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Melittin ameliorates inflammation in mouse acute liver failure
via inhibition of PKM2-mediated Warburg effect

Xue-gong Fan', Si-ya Pei', Dan Zhou?, Peng-cheng Zhou', Yan Huang', Xing-wang Hu', Teng Li?, Yang Wang'?, Ze-bing Huang' and

Ning Li'?

Acute liver failure (ALF) is a fatal clinical syndrome with no special drug. Recent evidence shows that modulation of macrophage to
inhibit inflammation may be a promising strategy for ALF treatment. In this study we investigated the potential therapeutic effects
of melittin, a major peptide component of bee venom both in mice model of ALF and in LPS-stimulated macrophages in vitro, and
elucidated the underlying mechanisms. ALF was induced in mice by intraperitoneal injection of p-galactosamine/LPS. Then the
mice were treated with melittin (2, 4, and 8 mg/kg, ip). We showed that melittin treatment markedly improved mortality, attenuated
severe symptoms and signs, and alleviated hepatic inflammation in p-galactosamine/LPS-induced ALF mice with the optimal dose
being 4 mg/kg. In addition, melittin within the effective doses did not cause significant in vivo toxicity. In LPS-stimulated RAW264.7
macrophages, melittin (0.7 uM) exerted anti-oxidation and anti-inflammation effects. We showed that LPS stimulation promoted
aerobic glycolysis of macrophages through increasing glycolytic rate, upregulated the levels of Warburg effect-related enzymes and
metabolites including lactate, LDHA, LDH, and GLUT-1, and activated Akt/mTOR/PKM2/HIF-1a signaling. Melittin treatment
suppressed M2 isoform of pyruvate kinase (PKM2), thus disrupted the Warburg effect to alleviate inflammation. Molecular docking
analysis confirmed that melittin targeted PKM2. In LPS-stimulated RAW264.7 macrophages, knockdown of PKM2 caused similar
anti-inflammation effects as melittin did. In p-galactosamine/LPS-induced ALF mice, melittin treatment markedly decreased the
expression levels of PKM2 and HIF-1a in liver. This work demonstrates that melittin inhibits macrophage activation-mediated
inflammation via inhibition of aerobic glycolysis by targeting PKM2, which highlights a novel strategy of using melittin for ALF
treatment.
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INTRODUCTION

Acute liver failure (ALF) is a fatal clinical syndrome characterized
by rapid progression and massive hepatocyte death and has a
high mortality rate [1]. ALF can develop over a span of <26 weeks
in patients without preexisting liver disease [2]. Although the most
viable treatment is emergency liver transplantation, it is critically
limited due to organ rejection, a lack of donors and high cost.
Unfortunately, to date, there are no drugs available to alter the
course of ALF [3]. Only 14% of patients with ALF recover through
existing medical therapies [4]. Pharmacologists and clinicians
hope to explore novel strategies for treating ALF.

Based on the pathophysiology of ALF, severe dysregulation
of the systemic inflammatory response rather than the primary
etiology is responsible for most mortality [5]. Systemic inflamma-
tion plays a central role in the process of liver injury and
determines the clinical course and outcome [6-8]. As hepatic
macrophages, both Kupffer cells and monocyte-derived macro-
phages predominantly contribute to the regulation of the hepatic
inflammatory response [9, 10]. In the early stages of ALF, there are

a large number of hepatic macrophages derived from the
proliferation of resident Kupffer cells and the recruitment from
the circulating pool of monocytes [7]. This expansion triggers the
macrophages toward an ‘M1-like’ activation state (categorized as
a proinflammatory phenotype), further causing the propagation
and perpetuation of inflammation through the overproduction
of proinflammatory cytokines and mediators, which reflect the
severity of liver insult, the development of extrahepatic organ
dysfunction and the risk of death [11, 12]. Thus, targeting
macrophages to treat ALF may be a promising therapeutic
strategy [13].

ALF results in severe hypoxia in the liver [14], driving excessive
proliferation and inflammation induced by macrophage activation
toward aerobic glycolysis (known as the Warburg effect or
metabolic reprogramming) [15, 16]. Under hypoxic conditions,
pyruvate cannot be oxidized further because of a lack of oxygen.
Instead, pyruvate is reduced to form high levels of lactate.
To support proliferation and the increased biosynthetic demands,
rapidly growing macrophages undergo profound metabolic
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changes to adapt to these new physiological requirements,
exhibiting the features of aerobic glycolysis, which increases
both glycolytic rates and lactate release [17]. Consequently, the
Warburg metabolism caused by macrophages is implicated in
hepatic inflammation. Inhibiting aerobic glycolysis in overactive
M1 macrophages has become a therapeutic strategy for
inflammatory attenuation and tissue repair [16]. When the oxygen
supply is limited, aerobic glycolysis enables the conversion of
glucose to pyruvate with the involvement of the M2 isoform of
pyruvate kinase (PKM2) [18], a protein kinase that functions in the
final and rate-limiting reaction step of the glycolytic pathway [19].
PKM2 is a critical determinant of metabolic reprogramming in
macrophages via hypoxia-inducible factor-1a (HIF-1a) [20]. Follow-
ing macrophage proliferation, PKM2 is highly expressed through
activation of the mTOR signaling pathway, further stabilizing
HIF-1a and regulating HIF-1a target inflammatory genes, as well
as genes encoding the glycolytic machinery [21]. The critical
determinant of macrophage activation and inflammatory promo-
tion is PKM2, which is an auspicious target for interfering with
aerobic glycolysis in inflammation [22, 23].

