expression and release of inflammatory cytokines in macrophages.

3.3.  HKI serves as a potential target of GNA

The activity-based protein profiling (ABPP) technology has un-
precedented potential in identifying drug targets®>“°. To identify
the potential targets of GNA, we performed an ABPP experiment

in LPS-stimulated RAW?264.7 cells post GNA treatment (Fig. 3A).
Considering that GNA contains a Michael acceptor group, we
supposed that GNA may bind covalently with the sulthydryl group
of protein cysteine residues*'. Therefore, we incubated LPS-
stimulated RAW264.7 cells with a cysteine probe,
iodoacetamide-alkyne (IAA-yne), followed by click-conjugated to
the fluorescent dye TAMRA-azide and assessed the competitive
binding ability of GNA with IAA-yne. Experiments performed in
live cells and cell lysates consistently showed that GNA competed
effectively with IAA-yne in a dose-dependent manner, suggesting
the binding of GNA to protein cysteine residues (Fig. 3B and
Supporting Information Fig. S2). To further confirm the binding of
GNA with protein cysteine residues and clarify the exact binding
sites of GNA, we employed a desthiobiotin-iodoacetamide
(DBIA) probe and performed mass spectrometry-based prote-
omics. Cell lysates treated with or without GNA were labeled with
DBIA probe, labeled peptides were enriched by beads, and sub-
jected to mass spectrometry-based proteomics analysis (Fig. 3A).
As a result, 30 differential proteins (P,q < 0.01 and [fold
change| > 2) were identified as the potential targets of GNA
(Fig. 3C and Supporting Information Table S3). Among which, we
selected a highly ranked protein, HK1, which is closely associated
with glycolysis and the Warburg effect, for further target valida-
tion (Fig. 3D). The cellular thermal shift assay coupled with
Western blotting (CETSA-WB) experiment showed that the
expression levels of HK1 decreased along with increasing tem-
perature, demonstrating that the thermal stability of HK1 protein
deteriorates with increasing temperature. GNA treatment signifi-
cantly increased its thermal stability, evidenced by higher
expression levels of HK1 in the GNA treatment group than those
in the DMSO treatment group, suggesting the binding between
GNA and HK1 (Fig. 3E and F). In addition, the pull-down ex-
periments confirmed that DBIA bound to HK1, and this binding
was outcompeted by GNA (Fig. 3G). In line with this, the
immunofluorescence assay also showed the co-localization of
IAA-yne with HK1 in situ, and the binding of IAA-yne with HK1
was almost completely outcompeted by GNA, evidenced by
weakened fluorescence intensity post GNA treatment (Fig. 3H).
Taken together, these data demonstrate that GNA can bind to HK1
in LPS-stimulated macrophages.

3.4.  GNA inhibits the expression and activity of HKI and
alleviates the Warburg effect

To further clarify the impact of GNA on HK1, we examined the
expression levels of HK1 at both protein and mRNA levels, and the
activity of HK1 post GNA treatment in RAW264.7 cells. Following
LPS stimulation, the expression levels of HK1 remained unchanged
at both protein and mRNA levels when compared with the vehicle
group (Fig. 4A—C). However, the HK1 catalytic activity was
significantly upregulated (Fig. 4D). When the cells were treated
with GNA, the protein levels, mRNA levels, and catalytic activity of
HK1 were significantly downregulated with dose-dependent ef-
fects, suggesting that GNA modulates HK1 via modulating its
expression level and catalytic activity (Fig. 4A—D). HK1 is a sub-
type of hexokinase, catalyzing the reaction of glucose with ATP to
produce glucose-6-phosphate—the first step in the glycolytic
pathway*>*>. Given the close association between HK1 and the
Warburg effect, we hypothesized whether the anti-inflammatory
effect of GNA was mediated through the Warburg effect. To
verify our hypothesis, we examined the levels of lactic acid in
RAW264.7 cells post GNA treatment. As expected, the levels of
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Figure 1  Gambogenic acid (GNA) attenuates multiple organ damage induced by cecum ligation and puncture in mice. (A) The scheme of the
CLP-sepsis mice experiment. (B—E) Levels of interleukin-18 (IL-18) (B), interleukin-6 (IL-6) (C), tumor necrosis factor-o (TNF-a) (D), and
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Figure 2  GNA inhibits lipopolysaccharide (LPS)-induced inflammatory responses in macrophages. (A) Photographs of RAW?264.7 cells in the
presence or absence of GNA for 1 h before LPS treatment for 24 h. (B—E) Levels of the inflammatory cytokines nitric oxide (NO) (B), IL-18 (C),
IL-6 (D), and TNF-« (E) in the supernatants of LPS-stimulated RAW264.7 cells pretreated or untreated with GNA. n = 3 per group. (F, G) mRNA
levels of inflammatory cytokines, 1/6 (F) and Tnfa (G) in LPS-stimulated RAW264.7 cells pretreated or untreated with GNA. n = 3 per group.
Data are expressed as the mean + SD. One-way ANOVA followed by Tukey’s multiple comparisons test (B—G) was used for statistical analysis.
Compared with the vehicle-treated group (Ctrl), *P < 0.001, *#*P < 0.0001. Compared with the LPS-treated group (LPS), *P < 0.05,

