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Abstract

Glioblastoma (GBM) is a highly aggressive and therapy-resistant brain tumor, necessitat-
ing innovative multi-target strategies. Natural compounds like the triterpenoid Alisol B
from Alisma orientale hold promise due to their polypharmacological potential, yet their
system-level mechanisms are unclear. Using an integrated multi-omics approach (tran-
scriptomics, proteomics, lysine acetyl-proteomics) in resistant GBM cells and validating
findings in vitro and in AB strain zebrafish (Danio rerio) xenografts, we found that Alisol
B induces endoplasmic reticulum stress and G2/M arrest, initiated by extensive lysine
acetylation reprogramming on histones and metabolic enzymes (e.g., FASN, FDFT1). This
epigenetic rewiring leads to disrupted cholesterol biosynthesis, characterized by transcrip-
tional activation of the mevalonate pathway alongside post-transcriptional suppression
of terminal enzymes (DHCR7, CYP51A1), suggestive of toxic intermediate accumulation.
Alisol B also downregulated the oncogenic axis (BIRC5-FOXM1-ITGA4) and SCD5. This
study delineates Alisol B’s novel multi-mechanistic action through concurrent epigenetic
rewiring, metabolic dysfunction induction, and survival network dismantling. Our work
elucidates the molecular pharmacology of a natural compound and provides a frame-
work for developing polypharmacological therapies against resistant cancers, exemplifying
natural products as tools to reveal new therapeutic paradigms.

Keywords: Alisol B; glioblastoma; natural products; multi-target therapy; epigenetic
reprogramming; metabolic reprogramming; polypharmacology

1. Introduction
Glioblastoma multiforme (GBM) is an adult primary brain tumor of the highest grade

and aggressiveness. According to the WHO 2021 classification, isocitrate dehydrogenase-
wildtype (IDH-wildtype) glioblastoma constitutes the most prevalent and therapy-resistant
subtype, characterized by relentless proliferation, diffuse infiltration, and a median sur-
vival rarely exceeding 16 months with current standard care [1–3]. The pathophysiology of
IDH-wildtype GBM is driven by a complex interplay of molecular alterations, including
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aberrant activation of receptor tyrosine kinase (RTK)/phosphoinositide 3-kinase (PI3K)
and rat sarcoma virus/mitogen-activated protein kinase (RAS/MAPK) signaling pathways,
rampant cell-cycle dysregulation, and extensive metabolic reprogramming such as height-
ened aerobic glycolysis (the Warburg effect) to fuel rapid growth [4–6]. Beyond genetic
mutations, epigenetic modifications, including alterations in DNA methylation and histone
post-translational modifications, are increasingly recognized as critical regulators of tumor
plasticity, heterogeneity, and therapeutic resistance [7,8]. Notably, metabolic and epigenetic
pathways engage in dynamic crosstalk, driving glioma biology and revealing therapeutic
vulnerabilities [9]. This complexity renders single-target therapies inadequate, necessitating
strategies that co-target multiple pathological drivers [10]. Natural products, with their
inherent structural complexity and polypharmacological potential, are thus promising
candidates for disrupting the redundant signaling networks of resistant cancers [11–13].
Unraveling their molecular mechanisms is therefore critical to fully exploit their therapeutic
potential against intractable malignancies like GBM.

Among various natural product scaffolds, triterpenoids have demonstrated potent
anti-neoplastic activity across diverse cancers by modulating proliferation, apoptosis,
and metabolism [14–16]. Alisol B, a bioactive tetracyclic triterpenoid isolated from the
traditional medicinal plant Alisma orientale (Sam.) Juzep [17], exemplifies this promise.
Previous investigations have established the capacity of Alisol B to provoke endoplasmic
reticulum stress and induce cell cycle arrest in other malignancies [18,19]. While our
preliminary work confirmed Alisol B’s efficacy against temozolomide (TMZ)-resistant
GBM cells [20], a systems-level understanding of its mechanism—particularly its impact
on the proteome and the crucial regulatory layer of protein acetylation in IDH-wildtype
GBM—remains completely unexplored. This gap impedes a holistic understanding of
its polypharmacology and rational therapeutic development. To bridge this knowledge
gap, the present study employs an integrated multi-omics approach to systematically
elucidate the coordinated molecular mechanisms of Alisol B against therapy-resistant,
IDH-wildtype glioblastoma.

Protein acetylation, a fundamental post-translational modification, regulates protein
activity, stability, and interactions, thereby playing a central role in metabolism, epigenetics,
and signaling [21–24]. In GBM, this regulatory layer intersects with profound metabolic re-
programming, characterized by hyperactive de novo synthesis of cholesterol and fatty acids
to sustain proliferation, membrane dynamics, and oncogenic signaling [25,26]. Two key
enzymes in these pathways are recognized as potential anti-cancer targets [27]: (i) Squalene
synthase (FDFT1), the downstream rate-limiting enzyme in cholesterol biosynthesis that
catalyzes squalene formation [28,29]; and (ii) Fatty acid synthase (FASN), which drives de
novo fatty acid synthesis to produce essential lipid building blocks [30]. Given their central
role in GBM metabolism and susceptibility to acetylation, FASN and FDFT1 represent
critical nodes for investigating the acetyl-proteomic impact of Alisol B.

