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Abstract
Background Bladder cancer is one of the most common malignancies of the urinary system. Despite significant 
advances in diagnosis and treatment, the compromised therapeutic effect of chemotherapeutic agents, such as 
Oxaliplatin (OXA), remains a major clinical challenge. Thus, a combination therapy is required to enhance the OXA’s 
therapeutic effectiveness and improve patient outcomes.

Methods The thin film hydration method was used to prepare the liposomes. Drug encapsulation efficiency and 
loading capacity were determined to investigate the advantages of the SRT3025-loaded cell membrane hybrid 
liposomes (3025@ML). Bladder cancer cell lines T24 and 5637 were cultured in McCoy’s 5 A and RPMI 1640 medium, 
respectively. The Cell Counting Kit-8 assay was used to determine the cell viability by treating cells with a medium 
containing either the vehicle solution (control), the cell membrane hybrid liposomes (ML), 3025@ML, or compound 
3 K. The antiproliferative activities were investigated after treating cells with OXA + 3025@ML and compound 
3 K + OXA. Cell death and apoptosis were quantified by trypan blue and Annexin V-APC/PI apoptosis assay after 
treating cells with control, OXA, OXA + 3025@ML, and 3025@ML. Western blot analysis was performed after treating 
cells with 3025@ML, OXA, 3 K, 3025@ML + OXA, and 3 K + OXA to determine the protein levels of pyruvate kinase M2 
(PKM2) and fatty acid synthase (FASN), etc.

Results The present study demonstrated that 3025@ML enhances the chemotherapeutic effect of OXA. 3025@
ML + OXA treated T24 and 5637 cells showed that combination therapy significantly reduced cell viability and 
increased cell death rate. Flow cytometry analysis showed that the combination of 3025@ML and OXA significantly 
increased the percentage of apoptotic cells in T24 cells. 3025@ML and compound 3 K reduced the levels of FASN in 
T24 and 5637 cells and increased the anti-tumor activity of OXA. Mechanistic studies showed that 3025@ML inhibited 
the PI3K/AKT/mTOR signaling pathway and reduced the expression of key metabolic regulators PKM2 and FASN. 
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Introduction
Bladder cancer is the most prevalent tumor of the uri-
nary system [1]. Although surgical resection considerably 
prolongs the patient’s survival, a subset of individuals 
still experiences tumor recurrence within 5 years [2, 3]. 
Therefore, chemotherapy remains the most common 
treatment option for patients with unresectable tumors. 
Oxaliplatin (OXA) is the most commonly used chemo-
therapeutic agent for tumor treatment. However, sev-
eral factors contribute considerably to the suboptimal 
treatment outcomes of OXA, e.g., enhanced drug efflux, 
DNA repair, and metabolic reprogramming, etc [4, 5]. 
Thus, combination therapy of OXA is urgently required 
to improve the efficacy of OXA-based therapies. OXA, as 
a third-generation platinum, enters tumor cells and binds 
to DNA, forming a hairpin-like structure that leads to 
DNA damage and subsequently induces cell death. Nota-
bly, targeting the tumor cells’ metabolic pathways with-
out eliciting toxicity to normal cells has been identified 
as a promising approach for treating cancer [6, 7]. Inhi-
bition of the activity of pyruvate kinase M2 (PKM2), an 
isoform of pyruvate kinase, a crucial regulator of cellular 
energy metabolism, enhances the anti-tumor activity of 
chemotherapy [8, 9].

Fatty acid synthase (FASN) is a multifunctional enzyme 
crucial in synthesizing long-chain saturated fatty acids, 
particularly palmitic acid, within cells. The FASN plays 
an essential role in cellular lipid metabolism by provid-
ing fatty acids necessary for several vital processes, such 
as cell membrane synthesis, energy storage, and synthesis 
of signaling molecules. Recent studies proved that FASN 
regulated PKM2 and induced chemoresistance [10–12]. 
PKM2 and FASN contribute to OXA resistance by alter-
ing metabolism and boosting lipid production, respec-
tively [13].

