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ABSTRACT: The present immunogenic cell death (ICD)
strategies remain far from being suitable for effective clinical
applications, highlighting the urgent need for novel strategies.
Herein, the oxaliplatin-like fibrate-derived platinum(IV) conjugates
2−7 were designed and synthesized to explore novel approaches
for enhancing ICD via modulation of tumor microenvironment
(TME). Bioactivity evaluations showed that these conjugates
accumulated highly in cells and released active components,
exerting cytotoxicity. Especially, 5 exhibited 319-fold higher
cytotoxicity than oxaliplatin. Mechanistic studies revealed that
these conjugates induced severe DNA damage, mitochondrial dysfunction, and endoplasmic reticulum stress, ultimately activating
the apoptotic pathway. Importantly, these events interacted with cholesterol metabolic regulation to form a self-amplifying cycle,
which substantially enhanced damage-associated molecular pattern release to strengthen ICD and further modulated the TME by
promoting CD8+ T cell infiltration and cytokine secretion while downregulating PD-L1 expression and Treg-mediated
immunosuppression. In vivo, these conjugates exhibited favorable biocompatibility, potent antitumor activity and reduced toxicity
compared to oxaliplatin.

1. INTRODUCTION
One major challenge in current cancer therapies is immune
escape, a phenomenon in which tumor cells evade recognition
and attack by the immune system, thereby promoting tumor
cell survival and potential progression.1 Immunogenic cell
death (ICD) is a unique form of programmed cell death that
can stimulate the release of damage-associated molecular
patterns (DAMPs) from dying tumor cells, including surface-
exposed calreticulin (CRT), high-mobility group box 1 protein
(HMGB1), and adenosine triphosphate (ATP).2 These
DAMPs effectively activate dendritic cells (DCs) and initiate
antitumor T cell, thereby counteracting immune escape.3,4

Given the crucial role of ICD in cancer immunotherapy,
various induction strategies have been developed, such as
chemotherapy, physical therapy, and biologics.5 Among them,
chemotherapy remains a cornerstone of comprehensive cancer
treatment. Over the past few years, numerous chemo-
therapeutic agents including but not limited to metal
complexes, anthracyclines, actinomycin D, lurbinectedin, and
paclitaxel, demonstrated to effectively induce ICD.6−8 Never-
theless, these reported chemotherapeutic agents remain far
from being suitable for effective clinical application (restricted
by the immunosuppressive microenvironment, high-dose
toxicity, etc.), highlighting the urgent need for the develop-
ment of novel ICD strategies.

Tumor metabolic reprogramming, particularly in cholesterol
metabolism, not only promotes tumor proliferation and
metastasis but also exerts a significant influence on tumor
immune microenvironment.9−11 Abnormal accumulation of
cholesterol has been shown to impair antigen presentation,
facilitate the infiltration of immunosuppressive cells, and
directly inhibit the release of DAMPs, ultimately contributing
to immune evasion.12,13 Notably, endoplasmic reticulum stress
(ERS) functions as a central cellular hub for stress sensing and
signaling critical cellular stress sensing and signaling hub, and
sustained activation of ERS has been identified as a key
upstream event in the induction of ICD.14−16 ERS activates the
unfolded protein response (UPR) pathway, leading to
increased production of reactive oxygen species (ROS),
disruption of calcium homeostasis, and ultimately inducing
the release of key DAMPs, such as CRT translocation.17−19

Studies have demonstrated that cholesterol, as a major
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component of the endoplasmic reticulum membrane, plays a
pivotal role in maintaining the lipid microenvironment. Its
depletion disrupts this balance and triggers UPR activation.20

Furthermore, structural and functional disruption of the
endoplasmic reticulum can impact lipid metabolism.21 Severe
ERS has been shown to induce ICD and promote protective
antitumor immunity.22 From this perspective, effective
regulation of cholesterol metabolism may be a viable strategy

to reverse the “immune cold” phenotype of tumor cells and
enhance their immunogenic performance.

Fibrate drugs (e.g., fenofibrate, clofibrate, and ciprofibrate)
are widely used lipid-lowering agents in clinical practice,
mainly targeting peroxisome proliferator-activated receptor α
(PPARα) to regulate the expression of genes involved in lipid
metabolism.23−25 Remarkably, in addition to their well-
established role in lipid regulation, accumulating evidence

Figure 1. Synthetic routes of compounds 1−7. Reagents and conditions: (a) H2O2, 70 °C, 7 h; (b) DCC, NHS, 25 °C, 24 h. (c) 2: CA-NHS,
DMSO, 40 °C, 72 h; 3: FA, DMSO, TBTU, TEA, 40 °C, 24 h; 4: CB, DMSO, TBTU, TEA, 40 °C, 48 h; 5−7: CA/FA/CB, DMF, TBTU, TEA, 40
°C, 48 h.

Scheme 1. Schematic Diagram of the Mechanism by which Fibrate-Oxaliplatin(IV) Conjugate Regulates Cholesterol
Metabolism to Exert Chemotherapy-Immune Synergistic Therapy.a

aAbbreviation: Bax, Bcl-2 Associated X; Bcl-2, B-Cell Lymphoma 2; CHOP, C/EBP-homologous protein; GRP78, glucose-regulated protein 78;
IFN-γ, interferon-γ; tumor necrosis factor-α, TNF-α; interleukin-2, IL-2.
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suggests that fibrates possess multifaceted potential in
oncology: (i) fibrates can significantly induce ERS in cancer
cells and promote ROS generation26−28 and (ii) fibrates can
profoundly influence cholesterol metabolism through multiple
mechanisms, including enhancing high-density lipoprotein
(HDL) synthesis, upregulating ATP-binding cassette trans-
porter A1 (ABCA1) expression, facilitating reverse cholesterol
transport, and mediating antitumor immune responses.25,29 A
preclinical study in MC38 colon tumor-bearing mice
demonstrated that the PPAR agonist could enhance fatty
acid oxidation and significantly increase both the number and
activity of CD8+ T lymphocytes in the TME.30 Nevertheless,
how to effectively integrate the metabolic regulation and ERS-
inducing functions of fibrates into antitumor strategies and
achieve synergistic effects with chemotherapy has become a
focal area of intensive research interest.
Platinum (Pt)-based drugs are among the most widely used

chemotherapeutics, incorporated into approximately 50% of
chemo-regimens administered in the clinic.31 These agents
exert their effects primarily through the formation of platinum-
DNA adducts, which interfere with DNA replication and
transcription, ultimately leading to apoptosis in cancer cells.31

However, the severe systemic toxicity caused by poor solubility
and selectivity limits the clinical therapeutic effect. In recent
years, the combination of fibrates and Pt(IV) scaffolds has
emerged as a promising strategy. Wang, Sun, and Guo et al.
developed the lipophilic fenofibrate-Pt(IV) complexes, which
reversed platinum resistance and enhanced therapeutic efficacy
through dual mechanisms involving lipid metabolism dis-
ruption and ferroptosis induction.32−34 Qiao et al. developed
cisplatin-like bezafibrate-Pt(IV) prodrugs, which achieved the
synergistic anticancer effect of metabolic regulation and DNA
damage by targeting the ROS-AMPK pathway.35 Moreover,
cisplatin-like gemfibrozil-Pt(IV) prodrugs have been proven to
enhance the effectiveness of both starvation therapy and
chemotherapy.36 However, cisplatin fails to trigger effective
ICD because it cannot induce CRT exposure on the cell

surface.37 Notably, the third-generation Pt compound
oxaliplatin (OXA) demonstrates notable efficacy against
various solid tumors and was the first Pt-based agent to be
confirmed as capable of inducing ICD.6 However, the efficacy
of OXA-induced ICD is still significantly constrained by the
immunosuppressive nature of tumor microenvironment
(TME).38,39 In this regard, we wonder whether rational
modulation of the tumor immune microenvironment could
enhance the effectiveness of the OXA-induced ICD.

In order to modulate the tumor immune microenvironment
and achieve an enhanced cancer chemoimmunotherapy, we
perform molecular-level coupling of the oxaliplatin(IV)
scaffold with fibrates and synthesize a series of fibrate-
oxaliplatin(IV) conjugates (compounds 2−7 in Figure 1).
The cell and molecular biology techniques were employed to
elucidate the underlying molecular mechanisms of this
synergistic interaction (Scheme 1). Specifically, fibrate-
mediated activation of the PPARα signaling pathway and
remodeling of the immunosuppressive TMEs were inves-
tigated. Finally, the anticancer efficacy and systemic toxicity of
these prodrug molecules were evaluated in a tumor-bearing
mouse model.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. The synthetic

pathways leading to compounds 1−7 are illustrated in Figure
1. Pt(IV) intermediate 1 was synthesized by oxidizing OXA
with hydrogen peroxide (H2O2), and its structure was
characterized through infrared spectroscopy (IR) and ultra-
high-resolution Fourier transform mass spectrometry (FTMS).
Clofibric acid (CA), fenofibric acid (FA), and cyclopentetic
acid (CB) are the active metabolites of clofibrate, fenofibrate,
and ciprofibrate, respectively, and possess enhanced pharma-
cokinetic properties.40 Therefore, these three fibrate metabo-
lites were selected as ligands for the synthesis of fibrate-
oxaliplatin(IV) conjugates. The CA-NHS ester synthesized

Table 1. IC50 Values (μM) of the Investigated Compounds against Cancer Cell Lines (4T1, MCF-7, A2780) and the Normal
Cell Lines (HK2 and HUVEC) Evaluated by the MTT Assaya