In this study, we employed an integrated experimental approach to elucidate the
anti-GBM mechanisms of Alisol B. The zebrafish xenograft system, which offers unique
advantages for studying tumor cell migration and drug responses in a vertebrate context,
served as our primary in vivo platform [31–35]. We combined this in vivo model with
advanced proteomic and lysine acetyl-proteomic analyses, together with functional valida-
tion in cellular models. This multi-omics strategy aimed to unbiasedly map the molecular
landscape of Alisol B’s action on GBM cells, with the goal of discovering its key targets
and novel regulatory mechanisms. Our findings not only provide novel insights into the
anti-glioma pharmacology of Alisol B but also help elucidate its efficacy in modulating
cholesterol biosynthesis.
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2. Results
2.1. Alisol B Dose-Dependently Inhibits T98G Glioblastoma Cell Proliferation

Alisol B (Figure 1A) dose-dependently inhibited the proliferation of T98G glioblastoma
cells. Treatment with Alisol B (20, 30, 40, 50 µM) for 24 h significantly reduced cell viability
compared to the control (p < 0.001; Figure 1B). The half-maximal inhibitory concentration
(IC50) was determined to be 24.27 µM.

Figure 1. Alisol B inhibits the proliferation of T98G glioblastoma cells in a dose-dependent manner.
(A) Chemical structure of Alisol B. Red atoms represent oxygen (O), and blue atoms represent
hydrogen (H). (B) Cell viability of T98G cell after being treated by Alisol B (n = 3 independent
biological replicates). The black bar represents the untreated control group (0 µM), and gray bars
represent groups treated with Alisol B at the concentrations indicated on the x-axis. *** p < 0.001,
vs. Control.

2.2. Alisol B Induces Apoptosis in T98G Cells

Alisol B induced apoptosis in T98G cells in a concentration-dependent manner. Flow
cytometry analysis after Annexin V-fluorescein isothiocyanate/propidium iodide (Annexin
V-FITC/PI) staining showed that treatment with 30 µM Alisol B for 24 h significantly
increased the apoptosis rate compared to untreated cells (p < 0.05; Figure 2A,B). linking cell
death to the activation of apoptotic pathways.

2.3. Alisol B Suppresses Lateral and Vertical Migration of T98G Cells

Alisol B inhibited the migratory capacity of T98G cells. In a wound healing assay,
treatment with Alisol B (10, 15, 20 µM) for 24 h significantly reduced wound closure in
a dose-dependent manner (Figure 2C,D). consistent with the subsequent observation of
ITGA4 downregulation (Section 2.9). Similarly, in a Transwell migration assay, Alisol B
treatment caused a significant, dose-dependent reduction in the number of migrated cells
(p < 0.05 vs. control; Figure 3A,B).

2.4. Alisol B Inhibits the Invasive Potential of T98G Cells

Alisol B potently inhibited the invasive potential of T98G cells. In a Matrigel-coated
Transwell invasion assay, Alisol B treatment (10, 20, 30 µM) resulted in a dose-dependent
reduction in the number of invaded cells (p < 0.05 at all concentrations; Figure 3C,D).
Maximal inhibition (72% decrease) was observed at 30 µM (p < 0.001 vs. control).
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Figure 2. Alisol B induces apoptosis and inhibits the migration of T98G cells. (n = 3 independent
biological replicates). (A) Flow cytometry plots of T98G cell apoptosis after Alisol B treatment. Q1-UL
(Annexin V−/PI+): necrotic cells; Q1-UR (Annexin V+/PI+): late apoptotic cells; Q1-LL (Annexin
V−/PI−): viable cells; Q1-LR (Annexin V+/PI−): early apoptotic cells. (B) Quantification of apoptotic
cells. (C) Representative images of wound healing assay at 0 h and 24 h after treatment with Alisol B
at indicated concentrations. Red lines indicate the initial wound edges at 0 h, superimposed on both
0 h and 24 h images to visualize cell migration. (D) Quantification of wound closure rate. The black
bar represents the untreated control group (0 µM), and gray bars represent groups treated with Alisol
B at the concentrations indicated on the x-axis. * p < 0.05, *** p < 0.001, vs. Control.

Figure 3. Alisol B inhibits transwell migration and invasion of T98G cells. (n = 3 independent
biological replicates). (A) Representative images of migrated cells (B) Quantification of migrated
cells. (C) Representative images of invaded cells. (D) Quantification of invaded cells. The black bar
represents the untreated control group (0 µM), and gray bars represent groups treated with Alisol B
at the concentrations indicated on the x-axis. *** p < 0.001, vs. Control.
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2.5. Alisol B Inhibits Tumor Proliferation and Migration in a Zebrafish Xenograft Model

The zebrafish xenograft model, chosen for its suitability for real-time, in vivo imaging
of tumor dynamics, was used to validate Alisol B’s efficacy. First, the median lethal con-
centration (LC50) of Alisol B in zebrafish was determined to be 35 µM. Two subtoxic doses
(1.75 µM [1/20 LC50] and 3.5 µM [1/10 LC50]) were selected for subsequent experiments.

T98G cells labeled with red fluorescent dye were microinjected into the yolk sac of
48 hpf zebrafish embryos. While fluorescence intensity was comparable across all groups
at 2 h post-injection (p > 0.05), it was significantly reduced in Alisol B-treated groups at
48 h, indicating inhibition of tumor cell proliferation in vivo (Figure 4A,B).

Figure 4. Alisol B inhibits the proliferation and migration of T98G glioma cells in a zebrafish xenograft
model (n ≥ 10 embryos per group). (A) Fluorescence imaging of yolk sac tumors at 2 and 48 h post-
injection (hpi). BF: bright field; RF: red fluorescence (tumor cells); MERGE: overlay. Yellow indicates
tumor cells. Scale bar: 400 µm. (B) Quantification of yolk sac fluorescence area. (C) Fluorescence
imaging of tumor cells in the tail region at 2 and 24 hpi. BF: bright field; RF: red fluorescence (tumor
cells); MERGE: overlay. Yellow indicates tumor cells. Scale bar: 200 µm. (D) Quantification of tail
region fluorescence area. ** p < 0.01, *** p < 0.001, vs. Control, ns, not significant.

