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A B S T R A C T   

Neuroinflammation and oxidative stress play a crucial role in the pathogenesis of neurodegenerative diseases, 
including Alzheimer’s disease. The triggering receptor expressed on myeloid cells 2 (TREM2), highly expressed 
by microglia in the central nervous system (CNS), can modulate neuroinflammatory responses. Currently, there 
are no approved drugs specifically targeting TREM2 for CNS diseases. Aspidosperma alkaloids have shown po-
tential as anti-inflammatory and neuroprotective agents. This study aimed to elucidate the potential therapeutic 
effect of Hecubine, a natural aspidosperma-type alkaloid, as a TREM2 activator in lipopolysaccharide (LPS)- 
stimulated neuroinflammation in in vitro and in vivo models. In this study, molecular docking and cellular thermal 
shift assay (CTSA) were employed to investigate the interaction between Hecubine and TREM2. Enzyme-linked 
immunosorbent assay (ELISA), quantitative PCR, immunofluorescence, Western blotting, and shRNA gene 
knockdown were used to assess the anti-neuroinflammatory and antioxidant effects of Hecubine in microglial 
cells and zebrafish. Our results revealed that Hecubine directly interacted with TREM2, leading to its activation. 
Knockdown of TREM2 mRNA expression significantly abolished the anti-inflammatory and antioxidant effects of 
Hecubine on LPS-stimulated proinflammatory mediators (NO, TNF-α, IL-6, and IL-1β) and oxidative stress in 
microglia cells. Furthermore, Hecubine upregulated Nrf2 expression levels while downregulating TLR4 signaling 
expression levels both in vivo and in vitro. Silencing TREM2 upregulated TLR4 and downregulated Nrf2 signaling 
pathways, mimicking the effect of Hecubine, further supporting TREM2 as the drug target by which Hecubine 
inhibits neuroinflammation. In conclusion, this is the first study to identify a small molecule, namely Hecubine 
directly targeting TREM2 to mediate anti-neuroinflammation and anti-oxidative effects, which serves as a po-
tential therapeutic agent for the treatment of neural inflammation-associated CNS diseases.   
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2; TLRs, toll-like receptors; MyD88, myeloid differentiation primary-response protein 88; NF-κB, transcription factor nuclear factor kappa B; ROS, reactive oxygen 
species; MAPKs, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; Nrf2, nuclear factor E2-related factor 2; HO-1, heme oxygenase-1; NO, Nitric 
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1. Introduction 

Neuroinflammation and oxidative stress contribute to a variety of 
neuropathological diseases and mental health disorders, such as chronic 
neurodegeneration [1] and drug addiction [2]. Microglia are resident 
immune cells in the central nervous system (CNS) and play a key role in 
neuroinflammatory and immune responses [3]. The triggering receptor 
expressed on myeloid cell-2 (TREM2) is a major endogenous trans-
membrane receptor highly expressed on microglia that regulates the 
inflammatory response [4]. TREM2 promotes a switch from a 
pro-inflammatory M1 microglia to an anti-inflammatory M2 phenotype, 
resulting in the downregulation of inflammatory cytokines and inhibi-
tion of microglial inflammation [5]. Activation of TREM2 and its 
downstream signaling pathways are pivotal for maintaining microglial 
homeostasis and promoting neuroprotection in inflammation-associated 
CNS diseases [6]. In the context of intracerebral hemorrhage (ICH), 
TREM2 activation can inhibit inflammatory factor production, thereby 
promoting neuronal cell survival [7]. In an Alzheimer’s disease (AD) 
experimental model, TREM2-deficient microglia fail to effectively 
encapsulate Aβ plaques, leading to accelerated brain pathology [8]. 
Contrarily, overexpression of TREM2 in vivo and in vitro has been shown 
to promote microglial M2 transformation, decrease the deposition of 
β-amyloid (Aβ) plaques, and eventually alleviate neuroinflammation 
[9]. Therefore, all these findings highlight the potential of TREM2 
activation as a promising therapeutic target for various neurological 
disorders. In addition, the vitagene network analysis has identified the 
targeting of cellular stress responses as a crucial therapeutic approach 
for inflammation-associated neurodegenerative diseases [10]. The 
vitagene family encompasses members of the Hsp family, such as heme 
oxygenase-1 (HO-1) and Hsp72, which can be upregulated by nuclear 
factor E2-related factor 2 (Nrf2) to initiate multiple protective mecha-
nisms that alleviate oxidative stress [11]. Moreover, the activation of 
Nrf2-mediated HO-1 expression has been shown to inhibit the activation 
of microglial cells and prevent the release of inflammatory mediators in 
AD mice [12]. 

Lipopolysaccharide (LPS), an agonist of Toll-like receptors (TLRs), 
acts as an exogenous ligand of TREM2. The activation of TREM2 induced 
by LPS appears to attenuate the TLR response, resulting in a reduction in 
the production of pro-inflammatory cytokines [13]. It is reported that 
TREM2 overexpression mitigated neurological dysfunction induced by 
ICH in mice by suppressing TLR4 activation, as well as NF-κB and MAPK 
signaling pathways [14]. Additionally, current research indicates that 
the activation of TREM2 transcription promotes the upregulation of 
Nrf2, thereby inhibiting neuroinflammation and alleviating 
depressive-like behaviors in CSDS mice [15]. Therefore, despite the 
intricate mechanism of TREM2, there is no doubt that TREM2 is an 
emerging and promising drug target for the treatment of neuro-
inflammation and associated neurological disorders. Since no drugs 
specifically targeting TREM2 have been approved by the FDA yet, a few 
first-in-class small molecules of TREM2 activators, such as VG-3927 and 
AL002, are undergoing different phases of clinical trials for neurode-
generative diseases. Thus, there is an urgent need to search for new 
drug-like small molecules targeting TREM2 to develop new therapeutic 
agents for the management of neuroinflammation and 
inflammation-associated CNS diseases. 

Monoterpene indole alkaloids (MIAs) are a group of small molecules 
with a bicyclic structure comprising a benzene ring fused to a five- 
membered pyrrole ring. To date, over 3000 MIAs have been identified, 
many of which have therapeutic potential for the treatment of drug 
addiction, dementia, and pain [16]. Typical MIAs with clinical appli-
cations include rhynchophylline (anticonvulsant), brucine (anti--
rheumatoid arthritis), quinine (antimalaria), etc [17]. MIAs are a 
potential source of novel drugs owing to their diverse and unique 
structures and excellent druggability. Ervatamia officinalis, known for its 
detoxifying properties and its activity to alleviate painful swelling in 
China and India, has a high abundance of MIAs, including iboga-type 

alkaloids and aspidosperma-type alkaloids [18]. Intriguingly, 
iboga-type alkaloids, such as ibogaine, possess psychedelic properties 
and have been traditionally employed in African religious ceremonies 
for spiritual purposes [19]. In clinical practice, iboga-type alkaloids are 
used for the treatment of opioid dependence and various inflammatory 
conditions [20,21]. Similarly, aspidosperma-type alkaloids in 
E. officinalis have been reported to possess strong anti-inflammatory 
properties. For instance, Yu Y et al. reported twelve 
aspidosperma-type dimers, three of which showed good 
anti-inflammatory effects against microglial activation [22]. Therefore, 
aspidosperma-type alkaloids in E. officinalis represent a valuable source 
of new anti-inflammatory and neuroprotective medications. 