MCF-7 A2780 4T1 HUVEC HK2

Cell 24 h 72 h 24 h 72 h 24 h 72 h 72 h 72 h SIb SIc

CA 31.6 ± 0.9 26.0 ± 2.6 >100 52.3 ± 1.5 51.6 ± 2.8 25.2 ± 1.0 60.4 ± 1.1 34.9 ± 3.9 2.3 1.3
FA 32.3 ± 0.9 25.1 ± 2.7 >100 51.6 ± 5.5 28.2 ± 7.4 19.0 ± 2.3 42.6 ± 2.2 35.1 ± 1.4 1.7 1.4
CB 34.1 ± 2.9 18.5 ± 0.2 >100 48.1 ± 8.2 46.5 ± 1.5 26.2 ± 3.5 60.6 ± 4.2 36.9 ± 3.7 3.3 2.0
OXA 51.9 ± 13.2 25.5 ± 0.5 70.9 ± 5.4 4.6 ± 0.3 43.2 ± 25.9 15.0 ± 5.2 46.7 ± 5.6 17.4 ± 0.2 1.8 0.7
1 >100 58.3 ± 11.5 >100 94.1 ± 4.8 44.9 ± 23.9 35.0 ± 15.5 61.1 ± 15.9 66.6 ± 17.6 1.1 1.1
2 13.3 ± 0.1 10.5 ± 1.5 >100 49.8 ± 2.7 26.5 ± 2.7 23.1 ± 3.9 46.7 ± 3.5 9.7 ± 2.5 4.5 0.9
3 12.5 ± 2.9 2.6 ± 0.01 90.3 ± 3.3 34.2 ± 3.0 33.2 ± 13.5 23.6 ± 6.8 44.6 ± 0.6 10.9 ± 0.5 17.2 4.2
4 20.9 ± 5.3 19.9 ± 0.4 87.5 ± 7.9 45.3 ± 4.3 37.8 ± 1.3 28.4 ± 10.9 23.5 ± 1.8 15.1 ± 1.0 1.2 0.8
5 0.5 ± 0.1 0.08 ± 0.01 4.2 ± 0.1 0.07 ± 0.002 6.3 ± 0.2 1.2 ± 0.6 2.5 ± 0.2 1.5 ± 0.3 31.3 18.8
6 0.5 ± 0.1 0.09 ± 0.01 7.1 ± 1.7 0.06 ± 0.005 12.0 ± 3.2 3.8 ± 1.7 3.2 ± 0.8 1.1 ± 0.02 35.6 12.2
7 0.6 ± 0.1 0.37 ± 0.04 7.6 ± 0.9 0.06 ± 0.001 2.2 ± 0.04 0.3 ± 0.1 3.1 ± 0.3 1.0 ± 0.01 8.4 2.7
Combod 18.7 ± 5.6 14.8 ± 0.9 27.8 ± 1.1 12.9 ± 1.7 28.0 ± 2.9 5.7 ± 2.3 9.8 ± 2.0 38.6 ± 5.0 0.7 2.6
Comboe 13.8 ± 1.8 12.0 ± 0.7 28.4 ± 1.8 11.8 ± 1.6 28.9 ± 0.1 10.8 ± 0.7 8.6 ± 2.1 38.4 ± 0.6 0.7 3.2
Combof 19.2 ± 2.5 15.2 ± 1.1 28.6 ± 2.9 10.1 ± 0.7 40.9 ± 0.6 13.5 ± 0.2 6.4 ± 0.4 28.9 ± 0.1 0.4 1.9
Combog 16.1 ± 1.8 12.7 ± 0.1 22.8 ± 2.5 7.8 ± 0.6 18.4 ± 8.2 5.8 ± 0.4 7.3 ± 1.4 33.5 ± 9.8 0.6 2.6
Comboh 11.9 ± 2.2 10.9 ± 1.6 25.9 ± 1.0 9.0 ± 1.1 12.4 ± 0.2 4.7 ± 0.4 6.3 ± 1.1 27.3 ± 0.6 0.6 2.5
Comboi 16.4 ± 0.9 13.3 ± 0.3 23.2 ± 3.2 8.0 ± 0.2 23.2 ± 4.6 11.8 ± 4.8 5.7 ± 0.2 20.4 ± 7.1 0.4 1.5
aData represent the mean ± standard deviation (SD) of three replicates bSI, selectivity index, IC50 (in HUVEC)/IC50 (in MCF-7). cSI, selectivity
index, IC50 (in HK2)/IC50 (in MCF-7). dCombo, the equimolar mixture of OXA and CA. eCombo, the equimolar mixture of OXA and FA.
fCombo, the equimolar mixture of OXA and CB. gCombo, OXA and CA are mixed in a molar ratio of 1:2. hCombo, OXA and FA are mixed in a
molar ratio of 1:2. iCombo, OXA and CB are mixed in a molar ratio of 1:2.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.5c02436
J. Med. Chem. 2025, 68, 26328−26347

26330

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c02436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


following the literature procedure.41 The monosubstituted
compounds 2−4 were synthesized by reacting CA-NHS, FA,
or CB with compound 1 in a dimethyl sulfoxide (DMSO)
solution containing triethylamine (TEA) and O-benzotriazole-
N,N,N′,N′-tetramethylurea tetrafluoroborate (TBTU), respec-
tively. The disubstituted compounds 5−7 were synthesized by
reacting compound 1 with CA, FA, or CB in an N,N-
dimethylformamide (DMF) solution containing TEA and
TBTU, respectively, under a nitrogen atmosphere. All fibrate-
oxaliplatin(IV) conjugates were characterized by 1H/13C
NMR, FTMS, bidimensional NMR (HMBC), 195Pt-NMR,
and elemental analysis. All compounds are >95% pure by high-
performance liquid chromatography (HPLC) analysis. The
stability of compounds 2-7 was further verified, and all relevant
data are provided in the Supporting Information files (Figures
S1−S39).

2.2. Cytotoxicity Effects of Compounds. The cytotox-
icity of compounds was assessed against cancer cell lines
(A2780, MCF-7, and 4T1) and normal cell models (HUVEC,
HK2) using the 3-(4, 5-dimethylthiazole-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) colorimetric method. Monotherapy
of OXA, CA, FA, CB, and 1 and combined therapy of ligands +

OXA (Combo groups) were used as positive controls. The
half-maximal inhibitory concentration (IC50) values are
summarized in Table 1. After 24 h of treatment, all synthetic
compounds exhibited a consistent pattern of concentration-
dependent cytotoxicity. Pt(IV) compounds 2−7 exhibited
significantly enhanced cytotoxic effects compared to OXA,
compound 1, fibrate metabolites, and all combo groups.
Moreover, a clear trend was observed, showing that
disubstituted derivatives exhibited a greater cytotoxic potency
than their monosubstituted derivatives. Specifically, after 24 h
of treatment, the IC50 values of compounds 5−7 in MCF-7
cells were 0.5 ± 0.1, 0.5 ± 0.1, and 0.6 ± 0.1 μM, respectively,
which were markedly lower than that of OXA (51.9 ± 13.2
μM). Upon extending the exposure time to 72 h, compounds
5−7 demonstrated nanomolar IC50 values in MCF-7 cells,
ranging from 80 to 370 nM. As shown in Figure 2A,
compounds 5−7 showed up to approximately 319-fold greater
potency compared to that of OXA (25.5 ± 0.5 μM).
Importantly, the cytotoxic selectivity indexes (SIa = IC50 in
HUVEC/IC50 in MCF-7) of 5−7 were 31.3, 35.6, and 8.4,
respectively, which also were higher than that of OXA (1.8). In
addition, nephrotoxicity is a typical adverse effect associated

Figure 2. Cytotoxicity of the compounds. (A) The IC50 values of OXA and compounds 1−7 for 72 h in A2780, MCF-7, and 4T1, respectively. (B)
Hoechst 33342 staining of MCF-7 cells exposed to compounds at 5 μM for 24 h. (C) Flow cytometry analysis of MCF-7 cells treated with
compounds at 2.5 μM for 36 h. (D) Expression of Bax, Bcl-2, cleaved caspase-3, and caspase-3 in MCF-7 cells after treatment with compounds. (E)
Gray values of Bax, Bcl-2, cleaved caspase-3, and caspase-3 compared with β-actin, respectively. ***P < 0.001, **P < 0.01, *P < 0.05, ns indicates
no statistical significance.
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with Pt-based chemotherapeutics. Compounds 5−7 showed
SIb values in HK2 cells that were 3.9 to 26.9 times higher than
that of OXA, indicating a potentially improved safety profile.
Besides, in the OXA-resistant cell line (MCF-7/OXA), the
IC50 values of compounds 5−7 were 0.10 ± 0.02, 0.17 ± 0.04,
and 0.7 ± 0.1 μM, respectively, which were significantly lower
than that of the OXA group (87.4 ± 4.7 μM). In terms of the
resistance index (RI), the RI of OXA was 3.4, while the RI
values of compounds 5−7 did not exceed 2.0 (Table S1).
Particularly, the cytotoxicity of compound 5 showed no
significant change in the MCF-7 and MCF-7/OXA cells. These
results indicated that the fibrate-oxaliplatin(IV) conjugates can
partially reverse the resistance of MCF-7 cells to OXA. Based
on these findings, the MCF-7 cell line was selected as the
representative model for subsequent in vivo and in vitro studies.
To further evaluate the cytotoxic effects of these Pt(IV)

compounds, Hoechst 33342 staining and Annexin V-FITC/PI

double staining flow cytometry assays were conducted. As
shown in Figure 2B and Figure S40, after 24 h of treatment,
bright, dense, and high-intensity blue fluorescent plaques
appeared in the nuclei of the compound-treated groups
compared with the control group. Especially in the compound
5−7 treatment groups, obvious nuclear concentration and
nuclear fragmentation phenomena were also observed. The
quantitative flow cytometry analysis showed that compared
with control (18.1%) and the group with the highest
concentration of OXA (40.9%), compounds 2−7 significantly
increased the proportion of cell death after 36 h of treatment
(Figure 2C and Figure S41). The cell mortality rates of 5−7
treatment groups were 49.6, 43.0, and 46.8%, respectively.
Western blot results shown in Figure 2D,E also indicated that
compared with control, the expression of the pro-apoptotic
protein Bax was significantly upregulated in the cells treated
with compounds 5−7, whereas the expression of the

Figure 3. Pt content and DNA damage. (A) Log Po/w values of compounds. (B) Pt content of MCF-7 cells after treatment with compounds. (C−
E) The reduction status of MCF-7 in cells after treatment with compounds 5−7 (100 μM) for 3 h, respectively. (F) Pt-DNA content in MCF-7
cells. (G) Fluorescence images of DNA damage. (H) “Olive tail moment” statistics. (I) Detection of DNA content by flow cytometry. ***P <
0.001, **P < 0.01, *P < 0.05, ns indicates no statistical significance.
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antiapoptotic protein Bcl-2 was downregulated, with effects
superior to those observed in the OXA and ligand treatment
groups. Caspase-3 is a crucial downstream effector in the
apoptotic signaling pathway, and the activation of cleaved
caspase-3 serves as a key indicator of irreversible apoptosis.42

The experimental results demonstrated that the expression of
caspase-3 protein was downregulated, while the expression of
cleaved caspase-3 was significantly upregulated. In brief, these
findings have preliminarily validated the feasibility of fibrate
metabolite-modified oxaliplatin-like Pt(IV) prodrugs in
enhancing the antitumor efficacy of chemotherapy.