To assess anti-migratory effects, tumor cell dissemination to the tail region was quanti-
fied. At 24 h post-injection, both Alisol B treatment groups showed significant reductions
in caudal tumor fluorescence area compared to the control (1.75 µM: p < 0.01; 3.5 µM:
p < 0.001; Figure 4C,D), demonstrating inhibition of tumor cell migration in vivo.

2.6. Proteomic Profiling Reveals Alisol B-Induced Protein Expression Changes

Integrated proteomic analysis of T98G cells treated with 20 µM Alisol B identified
6469 proteins. Functional annotation of all identified proteins is summarized in Figure 5A.
Differential expression analysis (fold change >1.5 or <1/1.5, p < 0.05) revealed 124 signifi-
cantly altered proteins (46 upregulated, 78 downregulated; Figure 5B).
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Figure 5. Proteomic profiling reveals Alisol B-induced differential protein expression and pathway
enrichment. (A) Overview of protein functional annotations. Each bar represents the number of
proteins annotated to specific functional categories. (B) Subcellular localization of DEPs. (C) Number
of the up-regulated and down-regulated proteins. Red bar: up-regulated proteins; blue bar: down-
regulated proteins. (D) Heatmap of differentially expressed proteins.AB: 20 µM Alisol B-treated group;
CK: control group. Rows represent individual proteins, and columns represent samples. Color scale
from blue (low expression) to red (high expression) indicates relative protein abundance. (E) Protein–
protein interaction network of cancer-related DEPs. Nodes represent proteins, and edges represent
interactions. Node size reflects degree of connectivity. (F) Gene Ontology classification of DEPs. Bars
represent the number of proteins enriched in biological processes, cellular components, and molecular
functions. Different colors distinguish the three GO categories. (G) Chord diagram of enriched KEGG
pathways. The right semicircle displays enriched KEGG pathways, with connecting lines representing
associated differentially expressed proteins. Proteins are ordered clockwise according to descending
log2(fold-change) values. Each chord connects proteins to their associated pathways. Different colors
represent distinct KEGG pathways.
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From the 124 differentially expressed proteins (DEPs), we prioritized key tumor-
associated targets, including upregulated (e.g., FDFT1, SQLE) and downregulated (e.g.,
forkhead box M1 (FOXM1), baculoviral IAP repeat containing 5 (BIRC5), stearoyl-CoA
desaturase 5 (SCD5), integrin subunit alpha 4 (ITGA4)) molecules (Figure 5C,D). Among
these, proteins such as FOXM1, BIRC5, and FDFT1 were highlighted for further investiga-
tion due to their established roles as master regulators of cell cycle, apoptosis resistance,
and cholesterol biosynthesis in cancer, respectively. A protein–protein interaction network
of these cancer-related DEPs revealed interconnected modules (Figure 5E), providing a
topological framework for the multi-omics integration presented in Section 2.8.

Gene Ontology enrichment analysis indicated that DEPs were involved in processes
such as regulation of biological processes, organic substance metabolism, and protein
binding (Figure 5F). KEGG pathway analysis further showed significant enrichment in
steroid biosynthesis, terpenoid backbone biosynthesis, and metabolic pathways (Figure 5G).

2.7. Acetyl-Proteomic Analysis Identifies Extensive Lysine Acetylation Reprogramming

Comprehensive lysine acetyl-proteomic profiling identified 1006 acetylated proteins
in total. Functional annotation revealed their primary involvement in metabolic regu-
lation and epigenetic processes (Figure 6A). Differential acetylation analysis identified
91 significantly altered lysine acetylation sites (35 upregulated, 56 downregulated) corre-
sponding to 80 differentially acetylated proteins (DAPs; Figure 6B). A volcano plot visually
highlights these key altered acetylation sites (Figure 6C). Subcellular localization analysis
demonstrated that these DAPs were predominantly distributed in the cytoplasm (29%),
nucleus (27%), and mitochondria (12%) (Figure 6D).

Key metabolic and regulatory proteins exhibited altered acetylation, including hy-
poacetylated FASN and FDFT1, and hyperacetylated nucleophosmin 1 (NPM1) and het-
erogeneous nuclear ribonucleoprotein A1 (HNRNPA1) (Figure 6E). Gene Ontology (GO)
enrichment analysis of DAPs implicated sterol biosynthesis, RNA processing, and or-
ganelle organization (Figure 6F–H). Reactome pathway analysis corroborated enrichment
in cholesterol biosynthesis regulation and tumor protein p53 (TP53)-mediated cell cycle
gene transcription (Figure 6I).

Notably, the number of significantly altered acetylation sites and proteins exceeded
the number of DEPs, highlighting acetylation as a prevalent layer of regulation that may
fine-tune protein function independently of abundance changes.

2.8. Integrated Multi-Omics Analysis Reveals Multi-Network Reprogramming

Integration of transcriptomic, proteomic, and acetyl-proteomic data provided a
systems-level view of Alisol B’s action (Figure 7A). Among 56 molecules altered in at
least two omics layers, fatty acid synthase (FASN) was the only molecule dysregulated
across all three platforms, underscoring its central role. Forty-one molecules overlapped
between DEGs and DEPs (e.g., FOXM1, BIRC5), indicating coordinated transcriptional
and translational responses. In contrast, only two proteins (FASN and FDFT1) were com-
mon to DEPs and DAPs, suggesting acetylation often operates independently of protein
abundance changes.