Sirtuin (SIRT1)-activating compounds (STACs) are 
chemical compounds, such as SRT2183, SRT3025, and 
SRT1720, that influence the activity of sirtuins, a class 
of enzymes that utilize NAD+ to deacetylate proteins. 
SRT3025, a water-insoluble compound, has shown excel-
lent anti-tumor effects [14]. Treatment with the SIRT1 
activator SRT2104 attenuated inflammatory damage, 
promoted autophagy, and decreased the levels of PKM2 
[15].

SRT3025 is well tolerated in mice and can potentially 
be employed in treating various diseases [14]. However, 
no study has reported the relationship between SRT3025 
and PKM2. Additionally, it is reported that nanomedi-
cines offer significant advantages in tumor treatment by 
protecting the drugs, enhancing their solubility, accumu-
lation, and penetration within tumor tissues, and mini-
mizing adverse reactions to normal tissues [16]. These 
benefits emphasize the promising future of nanomedi-
cines in oncology.

Cell membrane hybrid liposome (ML) is an innovative 
nanocarrier combining natural cell membranes’ advan-
tages with synthetic liposome’s structural benefits [17]. 
Compared to the traditional liposome, ML is covered 
by cell membranes, which helps the nanoparticle evade 
surveillance and elimination by the immune system. T24 
cells from human bladder metastatic cell carcinoma have 
a membrane composition well-suited for targeting blad-
der cancer. Coating nanocarrier with T24 membranes 
enhances binding and uptake by these cancer cells, 
enabling efficient targeting while protecting healthy cells 
and decreasing the side effects of therapies. The novelty 
of this study lies in its innovative strategy for cancer treat-
ment using cell membrane hybrid liposomes containing 
SRT3025 and combination therapy with OXA. This study 
aims to evaluate the synergistic effect of SRT3025-loaded 
cell membrane hybrid liposomes (3025@ML) combined 
with OXA and to understand the key metabolic pathways 
involved, which provides new perspectives for improving 
the treatment of bladder cancer.

Methods
Cell culture and reagents
The bladder cell lines T24 cells and 5637 cells were pur-
chased from Stem Cell Bank (Chinese Academy of Sci-
ences, Beijing, China) and cultured in McCoy’s 5  A 
medium (Thermo Fisher Scientific, Waltham, MA, USA, 
catalog no. 16600082) or RPMI 1640 medium (Thermo 
Fisher Scientific, Waltham, USA catalog no. 11875093) 
with 10% fetal bovine serum (FBS, AusGeneX, Gold 
Coast, Australia, catalog no. FBS500-S). Oxaliplatin 
(OXA, catalog no. S1224), SRT3025 (catalog no. S8481), 
and compound 3 K, the inhibitor of PKM2, (3 K, catalog 

Furthermore, this study demonstrated that targeting lipid metabolism and inhibiting FASN can effectively overcome 
the compromised therapeutic effect of OXA.
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effect and potentially improving cancer treatment outcomes.
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no. S8616), were purchased from Selleck Chemicals 
(Houston, USA).

Synthesis of the 3025@ML
To synthesize SRT3025-loaded cell membrane hybrid 
liposomes (3025@ML), a mixture of 1,2-Dimyristoyl-
sn-glycero-3-phosphocholine (DMPC, Avantor Inc., 
Radnor, PA, USA, catalog no. S01003), 1,2-Dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC, Avantor Inc., 
catalog no. S01004), and 1,2-Distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylenegl
ycol)2000] (DSPE-PEG2000, Avantor Inc., catalog no. 
F01008) in a 4:15:1 (n/n/n) ratio was used. SRT3025 
was dissolved in chloroform and methanol mixture (9:1, 
v/v) and vortexed. The organic solvent was then evapo-
rated under reduced pressure using a rotary evaporator 
at 37 °C and 30 rpm. Once lipid film was formed on the 
flask’s bottom, 1 mL of PBS was added to create a bipha-
sic system, which was then further processed on the 
rotary evaporator at 45  °C and 60  rpm for 30  min. The 
resulting suspension was put in an ice bath and sonicated 
for 2 min to produce 3025@L.