2.3. Drug Accumulation, Reduction Behavior, and
DNA Damage. Improving the transmembrane transport
efficiency is essential for enhancing the antitumor activity of
Pt-based drugs. In particular, the lipid−water partition
coefficient is regarded as an important factor influencing
drug intake. In recent years, accumulating evidence has

indicated that incorporating ligands into Pt(IV) scaffolds can
effectively enhance drug lipophilicity.43 To explore the reasons
why fibrate-oxaliplatin(IV) conjugates, particularly the dis-
ubstituted derivatives 5−7, exhibit superior anticancer
activities compared to OXA, the Log Po/w values of these
compounds were determined using the shake-flask method. As
shown in Figure 3A, the Log Po/w values of all Pt(IV)
compounds were higher than that of OXA (−4.0 ± 0.04), and
the disubstituted derivatives 5−7 display values exceeding 1.5.
Subsequently, intracellular Pt content was quantitatively
analyzed by ICP-MS. The results showed that after 8 h of
treatment, the Pt content in all Pt(IV) compound-treated
groups was higher than that in OXA, and the disubstituted
compounds exhibited significantly greater cellular uptake than
monosubstituted ones. Specifically, the Pt content following
treatment with compound 5 (419.9 ± 18.0 ng Pt/million
cells), compound 6 (712.4 ± 72.8 ng Pt/million cells), and

Figure 4. Mitochondrial dysfunction, ROS generation, cholesterol content, and ERS. (A) JC-1 staining image of MCF-7 cells. M stands for JC-1
monomer (green) and A stands for JC-1 aggregate (red). (B) Quantification of fluorescence intensity. (C) DCFH-DA staining of MCF-7 cells. (D)
Expression of PPARα in MCF-7 cells after 24 h of drug treatment and gray value statistics of PPARα and GAPDH. (E) Expression of PPARα in
tumors and gray value statistics of PPARα and GAPDH. NS means the normal saline group. (F) Cholesterol content in tumor tissue. (G)
Fluorescence images of MCF-7 cells treated with compounds for 12 h and stained with Dil (red, cell membrane) or DAPI (blue, cell nucleus).
***P < 0.001, **P < 0.01, *P < 0.05, ns indicates no statistical significance.
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compound 7 (360.5 ± 13.0 ng Pt/million cells) was markedly
higher than that in the OXA-treated group (21.4 ± 0.4 ng Pt/
million cells), representing increases of 19.6-, 33.3-, and 16.8-
fold, respectively (Figure 3B). These findings confirm that
enhanced lipophilicity promotes the intracellular Pt accumu-
lation and is one important factor for the superior cytotoxicity
of disubstituted compounds compared to that of OXA and
monosubstituted ones.
The reduction-activation process of Pt(IV) compounds is

another critical factor that influences their cytotoxic effects.
Typically, kinetically inert Pt(IV) compounds require stim-
ulation by high intracellular concentrations of reductants to
release axial ligands and the active Pt(II) core.31 Therefore, the
reduction behavior of the Pt(IV) compounds was systemati-
cally investigated. Cyclic voltammetry (CV) analysis revealed
that the reduction potentials of compounds 2−7 were −0.8,
−0.8, −0.7, −0.8, −0.8, and −0.8 V, respectively (vs saturated
calomel electrode), with irreversible reduction peaks observed
(Figure S42). These results revealed that the compounds
possess irreversible reduction characteristics. Furthermore, a
phosphate buffer solution (PBS) containing ascorbic acid
(AsA) or glutathione (GSH) was used to simulate TME and
coincubated with these compounds at 37 °C in the dark.44

During incubation, HPLC was employed to detect the release
of the ligands. Results shown in Figures S43 and S44
demonstrate that in the presence of AsA, the monosubstituted
compounds 2−4 exhibited significantly higher reduction rates,
whereas the disubstituted compounds 5−7 remained largely
unchanged. However, it is important to note that the reducing
environment within tumor cells is considerably more complex
than that simulated by the simple addition of GSH or AsA to
buffer solutions. To further evaluate the reduction behavior of
the disubstituted compounds under biologically relevant
conditions, cell lysates were collected and analyzed after
treatment with compounds 5−7 for 3 h, respectively. As shown
in Figure 3C−E, distinct peaks corresponding to the released
ligands and the original compounds were observed. Notably,
after coincubation with plasma at 37 °C in the dark for 72 h,
no decomposition peaks were observed for compounds 5−7,
which retained their structural integrity (Figure S45). These
results indicate that the fibrate-oxaliplatin(IV) conjugates can
be selectively activated in TME and are prone to release the
effector Pt(II) species and axial ligands, thereby exerting
cytotoxic effects.
It is well known that Pt(II) drugs primarily exert their

biological effects by forming highly reactive cross-links with
genomic DNA.45 To investigate the intrinsic correlation
between the reductive activation process and the cytotoxicity
of Pt(IV) compounds, the intracellular DNA platinization
content was assessed. ICP-MS analysis (Figure 3F) showed
that after 8 h of incubation, the amount of platinized DNA
increased in all treatment groups. Although there was no
significant difference between the single substituents and OXA,
the number values of Pt-DNA in compounds 2−4 was still
slightly higher than that in OXA. Notably, the platinized DNA
content in the compound 5−7 treatment groups was 11.1-,
4.5-, and 2.6-fold higher, respectively, than that in the OXA
group (146.6 ± 33.6 ng Pt/mg DNA). This result indicated
that the Pt(IV) compounds have a stronger DNA binding
capacity within cells and further supported the earlier findings
on cellular uptake. To visually evaluate the extent of DNA
damage, a comet assay was conducted. As shown in Figure
3G,H, compared with the intact nuclear morphology observed

in the control group, the Pt(IV) compound treatment groups
exhibited evident DNA fragmentation, characterized by longer
tail lengths than those in the OXA group. Particularly, the
compound 5−7 treatment groups induced the longest “Olive”
tailing, indicating more pronounced DNA damage. Such DNA
damage usually activates cell cycle checkpoints and leads to
cycle arrest.45 Here, we further analyzed changes in the cell
cycle distribution using flow cytometry. As illustrated in Figure
3I and Figure S46, compared with the control, OXA, and
fibrate groups, the Pt(IV) compound-treated groups exhibited
significant G2/M phase arrest, with the most pronounced
effects observed in the disubstituted compound groups. In
summary, these findings suggest that Pt(IV) compounds,
especially compounds 5−7, exert potent antitumor activity by
binding to DNA and inducing damages.

2.4. Mitochondrial Dysfunction, ROS Generation,
Cholesterol Inhibition, and ERS Form a Vicious Cycle.
Mitochondrial dysfunction represents a critical mechanism
through which OXA induces apoptosis.46 Accumulating
evidence suggests that OXA can disrupt mitochondrial
function by directly damaging mitochondrial DNA, inducing
oxidative stress, and interfering with calcium homeostasis etc.46

A notable early indicator of apoptosis is the reduction of the
mitochondrial membrane potential (ΔΨm). To evaluate
changes in ΔΨm, a JC-1 fluorescent probe was used for
detection. As shown in Figure 4A and Figure S47A, the red
fluorescence of the cells treated with compounds 2−7 was
significantly decreased, while the green fluorescence increased
correspondingly. Quantitative analysis of fluorescence intensity
further revealed that the aggregate/monomer ratio was
significantly lower in the compound-treated groups compared
to the control, suggesting impaired mitochondrial function
(Figure 4B and Figure S47C).

As the primary source of ROS in eukaryotic cells,
mitochondria play a central role in oxidative stress under
dysfunctional conditions, which is characterized by excessive
ROS accumulation.47 When ROS levels surpass the capacity of
cellular antioxidant defense, oxidative stress occurs, leading to
damage to biological macromolecules such as lipids, proteins,
and DNA, and ultimately culminating in cell death.48 Notably,
the axial ligand fibrates can also indirectly enhance ROS
production by activating the PPARα signaling pathway and
upregulating the expression of peroxisomal acyl-CoA oxidase 1
(ACOX1).26−28 Therefore, the ROS level in cells after drug
treatment was assessed using the DCFH-DA probe. As shown
in Figure 4C and Figure S47B, green fluorescence signals were
markedly increased in the OXA or fibrate monotherapy groups
compared to the control, indicating that both treatments can
induce ROS generation. However, the compound 2−7
treatment groups significantly increased the ROS level at the
same concentration, with fluorescence intensity much higher
than that of other groups (P < 0.001, Figure 4B and Figure
S47D). These results indicate that Pt(IV) compounds 2−7
exacerbate oxidative stress, thereby enhancing the cytotoxicity.