Melittin, a major peptide component of bee venom in
traditional Chinese medicine, is a water-soluble, linear, cationic,
hemolytic, and amphipathic peptide weighing 2840 Da and
consisting of 26 amino acids (Fig. 1a) [24]. It is recognized that
this natural product has pharmacological properties against a
variety of diseases, such as cancer [24], atopic dermatitis [25],
and bacterial infection [26]. Although melittin has been found
to protect against inflammation and apoptosis in ALF [27], the
potential mechanisms remain unclear. Furthermore, there have
been no reports on melittin-mediated inhibition of aerobic
glycolysis in ALF.

In this study, we showed that melittin treatment increased
the survival rate and attenuated inflammation in mice with b-
galactosamine/lipopolysaccharide (p-GalN/LPS)-induced ALF. Further
experiments revealed that melittin decreased M1 macrophage
activation-based inflammation through the inhibition of aerobic
glycolysis by targeting PKM2. The present findings indicate that
melittin functions as a novel agent for ALF treatment.

MATERIALS AND METHODS

Animals and ALF models

Male C57BL/6 mice (18-22 g, 6-8 weeks old) were purchased from
the Laboratory Animal Research Center of Central South
University. All mice were allowed to acclimate for at least 1 week
under constant temperature (23 £+ 2 °C) and humidity (60% + 5%)
with a 12-h light-dark cycle. The mice were supplied with standard
laboratory chow and water ad libitum and housed six per cage in
plastic cages. ALF model mice were intraperitoneally challenged
with 700 mg/kg p-GalN (Sigma-Aldrich, Darmstadt, Germany) and
100 pg/kg LPS (Sigma-Aldrich, Darmstadt, Germany) and then
treated with PBS or melittin by intraperitoneal (i.p.) injection. We
treated the different groups for 6 h and collected organ tissues
and blood samples. We performed dynamic observational studies
using additional mice that were treated simultaneously. As shown
in Fig. 1b, we measured the survival rates of the mice as the
primary outcome. Additionally, the mice were anaesthetized with
0.3% pentobarbital sodium (80 mg/kg) for the collection of organ
tissues and blood samples. Protocols for the animal experiments
were approved by the Medical Ethics Committee of Xiangya
Hospital of Central South University. We performed the animal
experiments according to the guidelines for the care and use of
laboratory animals established by Central South University.

Hematology and serum analysis

A fully automatic hematology analyzer was used to measure white
blood cells (WBCs), red blood cells (RBCs), hemoglobin (HGB),
platelets (PLTs), hematocrit (HCT), mean corpuscular volume
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(MCV), mean corpuscular hemoglobin (MCH), and mean corpus-
cular hemoglobin concentration (MCHGC; AS. T 5diff AL, Beckman
Coulter, CA, USA) in the Clinical Laboratory of Xiangya Hospital,
Central South University.

The biochemical markers, including serum alanine transaminase
(ALT), aspartate aminotransferase (AST), total bilirubin (TB), urea,
albumin (ALB), total protein (TP), total bile acid (TBA), and uric acid
(UA), were measured by a fully automatic biochemical analyzer
(AU680, Beckman Coulter, CA, USA) in the Clinical Laboratory of
Xiangya Hospital, Central South University.

Histology and TUNEL assay

Organ tissues were fixed in 4% paraformaldehyde, paraffin-
embedded and cut into 4-um-thick sections. Hematoxylin and
eosin (H&E, Beijing Solarbio Science & Technology Co., Ltd, Beijing,
China) or terminal dUTP nick end-labeling (TUNEL) kit (Roche, IN,
USA) was used to stain the sections. The levels of tissue damage
and immune complexes were assessed using light microscopy.