P < 0.01, P < 0.0001.

lactic acid were upregulated in LPS-stimulated RAW264.7 cells
when compared with the vehicle group, suggesting enhanced aer-
obic glycolysis under inflammatory conditions, while GNA treat-
ment alleviated the upregulated levels of lactic acid (Fig. 4E).
Further examination of the energy metabolism in RAW264.7 cells
revealed that GNA inhibited excessive glycolytic capacity and
restored defective mitochondrial respiration induced by LPS, evi-
denced by changed levels of ECAR and OCR in LPS-stimulated
RAW264.7 cells with/without GNA treatment (Fig. 4F—J). These
findings suggest that GNA may reduce HK1 expression and activity
to inhibit aerobic glycolysis in LPS-stimulated RAW?264.7 cells,
restoring mitochondrial respiration and thereby alleviating the
Warburg effect.

3.5. Cys684 of HK1 is the binding site for GNA

We explored the binding of GNA with HK1 in a recombinant HK1
protein system. The recombinant HK1 protein was incubated with
IAA-yne and then coupled with a fluorescent dye via the click
reaction. With increasing concentrations of IAA-yne, the labeling
reaction was carried out in a dose-dependent manner, indicating
that IAA-yne could bind directly to HK1 protein (Fig. 5A). We
then tested the competitiveness of GNA and IAA-yne against the
recombinant HK1 protein. HK1 protein was pretreated with
excessive GNA or IAA, and then incubated with IAA-yne and

subjected to the click reactions. The results demonstrated that
GNA effectively competed with IAA-yne for labeling of the HK1
protein, exhibiting a competitiveness comparable to that of IAA,
suggesting that the reactive cysteine residue of HK1 serves as the
binding site of GNA (Fig. 5B).

To identify the exact binding site, we revisited our proteomics
dataset and identified the 684th cysteine residue of HK1 as the
potential binding site of GNA (Fig. 5C and Supporting Informa-
tion Table S1). Furthermore, molecular docking analyses revealed
that the GNA can bind to the Cys684 residue of HK1 (Fig. 5D),
which supports our previous finding. We then mutated Cys684 of
HK1 to an Ala684 residue (C684A) and cloned a cysteine mutant
variant. In IAA-yne labeling assays, the single-site mutant
(C684A) HKI1 proteins exhibited resistance to both GNA binding
and TAA competition, indicating that the cysteine residue at po-
sition 684 is likely the critical binding site for GNA on HK1
(Fig. 5E). Next, we examined the affinity of wild-type (WT) HK1
proteins and HK1-C684A mutants for GNA by bio-layer inter-
ferometry (BLI). Results showed that the HK1-WT proteins bound
and dissociated rapidly from GNA with a K, value of 0.139 pmol/
L, suggesting a strong affinity between GNA and HK1-C684A
mutants (Fig. 5F). However, the HK1-C684A mutants bound and
dissociated poorly from GNA with a Kp value of 196 mmol/L,
suggesting a weak interaction between GNA and HKI1-C684A
mutants (Fig. 5G). Functionally, the catalytic activity of the HK1-