Activation of PPARα also promotes reverse cholesterol
transport, enhances bile acid synthesis, inhibits de novo
cholesterol synthesis, promotes fatty acid oxidation, regulates
lipoprotein metabolism, and significantly reduces cholesterol
levels.26,28 Western blot results showed that the PPARα
expression was markedly upregulated both in vivo and in vitro
in compounds 5−7 treatment groups (Figure 4D,E), which
was accompanied by a significant reduction in cholesterol
content in tumor tissues (Figure 4F). Further blood
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cholesterol content tests (Figure S48) revealed no significant
difference between the compound 5−7 treatment group and
the control group, suggesting that compounds 5−7 may
primarily regulate cholesterol levels in tumor tissues without
exerting notable effects on normal tissues. As a critical
component of cellular membranes, cholesterol plays a pivotal
role in maintaining membrane integrity. Cholesterol depletion
leads to elevated membrane tension, altered membrane
fluidity, and ultimately cell lysis.49 To evaluate whether the
reduction in cholesterol levels is sufficient to modulate cancer
cell activity, we performed additional experiments under
controlled cholesterol conditions. As shown in Figure S49,
exogenous cholesterol supplementation increased cell viability,
particularly in the high-dose group. Dil staining revealed that
the red fluorescence was predominantly localized to the cell
membrane in the control, OXA, suggesting intact cellular
membranes. In contrast, fibrate and compound 2−7 treatment
groups exhibited intracellular aggregation of fluorescence
(Figure 4G and Figure S49), indicating that cholesterol
depletion caused severe membrane disruption and subsequent
cell death.
Cholesterol, as a core structural component of the ERS, not

only maintains membrane stability through its rigid steroid ring
structure but also forms specialized lipid microdomains by
interacting with phospholipids such as phosphatidylcholine
and sphingomyelin.49 Research indicates that a substantial
decrease in intracellular cholesterol levels triggers UPR,
thereby inducing ERS.20 Concurrently, excessive accumulation
of ROS further exacerbates ERS.50 Glucose-regulated protein
78 (GRP78) is a key endoplasmic reticulum chaperone protein
that plays a core role in protein folding and ERS reactions.51

C/EBP-homologous protein (CHOP), a transcription factor, is
primarily involved in regulating cell proliferation, differ-
entiation, and energy metabolism and serves as a critical
mediator of ERS-induced apoptosis.52 To evaluate ERS
activation, we assessed the expression levels of GRP78 and
CHOP. As shown in Figure 5A,B, compared with the control,
OXA, and ligand treatment groups, GRP78 and CHOP
expression levels were significantly elevated in the 5−7
treatment groups, and CHOP showed obvious nuclear
aggregation, indicating that ERS was continuously activated.
Additionally, ERS would further aggravate mitochondrial
dysfunction. Thus, fibrate-oxaliplatin(IV) conjugates establish
a “self-amplifying vicious cycle” by inducing mitochondrial
dysfunction, promoting ROS burst, inhibiting cholesterol
synthesis, and triggering ERS (Figure 5C).

2.5. Antitumor Immunity In Vivo and In Vitro. ERS has
been established as a core regulatory mechanism of ICD under
pathological conditions. During the process of ICD in tumor
cells, ERS facilitates the release of DAMPs, thereby activating
antitumor immune responses.53 The above studies have
demonstrated that fibrate-oxaliplatin(IV) conjugates possess
potent ERS-inducing capabilities; however, their ability to
induce effective ICD remains to be further validated. Here, the
release of DAMPs was detected in both cultured cells and
tumor tissues following the drug treatment. CRT, a multi-
functional protein located in the endoplasmic reticulum,
rapidly translocates to the cell surface when tumor cells
undergo ICD. There, it functions as an “eat me” signal that
promotes DCs phagocytosis of tumor cells and enhances
tumor responsiveness to anticancer immunotherapy.54 Im-
munofluorescence staining results (Figure 6A) showed that

Figure 5. Potential mechanisms triggering ERS. (A) Imaging of GRP78 and CHOP expression in MCF-7 cells after exposure to compounds (5
μM) for 24 h, respectively. Single-image planes of Alexa Fluor 488/594-conjugated goat antirabbit IgG (H+L) (green/red), DAPI (blue), and
merged green/red and blue channels are displayed. (B). Quantification of the mean fluorescence value of GRP78 and CHOP. (C) Diagram of the
potential mechanisms that trigger ERS. ***P < 0.001, **P < 0.01, *P < 0.05.
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compared with the control, the OXA-treated cells exhibited
only a weak CRT signal, whereas the compound 5−7
treatment group showed a marked increase in CRT red
fluorescence on the cell membrane surface. The immunohis-
tochemical results of tumor tissues in Figure 6B were also
consistent with the cellular-level CRT findings, confirming that
compounds 5−7 effectively promoted CRT membrane
translocation. The extracellular release of HMGB1 is a key
step in ICD-mediated activation of antitumor immunity.55

Tumor tissue section analysis (Figure 6B,C) showed that
HMGB1 release was significantly enhanced in the compound
5−7 treatment groups compared to that in the OXA group.
Additionally, ATP, a key “find-me” signaling molecule, plays a
pivotal role in promoting DCs maturation and activation. As
shown in Figure 6D, ATP release was significantly increased in
the Pt(IV) compound treatment groups compared to the OXA
group. Especially in the compound 5−7 treatment groups, the
ATP levels increased by 1.8-, 2.0-, and 1.5-fold, respectively (P
< 0.001). Furthermore, DAMPs released from dying cancer
cells can enhance the maturation of DCs. Flow cytometry
analysis (Figure 6E) demonstrated that compared with the NS
group (38.5%) and the OXA group (42.0%), treatment with
compounds 5−7 significantly increased the expression levels of
DCs maturation markers CD80 and CD86. The proportions of
CD11c+/CD80+/CD86+ cells were 46.6, 44.4, and 44.9% in

the respective groups. These results further confirm that
compounds 5−7 have the ability to efficiently induce ICD and
promote the maturation of DCs.

The tumor immunosuppressive microenvironment is also a
critical factor that limits the amplification of the effects of ICD.
It is well established that CD8+ T cells serve as core effector
cells in cancer immunotherapy. Specifically, CD8+ T cells can
directly lyse tumor cells by releasing cytotoxic molecules, such
as granzyme and perforin. Additionally, they secrete IFN-γ,
which upregulates the expression of major histocompatibility
complex class I (MHC-I) molecules on tumor cells, thereby
enhancing their susceptibility to immune-mediated destruc-
tion.56 However, the functional activity of CD8+ T cells are
frequently suppressed within the TME. Notably, the
accumulation of cholesterol in the TME has been identified
as a key contributor to the functional exhaustion of CD8+ T
cells.57 Therefore, modulating cholesterol metabolism repre-
sents a promising strategy for enhancing antitumor immune
responses. The infiltration of CD8+ T cells in tumor tissues
from mice treated with various therapeutic agents was
evaluated by using flow cytometry. As shown in Figure 7A,B,
the CD8+ T cell infiltration rates in the 5−7 treatment groups
increased significantly to 26.3, 22.9, and 17.6%, respectively,
which were markedly higher than those observed in the NS
group (3.1%) and the OXA group (8.2%). Tissue section

Figure 6. ICD induction. (A) Fluorescence images of CRT expression in MCF-7 cells after exposure to compounds (5 μM) for 24 h, respectively.
Single-image planes of Alexa Fluor 594-conjugated goat antirabbit IgG (H+L) (red), DAPI (blue), and merged red and blue channels are displayed
here. (B). Immunofluorescence staining of CRT and HMGB1 in tumor tissues. (C) Quantification of the mean fluorescence values of CRT and
HMGB1. (D) The extracellular ATP level of MCF-7 cells. (E) Flow cytometry was used to detect the maturation of dendritic cells in tumor tissues
(expression of CD80+ and CD86+ on CD11c+ cells). ***P < 0.001, **P < 0.01, *P < 0.05.
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staining (Figure 7C,D) and Western blot analysis (Figure
7E,F) further confirmed that compared with the NS group, the
expression of CD8 in tumor tissues was increased in the drug
treatment group, particularly in the compound 5−7 treatment
groups, where the effect was more pronounced than in the
OXA group. This indicates a marked increase in the level of
CD8+ T cell infiltration into tumor tissues. Programmed death
ligand-1 (PD-L1) is an immune checkpoint molecule that is
highly expressed on the surface of tumor cells. Upon binding to
programmed death receptor-1 (PD-1) on CD8+ T cells, PD-L1
delivers inhibitory signals that suppress T cell activity.58

Studies have demonstrated that cholesterol can directly
interact with the transmembrane domain of PD-L1 via a
cholesterol-recognition amino acid consensus (CRAC) motif,
thereby stabilizing PD-L1 to prevent downstream degrada-
tion.59 Thus, targeting cholesterol metabolism may serve as an
effective approach to inhibiting the PD-1/PD-L1 signaling axis
and restoring the functionality of exhausted CD8+ T cells.
Figure 7C,D demonstrates that the compound 5−7 treatment
groups exhibited a more markedly inhibitory effect on PD-L1
expression compared to both the NS and OXA groups.