Cell membrane vesicles were harvested and extracted 
from T24 cells, as reported by Zhang et al. ‘s method [18]. 
These vesicles were incubated with 3025@L at 37°C for 
15 minutes and then ultrasonicated on ice for 3 minutes 
to completely fuse the liposome (Lipo) and tumor mem-
brane (Mem), forming 3025@ML. Fluorescently labeled 
liposomes (Dio-Lipo) and tumor membranes (Dil-Mem) 
were prepared like 3025@ML, incorporating the dyes 
3,3’-Dioctadecyloxacarbocyanine perchlorate (Dio) and 
1,1’-Dioctadecyl − 3,3,3’,3’-tetramethylindocarbocyanine 
perchlorate (Dil) for experimental tracking. Figure 1 illus-
trates the study’s workflow and experimental elements.

Characterization of the 3025@ML
To evaluate the stability of nanoparticles, the size distri-
bution and zeta potential of the nanoparticles were deter-
mined by Zetatronix 919 (Opptronix, Shanghai, China). 
To verify the successful formation of the cell membrane 
hybrid liposomes (ML), Mem and Lipo were labeled with 
Dil and Dio dyes. Dio-Lipo and Dil-Mem were evaluated 
by co-localization analysis via an Axio Vert. A1 fluores-
cence microscope (Carl Zeiss, Oberkochen, Germany). 
In addition, Lipo, Mem, and ML were added to the SDS 
gel loading buffer for lysis and boiling. Subsequently, gels 
were stained with Coomassie brilliant blue to observe 
membrane protein expression. To examine the cytotox-
icity of nanoparticles, 4 × 103 T24 and 5637 cells were 
seeded per well in a 96-well plate separately and cul-
tured for 24 h. The cells were treated with 0, 1, 10, 100, 
and 1000 µg/mL of ML for 48 h. CCK8 assay was used to 
detect the cytotoxicity of ML.

Drug loading capacity and encapsulation efficiency
SRT3025 (1  mg/mL) was dissolved in methanol. The 
maximum absorption wavelength of SRT3025 was deter-
mined using ultraviolet-visible (UV-Vis) scanning spec-
troscopy. Various ratios of 3025@ML from 1:1 to 1:20 
(w/w) (SRT3025:ML) were synthesized to determine the 
drug loading capacity. Drug Loading Capacity (DLC) and 
encapsulation efficiency (EE) were calculated using the 
following formulas:

 DLC(%) = mass of SRT3025 in 3025@ML
mass of total SRT3025 + mass of ML

× 100%

 EE(%) = mass of SRT3025 in 3025@ML
mass of total SRT3025

× 100%

Evaluating cellular uptake of 3025@ML
To evaluate the cellular uptake ability of 3025@ML, 
2.5 × 105 T24 cells per well were allowed to grow in a 
6-well plate for 48 h and incubated with PBS (as a con-
trol), 3025@ML and 3025@ML combination with filipin 
(inhibitors of caveolin-1) at 37 °C and 3025@ML at 4 °C. 
Following incubation with the respective treatments for 
2 h, the cells were washed with cold PBS to remove excess 
particles. The cells were then trypsinized to detach from 
the culture plates, collected by centrifugation, and resus-
pended in cold PBS. Samples were immediately analyzed 
using flow cytometry to measure the fluorescence inten-
sity of DiI, which corresponded to the amount of 3025@
ML internalized by the cells.

Evaluating cell viability
T24 and 5637 cells were seeded at a density of 2.0 × 10³ 
cells per well in a 96-well plate. After 24 h of incubation 
to investigate the concentration of 3025@ML and 3  K 
that has an anti-tumor effect, the cells were treated with 
a medium containing either varying concentrations (0.1, 
1, 10, 100 µM) of 3025@ML or 3 K for 48 h. To assess the 
impact of 3025@ML and 3 K on OXA, cells were plated 
following the previously described method and subjected 
to treatment with the control, 3025@ML, 3  K, OXA, 
3025@ML + OXA, and 3 K + OXA. Cell viability was eval-
uated using the Cell Counting Kit-8 (CCK8, MedChem-
Express, Monmouth Junction, USA, code HY-K0301). 
The intensity of the color change was quantified by mea-
suring the absorbance at 450  nm using a Synergy LX 
multimode reader (BioTek, Winooski, USA).