lactic acid (E) in the serum of mice post GNA treatment, n = 5 per group. (F) Hematoxylin-eosin (HE) staining of lung, liver, spleen, intestine,
and kidney post GNA treatment, n = 3 per group, scale bars are indicated in figure. (G) Survival of cecal ligation and puncture (CLP) mice treated
or untreated with GNA. n = 10 per group. Data are shown as the mean + SD. One-way ANOVA followed by Tukey’s multiple comparisons test
(B—E) and the Kaplan—Meier test (G) were used for statistical analysis. Compared with the Sham group, ***P < 0.0001. Compared with the CLP
group, *P < 0.05, ¥*P < 0.01, ****P < 0.0001.
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Figure 3  Identification of potential protein targets of GNA by the activity-based protein profiling (ABPP). (A) The workflow of ABPP for the
profiling of GNA target proteins. (B) Competition between GNA and the iodoacetamide-alkyne (IAA-yne) probe for binding to the cysteine
residues of proteins in LPS-stimulated RAW264.7 cells. (C) Heatmap of the differential proteins (P,q; < 0.01 and [fold change| > 2) between
DBIA and GNA + DBIA groups. The concentration of GNA was 500 pmol/L n = 3 per group. (D) Rank of the differential proteins in panel
(C) against peptide numbers. (E, F) Expression levels of hexokinase-1 (HK1) protein under ascending heating conditions in the presence or
absence of GNA (80 umol/L). Data are shown as the mean = SD. One-way ANOVA followed by the multiple comparisons test method of
Benjamini, Krieger, and Yekutieli was used for statistical analysis. Compared with the corresponding protein expression levels in DMSO at
different temperatures, *P < 0.05, **P < 0.01, ***P < 0.001. (G) Pull-down assay of HKI in the presence and absence of GNA and DBIA in
LPS-stimulated RAW264.7 cells. (H) Immunofluorescence staining of HK1 (green) and IAA-yne (red), scale bar, 8 pm.

C684A mutants was significantly lower than that of HK1-WT
proteins (Fig. SH). In addition, comparable inhibitory potency
was observed when GNA was co-incubated with HK1-WT pro-
teins (Fig. 5H), indicating that the Cys684 residue site is crucial

for the catalytic activity of the HK1 protein and serves as the key
site through which GNA exerts its inhibitory effect on HK1 .
Collectively, these results indicate that GNA binds to the Cys684
residue site of HK1 and reduces the activity of HK1.
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Figure 4 GNA inhibits HK1 and reduces LPS-induced Warburg effect in RAW264.7 cells. (A) Western blots of HK1 in LPS-stimulated
RAW264.7 cells pretreated or untreated with GNA. (B) Densitometry analysis of the HK1 protein levels in the Western blot corresponding to
panel (A), n = 3 per group. (C) The mRNA levels of hexokinase 1 in LPS-stimulated RAW264.7 cells pretreated or untreated with GNA, n = 3
per group. (D) Enzyme activity of HK in LPS-activated RAW264.7 cells pretreated or untreated with GNA, n = 3 per group. (E) The levels of
lactic acid in LPS-activated RAW?264.7 cells pretreated or untreated with GNA, n = 3 per group. (F, G) Extracellular acidification rate (ECAR)
(F) and glycolysis capacity (G) of LPS-stimulated RAW264.7 cells treated with or without GNA, n = 3 per group. (H—J) The oxygen con-
sumption rate (OCR) (H), maximal respiration (I), and spare respiration capacity (J) of LPS-activated RAW264.7 cells treated with or without
GNA, n = 3 per group. Data are expressed as the mean + SD. One-way ANOVA followed by Tukey’s multiple comparisons test was used for
statistical analysis. Compared with the Ctrl group, P < 0.01, P < 0.001, ##P < 0.0001. Compared with the LPS group, *P < 0.05,
##P < 0.01, #**P < 0.001, ****P < 0.0001.
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Figure 5 GNA directly binds to Cys684 residues of HK1. (A) Fluorescence labeling of recombinant mouse HK1 proteins incubated with
different concentrations of IAA-yne. (B) Fluorescence labeling of IAA-yne labeled HK1 proteins in the presence or absence of the competitors
GNA or [AA. (C) The binding site of GNA on HK1 protein resulted from the ABPP profiling dataset, n = 3 per group. (D) Molecular docking of
GNA with HK1 protein. (E) Fluorescence labeling of HK1 single-site mutant (C684A) proteins incubated with IAA-yne in the presence or absence
of the competitors, GNA or IAA. (F, G) Affinity of GNA to wild-type HK1 (F) and HK1-C684A mutant (G) proteins. (H) Enzyme activity of
recombinant HK1-WT protein and HK1-C684A mutant proteins in the presence or absence of GNA (1 pumol/L), n = 3 per group. Data are
expressed as the mean + SD. One-way ANOVA followed by Tukey’s multiple comparisons test was used for statistical analysis. Compared with
the enzyme activity of wild-type HK1, ***P < 0.001, ****P < 0.0001.