Cell culture and MTT assay

RAW264.7 murine macrophages were obtained from the Type
Culture Collection of the Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (HyClone,
Utah, USA) and 1% antibiotic-antimycotic solution (NCM Biotech,
Suzhou, China) at 37°C and 5% CO,. The cells were seeded in
96-well plates at a cell density of 5 x 10%/well and incubated until
the cells reached 70% confluence. Then, 100 ng/ml LPS was added
to each well, followed by treatment with melittin (0.35, 0.70, 1.40,
and 2.80 uM). After incubation for 24 h, the cell viability was
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays according to the manufacturer’s instructions
(Beyotime Biotechnology, Shanghai, China). Control or LPS-treated
cells received PBS.

Determination of the cellular oxygen consumption rate and
extracellular acidification rate

We measured the cellular oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) of RAW264.7 macrophages
using an XF®96 extracellular flux analyzer (Seahorse Bioscience,
North Billerica, MA, USA). OCR and ECAR were examined using a
Seahorse XF cell mito stress test kit and Seahorse XF glycolysis
stress test kit, respectively. The experiments were performed
according to the manufacturer’s protocols. Briefly, RAW264.7 cells
were seeded into Seahorse XF€96 cell culture microplates at a cell
density of 5 x 10°/well. There were three basal measurements: for
OCR analysis, oligomycin, the reversible oxidative phosphorylation
inhibitor FCCP (p-trifluoromethoxy carbonyl cyanide phenylhy-
drazone), and the mitochondrial complex | inhibitor rotenone plus
the mitochondrial complex Ill inhibitor antimycin A (Rote/AA) were
sequentially injected into the well plates at the indicated time
points; for ECAR analysis, glucose, the oxidative phosphorylation
inhibitor oligomycin, and the glycolytic inhibitor 2-DG were
sequentially injected. The data were analyzed by Seahorse XF®
Wave software (Agilent Technologies, Santa Clara, USA).

ELISA

The levels of TNF-a and IL-1f in mouse serum and cell supernatants
were measured by ELISA kits (Cusabio, Wuhan, China) according to
the manufacturer’s instructions. We measured the absorbance
values at 450 nm using a microplate reader (MB-530, Heales,
Shenzhen, China).

Evaluation of biochemical markers of energy metabolism and
oxidative status

The levels of biochemical markers (energy metabolism and
oxidative status) in tissue or cell lysates, including lactate, lactate
dehydrogenase (LDH), acetyl-CoA, superoxide dismutase (SOD),
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malondialdehyde (MDA), catalase (CAT), and glutathione (GSH),
was measured according to the manufacturer's recommendations
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Immunofluorescence analysis

For dual immunofluorescence staining, tissue sections or RAW264.7
cells were fixed in 4% paraformaldehyde and then permeabilized
with 0.3% Triton X-100. After being blocked with 5% bovine serum
albumin (BSA), the tissue sections or cells were immunostained with
the following primary antibodies: IL-1(3 (ab9722, 1:100, Abcam), TNF-
a (ab66579, 1:200, Abcam), PKM2 (ab150377, 1:4000, Abcam), and
CD68 (ab125212, 1:250, Abcam). After being incubated at 4°C
overnight, the cells were further incubated with the corresponding
Alexa Fluor 594- or Alexa Fluor 488-conjugated secondary antibodies
(1:1000, Proteintech) for 1 h at room temperature. Finally, the nuclei
were counterstained with 4/,6-diamidino-2-phenylindole (DAP,
Sigma). We acquired images using an immunofluorescence micro-
scope (Axio Imager M2, Zeiss, Germany).

Western blotting

Mouse liver homogenates or RAW264.7 cell lysates were prepared.
The protein concentrations were determined by the BCA method.
The proteins were combined with SDS loading buffer and
separated by 10% SDS polyacrylamide gel electrophoresis (PAGE).
After the proteins were transferred onto polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA), the membranes were
blocked, incubated overnight at 4 °C with an appropriate primary
antibody, and then incubated for 2 h at room temperature with an
appropriate secondary antibody. The primary antibodies were as
follows: IL-1B (ab9722, 1:100, Abcam), TNF-a (ab66579, 1:500,
Abcam), GLUT-1 (ab652, 1:1000, Abcam), LDHA (ab101562, 1:4000,
Abcam), PKM2 (ab150377, 1:4000, Abcam), HIF-1a (ab113642,
1:1000, Abcam), p-Akt (#4060, 1:2000, CST), Akt (#9272, 1:1000,
CST), p-mTOR (ab109268, 1:4000, Abcam), mTOR (ab32028, 1:2000,
Abcam), and B-actin (60008-1-Ig, 1:5000, Proteintech). Protein
brands were visualized using ECL Plus reagent (Beyotime,
Shanghai, China). Each experiment was replicated at least three
times, and the acquired images were quantified by Image)
software.