 Cell viability (%) = OD of treated cells
OD of control cells

× 100%

Evaluating cell death and apoptosis
To evaluate cell death, T24 and 5637 cells were seeded at 
a density of 3.0 × 104 cells per well in a 24-well plate for 
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24  h. Subsequently, these cells were treated with con-
trol, OXA, 3025@ML + OXA, and 3025@ML alone for 
48  h. Cell death was quantified by trypan blue staining. 
For apoptosis analysis, T24 cells were seeded at a den-
sity of 2.5 × 105 cells per well in a 6-well plate and treated 
with control, 3025@ML, OXA, or a combination of both 
drugs for 48 h. Apoptotic cells were quantified using the 

Annexin V-APC/PI apoptosis kit (Elabscience, Hous-
ton, USA, catalog no. E-CK-A217) and a NovoCyte flow 
cytometer system (Agilent, Santa Clara, USA).

Evaluating molecular mechanisms
Western blotting (WB) was performed to determine the 
level of pyruvate kinase M2 (PKM2), fatty acid synthase 

Fig. 1 Experimental design flowchart
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(FASN), and the regulation of apoptosis protein, such as 
BCL2-Associated X protein (Bax), B-cell lymphoma-2 
(Bcl-2) and cleaved caspase-3. 2.5 × 105 T24 and 5637 
cells were seeded separately per well in a 6-well plate 
and cultured for 24 h. These cells were treated with the 
3025@ML, 3025@ML + OXA, OXA, 3 K, and 3 K + OXA 
for 48 h. After lysis with RIPA buffer, samples were cen-
trifuged at 10,000× g for 30 min at 4 °C. The supernatant 
was collected, and the protein concentration was deter-
mined. Then, the proteins were denatured by boiling in 
an SDS-gel loading buffer for 10 min. Equal amounts of 
protein were subjected to 15% SDS-PAGE. Proteins were 
blotted onto PVDF Western blot membranes (Roche 
Diagnostics, Mannheim, Germany) and incubated with 
antibodies (Table  1). Inhibitors of caveolin-1 (filipin), 
alongside Dil-labeled 3025@ML, were investigated to 
evaluate the uptake mechanism of these hybrid lipo-
somes in bladder cancer cells via flow cytometry.

The proteins were visualized with horseradish perox-
idase-conjugated goat anti-rabbit IgG (Cell Signaling, 
Danvers, USA, catalog no. 7074) by using a Thermo Sci-
entific SuperSignal West Femto Maximum Sensitivity 
Substrate (Waltham, USA, catalog no. 34096).

Gene expression evaluation
In order to investigate changes in gene expression pro-
files, T24 cells per well were seeded in 6 well plates for 
48  h and treated by control and 3025@ML for another 
24  h. RNA was extracted with TRIzol (Thermo Fisher 
Scientific, catalog no. 15596026), and mRNA expression 

was analyzed using Illumina next-generation sequencing. 
Differential expressions were assessed with the DESeq2 
package in R. Additionally, Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses were conducted to further explore the 
functional implications of the differentially expressed 
genes.

Animal model and in vivo studies
The animal experiments were conducted at the Southern 
University of Science and Technology under the approval 
of the Guangdong Medical Laboratory Animal Center 
Ethical Committee, with the assigned ethical approval 
number C202205-24 and D202410-5. BALB/c-nu male 
mice, 6–8 weeks old, were quarantined in an animal 
experiment center for 7 days to relieve mental stress. 
T24 cells were digested and harvested with PBS; the cell 
density was then adjusted to 0.5 × 105 cells/µL. The mice’s 
skin was carefully sterilized using 75% alcohol solution 
three times, and then the 80 µL cell suspension mixture 
was injected subcutaneously into the dorsal region of the 
mice. After that, all animals were quarantined for another 
10–15 days until the tumors became visible to the naked 
eye. The control group was intraperitoneally injected 
with 25 µl DMSO once a day. The 3025@ML group was 
intraperitoneally injected with 25 µl 50 mg/kg 3025@ML 
once a day. Treatment continued for a total of 30 days. 
Tumor size was detected using a Vernier caliper, and 
tumor volume (mm3) was calculated as AL × AW2 × 0.52 
[19], where AL and AW refer to the length and width of 
tumors, respectively. The mice were weighed every three 
days. To study the tissue distribution of the SRT3025 and 
OXA after 3025@ML + OXA administration, the subcu-
taneous tumor model was constructed in 5 nude mice in 
each group as previously described. The mice were intra-
peritoneally injected with 50 mg/kg 3025@ML every day 
and 10 mg/kg OXA once a week. The mice in the control 
group received the same dose of DMSO solution. After 
15 days of administration, the mouse plasma and tissues 
were collected. Levels of the SRT3025 and OXA were 
measured by HPLC.