Figure 7. In vivo immunity. (A) Flow cytometry was used to detect the expression of CD8+T in CD3+T cells in the tumor tissues of each group.
(B) The percentage of CD8+T cells (CD3+CD8+) population. (C) The changes of CD8 and PD-L1 after 14 days of different treatments. (D)
Quantification of CD8 and PD-L1. (E) Expression of CD8 and Foxp3 in tumor after drug treatment. (F) Gray value statistics of CD8/Foxp3 and
β-actin in tumor tissues. (G) Content of IFN-γ, TNF-α, and IL-2 in the blood. (H) Fibrate-oxaliplatin(IV) conjugates exert the molecular
mechanism of antitumor immunity. ***P < 0.001, **P < 0.01, *P < 0.05, ns indicates no statistical significance.
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Furthermore, regulatory T cells (Tregs) play a pivotal role in
establishing and maintaining the immunosuppressive TME.60

Forkhead box protein 3 (Foxp3) is a key transcription factor

essential for the development and suppressive function of
Tregs.61 Loss of Foxp3 expression compromises Treg stability
and function.62 As illustrated in Figure 7E,F, the expression of

Figure 8. In vivo performance. (A) Diagram of the treatment plan for 4T1 tumors in Balb/c mice. (B) Body weight change chart of mice. (C)
Survival rate of mice during treatment. (D−I) Tumor volume growth curves. (J) Tumor size map after treatment. (K) Tumor weight statistics after
the end of treatment. (L) H&E staining of tumor tissues. (M) Expression of Bax, Bcl-2, cleaved caspase-3, and caspase-3 in tumor tissues. (N) Gray
value statistics of Bax/Bcl-2/caspase-3/cleaved caspase-3 and β-actin in tumor tissues. ***P < 0.001, **P < 0.01, *P < 0.05, ns indicates no
statistical significance.
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Foxp3 was significantly reduced in the compound 5−7
treatment groups compared with the NS and OXA groups.
IFN-γ has been shown to induce a “fragility” state in Tregs
within the TME, diminishing their immunosuppressive
capacity and promoting further IFN-γ secretion.63 ELISA
results revealed that the serum IFN-γ levels in mice treated
with compounds 5−7 were significantly higher than those in
the NS and OXA groups (Figure 7G). In addition, in the 5−7
treatment groups, the levels of TNF-α (closely related to the
toxic function of T cells) and IL-2 (promoting CD8+ T cell
infiltration) in the serum were also significantly increased
(Figure 7G). In summary, in addition to effectively inducing
ICD, fibrate-oxaliplatin(IV) conjugates can also remodel the
immunosuppressive TME by blocking the PD-1/PD-L1
interaction, promoting the infiltration and functional recovery
of cytotoxic CD8+ T cells, attenuating Tregs-mediated

immunosuppression, and enhancing IFN-γ production, thus
exerting powerful antitumor effects (Figure 7H).

2.6. In Vivo Anticancer Performance. Based on the
significant anticancer activity demonstrated above, we further
evaluated the in vivo antitumor efficacy of the target
compounds using a 4T1 tumor xenograft BALB/c nude
mouse model. The administration protocol is illustrated in
Figure 8A. When the tumor volume reached approximately
50∼100 mm3, the mice were randomly divided into five groups
(n = 6): NS (normal saline), OXA (5 mg Pt/kg), 5 (2.5 mg
Pt/kg), 6 (2.5 mg Pt/kg), and 7 (2.5 mg Pt/kg). Each group
was administered via tail vein injection every 2 days for a total
of seven doses. OXA is widely recognized for its severe side
effects such as significant peripheral neurotoxicity and
gastrointestinal reactions, which are major factors limiting its
clinical application. Consequently, we closely monitored the
physiological status of the mice throughout the experiment.

Figure 9. Biological safety evaluation. (A−C) Hemolysis test. (D) Body weight in acute toxicity test. (E) Survival curves of acute toxicity test. (F)
Changes of CR, BUN, and UA in renal function of mice in the tumor suppression experiment. (G) Changes of AST and ALT in liver function of
mice in the tumor suppression experiment. (I) Expression of COX-2 and TRPV1 in tumor tissues, along with the gray values statistics of COX-2/
TRPV1 and GAPDH in tumor tissues. (H) H&E staining of the heart, liver, spleen, lung, and kidney of mice in the tumor suppression experiment.
***P < 0.001, **P < 0.01, *P < 0.05, ns indicates no statistical significance.
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During administration, the mice in compound 5−7 treatment
groups exhibited physiological signs (mental state, activity
level, feeding, and excretion) largely consistent with those of
the NS group. Although the Pt(IV) compound treatment
groups showed a slight decrease in body weight during the
initial treatment phase, their weight gradually recovered later
on, ultimately showing no statistically significant difference
compared with the NS group (Figure 8B). In contrast, mice in
the OXA treatment groups exhibited progressive weight loss
throughout the treatment period and displayed signs of
lethargy and listlessness. As shown in Figure 8B, after
completing four treatments, two mice had weight loss that
exceeded 20% of their initial weight. According to animal
welfare standards, they are regarded as dead and the survival
rate rapidly declined to 60%. The first mouse death occurs
starting on day 11, and all mice in the OXA groups have died
by day 13. Therefore, treatment was terminated on day 14, and
all mice were euthanized for dissection.
Tumor volume change curves during treatment indicated

that compared to the NS group, tumor growth in the OXA (5
mg of Pt/kg) group showed no significant difference (P >
0.05), while the compound 5−7 treatment groups (only 2.5
mg of Pt/kg) all exhibited significant inhibition of tumor
growth (Figure 8C−H). Tumor weight data depicted in Figure
8I−K revealed that the tumor inhibition rates for compound 5,
6, and 7 treatment groups were approximately 60.4, 47.4, and
38.8%, respectively, which were significantly higher than the
37.6% observed in the OXA treatment group. Further
observation via hematoxylin and eosin (H&E) staining (Figure
8L) showed that tumor cells in the NS group were densely
packed with intact morphology and no obvious damage. The
OXA group exhibited only localized death. In contrast,
compound 5−7 treatment groups displayed extensive areas
of tumor necrosis, accompanied by significant nuclear
pyknosis. Additionally, Western blot analysis in Figure 8M,N
showed that the expression changes of apoptosis-related
proteins (Bcl-2, Bax, caspase-3, and cleaved caspase-3) in the
tumor tissue were highly consistent with the in vitro
experimental results (Figure 2D). In summary, compared to
OXA, compounds 5−7 demonstrate significantly enhanced
antitumor activity in vivo, underscoring the potential benefits of
combining fibrate derivatives with oxaliplatin. Taken together,
compounds 5−7 demonstrated superior in vivo antitumor
activity compared with that of OXA, further validating the
potential advantages of conjugating fibrates to OXA for
enhancing antitumor efficacy.

2.7. Biological Safety Evaluation. Given the obvious
toxicity of OXA, we conducted a systematic evaluation of the
biosafety profiles of compounds 5−7 through comprehensive
in vitro and in vivo experiments. Hemolysis tests showed that
after 4 h of incubation, compounds 2−7 exhibited good blood
compatibility across the concentration range of 15.63 to 500
μM, with hemolysis rates below 5% (Figure 9A−C and Figure
S51). Based on the observation that compounds 5−7
demonstrated superior efficacy compared to OXA at low
doses in previous in vivo antitumor studies, we further
evaluated their acute toxicity. KM mice were randomly divided
into 8 groups (n = 5): NS, an OXA group (5 mg of Pt/kg),
low-dose compound 5−7 groups (2.5 mg of Pt/kg), and high-
dose groups (10 mg of Pt/kg). As shown in Figures 9D,E,
there was a rapid and significant body weight loss in the OXA
group by the fourth day, culminating in a 100% mortality rate
on the 12th day. In contrast, the body weight of mice treated

with compound 5−7 continued to increase throughout the
observation period, and all mice in the low-dose compound
groups survived (100% survival rate). The overall survival rate
in the high-dose groups exceeded 30%, with the compound 7
group showing a survival rate greater than 80%, which was
markedly higher than that of the OXA group. These findings
indicate that compounds 5−7 possess a safety margin
significantly wider than that of the safety of OXA within the
effective dose range. Monitoring liver and kidney function is
essential for drug safety evaluation. We analyzed serum
biochemical parameters, including blood urea nitrogen
(BUN), uric acid (UA), creatinine (CR), aspartate amino-
transferase (AST), and alanine aminotransferase (ALT). As
shown in Figure 9F,G, all measured parameters in the
compound 5−7 treatment groups remained within the normal
reference ranges and showed no statistically significant
differences compared with the NS group. Furthermore,
histopathological examination of major organs (heart, liver,
spleen, lungs, and kidneys) via H&E staining (Figure 9H)
revealed no significant tissue damage in the compound-treated
groups. Although no apparent abnormalities in liver or kidney
function were observed in the OXA group, the pronounced
weight loss and high mortality rate suggest the presence of
substantial toxic effects. We hypothesize that these effects may
be primarily attributed to two mechanisms: Pt-based agents
such as OXA at doses of 4−6 mg Pt/kg are known to induce
chemotherapy-induced peripheral neuropathy (CIPN), which
manifests as pain, sensory disturbances, and reduced mobility,
thereby significantly impairing animal well-being.64 Addition-
ally, OXA may lead to anorexia, metabolic dysregulation, and
increased energy expenditure, contributing to a rapid weight
loss. Accumulating evidence suggests that mediators secreted
by the tumor microenvironment play a pivotal role in cancer-
related pain.65 Transient receptor potential vanilloid 1
(TRPV1) channel is implicated in the modulation of pain
signaling, inflammatory responses, and tumor progression.66

Moreover, prolonged OXA treatment has been shown to
promote inflammation and upregulate cyclooxygenase-2
(COX-2) expression along with its metabolite prostaglandin
E2.67 COX-2 is regarded as an important target for alleviating
neuropathic pain.68 Consistent with the observed OXA-
induced toxicity in this study, immunohistochemical analysis
(Figure 9I) demonstrated that OXA treatment significantly
increased the expression levels of both TRPV1 and COX-2 in
tumor tissues. In conclusion, compounds 5−7 exhibit
markedly improved biosafety profiles compared with those of
OXA. These favorable safety characteristics provide a solid
foundation for their further development as next-generation
platinum-based anticancer agents.

3. CONCLUSIONS
In conclusion, this study successfully addressed the limitations
of the use of OXA in inducing ICD and overcoming
immunosuppressive TME through the development of a
novel class of fibrate-oxaliplatin(IV) conjugates. These well-
designed prodrugs, exemplified by the high-efficiency com-
pound 5 (with an IC50 value 319 times lower than that of
OXA), demonstrated superior tumor cell accumulation and
effectively intracellular release of two active components. The
key point is that the fibrate component coordinates multiple
attacks: it synergizes with OXA-induced DNA damage, triggers
mitochondrial dysfunction and profound endoplasmic retic-
ulum stress, and ultimately leads to intense apoptosis. This
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process integrates with fibrate’s unique cholesterol metabolism
regulatory function, establishing a “self-amplification” vicious
cycle that significantly enhances the release of DAMPs and
thereby synergistically amplifies the ICD effect, which is far
greater than that of OXA alone. In addition to direct
cytotoxicity and enhanced ICD, these conjugates also actively
remodel the TME by promoting CD8+ T cell infiltration,
inhibiting PD-L1 expression, attenuating Tregs-mediated
immunosuppression, and enhancing the secretion of effector
molecules such as IFN-γ, TNF-α, and IL-2. Notably, in vivo
studies have confirmed its powerful antitumor efficacy, along
with good biocompatibility and reduced off-target toxicity.
This innovative strategy, which integrates metabolic regulation
(cholesterol/fibrate) with single-molecule Pt-based chemo-
therapy, offers a highly promising approach to overcoming
tumor immune evasion and provides significant potential for
the development of chemoimmunotherapy regimens targeting
solid tumors.