Network analysis of the 56 overlapping molecules highlighted key regulatory pat-
terns (Figure 7B). Triple-omics nodes like FASN and cyclin dependent kinase 1 (CDK1)
showed complex fine-tuning. Correlation analysis revealed co-regulated clusters (e.g., lipid
synthesis genes) and antagonistic relationships between metabolic and survival programs
(Figure 7C). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
identified terpenoid backbone biosynthesis, apoptosis, and central carbon metabolism as
primary targets (Figure 7D).
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Figure 6. Acetyl-proteomic profiling identifies Alisol B-induced reprogramming of lysine acetyla-
tion. (A) Acetylated protein function annotation. Green bars represent the number of acetylated
proteins, and purple bars represent the number of acetylation sites identified in each functional
category. (B) Number of the up-regulated and down-regulated acetylation sites (red: up-regulated,
blue: down-regulated, AB: 20 µM Alisol B-treated group; CK: control group). (C) Volcano plot
of differentially acetylated sites. The x-axis represents Log2(fold change), and the y-axis repre-
sents −Log10(p value). Red indicates up-regulated sites, blue indicates down-regulated sites, and
gray denotes non-significant sites. The top five up-regulated and down-regulated sites are labeled.
(D) Subcellular localization and distribution of DAPs. (E) PPI network of DAPs, with node size
proportional to degree centrality and color indicating acetylation change (red: up, blue: down).
(F–H) GO classification of DAPs ((F): Biological Process, (G): Molecular Function, (H): Cellular Com-
ponent). The y-axis shows GO terms, the x-axis shows Log2(fold enrichment), bubble color indicates
enrichment significance (p value), and bubble size corresponds to the number of mapped proteins.
(I) Bubble chart of top enriched Reactome pathways. The y-axis shows pathway descriptions, the
x-axis shows Log2(fold enrichment), bubble color indicates enrichment significance (p value), and
bubble size corresponds to the number of mapped proteins.
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Figure 7. Integrated multi-omics analysis reveals molecular reprogramming. (A) Venn diagram
of overlapping molecules across omics datasets. DEGs: Differentially Expressed Genes, DEPs:
Differentially Expressed Proteins, DAPs: Differentially Acetylated Proteins. Numbers indicate unique
and shared molecules. (B) PPI network of overlapping molecules. Node shapes indicate omics
overlap: circle (single-omics), diamond (two-omics overlap), hexagon (triple-omics overlap). Node
colors reflect regulation direction: red (up-regulated), blue (down-regulated). (C) Correlation heatmap
among key DEPs and DAPs. Red: positive correlations; blue: negative correlations. * p < 0.05,
** p < 0.01, *** p < 0.001. (D) Bubble plot of enriched KEGG pathways. The x-axis represents the p
value of enrichment. Bubble size corresponds to the number of overlapping molecules enriched
in each pathway. (E) Domain architecture of FASN with identified acetylation sites. Green lines
indicate known sites; magenta arrowheads highlight two hypoacetylated sites (K1871 and K1911)
within the beta-ketoacyl reductase domain identified in this study. FC: Fold Change; AFS: Acetylation
Functional Score.

Acetyl-proteomic profiling identified functionally relevant hypoacetylation sites on
FASN (K1871 and K1911) within its beta-ketoacyl reductase domain (Figure 7E), which
may impair its activity. The observed discordant regulation of the cholesterol pathway—
transcriptional upregulation of early enzymes versus protein-level suppression of terminal
enzymes—is consistent with a model of toxic intermediate accumulation. While these
acetylation changes are consistent with targeted regulatory rewiring, we cannot completely
exclude the contribution of stress-induced, non-specific acetylation alterations secondary
to ER stress or metabolic crisis.

2.9. Orthogonal Validation of Key Multi-Omics Targets

Western blot analysis confirmed the dose-dependent suppression of key proteins pre-
dicted by multi-omics analysis in T98G cells (Figure 8A–I). This included downregulation of
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the oncogenic axis components BIRC5, FOXM1, and ITGA4, the lipid metabolism regulator
SCD5, and crucially, the terminal cholesterol biosynthesis enzymes 7-dehydrocholesterol
reductase (DHCR7) and cytochrome P450 family 51 subfamily A member 1 (CYP51A1).

Figure 8. Protein-level validation of multi-omics targets (n = 3 independent biological replicates).
(A–I) Representative Western blots of key proteins in T98G cells after Alisol B treatment. β-Actin
served as a loading control. (D–I) Densitometric quantification from three independent experiments
(mean ± SD). The black bar represents the untreated control group (0 µM), and gray bars represent
groups treated with Alisol B at the concentrations indicated on the x-axis. * p < 0.05, ** p < 0.01,
*** p < 0.001, ns, not significant.

Consistent with the protein data, Alisol B treatment significantly downregulated
BIRC5, FOXM1, and ITGA4 mRNA levels in tumor-bearing zebrafish (Figure S1). The
downregulation of these transcripts in the xenograft model—where human tumor cells
are the only source of these human-specific transcripts—indicates that this effect is largely
tumor-cell autonomous.

Collectively, this orthogonal validation delineates a coherent network-targeted mech-
anism: Alisol B simultaneously disrupts an oncogenic survival axis, a key adhesion
molecule, and lipid synthesis pathways, while specifically blocking the terminal steps
of cholesterol biosynthesis.