3.6.  GNA regulates HKI-mediated NLRP3 inflammasome
activation

Under physiological conditions, HK is predominantly localized on
the outer mitochondrial membrane***®, When cells are inclined to
produce energy mainly relies on glycolysis, the intracellular level
of G6P increases, triggering the release of HK from mitochondria
to suppress the production of G6P*”**®. Importantly, HK dissoci-
ation from mitochondria is the upstream event in the activation of
NLRP3 inflammatory vesicles'®. To determine whether GNA al-
leviates the inflammatory response of LPS-stimulated macro-
phages by regulating the dissociation of HK1 from mitochondria,
we assessed the effect of GNA treatment on the levels of HK1 in
mitochondrial and cytoplasmic fractions. We found that LPS
stimulation increased the cytoplasmic HK1 levels and decreased
mitochondrial HK1 levels at both 6 and 12 h post-stimulation
(Fig. 6A and B). Remarkably, GNA treatment gradually reduced

the level of cytoplasmic HK1 with increasing treatment time,
indicating that GNA inhibits the dissociation of HK1 from the
mitochondrial membrane (Fig. 6A and B). Next, we investigated
the downstream events of inhibiting the dissociation of HK1 by
GNA, and found that the elevated protein and mRNA levels of
Nirp3, Asc, Caspl, and Il1b were reduced by GNA treatment in
LPS-stimulated RAW264.7 cells (Fig. 6C—G and Supporting In-
formation Fig. S3). Consistently, immunofluorescence results
showed that LPS treatment increased NLRP3 protein expression in
RAW264.7 cells, while GNA treatment decreased NLRP3 protein
levels (Fig. 6H). These results suggest that LPS-induced dissoci-
ation of HK1 from mitochondria contributes to the activation of
the NLRP3/Caspase-1/ASC/IL-1 cascade in vitro. Apart from the
mechanism that GNA alleviated the Warburg effect via modu-
lating the activity of HKI, here we demonstrated that GNA
inhibited the dissociation of HK1 from the mitochondrial mem-
brane, reduced the cytoplasmic levels of HKI1, and therefore
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Figure 6  GNA inhibits the activation of NLR family pyrin domain containing 3 (NLRP3) inflammasome via regulating the dissociation of HK1
from the mitochondria. (A, B) Western blots of HK1 in the cytoplasmic (A) and mitochondrial (B) fractions of LPS-stimulated RAW264.7 cells in
the presence or absence of GNA. -Tubulin and MTCO20 were used to assess the complete separation of mitochondria from cytoplasm. (C—F)
Western blots of NLRP3 (C), apoptosis-associated speck-like protein containing a CARD (ASC) (D), Caspase-1 (E), and IL-18 (F) proteins of
LPS-stimulated RAW264.7 cells in the presence or absence of GNA. (G) Relative mRNA levels of Nlrp3, Caspl, Asc, and I11b of LPS-stimulated
RAW264.7 cells in the presence or absence of GNA (1 umol/L). n = 3 per group. Data are expressed as the mean + SD. One-way ANOVA
followed by Tukey’s multiple comparisons test was used for statistical analysis. Compared with the Ctrl group, #p < 0.01, ¥ P < 0.001,
P < 0.0001. Compared with the LPS group, *P < 0.05, **P < 0.01, ****P < 0.0001. (H) Immunofluorescence staining of NLRP3 (green) in
LPS-stimulated RAW264.7 cells in the presence or absence of GNA. Scale bar, 10 pm. (I) Mechanistic diagram of GNA inhibiting the release of
inflammatory cytokines by interfering with HK1 function and localization. LA, lactic acid, G6P, glucose-6-phosphate, HK1, hexokinase 1.

suppressed the activation of NLRP3 inflammasome and the release
of inflammatory cytokines (Fig. 6I).