Hecubine, a natural aspidosperma-type MIA found in E. officinalis, 
was initially identified in 1976 [23]. Subsequent research has revealed 
its potential as a potent anticancer agent, showing activity against a 
wide range of human tumor cells [24]. However, as the major MIAs in 
E. officinalis, the neuroprotective activities of Hecubine and its mecha-
nism of action remain unclear. In the present study, Hecubine and its 
structurally similar analogues [mehranine (1), lochnericine (2), Hecu-
bine (3), voafinine (4), voaphylline (5), voafinidine (6), tabersonine (7)] 
were isolated from E. officinalis. The anti-neuroinflammatory activities 
of seven small molecules (compounds 1–7) were evaluated for the first 
time in BV2 microglia cells. Among them, Hecubine (3) was selected as 
the representative alkaloid for in-depth investigation of its 
anti-neuroinflammatory effects and mechanism of action in 
LPS-stimulated neuroinflammation in BV2 microglial cells and zebrafish 
larvae. Our findings provide the first evidence that Hecubine acts as a 
TREM2 activator to exert anti-inflammatory and antioxidant effects in 
vivo and in vitro. Thus, targeting the activation of TREM2 represents a 
novel therapeutic strategy for the prevention and treatment of 
neuroinflammation. 

2. Materials and methods 

2.1. Materials 

An immortalized mouse BV2 microglial cell line was obtained from 
the Kunming Cell Bank of Type Culture Collection, Kunming Institute of 
Zoology. LPS (Escherichia coli serotype 055: B5) was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s me-
dium (DMEM), fetal bovine serum (FBS), phosphate-buffered saline 
(PBS), and penicillin-streptomycin were purchased from Gibco (Gai-
thersburg, MD, USA). Enzyme-linked immunosorbent assay (ELISA) kits 
for TNF-α, IL-1β, and IL-10 were purchased from Invitrogen (Carlsbad, 
CA, USA). Antibodies against inducible iNOS, COX-2, TNF-α, IL-1β, IL-6, 
p-IKKα/β, IKKα, p-IκBα, IκBα, p–NF–κB (p65), NF-κB (p65), p-AKT, AKT, 
p38, p-p p38, p44/42, p-p44/42, SAPK/JNK, p-SAPK/JNK, MyD88, 
Nrf2, HO-1, β-actin, and GAPDH were acquired from Cell Signaling 
Technology (Beverly, MA, USA); TREM2 was purchased from R & D 
Systems (Minneapolis, USA); TLR4 was purchased from Wanleibio 
(Shenyang, China); Iba1 was purchased from Abcam (Cambridge, UK). 
HRP-labeled Goat Anti-Rabbit IgG(H + L) and Donkey Anti-Goat IgG(H 
+ L) secondary antibodies were purchased from the Beyotime Institute 
of Biotechnology (Shanghai, China). 

2.2. Microglial cell culture 

BV2 cells were supplemented with 10 % heat-inactivated FBS and 1 
% PS (v/v) at 37 ◦C under a 5 % CO2 atmosphere. Compounds were 
dissolved in 0.1 % DMSO (v/v, final concentration) and used for cell- 
based assays. Cells were treated with appropriate concentrations of 
the compounds for 1 h prior to LPS stimulation (800 ng/ml). 

2.3. Zebrafish maintenance 

AB wild-type zebrafish were maintained as described in the Zebrafish 
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Handbook [25]. Briefly, adult zebrafish were maintained at 28.5 ◦C with 
a 14 h:10 h light/dark photoperiod. The embryos were raised in embryo 
medium (0.54 mM KCl, 13.7 mM NaCl, 0.044 mM KH2PO4, 0.025 mM 
Na2HPO4, 0.1 mM MgSO4, 0.13 mM CaCl2, and 42 μM NaHCO3; PH 7.4) 
at a temperature of 28.5 ◦C. The 4-day post-fertilization (4-dpf) zebra-
fish larvae were pretreated with Hecubine for 24 h. After that, the larvae 
were anesthetized with 0.02 % w/v tricaine, and the LPS was 
micro-injected into the zebrafish brain at 5 dpf. After 24 h, behavioral 
and biological tests were performed. Ethical approval 
(UMARE-030-2017) for the animal experiments was granted by the 
Animal Research Ethics Committee of the University of Macau. 

2.4. Survival rate observation 

Zebrafish larvae at 4-dpf were exposed to different concentrations of 
Hecubine for 24 h. The mortality of zebrafish was observed, and survival 
rates were calculated. 

2.5. Locomotion behavioral test 

After treatment with Hecubine and LPS, zebrafish larvae at 6 dpf 
were transferred into a 96-well plate (1 fish/well). Zebrafish locomotion 
was measured for 30 min using a zebrafish tracking system (Viewpoint 
Life Sciences, Lyon, France). The total distance traveled by the zebrafish 
larvae was calculated simultaneously. 

2.6. Cell viability 

Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT; Sigma-Aldrich) reduction assay. In 
brief, microglia cells were seeded into a 96-well plate (104 cells/well) 
and received the indicated treatments. After that, the cells were incu-
bated with 0.5 mg/ml MTT solution for 3 h. Finally, the absorbance was 
measured at 540 and 690 nm using a microplate reader (Dynatec MR- 
7000; Dynatec Laboratories Inc., El Paso, TX, USA). 

2.7. Nitrite quantification assay 

The BV2 cells were seeded in a 24-well plate at a density of 1.5 × 105 

cells per well and incubated overnight. Cells received the indicated 
treatments, and 50 μl culture medium was then mixed with 100 μl Griess 
reagent (Biyuntian Biotech, Shanghai, China). Absorbance was 
measured at 540 nm. 

The level of NO of zebrafish larvae was determined by the Griess 
method, with some modifications. Briefly, after anesthetizing zebrafish 
with tricaine, the head without the eye and yolk sac regions of larvae (30 
larvae per group) were homogenized with ice-cold phosphate buffer 
(0.1 M, PH 7.4), and then centrifuged (12,000×g) at 4 ◦C for 20 min; the 
lysates were then collected. Total protein levels were quantified by 
Bradford’s method. Tissue lysate (100 μL) was mixed with 100 μL of 
Griess reagent and incubated for 15 min at room temperature, and 
absorbance was then measured at 540 nm. 

2.8. Molecular docking 

The crystal structure of TREM2 (PDB ID: 5ELI) was downloaded from 
the Protein Data Bank (https://www.rcsb.org/). The 2D structure of 
Hecubin was generated by ChemDraw 20.0, then converted to a 3D 
structure and optimized using Chem3D 20.0. Molecular docking was 
performed three times using AutoDock Vina (v1.2.3), and the evaluation 
of the binding degree was based on criteria established in a previous 
study [26]. After docking, the best binding pose was visualized and 
analyzed by PyMOL (v2.3.0) and Discovery Studio (v21.1.0). 

2.9. Cellular thermal shift assay 

After treatment with Hecubine or DMSO for 1 h, BV2 microglia cells 
were washed and resuspended in ice-cold PBS with cocktail, and 
transferred to the PCR tubes equally. PCR tubes were heated individu-
ally at different temperatures (37, 41, 45, 49, 53, 57, 61, 65, and 69 ◦C) 
for 3 min followed by cooling for 3 min at room temperature. The heated 
lysates were centrifuged at 20,000g for 25 min at 4 ◦C. Subsequently, the 
soluble protein was separated from the precipitates and subjected to 
detection and quantification through Western blotting analysis. 