3. Discussion
Glioblastoma remains a therapeutic impasse due to its intrinsic resistance and adaptive

plasticity [36,37]. This study elucidates a sophisticated, multi-layered anti-tumor mecha-
nism of the natural triterpenoid Alisol B against temozolomide (TMZ)-resistant GBM, mov-
ing beyond previous reports focusing on the inhibition of the MAPK signaling pathway [20]
or the modulation of systemic lipid metabolism in non-oncological contexts [38]. By in-
tegrating transcriptomic, proteomic, and acetyl-proteomic datasets with orthogonal bio-
chemical validation, we reveal that Alisol B does not merely inhibit a single pathway
but orchestrates a systems-level catastrophe for the cancer cell, simultaneously targeting
epigenetic regulation, core metabolism, and essential oncogenic signaling.

https://doi.org/10.3390/ijms27052138
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3.1. Epigenetic and Metabolic Synergistic Reprogramming: A Core Mechanism

Our integrated acetylome and proteome analysis positions epigenetic rewiring as a
pivotal upstream event in Alisol B’s action. The extensive reprogramming of lysine acetyla-
tion on histones and key metabolic enzymes (notably including FASN and the cholesterol
synthesis enzyme FDFT1) directly connects to the dysregulation of core metabolic path-
ways, exemplifying the dynamic crosstalk between epigenetic and metabolic regulation—a
key pathophysiological feature of gliomas highlighted in the Special Issue introduction [9].
A central and novel finding of our work is the induction of a discordant sterol metabolic
state. Cancer cells, including GBM, are notoriously dependent on de novo cholesterol
synthesis for membrane integrity, signaling, and proliferation [39–42]. Alisol B appears
to hijack this dependency. While the cell perceives a sterol deficit—likely through sterol
regulatory element-binding protein (SREBP) activation—and responds by transcriptionally
upregulating the early mevalonate pathway (3-hydroxy-3-methylglutaryl-CoA synthase 1
(HMGCS1), mevalonate kinase (MVK)), the acetylation modification of FDFT1 and the spe-
cific post-transcriptional silencing of the very last steps of cholesterol production (DHCR7,
CYP51A1) by Alisol B create a unique metabolic bottleneck. This protein-level validation
supports a model in which this discordant regulation leads to the accumulation of non-
productive, and potentially toxic, sterol intermediates such as 7-dehydrocholesterol and
lanosterol [43–45]. While our data confirm the terminal blockade and are consistent with
this hypothesis, direct metabolite profiling in future studies will be required to definitively
establish this causal link. Such intermediates can disrupt endoplasmic reticulum mem-
brane fluidity and function, directly contributing to the observed severe ER stress [46,47],
and may also exert cytotoxic effects through oxysterol formation or disruption of protein
prenylation [48].

Furthermore, our acetyl-proteomic analysis identified a hypoacetylation of FASN
at functionally relevant sites within its beta-ketoacyl reductase domain (K1871, K1911).
Together with the validated downregulation of SCD5, this reveals a coordinated assault on
lipid metabolism at both the post-translational and transcriptional levels.

3.2. Synergistic Disruption of the Oncogenic Network

This metabolic reprogramming likely acts synergistically with the direct suppression
of the BIRC5-FOXM1-ITGA4 axis. Data from both in vitro and in vivo models consistently
show that BIRC5 (Survivin) and FOXM1 are master regulators of cell cycle progression
and chemo-resistance [49], while ITGA4, a key mediator of cell adhesion and migration,
promotes tumor progression; its downregulation has been directly linked to inhibited
cell migration and induced apoptosis [50]. Their co-downregulation, confirmed here
from mRNA to protein, strikes at the heart of GBM’s proliferative, therapy-evasive, and
infiltrative nature.

The extensive rewiring of the lysine acetylome, particularly on metabolic enzymes and
histones, extends our understanding of epigenetic regulation in glioma pathophysiology.
While our study establishes a strong correlation between these modifications (e.g., FASN
hypoacetylation) and downstream metabolic inhibition, the findings also introduce a novel
epigenetic dimension to the metabolic dysregulation of IDH-wildtype GBM. This expands
beyond the well-characterized DNA and histone methylation alterations in IDH-mutant
tumors, suggesting that acetylation-mediated epigenetic plasticity is a critical and targetable
vulnerability across glioma subtypes [9,24].

3.3. Implications for Therapeutic Strategy and Future Perspectives

Collectively, our multi-omics dissection provides a mechanistic exemplar of how a
natural compound can co-opt and disrupt the core pathophysiological modules of IDH-
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wildtype glioblastoma. The terminal blockade of cholesterol synthesis—a unique form of
metabolic reprogramming—creates a lethal “metabolic trap” that exploits the tumor’s ad-
diction to de novo lipogenesis while potentially bypassing compensatory feedback. When
synergized with the direct dismantling of the cell-cycle engine (BIRC5-FOXM1-CDK1 axis)
and prosurvival signaling, this coordinated multi-front attack illustrates a polypharmacol-
ogy blueprint that directly addresses the heterogeneity and adaptive resistance that render
single-target therapies ineffective in GBM [10].

Building on this blueprint, our findings transcend the mechanistic profiling of a single
compound and offer a broader therapeutic paradigm. The coordinated multi-pathway effi-
cacy of Alisol B validates the concept of simultaneously attacking the interconnected patho-
physiological triad of gliomas: epigenetic plasticity, metabolic reprogramming, and dysreg-
ulated cell-cycle/survival signaling. Moreover, the extensive acetylome reprogramming
positions epigenetic modulation as a potent upstream lever to preempt tumor adaptation.

Thus, this study provides a molecular pathophysiology framework that validates the
simultaneous targeting of these core processes as a viable therapeutic strategy. Our work
underscores that deconstructing natural products can yield precise insights for designing
next-generation, polypharmacological treatment regimens [9]. These findings not only
elucidate the polypharmacology of Alisol B but also provide a rational framework for
designing novel combinatorial regimens or developing polypharmacological agents that
co-opt the interconnected vulnerabilities of resistant glioblastoma.