Statistical analysis
The data are presented as means ± SD (error bars) and 
were analyzed using GraphPad Prism software (Version 
8.00). The Mann-Whitney rank sum test was used to 
evaluate the significant differences with a P value lower 
than 0.05 was considered significant.

Result
Synthesis and characterization of 3025@ML
The schematic diagram of 3025@ML is shown in Fig. 2A. 
The diameter of Lipo, Mem, and ML was approximately 
100 ~ 200  nm (Fig.  2B), and the zeta potential of ML 

Table 1 The following antibodies were used
Antibody Company Catalog no. Dilu-

tion
Anti Pyruvate kinase M2
(PKM2)

Cell Signaling 
Technology, 
Danvers, MA, 
USA

4053 1000 ×

Anti BCL2-Associated X
(Bax)

Abcam, Cam-
bridge, UK

ab32503 1000 ×

Anti B-cell lymphoma-2
(Bcl-2)

Abcam ab32124 1000 ×

Anti Cleaved Caspase-3 Cell Signaling 
Technology

9661 1000 ×

Anti fatty acid synthase
(FASN)

Cell Signaling 
Technology

3180 1000 ×

Anti- PI3 Kinase p110 Beta
(p-PI3K)

Abcam ab151549 1000×

Anti phospho-protein kinase 
B
(p-AKT)

Cell Signaling 
Technology

9271 S 1000×

Anti phospho-mammalian 
target of rapamycin
(anti p-mTOR)

Abcam ab109268 1000×

Anti β-Actin Sigma-Aldrich, 
St. Louis, USA

A3854 50,000×
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was similar to Mem (Fig.  2C). Yellow fluorescent sig-
nals produced by the superimposition of red fluorescent 
Dil-Mem and green fluorescent Dio-Lipo were observed 
(Fig.  2D). Compared with Lipo, Mem and ML carri-
ers have proteins (Fig.  2E), which indicates that tumor 
cell membrane-modified liposomes were successfully 
synthesized.

Different concentrations of ML carriers were used 
to measure the viability of T24 and 5637 cells by CCK8 
assay. It was observed that ML did not markedly affect 
the growth of tumor cells (Fig.  2F), indicating that ML 
is biocompatible. The maximum absorption of SRT3025 
was detected at a wavelength of 295  nm (Fig.  2G). A 
standard curve of SRT3025 was prepared using different 

concentrations of SRT3025 (Fig.  2H). It was observed 
that 1:1 is the optimal mass ratio of SRT3025 to ML since 
it has the highest drug loading capacity and high encap-
sulation efficiency (Fig. 2I and J). According to previous 
reports, caveolin-1 is known to play critical roles in vesic-
ular endocytosis. The uptake mechanism of these hybrid 
liposomes in bladder cancer cells was investigated using 
inhibitors of caveolin-1 (filipin) alongside Dil-labeled 
3025@ML via flow cytometry. Results indicated that 
adding these inhibitors did not affect the cellular uptake 
efficiency of the liposomes (Figure S1). Based on this, it 
was hypothesized that the liposome uptake may occur 
through a simple, energy-independent membrane fusion 
process.