2.10. ELISA assay 

Cells were plated, cultured, and treated as described above. After 
treatment, the culture supernatants were collected. The levels of the 
inflammatory mediators TNF-α, IL-6, PGE2, MCP-1, and IL-10 were 
determined using ELISA kits according to the manufacturer’s 
instructions. 

2.11. ROS detection 

The intracellular ROS concentration was determined using a 
dichloro-dihydrofluorescein diacetate (DCFH-DA) probe according to 
the manufacturer’s instructions [27]. Briefly, BV2 cells were incubated 
with blank DMEM medium containing 10 μM DCFH-DA at 37 ◦C for 30 
min. After that, the cells were washed with PBS and resuspended for 
flow cytometry analysis. 

The production of intracellular ROS of zebrafish larvae was detected 
using the fluorescent probe CM-H2DCFDA (Sigma-Aldrich). In brief, 
CM-H2DCFA (15 μM) was added to zebrafish larvae and incubated for 
30 min in the dark at 28.5 ◦C. Then the CM-H2DCFA was washed three 
times with medium. Larvae were visualized by a Disk Scanning Unit 
(DSU) Confocal Imaging System (Olympus Co., Tokyo, Japan). Quanti-
tative analysis of ROS was performed using ImageJ (NIH, Bethesda, MD, 
USA). 

2.12. RNA isolation and reverse transcription-polymerase chain reaction 
(RT-PCR) 

Briefly, the total RNA of BV2 cells was extracted using TRIzol reagent 
(Invitrogen) according to the manufacturer’s protocol. RNA was reverse- 
transcribed to cDNA using SuperScript II Reverse Transcriptase (Invi-
trogen) with random primers according to the manufacturer’s protocol. 
The qPCR assay was conducted using the SYBR® Premix Ex Taq™ II kit 
and Mx3005P qPCR system (Agilent Technologies, Santa Clara, CA, 
USA). Each sample was normalized to the β-actin levels. The primer 
sequences of each gene are listed in Table 1. 

For zebrafish samples, the larvae were anesthetized with 0.02 % w/v 
tricaine, and the head portion of larvae without the eye and yolk sac 
regions (30 larvae per group) was collected, and the total RNA of these 
zebrafish tissues was extracted using TRIzol reagent (Invitrogen) 

Table 1 
Primers of cell samples used for quantitative RT-PCR.  

iNOS- Forward CAAGAGTTTGACCAGAGGACC 

iNOS- Reverse TGGAACCACTCGTACTTGGGA 
COX-2- Forward TTGAAGACCAGGAGTACAGC 
COX-2- Reverse GGTACAGTTCCATGACATCG 
TNF-α- Forward CCTATGTCTCAGCCTCTTCT 
TNF-α- Reverse CCTGGTATGAGATAGCAAAT 
IL-1β- Forward GGCAACTGTTCCTGAACTCAACTG 
IL-1β- Reverse CCATTGAGGTGGAGAGCTTTCAGC 
IL-6- Forward CCACTTCACAAGTCGGAGGCTT 
IL-6- Reverse CCAGCTTATCTGTTAGGAGA 
β-actin- Forward ATCCTGA AAGACCTCTATGC 
β-actin- Reverse AACGCAGCTCAGTAACAGTC  
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following the manufacturer’s protocol. The rest of the steps were per-
formed as described above. The abundance of mRNA was normalized to 
the elongation factor 1 α (ef1a) levels. The primer sequences of each 
gene are listed in Table 2. 

2.13. Western blot analysis 

Cells were lysed with RIPA buffer containing 1 % saturated PMSF 
and 1 % protease and phosphatase inhibitor cocktail. Protein concen-
trations were measured using the Bradford Protein Assay Kit (Thermo-
Fisher Scientific, Waltham, MA, USA). Aliquots of protein samples were 
separated by 10 % SDS-PAGE, transferred to polyvinylidene difluoride 
(PVDF) membranes, blocked with 5 % non-fat milk, and incubated with 
specific primary antibodies overnight at 4 ◦C. After washing, membranes 
were incubated with HRP-linked secondary antibody for 1 h. Finally, 
proteins were visualized using an ECL advanced Western blotting 
detection kit. Photos of the protein bands were taken using Image Lab 
(Bio-Rad, Hercules, CA, USA). Densitometry measurements of band in-
tensity were determined using ImageJ. 

For zebrafish samples, the larvae were anesthetized with 0.02 % w/v 
tricaine, and the head portion of the larvae without the eye and yolk sac 
regions (30 larvae per group) were collected, and the protein was 
extracted using RIPA buffer containing protease phosphatase inhibitor, 
followed by centrifugation (13,000×g) for 15 min at 4 ◦C. The super-
natants were collected, and protein concentrations were measured. The 
rest of the steps were conducted as described above. 

2.14. Immunofluorescence assay 

In brief, cells were washed, fixed, permeabilized, and blocked. After 
that, the cells were sequentially incubated with rabbit anti-p65 antibody 
(1: 500; Cell Signaling Technology) at 4 ◦C overnight. Then, cells were 
incubated with secondary antibodies and DAPI at room temperature. 
Finally, the samples were imaged using the DMi8 inverted fluorescent 
microscope (Leica Microsystems, Wetzlar, Germany). 

2.15. siRNA, shRNA, and transfection 

In this experiment, siRNA targeted at Nrf2 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) was used to knock out the Nrf2 gene. A 
lentiviral vector expressing mouse TREM2-shRNA was constructed by 
IGEBIO (Guangzhou, China). The shRNA targeting TREM2 had the 
sequence 5′-GGAATCAAGAGACCTCCTTCC-3’. The scrambled RNA 
sequence, used as a control, had the sequence 5′-TTCTCCGAACGTGT-
CACGT-3’. Briefly, siRNA or shRNA were transfected into BV2 microglia 
cells that were cultured until 60–70 % confluent using Lipofectamine® 
8000 reagent (Invitrogen) in accordance with the manufacturer’s pro-
tocol. Further experiments were performed at 24 or 36 h after 
transfection. 

2.16. Data and statistical analysis 

Each experiment was repeated at least three times independently. 

Data were analyzed using GraphPad Prism 8.3.0 software (GraphPad 
Software Inc., San Diego, CA, USA), and are presented as mean ± SD or 
mean ± SEM. The normality assumption of the data was assessed using 
the Shapiro-Wilk test or the D’Agostino-Pearson omnibus test, and the 
assumption of equal variances was evaluated using the Brown-Forsythe 
test. Nonparametric tests (for non-normally distributed variables) with 
Kruskal-Wallis tests or one-way ANOVA (for three or more groups of 
normally distributed variables) with post-hoc Dunnett’s tests were used 
for all statistical analyses. */#p < 0.05, **/##p < 0.01, and ***/###p <
0.001 were considered statistically significant. 

3. Results 

3.1. Hecubine and its analogues isolated from E. officinalis inhibited LPS- 
induced NO production in BV-2 microglia cells 

The chemical structures of Hecubine (compound 3) and its struc-
turally similar analogues (compounds 1–7) (Fig. 1) isolated from 
E. officinalis were identified using NMR and MS analysis (Figs. S1–4). In 
this study, we evaluated the anti-neuroinflammatory activities of com-
pounds 1–7 by measuring NO production. The results indicated that 
compounds 1, 3 (Hecubine), and 4 showed the least toxicity towards 
microglia BV2 cells. The NO assay results revealed that compounds 1–7 
exhibited different degrees of potent inhibitory activities against LPS- 
induced NO production in BV2 microglial cells. Notably, the NO level 
in LPS-induced microglia treated with 25 μM of Dexamethasone (Dex), 
the positive control drug, was reduced by 71.1 %. Similar to Dex, 
compounds 1 and 3 (Hecubine) showed the highest activities, achieving 
62 % and 73 % NO inhibition rates at a concentration of 25 μM, 
respectively. Thus, compound 3 (Hecubine) exhibited the strongest NO 
production inhibitory effect. Hecubine (compound 3) was selected for 
further study of biological activities and underlying mechanisms of ac-
tion (Table 3). 