3.4. Limitations and Future Perspectives

This study provides a comprehensive mechanistic map, but it also has limitations
that chart the course for future research. First, direct mass spectrometry-based quantifi-
cation of sterol intermediates (e.g., 7-dehydrocholesterol (7-DHC), lanosterol) is required
to conclusively prove their accumulation. Second, functional rescue experiments, such as
supplementing with cholesterol or specific sterol intermediates, would definitively link the
metabolic blockade to cell death. Third, while the zebrafish model demonstrated efficacy,
evaluating Alisol B in immunocompetent rodent GBM models, both as a monotherapy and
in combination with TMZ or radiotherapy, is essential to assess its therapeutic potential
and potential immune modulatory effects. Finally, a thorough investigation of its pharma-
cokinetics, blood–brain barrier penetration, and toxicity profile in non-tumor tissues is a
prerequisite for translational development.

4. Materials and Methods
4.1. Ethical Approval

The zebrafish xenograft model was selected for this study due to its unique advantages
for real-time, high-resolution in vivo imaging of tumor cell proliferation and dissemination,
its optical transparency during early development, and its conserved vertebrate lipid
metabolic pathways. This model allows for rapid, cost-effective assessment of Alisol B’s
anti-tumor efficacy in a living vertebrate system, bridging the gap between in vitro findings
and future validation in mammalian models. All animal experiments were conducted
in compliance with the guidelines established by the Institutional Animal Care and Use
Committee (IACUC) of Fujian Academy of Medical Sciences. The study protocol received
formal approval from the Institutional Animal Ethics Committee of the same academy
under the approval number DL2023-02.

4.2. Cell Culture

The human glioblastoma T98G cell line (Wuhan Punosai Life Technology Co., Ltd.,
Wuhan, China) was routinely cultured in high-glucose Dulbecco’s Modified Eagle Medium

https://doi.org/10.3390/ijms27052138

https://doi.org/10.3390/ijms27052138


Int. J. Mol. Sci. 2026, 27, 2138 13 of 20

(DMEM; PM150410, Procell Life Science & Technology Co., Ltd., Wuhan, China) sup-
plemented with 10% (v/v) heat-inactivated fetal bovine serum (FSP500, Suzhou ExCell
Biotechnology Co., Ltd., Suzhou, China) and 100 U/mL penicillin-streptomycin (Hy-
Clone, SV30010, Logan, UT, USA). Cells were maintained at 37 ◦C in a humidified incu-
bator with a 5% CO2 atmosphere (Galaxy 170 S, Eppendorf AG, Hamburg, Germany).
The culture medium was refreshed every 48 h, and cells were passaged upon reaching
80–90% confluency.

4.3. CCK-8 Assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) assay. Briefly, T98G
cells were collected, resuspended, and counted to prepare a single-cell suspension at a
density of 1 × 104 cells/mL. A 100 µL aliquot of the suspension was seeded into each
well of a 96-well plate and incubated for 24 h under standard conditions (37 ◦C, 5% CO2)
to allow adherence. After confirming cell attachment under a microscope, the medium
in each well was replaced with fresh medium containing the specified concentrations of
the drug (with drug-free medium used for the control group). Following another 24 h
treatment period, 10 µL of CCK-8 reagent was added to each well, and the plate was further
incubated for 1 h in the dark. The absorbance at 450 nm (with a reference wavelength of
650 nm) was then measured using a microplate reader. Cell viability for each treatment
group was calculated as a percentage relative to the untreated control. Each experiment
was performed with three independent biological replicates (n = 3).

4.4. Wound Healing Assay

To evaluate cell migratory capacity, a wound healing assay was performed. T98G
cells were seeded into 6-well plates at an initial density of 5 × 105 cells/mL and cul-
tured until they reached complete confluence. Two straight, perpendicular wounds
were then introduced into the monolayer using a sterile pipette tip. After gently wash-
ing with phosphate buffered saline (PBS) to remove dislodged cells, fresh serum-free
Minimum Essential Medium (MEM) medium containing the corresponding drug treat-
ments was added to the wells, with control wells receiving medium only. The initial
wound area (T0) was immediately recorded under a microscope. After incubating the
plates for 24 h, the same wound fields were imaged again to determine the remain-
ing area at T24. The cell migration rate was calculated using the following formula:
Migration rate (%) = 1 − (Scratch area at T24/Scratch area at T0) × 100%. The quantitative
analysis of wound areas and subsequent statistical comparisons were conducted using
ImageJ (version 1.53t) and GraphPad Prism software (version 9.5.0), respectively. Each
condition was tested in three independent biological replicates.

4.5. Cell Transwell Invasion Assay

Cell invasion was assessed using Transwell chambers pre-coated with Matrigel. Briefly,
after overnight thawing at 4 ◦C, Matrigel was diluted 1:8 in serum-free medium on ice
and applied to the upper chamber (100 µL per well) to form a basement membrane gel
through a 3 h incubation at 37 ◦C. Following hydration with serum-free medium, cells
were harvested, resuspended in serum-free medium at a density of 2.5–3 × 105 cells/mL,
and seeded into the upper chambers (200 µL per well). The lower chambers were filled
with 700 µL of complete medium containing 10% serum and the indicated drug treatments.
After 24 h of incubation, non-invasive cells on the upper surface of the membrane were
removed with cotton swabs. Invasive cells on the lower membrane surface were fixed with
4% paraformaldehyde, stained with 0.1% crystal violet, and quantified by counting three
random fields per chamber under a microscope. ImageJ software (version 1.53t) was used
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to calculate the relative invasion rate for each group. Experiments were repeated three
times independently (biological replicates, n = 3).

4.6. Cell Transwell Migration Assay

Cell migration was assessed using Transwell chambers. After 24 h serum star-
vation, cells were harvested and resuspended in serum-free medium at a density of
2–2.5 × 105 cells/mL. For each well, 700 µL of complete medium containing 10% serum
and the respective drug treatment was placed in the lower compartment, while 200 µL of
cell suspension was added to the upper chamber. Following 24 h incubation, non-migrated
cells on the upper membrane surface were removed with cotton swabs. Migrated cells
on the lower surface were fixed with 4% paraformaldehyde, stained with 0.1% crystal
violet, and quantified by counting three random microscopic fields per membrane using
ImageJ software (version 1.53t) to calculate the migration rate. Three independent biological
replicates were performed.