4. EXPERIMENTAL SECTION
4.1. Materials and Instrumentations. OXA was purchased from

Shandong Platinum Source Pharmaceutical Co., Ltd. CA, FA, CB,
GSH, AsA, TEA, TBTU, paraformaldehyde, anhydrous DMSO, and
DMF were obtained from Adamas-beta. DMEM medium was
purchased from Wisent. Fetal bovine serum (FBS) was acquired
from Kangyuan Biotechnology Co., Ltd. Trypsin was obtained from
Gibco. MTT was purchased from Macklin. Ethidium bromide (EB),
DAPI, the BCA protein assay kit, the SDS-PAGE gel preparation kit,
PI, and RNase A were purchased from Solarbio. The genomic DNA
extraction kit was obtained from Takara. 1H and 13C NMR
measurements were implemented on a spectrometer at 600 MHz
(Bruker, AVIII60). Pt content was detected by ICP-MS (Agilent,
MS8900). HPLC profiles were obtained using an LC3000I system
(Beijing Innovation Tongheng Technology Co., Ltd.). Immunofluor-
escence was captured by a laser confocal microscope (Zeiss LSM
900).

4.2. Synthesis of Compound 1. OXA (745 mg, 1.73 mmol) and
H2O2 (30% w/v, 6 mL) were mixed in a round-bottomed flask and
reacted at 70 °C for 7 h. The reaction solution was subsequently
cooled overnight at 4 °C to form a white precipitate. The precipitate
was washed with water, anhydrous ethanol, and ether and then dried.
Yield: 80% (600 mg, 1.39 mmol).

FTMS (m/z): calcd for C8H16N2O6Pt (M + Na)+, 454.0548;
found: 454.0550. IR: 3525.87 (m, ν Pt−OH); 3402.43 (m), 3172.90
(m), 3068.74 (br), 2970.37 (br) (ν N−H); 2947.23 (m) (ν C−H);
2860.43 (m); 1735.93 (s), 1668.42 (s) (ν C=O); 1618.27 (m);
1564.26 (m); 1448.54 (m); 1382.96 (s); 1224.79 (s); 1064.70 (m);
806.24 (s), 763.81 (γ C−H).

4.3. Synthesis of Compound 2. CA (96.6 mg, 0.45 mmol), TEA
(51 μL, 0.36 mmol), NHS (77.69 mg, 0.6 mmol), and DCC (102.12
mg, 0.495 mmol) were dissolved in dry acetonitrile (5 mL). The
reaction solution was stirred at room temperature for 24 h in a
covered flask. The precipitated byproduct, dicyclohexylurea (DCU),
was removed either by vacuum filtration or syringe filtration. The
filtrate was collected and concentrated to dryness under reduced
pressure. The NHS ester was used directly without further
purification.

Next, compound 1 (43.20 mg, 0.10 mmol) was reacted with NHS
ester (40 mg, 0.128 mmol) in DMSO (3 mL) at 40 °C under a
nitrogen atmosphere for 72 h, yielding a clear solution. The solvent
was removed under reduced pressure, and ice-cold water was added to
obtain a white precipitate. The crude product was purified by silica gel
column chromatography (DCM/methanol, v/v, 20:1) to afford a
yellow solid. Yield: 39.00% (24.4 mg, 0.039 mmol). Purity (HPLC):
98.80%.

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 8.27−8.23 (dd, J =
12,6 Hz,1H), 8.14 (s, 1H), 7.92 (s, 1H), 7.18 (t, J = 4.4 Hz, 3H), 6.76

(d, J = 4.4 Hz, 2H), 2.55−2.53 (m, 1H), 2.33−2.29 (m, 1H), 2.10−
2.02 (m, 2H), 1.54−1.49 (m, 2H), 1.49 (s 6H), 1.29−1.08 (m, 4H).
13C NMR (151 MHz, DMSO-d6) δ (ppm) = 181.87, 164.11, 164.07,
154.94, 129.23, 124.99, 120.06, 80.74, 62.48, 60.40, 31.28, 26.06,
26.04, 24.06. FTMS (m/z): calcd C18H25ClN2O8Pt (M + Na)+,
650.0947; found, 650.0840. Elemental analysis (%): calcd for
C18H25ClN2O8Pt: C, 34.43; H, 4.01; N, 4.46. Found: C, 34.52; H,
4.18; N, 4.49.

4.4. Synthesis of Compound 3. FA (63.76 mg, 0.20 mmol),
TBTU (77.06 mg, 0.24 mmol), and TEA (34 μL, 0.24 mmol) were
dissolved in dry DMSO (2 mL), and 15 min later, compound 1
(86.26 mg, 0.20 mmol) was added into the portions. The mixture was
stirred at 40 °C under nitrogen for 24 h to form a clear solution. Next,
the solvent was removed under reduced pressure, and ice-cold water
was added to obtain a white precipitate. The crude product was
purified by silica gel column chromatography (DCM/methanol, v/v,
12:1) to afford a white solid. Yield: 34.00% (49.80 mg, 0.068 mmol).
Purity (HPLC): 95.59%.

1H NMR (600 MHz, DMSO-d6) δ (ppm) 8.16 (d, J = 24 Hz, 1H),
7.95 (s, 1H), 7.79 (d, J = 12 Hz, 2H), 7.60 (t, J = 8.7 Hz, 4H), 7.17 (t,
J = 10.2 Hz, 1H), 6.81 (d, J = 5.9 Hz, 2H), 2.54 (d, J = 11.4 Hz, 1H),
2.31 (d, J = 6 Hz, 1H), 2.11−1.98 (dd, J = 42 Hz, 2H), 1.48(s, 6H),
1.49−1.46 (m, 2H), 1.30−1.09 (m, 4H). 13C NMR (151 MHz,
DMSO-d6) δ (ppm) = 193.27, 180.98, 163.62, 159.74, 136.87, 136.40,
131.78, 131.38, 128.67, 128.51, 116.56, 80.39, 62.06, 30.84, 25.76,
25.44, 23.63. FTMS (m/z): calcd C25H29ClN2O9Pt (M + H)+,
732.0460; found, 732.1284. Elemental analysis (%): calcd for
C25H29ClN2O9Pt: C, 41.02; H, 3.99; N, 3.83. Found: C, 41.08; H,
3.94; N, 3.89.

4.5. Synthesis of Compound 4. CB (57.83 mg, 0.20 mmol),
TBTU (77.06 mg, 0.24 mmol), and TEA (34 μL, 0.24 mmol) were
dissolved in dry DMSO (2 mL), and 15 min later, compound 1
(86.26 mg, 0.20 mmol) was added into the portions. The mixture was
stirred at 40 °C under nitrogen for 48 h to form a clear solution. Next,
the solvent was removed under reduced pressure and ice-cold water
was added to obtain a white precipitate. The crude product was
purified by silica gel column chromatography (DCM/methanol, v/v,
12:1) to afford a white solid. Yield: 24.50% (34.60 mg, 0.049 mmol).
Purity (HPLC): 96.40%.

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 8.38−8.28 (m, 1H),
8.17 (s, 1H), 7.92 (s, 1H), 7.18 (s, 1H), 7.09 (d, J = 8.9 Hz, 2H),
6.76−6.70 (m, 2H), 3.01−2.95 (m, 1H), 2.70 (s, 1H), 2.37 (d, J =
19.8 Hz, 1H), 2.09 (s, 2H), 2.01 (d, J = 16.3 Hz, 2H), 1.49 (s, 2H),
1.43 (s, 6H), 1.27−0.98 (m, 4H). 13C NMR (151 MHz, DMSO-d6) δ
(ppm) = 181.11, 163.05, 154.41, 128.80, 125.95, 116.84, 79.14, 61.44,
59.29, 33.31, 30.26, 25.25, 25.11, 24.90, 24.18, 23.04. FTMS (m/z):
calcd C21H28Cl2N2O8Pt (M + Na)+, 724.0870; found, 724.0773.
Elemental analysis (%): calcd for C21H28Cl2N2O8Pt: C, 35.91; H,
4.02; N, 3.99. Found: C, 35.98; H, 4.08; N, 3.94.

4.6. Synthesis of Compound 5. CA (137 mg, 0.64 mmol),
TBTU (77.06 mg, 0.24 mmol), and TEA (102 μL, 0.72 mmol) were
dissolved in dry DMF (2 mL), and 15 min later, compound 1 (86.26
mg, 0.20 mmol) was added into the portions. The mixture was stirred
at 40 °C under nitrogen for 48 h to form a clear solution. Then, the
solvent was removed under reduced pressure and ice-cold water was
added to obtain a white precipitate. The crude product was purified
by silica gel column chromatography (DCM/methanol, v/v, 60:1) to
afford a white solid. Yield: 49% (80.40 mg, 0.098 mmol). Purity
(HPLC): 98.06%.

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 8.43 (d, J = 9.1 Hz,
2H), 8.08 (d, J = 12, 2H), 7.20 (d, J = 9.1 Hz, 4H), 6.76 (d, J = 9.1
Hz, 4H), 2.13−2.11 (t, 2H), 1.52 (d, J = 9.6 Hz, 2H), 1.46 (s, 12H),
1.40 (d, J = 9.4 Hz, 2H), 1.10−1.05 (m, 4H). 13C NMR (151 MHz,
DMSO-d6) δ (ppm): 180.85, 163.38, 154.67, 129.35, 125.38, 120.24,
80.16, 62.13, 31.49, 26.19, 25.86, 23.99. FTMS (m/z): calcd
C28H34Cl2N2O10Pt (M + Na)+, 846.1238; found, 846.1140. Elemental
analysis (%): calcd for C28H34Cl2N2O10Pt: C, 40.79; H, 4.16; N, 3.40.
Found: C, 40.72; H, 4.18; N, 3.49.