3.7.  Knockdown of HKI attenuates the inflammatory responses
in LPS-stimulated macrophages

To verify the role of HKI in the Warburg effect and NLRP3
inflammasome activation, we transfected RAW?264.7 cells with
HK1 siRNAs (siHK1#1, siHK1#2, and siHK1#3), which led to a
marked reduction in HK1 expression (Fig. 7A—C). As expected,
knockdown of HK1 reduced the levels of ECAR and decreased
intracellular lactate levels compared with the siNC group,

confirming the role of HK1 in the aerobic glycolysis in LPS-
stimulated macrophages (Fig. 7D—F). In addition, HK1 knock-
down decreased the elevated levels of NLRP3, ASC, Caspase-1,
and IL-16 in LPS-stimulated macrophages, demonstrating that
the activation of NLRP3 inflammasome is mediated by HKI1
(Fig. 7G—J and Supporting Information Fig. S4). Functionally,
knockdown of HK1 in RAW264.7 cells reduced the LPS-induced
upregulation of NO, TNF-«, IL-6, and IL-18, suggesting the
proinflammatory role of HK1 in LPS-stimulated macrophages.
Moreover, treatment of HK1-knockdown cells with GNA resulted
in a comparable reduction in the levels of these mediators, with
the exception of NO (Fig. 7K—N). These findings confirm that the
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Figure 7  Gene silencing of hexokinase 1 attenuates LPS-induced Warburg effect in RAW264.7 cells and inhibits the activation of NLRP3
inflammatory vesicles. (A, B) Western blots (A) and relative protein levels (B) of HKI1 in RAW264.7 cells transfected with siHKI1#1,
siHK1#2, or siHK1#3. n = 3 per group. (C) Relative mRNA levels of hexokinase 1 in RAW264.7 cells transfected with siHK1#1, siHK1#2, or
siHK1#3. (D, E). ECAR (D) and glycolysis capacity (E) of RAW?264.7 cells transfected with siHK1 and treated with or without GNA (1 pmol/L).
n = 3 per group. (F) Levels of intracellular lactic acid content of RAW264.7 cells transfected with siHK1 and treated with or without GNA
(1 pmol/L). n = 3 per group. (G—J) Western blots of NLRP3 (G), ASC (H), Caspase-1 (I), and IL-18 (J) proteins in RAW264.7 cells transfected
with siHK1 and treated with or without GNA (1 umol/L). (K—N). Levels of cytokines NO (K), TNF-« (L), IL-6 (M), and IL-18 (N) in the
supernatants of LPS-stimulated RAW264.7 cells transfected with siHK1 and treated with or without GNA (1 umol/L). n = 5 per group. In B, C,
E, F, K—N, data are expressed as the mean + SD. One-way ANOVA followed by Tukey’s multiple comparisons test was used for statistical
analysis. Compared with the siNC group, " P < 0.0001. Compared with the siNC + LPS group, *P < 0.05, **P < 0.01, ***P < 0.001,
*HEExXP < 0.0001.
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anti-inflammatory activity of GNA is mediated through HKI.
Collectively, GNA exerts anti-inflammatory effects via HKI-
mediated Warburg effect and NLRP3 inflammasome activation.

4. Discussion

Sepsis remains a deadly threat to the geriatric and pediatric pop-
ulations, as well as burn victims**>*. Over the past decades,
attention has been paid to the in-depth studies of sepsis mecha-
nisms and the updating of therapeutic strategies, yet there are still
no targeted drugs with satisfactory efficacy’>>®. This work
revealed that GNA, a small molecule compound derived from the
resin of Garcinia hanburyi Hook.f., significantly reduced the
levels of inflammatory cytokines in the serum of CLP mice,
protected them from multi-organ damage caused by inflammatory
storms, and prolonged the survival of the mice. Through the
combined use of chemoproteomics, CETSA, and BLI, we sys-
tematically investigated the targets and mechanisms underlying
the protective effects of GNA on sepsis and found that GNA exerts
anti-inflammatory effects via HK1-mediated Warburg effect and
NLRP3 inflammasome activation.