4.7. Cell Apoptosis Assay

Cell apoptosis was evaluated via Annexin V-FITC and propidium iodide (PI) staining
followed by flow cytometry. After 24 h treatment with drugs at specified concentrations
in MEM medium, both adherent and floating cells were collected. Cells were detached
using trypsin (without EDTA), neutralized with complete medium, washed with PBS,
and counted. For staining, approximately 1–5 × 105 cells were resuspended in 100 µL
of 1× Annexin V binding buffer. According to the standard protocol, 2.5 µL of Annexin
V-FITC and 2.5 µL of PI were added sequentially, followed by a 15 min incubation in the
dark at room temperature. The reaction was terminated by adding 400 µL of binding buffer.
All samples were kept on ice and protected from light, and flow cytometry analysis was
completed within 60 min.

4.8. Determination of LC50 of Alisol B in a Zebrafish Xenograft Glioma Model

Collected embryos were disinfected with 0.003% sodium hypochlorite (NaClO), and
24 hpf embryos were selected and placed in six-well plates (20 embryos/well). The experi-
ment included a blank control group and six concentration gradients of Alisol B (15, 20,
25, 30, 35, and 40 µM), each with three replicates. Stock solutions were serially diluted to
achieve the desired concentrations in a final volume of 4 mL per well. Culture plates were
incubated in darkness for 48 h in a temperature-controlled incubator set at 28.5 ◦C, after
which embryo mortality was recorded. The LC50 was calculated using probit analysis. A
dose–response relationship was established by nonlinear regression, and the LC50 value
was determined using GraphPad Prism software (version 9.5.0).

Prior to each experimental session, the injection volume was calibrated using a stan-
dardized droplet measurement protocol. Tumor cell suspensions were dispensed into
mineral oil-coated slides using the microinjection system, and droplet diameters were mea-
sured with a calibrated eyepiece reticle under a stereomicroscope. Volumes were calculated
using the spherical volume formula (V = 4/3πr3), with injection parameters adjusted to
consistently deliver 1–2 nL per embryo. This calibration was repeated at the beginning of
each session and every 2 h during prolonged experiments to account for potential needle
variations. Mineral oil prevented droplet evaporation (<5% volume variation), and needles
were replaced every 50 injections to maintain precision. Embryos receiving injections with
>10% volume deviation were excluded from analysis.

4.9. Construction of Zebrafish T98G Glioblastoma Xenograft Model

To establish the xenograft model, healthy 24 hpf AB strain zebrafish embryos were
selected and maintained in egg water containing 0.003% 1-phenyl 2-thiourea (PTU) at
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28.5 ◦C to inhibit pigmentation. T98G glioblastoma cells were cultured, harvested using
trypsin, and labeled with 5 µM Dil fluorescent dye. At 48 hpf, embryos were anesthetized
with 0.02% tricaine and microinjected with 150–200 cells into either the yolk sac or the
perivitelline cavity using a calibrated microinjection system (Femtojetv 4I/Eppendorf,
10 nL/injection). Injected embryos were immediately transferred to anesthetic-free egg
water for recovery. For each experimental group, a minimum of 30 embryos were in-
jected to account for potential technical losses during microinjection. Sample sizes were
determined based on established protocols in zebrafish xenograft studies and preliminary
experiments showing consistent and significant effects with similar group sizes. Only
larvae that survived the injection procedure, exhibited normal development, and contained
a confirmed fluorescent tumor graft at the 2 h post-injection checkpoint were included
in the final analysis. The exact number of experimental units (n) included per group is
reported in the corresponding figure legends. During subsequent imaging and quantitative
analysis of tumor proliferation and migration, embryos were randomly assigned codes,
and investigators were blinded to the treatment groups to minimize potential bias.

4.10. Evaluation of Alisol B Anti-Proliferative Effects in Zebrafish Xenograft Model

To evaluate the anti-proliferative effects of Alisol B, zebrafish larvae with yolk sac-
transplanted tumor cells were divided into three groups (n ≥ 10/group) receiving either
E3 medium (control), 1/20 LC50 Alisol B, or 1/10 LC50 Alisol B (4 mL/group). The larvae
were maintained at 35 ◦C for 48 h with daily solution replacement, and tumor growth was
monitored by quantifying the fluorescent area of transplanted cells using stereomicroscopy
at 2 and 48 h post-transplantation.

4.11. Evaluation of Anti-Migratory Effects of Alisol B in Zebrafish Xenograft Model

To evaluate the effects of Alisol B on tumor cell migration, zebrafish larvae with yolk
sac-transplanted tumor cells were divided into three treatment groups (n ≥ 10/group):
control (4 mL E3 medium), 1/20 LC50 Alisol B, and 1/10 LC50 Alisol B. The larvae were
maintained at 35 ◦C for 24 h with daily solution replacement, and tumor cell migration
was assessed by quantifying the fluorescent area of tumor cells in the tail region using
fluorescence stereomicroscopy at 2 and 24 h post-transplantation.

4.12. Proteomic and Lysine Acetylome Analysis

To comprehensively profile protein expression and post-translational modifications
induced by Alisol B, integrated proteome and lysine acetylome profiling was conducted
on T98G cells. Analyses were performed on three independent biological replicates per
condition to ensure statistical robustness. Proteins were extracted using a urea-based
lysis buffer supplemented with deacetylase inhibitors (3 µM trichostatin A (TSA), 50 mM
nicotinamide (NAM)) for acetylome preservation. After tryptic digestion and desalting,
peptides were divided for parallel processing: one portion for whole proteome analysis
and the other subjected to immunoaffinity enrichment of acetylated peptides using anti-
acetyllysine antibody beads (PTM Bio Co., Ltd., Hangzhou, China).