3.2. Hecubine directly binds to TREM2 to inhibit neuroinflammation 

As increasing evidence indicates TREM2 is involved in the patho-
physiology of neuroinflammation, we further explored the role of 
TREM2 underlying the anti-neuroinflammatory effect of Hecubine. An 
in silico molecular docking experiment was performed to explore the 
possible binding between Hecubine and the TREM2 protein. Interest-
ingly, a strong binding activity (affinity: 7.07 ± 0.03 kcal/mol) was 
obtained, and Hecubine targeted TREM2 by forming carbon hydrogen 
bonds with the amino groups of ASP87, ASP86, and PHE74 (Fig. 2a). 
The Hecubine-TREM2 binding was further confirmed by the cellular 
thermal shift assay (CETSA) in BV2 cells, which detects changes in 
protein melting curves caused by drug binding and indicates a shift in 
the protein’s melting temperature (Tm) [28]. CETSA results showed that 
the addition of 25 μM Hecubine markedly increased TREM2 accumu-
lation at temperatures ranging from 37 ◦C to 69 ◦C (relative to the DMSO 
solvent control), and the Tm value of TREM2 shifted by 6.4 ± 0.7 ◦C, 
indicating a direct interaction between Hecubine and TREM2 (Fig. 2b). 
To further elucidate the role of TREM2 in this process, the expression of 
TREM2 was knocked down by transfection with TREM2 shRNA (Fig. 2c). 
RT-PCR analysis revealed that TREM2 knockdown abolished the inhib-
itory effects of Hecubine on LPS-activated mRNA expression levels of 
TNF-α and IL-1β (Fig. 2d). These results further support the notion that 
TREM2 is a potential drug target of Hecubine in 
anti-neuroinflammation. 

3.3. Hecubine inhibited the expression of NO/iNOS and PGE2/COX-2, 
and modulated the release of inflammatory factors in LPS-activated BV2 
microglial cells 

We further investigated the anti-inflammatory effect of Hecubine in 
BV2 cells. The MTT assay demonstrated that Hecubine (12–25 μM) did 

Table 2 
Primers of zebrafish samples used for quantitative RT-PCR.  

iNOS- Forward GGAGATGCAAGGTCAGCTTC 

iNOS- Reverse GGCAAAGCTCAGTGACTTCC 
TNF-α- Forward gCTggATCTTCAAAgTCgggTgTA 
TNF-α- Reverse TgTgAgTCTCAgCACACTTCCATC 
IL-1β- Forward CATTTgCAggCCgTCACA 
IL-1β- Reverse ggACATgCTgAAgCgCACTT 
IL-6- Forward TCAACTTCTCCAgCgTgATg 
IL-6- Reverse TCTTTCCCTCTTTTCCTCCTg 
ef1α- Forward GCTCAAACATGGGCTGGTTC 
ef1α- Reverse AGGGCATCAAGAAGAGTAGTACCG  
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not exhibit any cytotoxic effects on BV2 cells (Fig. 3b). Subsequently, we 
treated BV2 microglial cells with Hecubine at concentrations of 6, 12, 
and 25 μM to assess its effects on NO and PGE2 production as well as the 
expression of iNOS and COX-2 in LPS-stimulated cells. LPS significantly 
increased the production of NO and PGE2, while pretreatment with 
Hecubine for 1 h dose-dependently reduced the LPS-induced production 
of NO and PGE2. Notably, 25 μM Hecubine effectively reduced the PGE2 
production to 15.3 % of that of the LPS-treated group (Fig. 3c and d). 
Moreover, pretreatment with Hecubine markedly suppressed LPS- 
mediated increases in protein expression levels of iNOS and COX-2, 
which are pro-inflammatory mediators of NO and PGE2 generation, 
respectively (Fig. 3e and f). Correspondingly, Hecubine also markedly 
suppressed the upregulation of iNOS and COX-2 mRNA expression 
induced by LPS stimulation (Fig. 3g and h). 

We then investigated the effects of Hecubine on inflammatory 
cytokine release in LPS-activated BV2 microglial cells. As illustrated in 
Fig. 4, the LPS-induced increases in TNF-α (Fig. 4a), IL-6 (Fig. 4b), IL-1β 
(Fig. 4c), and MCP-1 (Fig. 4d) secretions were significantly suppressed 
by Hecubine treatment. Moreover, Hecubine also markedly suppressed 
the protein expression of TNF-α and IL-1β in LPS-activated BV-2 
microglia (Fig. 4f–h). Interestingly, the maximum inhibitory effect on IL- 
6 production was achieved by 25 μM Hecubine, where the levels of IL-6 
decreased to <8.8 % of that in the LPS-treated group, similar to the 
control group. Additionally, the production of the anti-inflammatory 
cytokine IL-10 markedly decreased upon LPS stimulation, while 

Hecubine pretreatment reversed this trend in a dose-dependent fashion 
(Fig. 4e). Therefore, Hecubine can down-regulate pro-inflammatory 
cytokines and up-regulate anti-inflammatory cytokines, thereby sup-
pressing the LPS-induced inflammatory response. 

3.4. Hecubine prevented the LPS-induced activation of the TLR4 pathway 
via activating TREM2 signaling 

We initially examined the levels of two important regulators, TLR4 
and TREM2, in LPS-treated BV2 cells, as the imbalance of TLR4 and 
TREM2 intensifies inflammation in BV2 cells [29]. The Western blot 
showed Hecubine pretreatment effectively increased TREM2 expression 
in a dose-dependent manner but inhibited TLR4 and MyD88 expres-
sions, which were upregulated by LPS in BV2 cells (Fig. 5a–c). 
Furthermore, TREM2-shRNA could block the inhibitory effects of 
Hecubine on the expression of TLR4 (Fig. 5d). Besides, we assessed the 
expression levels of MAPKs and the PI3K/Akt signaling pathway in BV2 
microglial cells, which are regulated by TLR4 signaling. The result 
revealed that Hecubine obviously suppressed LPS-induced phosphory-
lation of p38 (Fig. 5e), JNK (Fig. 5f), ERK 1/2 (Fig. 5g), and AKT 
(Fig. 5h). Notably, 25 μM Hecubine markedly inhibited the phosphor-
ylation of p38 and AKT to ~55 % and ~54.4 % of those of the 
LPS-treated group, respectively. 

Fig. 1. Chemical structures of Hecubine and its analogues (compounds 1–7).  

Table 3 
Inhibitory effects of Hecubine and its analogues (compounds 1–7) isolated from E. officinalis on LPS-induced NO release of BV2 microglial cells.  