It is well known that the Warburg effect was initially identified
as a metabolic reprogramming event in tumors. Subsequent
studies have revealed that the Warburg effect also plays a vital role
in inflammation®®%'. Like tumor cells, immune cells tend to
rewire their metabolic processes to meet the demands of their
rapid proliferation and normal function under inflammatory con-
ditions. Metabolic reprogramming during the pathogenesis and
progression of inflammation and sepsis provides novel opportu-
nities for developing novel therapeutic strategies. Several studies
have confirmed the role of the Warburg effect in sepsis' %%,
Correspondingly, therapeutic strategies targeting the Warburg ef-
fect have been developed for the treatment of sepsis, including
those targeting epidermal growth factor receptor (EGFR)',
interferon-y (IFN-y)®, and small molecules targeting key meta-
bolic enzymes in aerobic glycolysis, such as Angiotensin-(1—7)
(targeting HK2, PFKFB3, and PKM2)*”, Shikonin (targeting
PKM2)%, celastrol (targeting PKM2)**, and Capsaicin (targeting
PKM2 and LDHA)**. Here, we propose another promising small
molecule, GNA, which targets HK1 in aerobic glycolysis for the
treatment of inflammation and sepsis.

HK is one of the rate-limiting enzymes catalyzing the con-
version of glucose to glucose-6-phosphate, the first reaction in
glycolysis. It has four isozymes, among which HK1 is widely
expressed in most adult tissues®®%°. It has been reported that HK1
is a key regulator of glucose metabolism and is involved in various
pathological processes (e.g., inflammation, diabetes, and can-
cen)®®7!. In the present study, we found that GNA inhibited the
Warburg effect in LPS-stimulated RAW264.7 cells by binding to
the Cys684 residue of HK1 protein and thereby suppressing HK1
function. In addition, HK1 is normally located in the outer
mitochondrial membrane, but it delocalizes from the mitochondria
and activates inflammasome vesicles under inflammatory condi-
tions'”’%. Our study found that GNA reduced LPS-induced
dissociation of HK1 from mitochondria in RAW264.7 cells,
thereby preventing the assembly of NLRP3 inflammasome vesi-
cles and the secretion of IL-13. Functionally, when we inhibited
HK1 expression in RAW264.7 cells with siRNA, we observed
reductions in the abnormally high levels of ECAR and inflam-
matory cytokines induced by LPS. Therefore, HK1 may serve as a
promising target for the treatment of sepsis in the future.

Interestingly, when siHK1 cells were treated with GNA, the
levels of inflammatory cytokines such as TNF-q«, IL-6, and IL-18
were reduced to a degree comparable to those in untreated cells.
However, GNA treatment led to a further decrease in NO levels,
indicating that HK1 is a crucial yet not the sole anti-sepsis target
of GNA. Consistently, our previous proteomics data identified 30
potential targets of GNA, implying that other targets besides HK1
may also contribute to the anti-sepsis mechanisms of GNA.
Nevertheless, the present study demonstrates the crucial role of
HKT1 in LPS-induced Warburg effect and NLRP3 inflammasome
activation. More importantly, we show that GNA exerts its anti-
sepsis effect by inhibiting HK1-mediated Warburg effect and
NLRP3 inflammasome activation.

5. Conclusions

Overall, this study expands our understanding of the beneficial
effects of GNA on sepsis, as well as its potential targets and
mechanisms of action. In vitro and in vivo experiments demon-
strate that GNA inhibits the release of inflammatory cytokines in
LPS-stimulated macrophages and protects mice against CLP-
induced sepsis. Mechanistically, GNA binds to the Cys684 res-
idue of HK1, thereby alleviating the Warburg effect. Additionally,
GNA suppresses the dissociation of HK1 from mitochondria and
inhibits NLRP3 inflammasome activation. Collectively, GNA at-
tenuates inflammation by targeting HK1-mediated regulation of
the Warburg effect and NLRP3 inflammasome activation, high-
lighting its potential as a novel therapeutic agent for sepsis and
inflammatory disorders.
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