RT-PCR

Total RNA from liver tissues or RAW264.7 cells was extracted using
TRIzol reagent (Invitrogen, USA). Then, reverse transcription into
cDNA was performed using a cDNA reverse transcription kit
(CWBIO, Beijing, China). Quantitative RT-PCR with fluorescent SYBR
GREEN | (CWBIO, Beijing, China) was performed to determine the
gene expression of TNF-a and IL-1p. The relative mRNA expression
was evaluated by the 2722°" method. B-actin was used as the
internal control. The primer sequences are shown in Table 1.

Molecular docking analysis

Molecular docking was used to investigate the binding mode
between melittin and the PKM2 protein with the ZDOCK server
(http://zdock.umassmed.edu/). The three-dimensional (3D) struc-
tures of melittin (PDB ID: 2MLT) and PKM2 (PDB ID: 1T5A) were both
downloaded from the RCSB Protein Data Bank (http://www.rcsb.org/
pdb/home/home.do). For docking analysis, the default parameters
were used as described in the ZDOCK server. The top ranked pose as
judged by the docking score was subjected to visual analysis using
PyMOL 1.7.6 software (http://www.pymol.org/).

Lentivirus packaging and shRNA-mediated PKM2 knockdown

A lentivirus-mediated shRNA against PKM2 was purchased from
Cyagen (Guangzhou, China). Mouse PKM2 shRNA #1 (5’-CCCGCAA
CACTGGCATCATTT-3’), mouse PKM2 shRNA #2 (5’-ATCATTGCCGT
GACTCGAAAT-3’), mouse PKM2 shRNA #3 (5'-GACATGGTGTTTGC
ATCTTTC-3'), and negative control shRNA (5-CCTAAGGTTAA
GTCGCCCTCG-3') were transfected into RAW264.7 cells using
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the third generation lentivirus shRNA knockdown vector
pLVshRNA-EGFP(2A)Puro (Cyagen, Guangzhou, China). According
to the protein expression results, RAW264.7 cells expressing
PKM2 shRNA #2 were selected for further studies (Supporting
Information Fig. S1).

Statistical analysis

The results are presented as the mean =+ standard deviation (SD).
Statistical differences between groups were determined by one-
way analysis of variance (ANOVA) for multiple comparisons,
followed by Tukey's post hoc test using GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA). A P value <0.05 was
considered statistically significant.

RESULTS

Melittin prevents p-GalN/LPS-induced ALF in mice

As a classic model that mimics the clinical manifestations of ALF, the
well-characterized p-GalN/LPS mouse model was used in the
present study (Fig. 1b) [28, 29]. To investigate the effects on
mortality, the survival rates were examined. PBS-treated model mice
all died within 15h, whereas melittin-treated (2, 4, and 8 mg/kg)
mice had improved survival (Fig. 1c). Among these doses, 4 mg/kg
melittin had a stunning impact and prevented the lethal outcome in
75% of GaIN/LPS-induced mice (Fig. 1c). To observe the inhibition of
liver injury, serum indexes were assessed and histological analysis
was performed. Compared with those of the control, b-GalN/LPS
markedly increased serum levels of AST (Fig. 1d), ALT (Fig. 1e), and
TB (Supporting Information Fig. S2). Melittin (2, 4, and 8 mg/kg)
treatment markedly improved hepatic functions by reducing the
serum levels of TB, ALT, and AST. Additionally, melittin improved the
gross liver appearance following p-GalN/LPS administration with an
absence of typical signs of hemorrhage (Fig. 1f). H&E staining
showed substantial necrosis, damaged architecture, and massive
hemorrhage and inflammatory cell infiltration in the b-GalN/LPS
group (Fig. 1f). These histological changes were ameliorated by
melittin treatment (Fig. 1f and Supporting Information Fig. S6f), and
the score was based on the area of acinar damage, the structural
integrity of hepatic lobules, and the red blood cell count according
to Liver Pathology by Demos Medical Publishing. Decreased
hepatocyte death was observed as determined by reduced
numbers of TUNEL-positive cells after melittin treatment (Fig. 1f).
Therefore, these results indicated that melittin reduced mortality
and attenuated liver injury in GalN/LPS-induced mice. Intriguingly,
the optimal dose of melittin to achieve the best effects was 4 mg/
kg, which was selected for subsequent experiments.

Melittin reduces hepatic inflammation in vivo

To investigate the anti-inflammatory effects of melittin, we
examined the expression of inflammatory indexes. As the proin-
flammatory response culminates in increased expression of TNF-a
and IL-1B [22, 30], we used these two cytokines as inflammatory
markers. The inflammatory responses were monitored by fluores-
cence microscopy and showed that p-GalN/LPS caused excessive
expression of TNF-a and IL-1 in liver tissue (Fig. 2a, d and
Supporting Information Fig. S6a, b). In contrast, melittin markedly
reduced TNF-a and IL-1B production. Additionally, melittin alleviated
the expression of these two proinflammatory cytokines at both the
transcription and serum levels (Fig. 2b, ¢, e, f).