Compound Cell 
viability 

NO Inhibition (% of LPS) 

IC50 (μM) Normal control 
(Cells only) 

LPS/drugs 
(0.7 μM) 

LPS/drugs 
(1.5 μM) 

LPS/drugs 
(3 μM) 

LPS/drugs 
(6 μM) 

LPS/drugs 
(12 μM) 

LPS/drugs 
(25 μM) 

LPS/drugs 
(50 μM) 

1 ≫100 94.3 ± 0.7 (− ) (− ) (− ) (− ) (− ) 61.8 ± 4.0 
*** 

75.7 ± 1.9 
*** 

2 28.7 ± 1.2 97.4 ± 0.4 11.2 ± 2.0 * 31.3 ± 3.2 *** (− ) (− ) (− ) (− ) (− ) 
3 (Hecubine) 73.1 ± 1.9 96.6 ± 0.4 (− ) (− ) (− ) 52.1 ± 0.1 

*** 
64.6 ± 0.1 
*** 

73.8 ± 0.1*** (− ) 

4 ≫100 96.6 ± 0.4 (− ) (− ) (− ) (− ) 41.1 ± 0.8 ** 50.0 ± 4.7 
*** 

64.2 ± 5.4 
*** 

5 56.7 ± 1.8 90.9 ± 1.6 (− ) (− ) 39.6 ± 5.4 
*** 

50.5 ± 3.5 
*** 

65.3 ± 2.1 
*** 

(− ) (− ) 

6 56.7 ± 1.9 92.3 ± 0.2 (− ) 37.8 ± 4.7 *** 44.4 ± 4.7 
*** 

54.1 ± 4.3 
*** 

(− ) (− ) (− ) 

7 16.1 ± 1.1 90.7 ± 1.8 18.8 ± 7.0 * 29.3 ± 3.1 ** 45.9 ± 2.4 
*** 

(− ) (− ) (− ) (− ) 

Dexamethasone ≫100 97.3 ± 0.6 (− ) (− ) (− ) (− ) 61.9 ± 4.7 71.1 ± 3.0 75.1 ± 1.9 

BV2 cells were stimulated with LPS (800 ng/ml) for 24 h after pretreatment with different concentrations of compounds 1–7 or Dexamethasone for 1 h. Cell su-
pernatants were collected and assayed for NO production using the Griess reaction assay. Each value represents the mean ± SD of three experiments. (− ) represents 
undetermined. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. LPS group. 
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Fig. 2. Hecubine directly binds to TREM2. (a) The interaction of Hecubine with the TREM2 protein in molecular docking analysis. (b) The CETSA assay determined 
the thermal stabilization of TREM2 interaction with Hecubine at a series of temperatures from 37 ◦C to 69 ◦C under a short drug exposure (1 h). (c) Western blot 
analysis of TREM2 knockdown in BV2 cells. Cells were transfected with negative control shRNA or TREM2 shRNA. n = 3; two-way ANOVA with Dunnett’s multiple 
comparisons test. (d) qPCR analysis of TNF-α and IL-1β in BV2 cells transfected with TREM2 shRNA. n = 3; two-way ANOVA with Dunnett’s multiple comparisons 
test. The data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. LPS-treated group; ns, not significant. 

Fig. 3. Hecubine blocked the NO/iNOS and PGE2/COX-2 pathways in LPS-activated BV-2 microglial cells. (a) Chemical structure of Hecubine. (b) The cell viability 
of Hecubine with respect to BV2 cells was determined using the MTT assay (n = 5). (c, d) Cells were treated with different doses of Hecubine (0–200 μM) for 24 h. NO 
levels in the cell culture medium were detected by Griess assay (c), and PGE2 production was determined by ELISA (c, n = 3; d, n = 4) (d). (e, f) Protein levels of iNOS 
and COX-2 were measured by Western blot analysis (n = 3). (g, h) The mRNA levels of iNOS and COX-2 were detected by RT-PCR analysis (n = 4). – and + represent 
the absence and presence of LPS (800 ng/ml), respectively. The data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and 
***p < 0.001 vs. LPS-treated group; #p < 0.05 and ###p < 0.001 vs. control; One-way ANOVA with Dunnett’s multiple comparisons test. 
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3.5. Hecubine suppressed the activation of the NF-κB pathway in LPS- 
activated BV-2 microglial cells 

As the downstream signaling of MAPKs and the PI3K/AKT pathway, 
NF-κB signaling plays an essential function in the transcriptional regu-
lation of the expression of several pro-inflammatory mediators. We 
investigated the effect of Hecubine on the activation of the NF-κB 
pathway in LPS-activated BV-2 microglial cells. The results showed that 
exposure to LPS promoted the phosphorylation of IKKα/β, IκB α, and P65 
in microglia BV-2 cells, whereas pretreatment with Hecubine obviously 
inhibited p-IKKα/β, p-IκB α, and p-P65 expression compared with the 
LPS stimulation group (Fig. 6a–d). Moreover, the effects of Hecubine on 

the nuclear translocation of the NF-kB p65 subunit were explored. We 
found that, after LPS treatment for 2 h, the nuclear levels of P65 were 
markedly increased, while the cytoplasmic levels were remarkably 
decreased (Fig. S5). After treatment with LPS for 2 h, Hecubine pre-
treatment significantly reduced the LPS-activated nuclear translocation 
of NF-κB p65 to ~59.9 % of that of the LPS-treated group (Fig. 6e and f). 
Moreover, immunofluorescence analysis revealed that Hecubine (25 
μM) significantly alleviated the LPS-stimulated accumulation of NF-kB 
p65 in the nuclei (Fig. 6g). These results indicated that Hecubine 
might be a potent inhibitor of the activation and translocation of NF-κB 
p65 in LPS-induced BV2 microglial cells. 

Fig. 4. Hecubine affected the secretion and protein levels of inflammatory cytokines in LPS-stimulated BV-2 cells. Cells were pretreated with Hecubine for 1 h and 
then exposed to LPS for another 24 h. The production of TNF-α, n = 8 (a), IL-6, n = 6–8 (b), IL-1β, n = 4 (c), MCP-1, n = 4 (d), and IL-10, n = 4 (e) in the cell culture 
medium was determined by ELISA. (f–h) The protein expression levels of TNF-α (n = 4) and IL-1β (n = 3) were measured by Western blot analysis. – and + represent 
the absence and presence of LPS (800 ng/ml), respectively. The data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and 
***p < 0.001 vs. LPS-treated group; ###p < 0.001 vs. control; One-way ANOVA with Dunnett’s multiple comparisons test. 

Fig. 5. Hecubine abrogated the LPS-induced imbalance of TREM2 and TLR4 by down-regulating MAPK and PI3K/AKT signaling pathways in LPS-activated BV2 
microglial cells. Cells were pretreated with Hecubine for 1 h and then stimulated with/without LPS. After that, the protein levels of TREM2 (Kruskal-Wallis test of 
One-way ANOVA) (a), TLR4 (Kruskal-Wallis test of One-way ANOVA) (b), MyD88 (c), the total and phosphorylated p38 MAPK (e), JNK (f), ERK 1/2 (g), and AKT (h) 
levels, were determined by Western blotting (a-g, n = 3; h, n = 6). (d) Cells were transfected with negative control shRNA or TREM2 shRNA, and then TLR4 
expression level in BV2 cells after treatment with Hecubine or LPS was assessed by Western blot analysis. Quantitative analysis was carried out using ImageJ. – and +
represent the absence and presence of LPS (800 ng/ml), respectively. The data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p <
0.01, and ***p < 0.001 vs. LPS-treated group; ###p < 0.001 vs. control; ns, not significant; One-way ANOVA with Dunnett’s multiple comparisons test. 
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3.6. Hecubine prevented ROS production but enhanced Nrf2 and HO-1 
expression through TREM2 activation in LPS-activated BV2 cells 

Intracellular ROS can modulate inflammation through the Akt- 
mediated activation of NF-κB [30]. Hence, the effect of Hecubine on 
LPS-induced ROS production was explored. Flow cytometry analysis 
revealed that LPS treatment obviously elevated the production of ROS, 
but this was prevented by Hecubine (Fig. 7a). Additionally, Hecubine 
increased the protein expression of Nrf2 and HO-1 in LPS-stimulated 
BV2 cells by 4.45 and 8.69-fold at 25 μM, respectively (Fig. 7b). More-
over, treatment with Hecubine alone also significantly increased the 
expression of Nrf2 and HO-1 in a dose-dependent fashion (Fig. 7c). 
Furthermore, knockdown of TREM2 decreased the expression of Nrf2 
compared to the negative control shRNA group, whereas knockdown of 
TREM2 did not inhibit the uptrend of Nrf2 after treatment with Hecu-
bine (Fig. 7d). 