The LC-MS/MS detection and data acquisition were performed by Jingjie PTM BioLab
Co., Ltd. (Hangzhou, China). Both whole proteome and enriched acetylated peptides
were analyzed under identical conditions using a NanoElute ultra-high performance liq-
uid chromatography (UHPLC) system coupled to a timsTOF Pro 2 mass spectrometer
(Bruker Daltonics GmbH & Co. KG, Bremen, Germany) operated in data-independent
acquisition—parallel accumulation serial fragmentation (dia-PASEF) mode to ensure direct
quantitative comparability.
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4.13. Transcriptomic Data Source

The transcriptomic data used in the integrated multi-omics analysis were derived from
our previously published study, in which T98G cells were treated with 20 µM Alisol B and
subjected to RNA sequencing. This concentration was selected based on its sub-cytotoxic
efficacy (approximately IC50) observed in preliminary phenotypic assays, aiming to capture
pathway modulation prior to extensive cell death. The detailed experimental procedures,
bioinformatics analysis, and the full dataset of differentially expressed genes (DEGs) have
been described in detail [20]. In the present study, this dataset was integrated with newly
generated proteomic and acetyl-proteomic data for multi-omics analysis.

4.14. Bioinformatics Methods

The goal of bioinformatics analysis was to identify significantly altered molecules
and infer their biological functions. The initial identification of proteins and acetylated
peptides was conducted by searching MS/MS spectra against the appropriate databases.
Positive identifications were filtered by applying a 1% false discovery rate (FDR) cutoff at
both the peptide and protein levels, and only proteins supported by at least one unique
peptide were retained for further analysis. For the acetylome dataset, lysine acetylation was
specified as a variable modification during the database search. Acetylation sites with a
localization probability score of 0.75 or higher were classified as confidently localized. Sites
meeting the criteria of an absolute log2 fold change > log2(1.5) and a statistical significance
of p < 0.05 were defined as differentially acetylated sites (DAS), and their corresponding
proteins were designated as differentially acetylated proteins (DAPs). Functional enrich-
ment analyses, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses, were subsequently performed on the DAcP list to
infer biological implications.

Protein functional annotation was performed using an integrated workflow for all
identified proteins, with a specific focus on those carrying differentially acetylated sites.
This analysis encompassed Gene Ontology (GO) classification (cellular components, molec-
ular functions, biological processes) via evolutionary genealogy of genes: Non-supervised
Orthologous Groups - mapper (eggNOG-mapper); protein domain prediction using Pfam
Search Tool (PfamScan) against the Protein Families database (Pfam); pathway enrich-
ment analysis through KEGG (Basic Local Alignment Search Tool for proteins (blastp),
e-value ≤ 1 × 10−4), Reactome Pathway Database (Reactome), and WikiPathways Database
(WikiPathways); subcellular localization prediction with WolF PSORT(Protein Subcellu-
lar Localization Prediction Tool); orthologous group classification via EggNOG (Clusters
of Orthologous Groups of proteins (COG)/eukaryotic Orthologous Groups (KOG)); and
specialized annotations including Hallmark gene sets and transcription factors (TRRUST
for human). Functional enrichment analysis of differentially expressed proteins (DEPs)
and proteins harboring DAS was conducted using Fisher’s exact test, with all identified
proteins serving as the background. Terms demonstrating a fold enrichment >1.5 and
a p-value < 0.05 were deemed significant. Enriched terms from GO, KEGG, and other
databases were subjected to hierarchical clustering and visualized as a heatmap following
a −log10(p-value) transformation.

Acetylation Site Functional Scoring. To assess the potential functional importance
of identified differentially acetylated lysine sites, each site was assigned an Acetylation
Functional Score (AFS) using the published Lysine Acetylation Functional Evaluating
Model (LAFEM) [51]. This machine learning model predicts the functional relevance of
an acetylation site on a scale from 0 to 1 based on eight molecular features, including
solvent-accessible surface area, sequence homology, and disorder probability. A higher
AFS indicates a greater predicted likelihood that acetylation at that site regulates protein
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function. The protein domain topology schematic in this study was automatically gener-
ated using the ProToDeviseR software (https://matrinet.shinyapps.io/ProToDeviseR/,
accessed on 7 January 2026, version 4.4.0). ProToDeviseR is an R package for the automated
generation of protein topology diagrams [52]. Domain annotations integrated into the
schematic were obtained from the Pfam database [53].

4.15. Statistical Analysis

Data were statistically analyzed with GraphPad Prism (version 9.5). For comparisons
among multiple groups, one-way analysis of variance (ANOVA) was employed, followed
by Tukey’s test for post hoc analysis. Continuous data are expressed as mean ± standard
deviation (SD). Differences were considered statistically significant at p < 0.05 (two-tailed).

5. Conclusions
In conclusion, this integrated multi-omics study delineates a novel, multi-mechanistic

action of the natural triterpenoid Alisol B against therapy-resistant, IDH-wildtype glioblas-
toma. We demonstrate that Alisol B orchestrates multi-pathway disruption for the
cancer cell by: (i) inducing extensive epigenetic reprogramming via lysine acetylation,
(ii) triggering a unique dysfunctional metabolic state through terminal blockade of choles-
terol synthesis, and (iii) dismantling the core oncogenic BIRC5-FOXM1-ITGA4 axis. These
findings elucidate the polypharmacology of Alisol B. More importantly, they provide a
rational framework for future therapeutic development, paving the way for novel combi-
natorial regimens or polypharmacological agents designed to co-opt the interconnected
vulnerabilities of resistant glioblastoma.
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