Melittin induces no obvious in vivo toxicity in mice treated with
the effective doses

Next, we investigated the in vivo toxicity of melittin within the
effective doses (1, 2, and 4 mg/kg). The hematological, blood
biochemical, and histological analyses were performed on day 14
after melittin injection. As shown in Fig. 3 and Supporting
Information Fig. S2, melittin did not cause meaningful changes in
body weight (Fig. 3a). In addition, compared with those of the
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Fig. 1 Melittin inhibited p-GalN/LPS-induced ALF progression in mice. a Amino acid sequence of melittin. b Schematic of melittin
treatments in the mouse model of ALF. c After intraperitoneal administration of various doses of melittin, the survival rate was analyzed, n =8
mice per group. d, e Serum markers, including AST and ALT, were measured. f Macroscopic analysis of the liver; hematoxylin-eosin and TUNEL
staining of liver sections. *P < 0.05, **P < 0.01, compared with p-GalN/LPS.

Table 1. The summary of RT-PCR primers sequences.

Gene  Primers Sequences 5’-3’ Product length

TNF-a  Forward TGAGGACCAAGGAGGAAAGTATGT 228bp
Reverse CAGCAGGTGTCGTTGTTCAGG

IL-1B Forward CGTTCCCATTAGACAACTGCA 206 bp
Reverse  GGTATAGATTCTTTCCTTTGAGGC

B-actin Forward ACATCCGTAAAGACCTCTATGCC 223 bp
Reverse TACTCCTGCTTGCTGATCCAC

Acta Pharmacologica Sinica (2021) 42:1256 - 1266

control group, melittin treatment induced no statistically sig-
nificant differences in hematological parameters (Fig. 3b-e and
Supporting Information Fig. S3a-d), blood biochemical markers
(Fig. 3f-i and Supporting Information Fig. S3e-h), gross pathology
or histopathology (Fig. 3j and Supporting Information Fig. S3i).
These results demonstrate that melittin leads to no toxicity in mice
treated with the effective doses. The LDs, of mice that were
intraperitoneally injected with melittin was 7.4 mg/kg (PubChem
Database. Melittin, CID = 16129627). The hematological and blood
biochemical parameters of the high dose (8 mg/kg) group were
higher than those of the control group and the effective dose
groups (1, 2, and 4 mg/kg), and the histological analyses showed
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Fig. 2 Melittin ameliorated p-GalN/LPS-induced inflammation in mice. a, d Fluorescence microscopy analysis of proinflammatory factors,
including TNF-a and IL-1B, in liver tissues. b, e The levels of TNF-a and IL-1 in serum were measured by ELISA. ¢, f The mRNA levels of TNF-a
and IL-1p were analyzed by RT-PCR. n =6 mice per group. *P < 0.05, **P < 0.01, compared with p-GalN/LPS.

that the hepatic lobules of mice were disorganized (Supporting
Information Fig. S11).

Melittin exerts antioxidative effects in LPS-induced macrophages
LPS-induced injury has been commonly used as a model to trigger
the immune response, liver dysfunction, and liver failure [31]. Thus,
we used LPS-induced RAW264.7 macrophages to estimate the
in vitro inflammatory response and macrophage activation. To test
whether melittin exerted cytotoxicity in RAW264.7 macrophages, we
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measured cell viability using the MTT assay. The results suggested
that at ranges of 0.35-0.70 uM, melittin was not cytotoxic to
RAW264.7 macrophages, whereas 1.40 uM melittin started to induce
cellular toxicity (Fig. 4a). To ensure that the effects of melittin
treatment were not due to its cytotoxicity, a dose of 0.70 uM was
selected for subsequent in vitro experiments. Moreover, o-GalN/LPS
dramatically reduced SOD, (Supporting Information Fig. S4a), CAT
(Supporting Information Fig. S4c) and GSH (Supporting Information
Fig. S4d) activities, as well as increased MDA (Supporting Information
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comparisons had no statistical significance.

Fig. S4b). Treatment with melittin reversed these effects, indicating
the enhancement of antioxidant capacity.