3.7. Blockade of Nrf2 abolished the inhibitory and anti-inflammatory 
effects of Hecubine 

To further explore whether the Nrf2 pathway is involved in the anti- 
inflammatory effect of Hecubine, Nrf2 knockdown was achieved via 
Nrf2 siRNA and control siRNA transfection in BV2 cells. The results 
indicated that Hecubine significantly increased the protein expression 
levels of Nrf2 and HO-1 in the control siRNA group, whereas this effect 
was largely abolished by Nrf2 siRNA transfection (Fig. 8a and b). In 
addition, the expression levels of TLR4 and MyD88 were measured after 
treatment with Nrf2 siRNA. As expected, we found that the inhibitory 
effects of Hecubine on TLR4 and MyD88 expression were abolished in 
Nrf2 siRNA-transfection BV2 cells (Fig. 8c). Furthermore, Nrf2 knock-
down significantly abrogated the Hecubine-mediated inhibition of NO, 
TNF-α, and IL-6 production (Fig. 8d). Correspondingly, compared with 

the Hecubine group, the Nrf2 siRNA group displayed higher mRNA 
expression levels of iNOS, TNF-α, IL-1β, and IL-6 (Fig. 8e). Moreover, no 
significant differences were observed between the Nrf2 siRNA-LPS +
Hecubine group and the Nrf2 siRNA-LPS alone group (Fig. 8f). However, 
the anti-inflammatory effect of Hecubine on BV-2 microglia did not 
specifically target Nrf2 in the CETSA assay (Fig. S6). Nonetheless, these 
results suggest that Nrf2 plays a crucial role in inflammation in LPS- 
stimulated BV2 cells. 

3.8. Hecubine alleviated locomotion behavior deficits and prevented 
microglia activation and pro-inflammatory cytokine production in a 
neuroinflammation model of LPS-stimulated zebrafish larvae 

In this study, zebrafish larvae were pretreated with Hecubine at 4 dpf 
for 24 h; LPS was then specifically injected into the heads of zebrafish 
larvae using our recently developed neuroinflammation zebrafish model 
(Fig. 9a) [31]. The acute toxicity result showed that Hecubine had no 
significant impact on the survival rate of zebrafish larvae in 4 dpf at a 
concentration of ≤25 μM (Fig. 9b). Additionally, 2.5 mg/ml of LPS 
markedly decreased the total swimming distance (Fig. S7), while treat-
ment with Hecubine (6, 12, and 25 μM) significantly increased the 
swimming distance of zebrafish, suggesting that Hecubine can restore 
locomotory behavioral deficits in zebrafish larvae induced by LPS 
(Fig. 9c). 

Following this, the NO level in the zebrafish model was determined. 
LPS treatment resulted in a ~1.5-fold increase in NO production 
compared to the control group. However, the increase in NO level was 
significantly suppressed by pretreatment with Hecubine (25 μM) 
(Fig. 9d). Subsequently, the protein level of Iba1 was assessed to eval-
uate microglial cell activation in zebrafish. As expected, Hecubine (25 
μM) obviously suppressed the protein expression of Ibal in LPS-activated 
zebrafish (Fig. 9e). Correspondingly, we investigated the effects of 

Fig. 6. Hecubine suppressed LPS-triggered activation of the NF-κB p65 pathway in BV-2 cells. Cells were pretreated with Hecubine for 1 h and then stimulated with/ 
without LPS. (a–d) The levels of total/phosphorylated IKKα/β (b), IκB α (c), and P65 (d) were measured via Western blot (b, n = 3; c, n = 4; d, n = 3). (e–f) The 
expression levels of total NF-κB p65 in the cytoplasmic fraction (n = 5) (e) and nuclear fraction (n = 4) (f) were quantified by Western blot. (g) The nuclear 
translocation of p65 was evaluated by immunofluorescence analysis. Cells were stained with anti-p65 antibody (green) and DAPI (blue). – and + represent the 
absence and presence of LPS (800 ng/ml), respectively. The data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p 
< 0.001 vs. LPS-treated group; ###p < 0.001 vs. control; One-way ANOVA with Dunnett’s multiple comparisons test. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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Hecubine on pro-inflammatory cytokine expression in the LPS- 
stimulated zebrafish larvae model. Hecubine incubation significantly 
reversed the tendency to upregulated the expression of pro- 
inflammatory mediators and cytokines, including iNOS, TNF-α, IL-6, 
and IL-1β, in an in vivo neuroinflammation model (Fig. 9f–h). 

3.9. Hecubine exhibited anti-inflammation and antioxidation via 
activation of TREM2 and Nrf2 expression in the LPS-stimulated zebrafish 
larvae model 

Fluorescence images demonstrated that the level of ROS was 
increased by ~50 % after exposure to LPS. Pretreatment with Hecubine 
(12 and 25 μM) reduced the ROS accumulation induced by LPS in 
zebrafish larvae (Fig. 10a and b). Additionally, we investigated the role 
of Hecubine in TREM2-mediated anti-inflammation and Nrf2-mediated 
antioxidant pathways. The Western blot results showed increased 
expression of TREM2, Nrf2, and HO-1 upon treatment with Hecubine in 
the LPS-stimulated zebrafish larvae model. Specifically, 25 μM of 
Hecubine led to a ~2-fold increase in Nrf2 expression in zebrafish larvae 
(Fig. 10c and d). 

4. Discussion 

Based on data from the World Health Organization (WHO), an 

estimated 35 million individuals are suffering from drug abuse, with 
approximately 0.5 million deaths attributed to drug addiction each year. 
In addition, it is projected that the number of patients with neurode-
generative diseases will exceed 70 million by 2030 [32]. The modula-
tion of immune responses has emerged as a promising therapeutic 
approach for treating inflammation-associated neurological disorders 
[33]. TREM2 has gained increasing attention due to its significant role in 
the regulation of neuroinflammation, and its activation has been 
demonstrated to suppress abnormal activation of microglia, thereby 
exerting a neuroprotective effect [34]. In this study, we identified 
Hecubine, a natural small-molecule MIA derived from E. officinalis, as a 
potential TREM2 activator and investigated its mechanism of action in 
alleviating lipopolysaccharide (LPS)-induced neuroinflammation both 
in vitro and in vivo. 