Fig. 2 Synthesis and characterization of 3025@ML. Schematic diagram of 3025@ML (A). Diamter (B) and zeta potential (C) of Lipo, Mem and ML. Fluo-
rescence co-localization (D) and western blot (E) were used to observe Lipo, Mem, and ML membrane protein expression. CCK8 analysis (F) proved that 
the ML did not affect the proliferation ability of tumor cells. An ultraviolet-visible spectrophotometer detected the maximum absorption wavelength of 
SRT3025 (G). Standard curve of SRT3025 (H). When the mass ratio of SRT3025 to ML was 1:1, 3025@ML had the highest drug loading capacity and high 
encapsulation efficiency (I and J). Lipo: liposome, Mem: tumor membranes, ML: cell membrane hybrid liposomes. *P<0.05
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3025@ML inhibited PKM2 expression and induced cell 
apoptosis
To determine the effective anti-tumor dose of 3025@ML 
for in vitro studies, T24 and 5637 cells were treated with 
0, 0.1, 1, 10, and 100 µM of 3025@ML for 48 h (Fig. 3A 
and B). The results showed that 3025@ML significantly 
reduced the cell viability of both cell types in a dose-
dependent manner. To analyze the mechanism of the 
anti-tumor effect of 3025@ML, bladder cancer cell lines 
were treated with 3025@ML, and western blot analysis 
was performed to detect the expression of PKM2 pro-
tein and the key proteins of the apoptosis signaling path-
way, Bax, Bcl-2, and Cleaved Caspase-3 (Fig. 3C). It was 
observed that 3025@ML downregulated the expression 
levels of PKM2 and Bcl-2 and up-regulated the expres-
sion of Bax and cleaved caspase-3 in both T24 cells 
(Fig.  3D) and 5637 cells (Fig.  3E). This suggested that 
3025@ML inhibits the expression of PKM2 and induces 
apoptosis. This indicated that 3025@ML exerts an antitu-
mor effect by inducing apoptosis. 3025@ML significantly 
decreased the tumor volume and tumor weight, while it 
did not significantly change the body weight (Fig. 3F and 
S2).

Compound 3K downregulated PKM2 level to enhance anti-
tumor activity of OXA
In order to evaluate the activity of PKM2 in regulating 
apoptosis, the effect of compound 3K on cell proliferation 
was determined by using CCK8 to test cell viability. T24 
and 5637 cells were treated with different concentrations 
of compound 3K for 48  h (Fig.  4A). The result showed 
that compound 3K significantly inhibited the cell viability 
of T24 and 5637 cells. 10 µM compound 3K + OXA was 
administered to two bladder cancer cell lines (Fig. 4B and 
C). Compound 3K significantly increased the chemosen-
sitivity to OXA compared to the two single-drug groups. 
To examine the relationship between PMK2 and lipid 
metabolism, PMK2 and FASN were detected by western 
blot (Fig.  4D and E). This indicates that compound 3K 
inhibited the expression of PKM2 and FASN and induced 
cell apoptosis pathway, thereby promoting cell apoptosis.

3025@ML enhanced anti-tumor activity of OXA
To explore whether 3025@ML increases the sensitivity to 
OXA, T24 and 5637 cell lines were treated with 3025@
ML + OXA. CCK8 was used to detect the cell viability, 
and trypan blue reagent staining was used to detect the 
cell death rate. The results showed that combined treat-
ment significantly reduced cell viability (Fig.  5A and 
B) and increased cell death rate (Fig.  5C and D). Flow 
cytometry analysis showed that 3025@ML + OXA signifi-
cantly increased the percentage of apoptotic cells in T24 
and 5637 cells (Fig. 5E).

To investigate the mechanism of 3025@ML + OXA to 
promote cell death, a western blot was performed, which 
showed that the combination of 3025@ML and OXA 
reduced PKM2 protein expression, thereby reducing 
FASN protein expression and inhibiting the AKT/mTOR 
signaling pathway (Fig.  5F and G). The combination of 
3025@ML and OXA significantly increased apoptosis 
in T24 and 5637 cell lines by reducing PKM2 and FASN 
protein expression and inhibiting the AKT/mTOR signal-
ing pathway (Fig. 6).

To provide insight into its distribution and bioavail-
ability, the levels of 3025@ML in plasma and tissues 
of BALB/c nude mice are presented in Table S1. RNA 
sequencing was done to provide complementary insights 
into the underlying transcriptional changes, furnishing a 
deeper understanding of the regulatory mechanisms at 
play. After the cells were treated by 3025@ML, a signifi-
cant enrichment of genes involved in DNA replication, 
cell cycle, and apoptosis was observed. Kyoto Encyclo-
pedia of Genes and Genomes analysis demonstrated that 
3025@ML regulated the p53 signaling pathway (Figure 
S3).