Melittin suppresses the Warburg effect in LPS-activated
macrophages

Because of melittin-mediated anti-inflammatory prevention of the
Warburg effect in activated macrophages, we investigated the
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expression profiles of factors involved in aerobic glycolysis and
inflammation. Measurements of the OCR and ECAR indicated that
LPS decreased the OCR, which is an indicator of mitochondrial
respiration, and increased the ECAR, which reflects overall
glycolytic flux (Fig. 4b, c and Supporting Information Fig. S8). In
contrast, 0.70 uM melittin notably reversed these effects in LPS-
induced macrophages, demonstrating that melittin dampened
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Fig. 4 Melittin alleviated inflammatory responses via suppression of the Warburg effect in LPS-activated macrophages. a Cell viability of
RAW264.7 cells treated with melittin was determined by the MTT assay. b, ¢ The oxygen consumption rate and extracellular acidification rate
were measured. d—f The expression levels of acetyl-CoA, lactate, and LDH were measured. g Immunoblot analysis of GLUT-1 and LDHA protein
levels. h Cytosolic total and phosphorylated Akt and mTOR, as well as PKM2 and HIF-1a expression, were determined by Western blotting,
and representative images are shown. i, j Typical fluorescence microscopy images of PKM2, TNF-«, and IL-1p are shown. k Immunoblot analysis
of the protein levels of TNF-a and IL-1p were performed. I, m The levels of TNF-a and IL-1p in the cell supernatant were measured by ELISA.
n, o The mRNA levels of TNF-a and IL-1f in cell lines were analyzed by RT-PCR. The nuclei were stained with DAPI (blue). The white arrows
indicate the nuclear translocation of PKM2. *P < 0.05, **P < 0.01, compared with LPS.
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Fig. 5 Melittin suppressed the Warburg effect by targeting PKM2 to reduce inflammation in vitro. a Interactions between PKM2 and melittin
were examined by MD simulation. PKM2 and melittin adjusted their orientations and approach to each other and formed a complex. b Detailed
view of the interactions between PKM2 and melittin. The interface is represented with a solid surface. The melittin is represented with cartoon and
stick models and is colored rose red. ¢ Detailed view of the interactions between PKM2 and melittin. PKM2 is represented with sticks colored cyan,
green, and blue. Melittin is represented with rose red sticks. The hydrogen bonds are shown as yellow dotted lines. d Immunoblot analysis of TNF-
o and IL-1f expression after lentiviral transfection-mediated PKM2 knockdown (PKM2 shRNA) in macrophages. e, f The levels of TNF-a and IL-1f in
the cell supernatant after PKM2 shRNA transfection were measured by ELISA. g Protein expression levels of GLUT-1, LDHA, and HIF-1a after
PKM2 shRNA transfection were determined by Western blotting, and representative images are shown. h, i Lactate and LDH assays of cells
transfected with PKM2 shRNA. *P < 0.05, **P < 0.01 compared with LPS. *P < 0.05, #P < 0.01 compared with control.

glycolysis following macrophage activation. Additionally, the ELISA activation of Akt/mTOR. In particular, the immunofluorescence
and Western blot results showed that LPS led to reduced acetyl- imaging results suggested that excessive PKM2 was translocated
CoA expression and increased levels of LDH, lactate, glucose into the nucleus in LPS-stimulated macrophages, and melittin
transporter 1 (GLUT-1), and lactate dehydrogenase A (LDHA) obviously prevented this translocation (Fig. 4i). Further analysis by
compared with those of the control (Fig. 4d-g and Supporting ELISA, immunofluorescence, cellular RT-PCR, and Western blotting

Information Fig. S7a, b). Melittin treatment rescued these effects. showed that melittin strikingly reduced TNF-a and IL-13 levels

Notably, melittin inhibited aerobic glycolysis in LPS-induced (Fig. 4j-o and Supporting Information Fig. S7e, f). These results

macrophages. indicated that melittin suppressed aerobic glycolysis-mediated
Since the Akt/mTOR pathway mainly contributes to aerobic inflammatory responses.

glycolysis and related inflammation, we next explored the

potential mechanisms regulated by melittin. As shown in Fig. 4h Melittin disrupts the Warburg effect by targeting PKM2 to alleviate
and Supporting Information Fig. S7¢, d, the expression levels of inflammation in LPS-treated macrophages

PKM2 and HIF-1a were markedly increased by activation of the Given the essential role of PKM2 in the Warburg effect in ALF, we
Akt/mTOR signaling pathway after LPS administration. Melittin next investigated the effect of melittin-mediated PKM2 inhibition
reduced the enrichment of PKM2 and HIF-1a by attenuating the on inflammation. We used molecular docking analysis to explore
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Fig. 6 Melittin blocked the Warburg effect-associated signaling cascade to attenuate inflammation in a mouse model of ALF a Expression
levels of p-Akt, Akt, p-mTOR, mTOR, PKM2, and HIF-1« in liver tissues were determined by Western blotting. b Immunoblot analysis of TNF-a
and IL-1p protein levels was performed. ¢ Working model showing that melittin ameliorates inflammatory responses via inhibition of the

PKM2-mediated Warburg effect in a mouse model of ALF.