Excessive nitric oxide (NO) reacts with oxygen-free radicals, leading 
to the formation of harmful oxidative compounds, resulting in an in-
flammatory response, oxidative stress, and cell damage [35]. In recent 
years, NO production has been commonly used to assess the 
anti-inflammatory properties of MIAs in E. officinalis. For example, 
Zhang M et al. reported that the IC50 values of two newly discovered 
iboga-type alkaloids were 10.6 and 13.5 μM, respectively, for the inhi-
bition of LPS-induced NO production in RAW 264.7 macrophage cells 
[36]. Similarly, Zhao X et al. found that two novel aspidosperma-type 
alkaloids exhibited anti-inflammatory activity with IC50 values of 14.5 

Fig. 7. Hecubine suppressed ROS production but activated Nrf2 and HO-1 expression. Cells were pretreated with Hecubine for 1 h and then stimulated with/without 
LPS. (a) The ROS production was determined using flow cytometry analysis (n = 5–6). (b–c) The protein levels of Nrf2 (b, n = 5; c, n = 4) and HO-1 (b, n = 3; c, n =
3) were measured via Western blotting. (d) Cells were transfected with negative control shRNA or TREM2 shRNA. Nrf2 expression level in BV2 cells after treatment 
with Hecubine or LPS was assessed by Western blot analysis (n = 4). Quantitative analysis was carried out using ImageJ. – and + represent the absence and presence 
of LPS (800 ng/ml), respectively. The data are presented as the mean ± SD of at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 
LPS-treated group; ###p < 0.001 vs. control; ns, not significant; One-way ANOVA with Dunnett’s multiple comparisons test. 
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and 22.1 μM, respectively, in RAW 264.7 macrophage cells [37]. In our 
study, Hecubine and its analogue MIAs significantly reduced 
LPS-induced NO production at different doses. The IC50 of Hecubine was 
approximately 6 μM, surpassing the efficacy of the aforementioned 
compounds. Furthermore, our structure-activity relationship analysis 

suggests that the presence of a 14,15-epoxy group in the structure of 
Hecubine may contribute to its improved anti-inflammatory activity and 
reduced cytotoxicity compared to a hydroxyl group at positions 14 and 
15. Additionally, the toxicity results from zebrafish experiments indi-
cated that compounds 2 and 7, consistent with cytotoxicity, exhibited 

Fig. 8. Blockade of Nrf2 abolished the anti-inflammatory effect of Hecubine. BV2 cells were treated with Hecubine in the presence or absence of LPS after transient 
transfection of Nrf2 siRNA and control siRNA. The protein levels of Nrf2 (a), HO-1 (b), TLR4, and MyD88 (c) were determined by Western blotting (n = 3). The 
production of TNF-α, IL-6, and NO (d) was measured via Griess reagent and an ELISA assay, respectively (n = 3). The mRNA levels of iNOS, TNF-α (e), IL-6, and IL-1β 
(f) were detected by qPCR analysis (n = 4). The data from the experiments are expressed as the mean ± SD of three independent experiments. *p < 0.05 vs. LPS- 
treated group; #p < 0.05 vs. control; One-way ANOVA with Dunnett’s multiple comparisons test. 

Fig. 9. Hecubine modulated locomotor deficits and exhibited anti-inflammatory activity in LPS-stimulated zebrafish larvae. (a) Schematic of compound adminis-
tration in zebrafish. (b) Toxicity of Hecubine in the zebrafish model (n = 12 zebrafish per group). (c) Representative patterns of behavioral locomotion in zebrafish 
larvae and quantitative analysis of zebrafish locomotion in the control and treated groups (n = 9~10 zebrafish per group). (d) Production of NO measured by Griess 
assay (n = 3). (e–g) Protein expression of Ibal (n = 3) (e), iNOS (Kruskal-Wallis test of One-way ANOVA, n = 4) (f), and IL-1β (n = 5) (g) was quantified by Western 
Blot. (h) The mRNA expression levels of TNF-α, IL-1β, and IL-6 were analyzed by qPCR, n ≥ 4. The data are mean ± SEM. *p < 0.05 and **p < 0.01 vs. LPS-treated 
group; ###p < 0.001 vs. control; One-way ANOVA with Dunnett’s multiple comparisons test. 
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the highest toxicity towards zebrafish growth and development 
(Fig. S8). This suggests that the presence of a methyl ester group at 
position 16 may enhance the biological toxicity of MIAs. Moreover, the 
hydroxyl group at position 16 and the methyl group at position 1 also 
play a role in reducing cytotoxicity. Importantly, none of the tested 
compounds induced pericardial edema or cardiac malformations, while 
zebrafish larvae treated with 100 μM ibogaine reportedly experienced 
yolk sac and/or pericardial edemas [38]. These findings provide insight 
into the chemical structure determinant of these iboga analogues that 
could contribute to potential cardiotoxicity and offer clues for further 
structural modification to increase efficacy and lower cardiac toxicity. 
To summarize, the structure-activity relationship of Hecubine and its 
analogues provides insights into how to improve efficacy and reduce 
side effects by modifying the structures of these compounds as future 
work. 

As an important microglial surface receptor, TREM2 interacts with 
the transduction partner DAP12 to regulate neuroinflammation in the 
CNS [39]. The role of TREM2 in neuroinflammation and 
inflammation-related neurodegenerative diseases remains somewhat 
controversial. However, it is widely recognized that the activation and 
enhancement of TREM2 in the early stages of neurodegenerative dis-
eases can protect neuronal cells and improve disease progression [40]. 
For example, in Parkinson’s disease (PD), α-synuclein can be recognized 
by TREM2, leading to the activation of TREM2, which promotes 
microglial phagocytosis and degradation of α-synuclein [41]. On the 
other hand, abnormal TREM2 function can lead to an imbalance in the 
immune response and worsen the symptoms of inflammation-related 

neurodegenerative diseases. Knockdown of TREM2 in 5xFAD mice, for 
instance, has been shown to significantly elevate the levels of 
pro-inflammatory cytokines, such as IL-1β and TNF-α, subsequently 
causing impairment of amyloid engulfment and aggravated cognitive 
deficits in the mice [42]. Additionally, mutations in TREM2 and its 
co-receptor DAP12, including the p.R47H mutation in TREM2, accel-
erate the risk of the development of Nasu-Hakola disease, AD, and PD [6, 
41]. Therefore, targeting TREM2 has emerged as a potential therapeutic 
approach for neuroinflammatory diseases. In the present study, we 
discovered Hecubine has the capability to directly bind to and activate 
TREM2, leading to a significant inhibition of LPS-induced neuro-
inflammation in BV2 microglial cells. Knockdown of TREM2 reversed 
the inhibitory effects of Hecubine on the release of pro-inflammatory 
cytokines. 