Discussion
The present study proved that 3025@ML increased the 
anti-tumor effect of OXA by impairing the activity of 
the PI3K/AKT/mTOR signaling pathway and decreasing 
the expression of PKM2 and FASN. Lipid metabolism 
has intricate pathways for fatty acid synthesis, oxida-
tion, and lipid transport. Lipids are transported from the 
liver to peripheral tissues or back to the liver through 
lipoproteins [20]. It is reported that elevated fatty acid 
synthesis was observed in several cancer cells resistant 
to chemotherapy. Wang et al. reported that the receptor 
of long-chain free fatty acids (FFAs), G protein-coupled 
receptor 120 (GPR120), was highly expressed in primary 
breast cancer treated by chemotherapy. The in vitro and 
in vivo study demonstrated that GPR120 increases the 
expression of Acetyl-CoA carboxylase, sterol regulatory 
element-binding transcription factor 1, sterol regulatory 
element-binding transcription factor 2, and FASN and 
induces the chemical drugs resistance to breast cancer 
cells [21]. In the present study, it was also observed that 
3025@ML and compound 3K reduced the level of FASN 
in T24 and 5637 cells and increased the anti-tumor activ-
ity of OXA. These findings suggest that targeting FASN 
is a promising strategy to enhance the therapeutic effect. 
Although a clinical study demonstrated that omeprazole, 
a proton pump inhibitor, was tolerable and inhibited 
the expression of FASN, no study proved that inhibition 
of FASN significantly prolonged the survival of patients 
[22]. Therefore, a randomized controlled trial is needed 
to evaluate the benefits of the combination of chemical 
drugs and inhibitors of FASN in treating cancer patients.
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Fig. 3 3025@ML inhibits proliferation and induces cell apoptosis by inhibiting PKM2. (A and B) CCK8 analysis proved that 3025@ML significantly inhibited 
the cell viability of T24 cells and 5637 cells. (C, D, and E) Qualitative and quantitative results of Western blot revealed that T24 cells and 5637 cells treated 
with 3025@ML showed downregulation of PKM2 protein levels and induced apoptosis. (F) Tumor weight and Tumor volume. *P<0.05, #P<0.01
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Fig. 4 Compound 3K enhanced the anti-tumor activity of OXA and induced cell apoptosis by inhibiting PKM2 and FASN. CCK8 analysis confirmed that 
compound 3K inhibited cell viability of T24 cells and 5637 cells (A, B, and C). Compound 3K, OXA, and combination therapy treated T24 cells (D) and 5637 
cells (D). Compound 3K decreased the accumulation of PKM2 and Bcl-2 and increased the expression of Bax and Cleaved Caspase-3. Quantitative analysis 
of the PKM2, FASN, Bax, Bcl-2, and Cleaved Caspase-3 proteins (E). 3K: compound 3K; *P<0.05
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Fig. 5 3025@ML enhanced anti-tumor activity of OXA. T24 cells and 5637 cells were treated with 3025@ML, OXA, or the com by reducing PKM2 and 
FASN bination to verify 3025@ML enhanced anti-tumor activity of OXA by CCK8 analysis (A and B) and trypan blue staining (C and D). This combination 
therapy significantly reduced cell viability and induced cell death. Annexin V/PI staining (E) supported combination therapy enhances the percentage 
of cell apoptosis. (F) Treating the cells with OXA or OXA + 3025@ML caused the downregulation of PKM2, AKT, and mTOR and the decrease of p-AKT and 
p-mTOR levels. (G) Quantitative analysis of the PKM2, FASN, p-AKT, and p-mTOR proteins. *P<0.05
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Although STACs are considered the activator of the 
SIRT1 enzyme, numerous studies have proved that the 
anti-tumor activity of STACs does not rely solely on the 
activation of SIRT1. For example, Dirk Beher et al. proved 
that resveratrol, which is claimed to be a traditional 
SIRT1 activator, failed to acetylate peroxisome prolifera-
tor-activated receptor-gamma coactivator-1α (PGC-1α), 
although SIRT1 deacetylates PGC-1α [23].

In the present study, Western blot analysis proved that 
3025@ML enhanced the effect of OXA by inhibiting the 
activity of PKM2 and FASN. A previous study reported 
that metformin decreased the accumulation of PKM2 by 
suppressing the PI3K/AKT/mTOR signaling pathway in 
esophageal cancer cells [24]; we, therefore, determined 
the activity of PI3K/AKT/mTOR axis after treating the 
cells by 3025@ML. The results demonstrated that 3025@
ML decreased p-PI3K, p-AKT, p-mTOR, and PKM2 lev-
els. These data also suggested that the level of PKM2 was 
regulated by the PI3K/AKT/mTOR axis.