the binding mode between melittin and PKM2 (Fig. 5a-c and
Supporting Information Fig. S5). Figure 5b and Supporting
Information Fig. S5b show that melittin binds to gaps in chains
B, C, and D of PKM2. As shown in Fig. 5¢, the detailed analysis
revealed that a hydrophobic interaction was observed between
residues lle-2, Val-5, Leu-6, Val-8, and Leu-9 of melittin and
residues C/lle-40, C/Ala-42, C/Cys-423, C/Cys-424, C/Phe-502, C/
Phe-503, and C/Val-508 of PKM2. Additionally, another hydro-
phobic interaction was observed between the residues Leu-13,
Pro-14, Leu-16, lle-17, Trp-19, and lle-20 of melittin and residues C/
Leu-18, C/Met-22, D/Leu-401, and D/lle-404 of PKM2. Moreover,
residue Trp-19 of melittin formed a cation-m interaction with
residue C/Arg-32 of PKM2. In addition, residue Arg-24 of melittin
formed electrostatic interactions with residues B/Asp-24 and C/
Asp-24 of PKM2. Importantly, four hydrogen bond interactions
were shown between lle-2 of melittin and C/Thr-41 (bond length:
3.3 A) and C/Gly-501 (bond length: 2.4 A) of PKM2, Gly-3 of melittin
and C/Gly-501 (bond length: 3.5 A) of PKM2, and Arg-24 of melittin
and C/Asp-24 (bond length: 3.0 A) of PKM2, which describes the
main binding affinity between melittin and PKM2. Therefore, the
molecular docking information illustrated that PKM2 could be a
potential druggable target of melittin.

We next transfected RAW264.7 cells with shRNA against PKM2 or
the negative control (NG, Fig. 5d-i and Supporting Information
Fig. S9d, e). PKM2 knockdown in LPS-mediated macrophages led to
reduced levels of lactate and LDH (ELISA tests, Fig. 5h, i), as well as
the expression of GLUT-1, LDHA, and HIF-1a (Western blotting,
Fig. 59 and Supporting Information Fig. S9a—c), compared with
those of the LPS-induced group and NC shRNA-transfected group. In
addition, compared with PKM2 silencing alone, cotreatment with
melittin and PKM2 shRNA slightly decreased these aerobic
glycolysis-related factors in LPS-mediated macrophages, which
indicates that PKM2 inhibition by melittin mainly contributes to
the disruption of the Warburg effect in LPS-activated macrophages.

Afterwards, we determined whether the suppression of the
Warburg effect by melittin targeting of PKM2 induced anti-
inflammatory effects. The Western blot and ELISA results indicated
that melittin reduced the secretion of TNF-a and IL-1 but no more
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effective results were observed after cotreatment with melittin and
PKM2 shRNA (Fig. 5d-f). Thus, melittin-mediated PKM2 inhibition is
mainly responsible for its anti-inflammatory effects.

Melittin represses the Warburg effect-associated signaling cascade
to attenuate inflammation in a mouse model

As far as we know, PKM2/HIF-1a activation caused by the Akt/mTOR
signaling pathway functions as a pivot in the Warburg effect [32, 33].
We further investigated the effects of melittin on Warburg effect-
induced inflammation in mice with p-GalN/LPS-induced ALF (Fig. 6).
After the mice underwent p-GalN/LPS administration, the expression
of PKM2 and HIF-1a was upregulated in hepatic tissues, followed
by activation of the Akt/mTOR signaling pathway (Fig. 6a and
Supporting Information Fig. S10a-d). Melittin treatment exerted
marked inhibitory effects by blocking the Akt/mTOR/PKM2/HIF-1a
signaling cascade (Fig. 6a). Subsequently, we observed marked
reductions in TNF-a and IL-1B in the liver tissue compared with
those of the model group (Fig. 6b and Supporting Information
Fig. S10e, f).