4.7. Synthesis of Compound 6. FA (191.25 mg, 0.6 mmol),
TBTU (77.06 mg, 0.24 mmol), and TEA (102 μL, 0.72 mmol) were
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dissolved in dry DMF (2 mL), and 15 min later, compound 1 (86.26
mg, 0.20 mmol) was added into the portions. The mixture was stirred
at 40 °C under nitrogen for 48 h to form a clear solution. Then, the
solvent was removed under reduced pressure and ice-cold water was
added to obtain a white precipitate. The crude product was purified
by silica gel column chromatography (DCM/methanol, v/v, 80:1) as
eluent to afford a white solid. Yield: 34% (69.80 mg, 0.068 mmol).
Purity (HPLC): 98.45%.

1H NMR (600 MHz, DMSO) δ (ppm) = 8.44 (s, 2H), 8.06 (s,
2H), 7.78 (d, J = 8.4 Hz, 4H), 7.62 (d, J = 8.8 Hz, 4H), 7.57 (d, J =
8.4 Hz, 4H), 6.81 (d, J = 6.8 Hz, 4H), 2.34 (s, 2H), 2.12 (d, J = 12.3
Hz, 2H), 1.56 (d, J = 8.8 Hz, 12H), 1.47 (d, J = 8.5 Hz, 2H), 1.41 (d,
J = 12.1 Hz, 2H), 1.06−1.00 (m, 2H). 13C NMR (151 MHz, DMSO-
d6) δ (ppm): 193.17, 180.01, 162.71, 159.36, 136.90, 136.27, 131.80,
131.27, 128.93, 128.46, 116.57, 79.73, 61.68, 31.00, 25.65, 25.48,
23.48. FTMS (m/z): calcd C42H42Cl2N2O12Pt (M + H)+, 1032.7840;
found, 1032.1839. Elemental analysis (%): calcd for
C42H42Cl2N2O12Pt: C, 48.84; H, 4.10; N, 2.71. Found: C, 48.89; H,
4.18; N, 2.75.

4.8. Synthesis of Compound 7. CB (185.05 mg, 0.64 mmol),
TBTU (77.06 mg, 0.24 mmol), and TEA (102 μL, 0.72 mmol) were
dissolved in dry DMF (2 mL), and 15 min later, compound 1 (86.26
mg, 0.20 mmol) was added into the portions. The mixture was stirred
at 40 °C under nitrogen for 48 h to form a clear solution. Then, the
solvent was removed under reduced pressure and ice-cold water was
added to obtain a white precipitate. The crude mixture was purified by
silica gel column chromatography (DCM/methanol, v/v, 60:1) to
afford a white solid. Yield: 25.00% (52.60 mg, 0.05 mmol). Purity
(HPLC): 99.64%.

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 8.44 (d, J = 6.4 Hz,
2H), 8.13 (d, J = 9.1 Hz, 2H), 7.11 (d, J = 8.7 Hz, 4H), 6.74 (d, J =
8.9 Hz, 4H), 3.05−2.92 (m, 2H), 2.42−2.35 (m, 2H), 2.07−1.97 (m,
4H), 1.53−1.50 (m, 2H), 1.46 (d, J = 4.2 Hz, 12H), 1.11−1.02 (m,
2H). 13C NMR (151 MHz, DMSO-d6) δ (ppm) = 180.16, 180.11,
162.30, 154.11, 128.89, 126.35, 117.02, 78.62, 78.59, 61.32, 61.11,
61.08, 61.04, 39.46, 33.29, 30.46, 25.40, 25.26, 24.91, 24.74, 24.21,
22.96. FTMS (m/z): calcd C34H40Cl4N2O10Pt (M + Na)+, 994.1085;
found, 994 .0983 . Elementa l ana lys i s (%): ca lcd for
C34H40Cl4N2O10Pt: C, 41.95; H, 4.14; N, 2.88. Found: C, 41.87; H,
4.17; N, 2.93.

4.9. Cyclic Voltammetry Test. The reduction potential of the
platinum(IV) compound was measured using a three-electrode
system (CHI760e), comprising a glassy carbon electrode as the
working electrode, a saturated calomel electrode as the reference
electrode, and a platinum sheet electrode as the counter electrode.
The scan rate was set at 100 mV/s. All electrochemical measurements
were conducted in PBS buffer containing 0.1 mM platinum(IV)
compound and 0.1 M KCl.

4.10. Log Po/w Determination. The Log P values were
determined by using the shake-flask method. Standard regression
equations for the concentration−absorbance (C−A) relationship of
the two-phase system were established by UV spectrophotometry.
The compounds were dissolved in water-saturated n-octanol and
equilibrated with octanol-saturated water after 24 h of shaking in the
dark. The concentrations of the compounds in each phase were
quantified to calculate the Log Po/w values. All measurements were
performed in triplicate.

4.11. Stability of Compounds in PBS and Plasma.
Compounds 2−4 were dissolved in a PBS/DMF buffer (9:1, v/v),
while 5−7 were dissolved in PBS/DMF (3:2, v/v). All solutions were
incubated at 37 °C in the dark. The stability of each compound was
monitored at 0, 12, 24, and 72 h using an HPLCONE-5 C18A
column (250 × 10 mm, 5 μm). The mobile phase for compound 2
consisted of methanol/water (20:80, v/v, containing 0.1% formic
acid). The mobile phase of compounds 3−7 was analyzed using
methanol/water (60:40, v/v, containing 0.1% formic acid). The UV
detector was set at a wavelength of 254 nm.
In vivo stability: Compounds 5−7 were mixed with plasma and

incubated in the dark at 37 °C. Samples were taken at time points of
0, 24, 48, and 72 h, respectively, and detected by HPLC. The

detection conditions and methods were consistent with the above in
vitro stability.

4.12. Reduction Kinetics. Compounds 2−4 (1 mM) were
dissolved in PBS/DMF (9:1, v/v) containing AsA (10 mM) or GSH
(10 mM), respectively. Compounds 5−7 (1 mM) were dissolved in
PBS/DMF (3:2, v/v) containing AsA (10 mM) or GSH (10 mM),
respectively. All solutions were incubated at 37 °C in the dark. The
release profile of each compound was determined by HPLC. The
mobile phase was the same as the conditions in stability study.

4.13. Cell Culture. The human breast cancer cell line (MCF-7),
human ovarian cancer cell line (A2780), mouse breast cancer cell line
(4T1), human renal cortex proximal tubule epithelial cell line (HK2),
and human umbilical vein endothelial cells (HUVECs) were obtained
from Pricella and Shanghai Fuheng Biotechnology Co., Ltd. Cells
were all cultured in DMEM containing 10% FBS at 37 °C, 5% CO2,
and 90% humidity. The short-term OXA-resistant MCF-7/OXA cell
line was established through gradual exposure to increasing
concentrations of OXA. Following stable proliferation under culture
conditions containing 5 μM oxaliplatin, cell viability was assessed
using the MTT assay.

4.14. Antiproliferative Activity. The viability of cells exposed to
these compounds was evaluated by the MTT colorimetric method.
Briefly, cells were seeded into 96-well plates at a density of 3000 cells/
well and allowed to attach overnight. Then, compounds were
administered into each well via a double and half dilution method,
and the first hole was 100 μM. After continuing exposure for 24 or 72
h, the cells were incubated with MTT (10 μL and 5 μg/μL in PBS)
for 4 h. The MTT containing culture medium was removed carefully,
and DMSO (100 μL) was added to each well to dissolve the
formazan. The absorbance at 570 nm was tested with a microplate
reader (BioTek).

4.15. Intracellular Release. Cells were seeded in 6-well plates
and incubated for 24 h to allow attachment. Then, the original culture
medium was discarded and replaced with fresh medium containing
the test compounds (100 μM), respectively. 3 h later, the cells were
harvested and centrifuged to remove the supernatant. Subsequently,
the cells were resuspended in 1 mL of organic solvent (methanol/
dichloromethane, 1:1, v/v), and the supernatant was collected
following high-speed centrifugation. The extracted samples were
dried under a vacuum, and the drug content was quantified using
HPLC. The HPLC analytical conditions were maintained in
accordance with those used for the previously described purity
analysis.

4.16. Hoechst 33342 Staining. After the cells were exposed to
compounds (5 μM) for 24 h, the culture medium was removed, and
the cells were stained with Hoechst 33342 (1 μg/mL) at 37 °C in the
dark for 15 min. Subsequently, the cells were rinsed with PBS, and the
fluorescence images were captured using a fluorescence microscope
(Nikon).

4.17. Detection of Intracellular ROS. Intracellular ROS levels
were assessed using the ROS fluorescence probe 2′,7′- dichloro-
fluorescein diacetate (DCFH-DA) (Invitrogen). MCF-7 cells were
plated in 6-well plates and allowed to adhere overnight. The cells were
then treated with compounds (5 μM) for 24 h. Following treatment,
the cells were washed twice with PBS and incubated with DCFH-DA
at 37 °C for 20 min in the dark. After an additional wash with PBS,
the pictures were obtained using fluorescence microscopy (Nikon).

4.18. Mitochondrial Membrane Potential. MCF-7 cells
cultured in 6-well plates were treated with compounds (5 μM) for
24 h. After treatment, the cells were washed with PBS and incubated
with JC-1 dye working buffer at 37 °C for 20 min in the dark.
Following a wash with JC-1 buffer, images were captured using
fluorescence microscopy (Nikon).