3025@ML remarkably enhances the efficacy of OXA by 
inhibiting key metabolic regulators, particularly PKM2 
and FASN. 3025@ML treatment significantly decreased 
the phosphorylation levels of PI3K, AKT, and mTOR, 
key components of the PI3K/AKT/mTOR signaling 

pathway. Notably, the decreased levels of p-PI3K, p-AKT, 
p-mTOR, and PKM2 suggest a coordinated regulatory 
mechanism in which 3025@ML reduces PKM2 activity 
and implicates the PI3K/AKT/mTOR axis (Fig. 6).

The findings show that 3025@ML notably reduced the 
tumor volume without significant changes in the body 
weight, presenting strong antitumor activity with a favor-
able safety profile. Thus, highlighting the potential of 
3025@ML as a promising therapeutic option for selec-
tive anti-tumor effect. Moreover, the drug’s presence in 
plasma and organs indicates effective systemic distribu-
tion, i.e., absorption, metabolism, and circulation, sup-
porting its observed anti-tumor effect. These findings 
highlight the potential of 3025@ML as a therapeutic 
agent to modulate metabolic pathways, thus enhancing 
the anticancer effects of OXA and providing insights into 
novel therapeutic strategies for tumors.

Strengths
The strength of this study lies in exhibiting that 3025@
ML significantly enhanced the anti-cancer effects of 
OXA by targeting key metabolic modulators, particu-
larly PKM2 and FASN, while also inhibiting the PI3K/
AKT/mTOR signaling pathway. It furnishes valuable 

Fig. 6 The anti-tumor activity of 3025@ML via lipid metabolism. PI3K: phosphatidylinositol 3-kinase; AKT: protein kinase B; mTOR: mammalian target of 
rapamycin; PKM2: pyruvate kinase M2; FASN: fatty acid synthase

 



Page 12 of 13Wang et al. Lipids in Health and Disease           (2025) 24:14 

mechanistic insights into how 3025@ML modulates lipid 
metabolism, reduces fatty acid synthesis, and helps over-
come compromised therapeutic effects. The combina-
tion therapy effectively decreased tumor volume without 
affecting body weight, exhibiting its potent anti-tumor 
efficacy and favorable safety profile. Moreover, the sys-
temic distribution of 3025@ML demonstrated its effec-
tive absorption, metabolism, and circulation, further 
supporting its therapeutic potential. These findings high-
light the role of 3025@ML in modulating metabolic path-
ways to improve chemotherapeutic outcomes, offering a 
promising strategy for enhancing cancer therapy.

Limitations
There are some limitations in the present study. First, 
although compound 3K and 3025@ML decrease the 
accumulation of FASN and significantly enhance the anti-
tumor activity of OXA, further study still needs to clarify 
how PKM2 regulates the expression of FASN. This will 
provide novel regulators of FASN and accelerate the drug 
development process for bladder cancer. Second, the 
benefits of 3025@ML in combination with other chemi-
cal drugs were not investigated, such as gemcitabine, 
methotrexate, and docetaxel, which are also used to treat 
bladder cancer. Future studies also need to evaluate this.

Conclusion
In conclusion, 3025@ML effectively enhances OXA’s 
anti-tumor activity by targeting the PI3K/AKT/mTOR 
axis to downregulate PKM2 and FASN protein levels. 
This novel formulation reduces PKM2 and FASN expres-
sion, enhancing therapeutic efficacy. The favorable safety 
profile and systemic distribution exhibit its potential 
for clinical application, offering a promising strategy for 
addressing the compromised effect of chemotherapy 
effect and improving cancer patients’ outcomes. In addi-
tion, investigating its efficacy in other cancer types and 
improving the dosing regimen could broaden its clinical 
application and make it an effective option for person-
alized cancer therapy. Further studies should, therefore, 
elucidate the regulatory mechanisms and explore poten-
tial synergies with other chemotherapeutic agents for 
broader clinical applications in cancer treatment.
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