DISCUSSION
ALF is characterized by profound activation of innate immune
responses, with macrophages being the main orchestrator during
disease development. Exploring novel therapeutic agents target-
ing the function of macrophages offers the opportunity to
improve hepatic repair in ALF. In this study, melittin prevented
liver injury, as shown by decreased mortality, decreased hepatic
function, the restoration of tissue architecture, and the attenuation
of inflammation. Further experiments on the underlying mechan-
isms revealed that melittin notably inhibited the PKM2-mediated
Warburg effect to alleviate inflammation (Fig. 6c). Thus, the
present report highlights a novel use of melittin in ALF treatment.
Melittin is the main bioactive compound in bee venom,
accounting for 40%-50% of its total dry weight. Inhibition of
inflammation through TNF-o/IFN-y-stimulated nuclear factor-
kappa B (NF-kB) phosphorylation has been described, but other
pathways have not been elucidated [34]. Studies have shown that
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melittin inhibited the PgLPS-induced expression of TLR-4 and
proinflammatory cytokines, including IL-1(3, IL-6, and IFN-y, and
blocked the NF-kB signaling pathway and the expression of Akt
and ERK1/2. Akt and ERK1/2 are involved in cellular proliferation,
survival, differentiation, and inflammation. The activation of Akt
and ERK1/2 increases the production of proinflammatory factors
(such as IL-1B and TNF-a) [35, 36]. A previous study showed a
protective effect of melittin on inflammation and apoptosis by
inhibiting the transcription factor NF-kB [27]. However, deeply
exploring the underlying mechanisms is urgent. In this study, we
found that 4 mg/kg melittin optimally improved the survival rate,
restored abnormal liver function, ameliorated histological injuries,
and attenuated hepatic inflammation in ALF mice. These data
support the therapeutic role of melittin in the treatment of ALF.
However, its clinical translation of melittin faces several chal-
lenges, including nonspecific cytotoxicity and hemolytic activity
[37]. Therefore, we conducted histopathological analysis, hema-
nalysis, and biochemistry to evaluate the side effects and systemic
toxicity of different doses of melittin (1, 2, 4, and 8 mg/kg). The
assessments revealed that 4 mg/kg melittin induced no obvious
damage to normal tissues (heart, liver, lung, kidney, small
intestine, and brain). Additionally, there was no loss of body
weight in any group during the examination period. Furthermore,
we observed no significant differences regarding the values of
RBC, HGB, WBC, MCH, MCHC, ALT, AST, and urea nitrogen between
the treatment and control groups. These results demonstrate that
doses equal to or <4 mg/kg melittin tended to be safe without
systemic toxicity. The hematological and blood biochemical
parameters of the high dose (8 mg/kg) group were higher than
those of the control group and the effective dose groups (1, 2, and
4 mg/kg), and the histological analyses showed damage in the
mice, indicating that 8 mg/kg melittin caused significant toxico-
logical damage to the mice. Based on these data, 4 mg/kg melittin
was selected for subsequent in vivo and in vitro studies.

Inflammation is recognized as determining the clinical course and
outcome of ALF, which is characterized by accumulation and
activation of macrophages [6, 7]. During ALF, rapidly proliferating
macrophages promote aerobic glycolysis (the Warburg effect),
which becomes a distinctive feature of all rapidly proliferating cells,
including macrophages [15]. The present work indicates that an
in vitro model promotes aerobic glycolysis in macrophages by
increasing the glycolytic rate, upregulating Warburg effect-
associated enzymes and metabolites, including lactate, LDHA, LDH,
and GLUT-1, and lowering acetyl-CoA, which is associated with the
tricarboxylic acid cycle. Furthermore, PKM2 and HIF-1a expression
via Akt/mTOR highlights the key signaling in the regulation of the
Warburg effect. In this study, LPS stimulation not only caused
oxidative stress and inflammatory responses but also led to the
activation of Akt/mTOR/PKM2/HIF-1q, triggering the nuclear translo-
cation of PKM2 [19]. Interestingly, melittin reduced oxidative stress
and suppressed aerobic glycolysis, thus attenuating inflammation of
activated macrophages. The underlying molecular mechanism is
associated with the inhibition of the Akt/mTOR/PKM2/HIF-1a
pathway, as well as the inhibition of PKM2 nuclear translocation.
Additionally, the data from the in vivo study also confirmed that
melittin alleviated inflammatory responses by inhibiting the Akt/
mTOR/PKM2/HIF-1a signaling pathway.

The ability of melittin to alleviate inflammation by regulating
aerobic glycolysis in macrophages provides a novel insight into
ALF treatment. To develop a clinical treatment, we next focused
on potential drug targets for melittin. As far as we know, as the
crucial regulator of the Warburg effect, PKM2 represents a
potential therapeutic target for inflammatory diseases [38].
PKM2 not only controls aerobic glycolysis but also regulates
inflammatory responses in immune cells, including macrophages,
which was validated by the results of the PKM2 knockdown
experiment. In this study, we showed that PKM2 was a critical
determinant of macrophage activation and promotion of

Acta Pharmacologica Sinica (2021) 42:1256 - 1266

Melittin alleviates acute liver failure via Warburg effect
XG Fan et al.

inflammation. Molecular docking analysis revealed that melittin
could bind to PKM2 through cation-m interactions and hydrogen
bond interactions. Furthermore, the binding of melittin to PKM2
exerts inhibitory effects on aerobic glycolysis and downstream
inflammatory responses.

In summary, this work demonstrated that melittin treatment
reduced mortality, attenuated liver injury, and improved hepatic
inflammation in a mouse model of ALF. Moreover, melittin inhibited
macrophage activation-mediated inflammation through the inhibi-
tion of aerobic glycolysis by targeting PKM2. The present findings
highlight a novel strategy for the use of melittin in ALF treatment.
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