Previous studies have shown that overexpression of TREM2 sup-
presses TLR4 activation and its downstream pro-inflammatory path-
ways, resulting in the inhibition of pro-inflammatory cytokine 
production [43]. Therefore, we evaluated whether Hecubine could 
inhibit TLR4 expression by targeting TREM2. Our results showed that 
TREM2 silencing eliminated the blocking effect of Hecubine on TLR4 
expression. TLR4, a crucial pattern recognition receptor, mediates the 
innate and adaptive immunological inflammatory response processes 
associated with drug addiction [44]. Studies have shown that TLR4 in 
the spinal cord or periaqueductal gray mediates neuroinflammation and 
tolerance following persistent morphine therapy, while systemic 
knockout of TLR4 suppresses morphine reward [45,46]. In our experi-
ment, Hecubine significantly suppressed the activation of TLR4 and 

Fig. 10. Hecubine exhibited an antioxidative effect in LPS-stimulated zebrafish larvae. Zebrafish larvae were treated as described above. (a) ROS levels were 
measured by image analysis and fluorescence microscopy; Kruskal-Wallis test of One-way ANOVA (n = 5). (b) Fluorescence intensity was quantified using ImageJ. 
The protein levels of Nrf2 (n = 4), HO-1 (n = 3) (c), and TREM2 (n = 4) (d) were assessed by Western Blot. The data are the mean ± SEM of at least three independent 
experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. LPS-treated group; ###p < 0.001 vs. control; One-way ANOVA with Dunnett’s multiple comparisons test. 
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expression of MyD88 in LPS-treated BV-2 microglia cells, suggesting that 
Hecubine may have potential as an anti-addictive agent; this merits 
further investigation. Furthermore, Hecubine obviously activated 
TREM2 expression and inhibited various downstream signal pathways 
of TLR4 signaling, such as the MAPK, PI3K/Akt, Nrf2, and NF-κB path-
ways, thereby attenuating oxidative stress and inflammation. Therefore, 
we speculated that Hecubine may target TREM2 to regulate the 
LPS-induced imbalance between microglial TREM2 and TLR4, ulti-
mately inhibiting neuroinflammatory responses in LPS-activated BV-2 
microglial cells. 

We further investigated the mechanisms underlying the antioxidant 
properties of Hecubine in microglia and zebrafish. Excessive oxidative 
stress, characterized by overproduction of intracellular levels of reactive 
oxygen species (ROS), exacerbates the development of neuro-
inflammatory diseases [47]. The activation of cellular stress responses, 
such as the heat shock response, plays a crucial role in combating 
oxidative stress and inflammation. This response involves the regulation 
of cytoprotective vitagene genes, which produce molecules endowed 
with antioxidant and anti-apoptotic activity [48]. Nrf2-mediated HO-1 
is an important component of the vitagene network [11]. Under normal 
conditions, Nrf2 is sequestered in the cytoplasm by a protein called 
Kelch-like ECH-associated protein 1 (Keap-1). However, when cells 
experience oxidative stress, Nrf2 is released from Keap-1 and trans-
locates into the cell nucleus. Once in the nucleus, Nrf2 binds to anti-
oxidant response elements (AREs) in the DNA, initiating the 
transcription of cytoprotective genes such as HO-1 [49]. Upregulation of 
Nrf2 and HO-1 signaling provides protection against various electro-
philes and oxidants, which are involved in the pathogenesis of neuro-
degeneration and aging [11]. Furthermore, the upregulation of HO-1 
results in an elevation in bilirubin production, which possesses anti-
oxidative and neurotrophin-like properties [50]. Here, we discovered 
that Hecubine significantly reduced ROS production in microglia cells 
and zebrafish larvae by activating the Nrf2/HO-1 signaling pathway. 
Blockade of Nrf2 activity using siRNA also inhibited HO-1 expression. 
Moreover, Nrf2 has been shown to exert not only anti-oxidative effects 
but also regulate the neuroinflammatory response in microglia [51]. 
Previous research demonstrated that Nrf2-knockout mice were hyper-
sensitive to LPS-induced inflammation [52]. In our study, the inhibition 
of LPS-induced pro-inflammatory mediators and cytokines by Hecubine 
was reversed by Nrf2 siRNA transfection, indicating that Hecubine 
alleviated LPS-induced neuroinflammatory responses in the CNS via the 
activation of Nrf2. 

The intricate crosstalk among the TREM2, TLR4, and Nrf2 pathways 
is thought to intricately influence the progression of the inflammatory 
response. Emerging evidence indicates Nrf2 expression is increased by 
overexpressing TREM2 and decreased by downregulating TREM2 in BV2 
cells. Nrf2, in turn, may regulate the initiation of TREM2, thereby 
mediating the microglial anti-inflammatory phenotype [15]. Our study 
has confirmed that knockdown of TREM2 abolished the 
anti-inflammatory effect of Hecubine by decreasing Nrf2 expression in 
LPS-stimulated BV2 cells. However, it’s worth noting that TREM2 
shRNA has not completely prevented Hecubine-induced Nrf2 upregu-
lation, suggesting Hecubine may have additional sites of action beyond 
TREM2 to exert its antioxidant effects. Furthermore, activation of the 
Nrf2 pathway by TLR agonists can promote antioxidant molecule pro-
duction, thereby improving cell survival. Conversely, Nrf2 activation 
can suppress pro-inflammatory mediators to inhibit TLR-mediated 
excessive inflammation [53]. The crosstalk between Nrf2 and TLR4 
may also be engendered by interactions of the former with the NF-κB 
pathway. Briefly, p65 may facilitate the nuclear transport of Keap1 and 
compete with Nrf2 for binding to the transcriptional coactivator 
CREB-binding protein-p300 complex (CBP) to down-regulate the Nrf2 
pathway [54]. Although there is limited evidence that TLR4 directly 
regulates Nrf2 activation, research has shown that MyD88 signaling 
promotes Nrf2 in response to LPS-induced inflammation [55]. In the 
current study, Nrf2 silencing also reduced Hecubine-induced inhibitory 

effects on TLR4 and MyD88 expression, suggesting that Nrf2 may 
participate in the inflammatory response by regulating TLR4/MyD88 
signaling pathways. However, further research is required to elucidate 
the more in-depth underlying mechanisms. 

Zebrafish (Danio rerio) are commonly utilized as an in vivo model to 
assess toxicity and inflammation due to their abundance, cost- 
effectiveness, and similarities to humans in terms of phagocytic pro-
cesses and inflammatory factors [56]. In our in vivo experiments, 
Hecubine administration resulted in a remarkable alleviation of neuro-
inflammatory symptoms using a zebrafish model of LPS-induced neu-
roinflammation. Treatment with Hecubine in zebrafish larvae resulted 
in a significant improvement of locomotion behavior deficits and a 
reduction of neuroinflammation, achieved through the activation of 
TREM2 and subsequent downstream Nrf2 signaling pathways. More-
over, accumulating evidence demonstrates that microglia are present in 
the zebrafish brain and establish the initial blood-brain barrier (BBB) 
around 2.5 dpf [57,58]. Given that Hecubine suppressed LPS-induced 
microglia activation and exhibited anti-neuroinflammatory activities 
in 4 dpf larvae, it is possible that Hecubine can penetrate the BBB to 
exert its effect. However, further investigations are warranted to delve 
into this aspect and elucidate the precise mechanism by which Hecubine 
crosses the blood-brain barrier in zebrafish larvae, thus providing 
additional insights into its therapeutic potential. 

5. Conclusions 

This study presents the first evidence that Hecubine acts as a 
promising and new TREM2 activator with potential therapeutic impli-
cations for alleviating lipopolysaccharide (LPS)-induced neuro-
inflammation both in vitro and in vivo. In BV2 microglial cells, Hecubine 
directly targeted TREM2 to block LPS-induced secretion of proin-
flammatory mediators (NO, PEG2, and ROS) and the production of 
proinflammatory cytokines (TNF-α, IL-1β, and IL-6) via regulating 
TLR4/MyD88/MAPK/NF-κB and Nrf2/HO-1 signaling pathways. In 
zebrafish, Hecubine activated the TREM2 and Nrf2 pathways, leading to 
the alleviation of LPS-induced swimming deficits, oxidative stress, and 
inflammatory responses. This study strongly suggests that Hecubine has 
the potential to prevent neuroinflammatory responses and reduce 
oxidative stress, making it a promising candidate for the treatment of 
diseases associated with neural inflammation. 
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