4.19. ICP-MS Detection. Following treatment with compounds
(10 μM) for 8 h at 37 °C, cells were harvested, washed, and counted.
Genomic DNA was extracted from separately treated cells, and its
concentration was determined by a visible spectrophotometer
(Quawell Q5000). All samples were lyophilized and digested with
nitric acid (HNO3, 65%, suprapure grade). Pt content was quantified
by ICP-MS.
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4.20. Comet Assay. To evaluate DNA damage induced by Pt-
based compounds, a comet assay was performed. MCF-7 cells were
seeded into 12-well plates and exposed to various treatments for 24 h.
Then, cells were collected, resuspended in low-melting-point agarose
(1%), and spread onto the glass slides precoated with 0.8% normal
agarose. After solidification at 4 °C, the slides were immersed into 50
mL of alkaline lysis buffer (containing 1% Triton X-100 and 10%
DMSO) for 24 h at 4 °C. The slides were then transferred to
electrophoresis buffer for 40 min and subjected to electrophoresis at
300 mA for 30 min. Finally, the slides were stained with an EB
solution (10 mg/mL) for 5 min, and the fluorescence pictures were
obtained via a fluorescence microscope (Nikon). The images were
analyzed using the comet assay software project (CASP) image
analysis program, and the “olive tail moment” (OTM) was calculated
as an indicator of DNA damage.

4.21. Cell Cycle Analysis. Following 24 h of compound
treatment (2.5 μM), cells were harvested, washed twice with cold
PBS, and fixed with cold 75% ethanol at −20 °C for 48 h. After
fixation, the cells were centrifuged, the supernatant was removed, and
the pellet was resuspended in 500 μL of PBS. RNase (2.5 μL, 10 mg/
mL) was added, and the mixture was incubated at 37 °C for 30 min.
Finally, PI dyeing solution was added, and the samples were incubated
for an additional 30 min in the dark. The DNA content of the cells
was analyzed by using flow cytometry (CytoFLEX).

4.22. Annexin V-FITC/PI Staining. Cells were treated with the
tested compounds (2.5 μM) for 36 h and then digested with no-
EDTA trypsin. Following two washes with PBS, the cells were
resuspended in 500 μL of the binding buffer. Next, 5 μL of Annexin
V-FITC staining solution (20 min incubation) and 5 μL of PI solution
(15 min incubation) were added in the dark, respectively. The
proportion of apoptotic cells was detected by flow cytometry
(CytoFLEX).

4.23. Dil Staining. MCF-7 cells cultured on glass culture dishes
were treated with various compounds (5 μM) for 12 h. After
treatment, the cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 30 min. The cells were then incubated with Dil
staining solution (10 μM) at 37 °C for 30 min. After thorough
washing, a DAPI staining solution was applied to label the nuclei. The
final image was captured by using a confocal laser microscope (Zeiss
LSM900).

4.24. Acute Toxicity Assessment. Forty 4-week-old Kunming
mice were randomly divided into eight groups (n = 5). The mice were
purchased from SPF (Beijing) Biotechnology Co., Ltd. NS (100 μL),
OXA (5 mg of Pt/kg), and compounds 5−7 (2.5 mg of Pt/kg and 10
mg of Pt/kg, respectively) were administered intravenously every 2
days for a total of 14 days, respectively. Body weight changes were
recorded throughout the experiment, and the survival rate of the mice
was calculated at the end of the observation period.

4.25. Antitumor Activity in Mouse Model. 4-week-old Balb/c
mice were purchased from SPF (Beijing) Biotechnology Co., Ltd. and
housed a week. Then, 4T1 cells (1 × 106 cells per mouse) were
injected into the right oxter of the mice. After tumor establishment,
the tumor-bearing mice were randomly assigned to five groups (n =
6): (i) NS, (ii) OXA (5 mg-Pt/kg), (iii) compound 5 (2.5 mg-Pt/kg),
(iv) 6 (2.5 mg-Pt/kg), and (v) 7 (2.5 mg-Pt/kg). Body weight and
tumor volume of each mouse were recorded every 2 days. Tumor
volume (V) was calculated using the formula: V = W2 × L/2, where
W represents tumor width, and L represents tumor length.

All animal experiments in this work were conducted in accordance
with the Regulations on the Administration of Laboratory Animals
and relevant national laws and regulations, following a protocol
approved by the Animal Care and Use Committee of Hebei
University. Hebei University Affidavit of Approval of Animal Welfare
and Ethics, approval number IACUC-2021XS043.

4.26. Western Blot Analysis. Cells were seeded into 6-well plates
and exposed to various compounds for 24 h. Following treatment,
cells were lysed in RIPA buffer supplemented with 1% phenyl-
methylsulfonyl fluoride (PMSF) for 40 min on ice. Protein
concentrations were determined using a BCA protein assay kit. For
tumor tissue samples, approximately 50 mg of tissue was

homogenized in RIPA buffer containing 1% PMSF by using a tissue
homogenizer. The lysates were centrifuged at high speed to collect the
supernatant, and protein concentrations were measured using the
BCA method. Equal amounts of protein were separated by SDS-
PAGE gel and transferred onto a 0.45 μm poly(vinylidene fluoride)
(PVDF) membrane. The membrane was blocked with 5% skim milk
in TBST at room temperature for 3 h. After full washing with TBST,
the membrane was incubated with primary antibodies diluted in
TBST at 4 °C overnight. Following four washes with TBST, the
membrane was incubated with the corresponding secondary antibody
for 90 min at room temperature. Protein bands were developed by
ECL (Thermo, model 34095) and captured by a chemiluminescence
imaging analysis system, and band intensities were quantified using
ImageJ software. The primary antibodies and their dilutions were as
follows: Bax (60267-1-Ig, 1:10000, Proteintech), Bcl-2 (60178-1-Ig,
1:5000, Proteintech), PPARα (668261-Ig, 1:5000, Proteintech),
Caspase-3 (66470-1-Ig, 1:3000, Proteintech), CD8 (RM3357,
1:1000, Biodragon), Foxp3 (RM4985, 1:1000, Biodragon), GAPDH
(60004-1-Ig, 1:3000, Proteintech), β-actin (66009-1-Ig, 1:5000,
Proteintech), COX-2 (66351-1-Ig, 1:3000, Proteintech), and
TRPV1 (66983-1-Ig, 1:4000, Proteintech).

4.27. Immunofluorescence. Cells were seeded into confocal
microdishes and treated with various compounds (5 μM) for 24 h.
Then, the cells were washed, fixed with 4% paraformaldehyde for 30
min, permeabilized with 0.5% Triton X-100, and subsequently
blocked with 5% BSA solution for 2 h. Next, the cells were incubated
overnight at 4 °C with the primary antibody GRP78 (11587-1-Ig,
1:500, Proteintech) and CHOP (15204-1-AP, 1:500, Proteintech).
After washing with PBS containing 5% BSA, the cells were incubated
with Alexa Fluor 488/594-conjugated goat antirabbit IgG (H + L)
secondary antibody for another 1 h. Before being captured by a laser
confocal microscope, DAPI was added to label the cell nuclei.

4.28. ATP Release Assay. MCF-7 cells were seeded into 96-well
plates at a density of 4 × 103 cells per well and cultured for 24 h.
Subsequently, cells were treated with various compounds (5 μM) for
24 h. The culture medium was then collected, and the ATP
concentration was quantified using an ATP assay kit (Beyotime,
S0026) according to the manufacturer’s instructions.

4.29. Detection of ICD In Vitro. MCF-7 cells were inoculated in
plates with 1.2 × 105 cells per well. After adhesion, the cells were
treated with PBS, OXA, and compound 5−7 (5 μM) for 24 h,
respectively. The collected cells were then washed three times with
PBS, fixed with 4% paraformaldehyde, and washed again three times
with PBS. The cells were blocked with 0.5% BSA for 1 h and
incubated overnight at 4 °C with CRT primary antibody (10292-1-
AP, 1:500 Proteintech) diluted in 0.5% BSA. After three additional
washes with 0.5% BSA, the cells were incubated with Alexa Fluor 594-
conjugated goat antirabbit IgG (H + L) secondary antibody for 1 h.
Finally, before capturing fluorescence images by a microscope (Zeiss
LSM 900), the cell nucleus was mounted with DAPI.

4.30. Immunofluorescence. Tumor tissues were embedded in
paraffin and sectioned. The paraffin sections were deparaffinized,
rehydrated, and subjected to antigen retrieval. Subsequently, the
sections were washed three times with PBS and blocked with 5% BSA
or normal serum for 30 min. The sections were then incubated
overnight at 4 °C with primary antibodies against CRT and HMGB1.
After washing with PBS, fluorescently labeled secondary antibody
(Alexa Fluor 488) was applied, and the sections were incubated in the
dark for 1 h. Following another wash with PBS, DAPI was added for
nuclear staining. Confocal microscopy was used to capture multi-
channel fluorescence images, which were analyzed using ZEN
software.

4.31. Immunohistochemistry. After dewaxing the paraffin
sections to water, antigen retrieval was carried out, and they were
washed with PBS three times. Then, 3% hydrogen peroxide was used
to block endogenous peroxidase for 25 min, and PBS was used for
washing three times. Then, 3%BSA was blocked for 30 min, and CD8
or PD-L1 primary antibodies were added overnight at 4 °C. The next
day, wash with PBS, add HRP-labeled secondary antibody, and
incubate at room temperature for 50 min. After PBS washing, DAB
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color development (controlled under the microscope) and hematox-
ylin counterstain the nucleus. Finally, the film was sealed and
observed under a white light microscope.

4.32. Detection of Cytokine. Serum samples were collected from
BALB/c mice in the tumor suppression experiment. The concen-
tration of IFN-γ, TNF-α, and IL-2 was measured using IFN-γ ELISA
kit (Beyotime, PI508), TNF-α ELISA kit (Solabao, SEKM-0034), and
IL-2 ELISA kit (Solabao, SEKM-0004) in accordance with the
manufacturer’s protocol.

4.33. Cholesterol Content of Tumor Tissue and Blood. Fresh
tumor tissues treated with various drugs were rinsed with normal
saline, sectioned into small fragments, and homogenized using a tissue
grinder. The homogenates were centrifuged at 2000 rpm for 10 min,
and the supernatant was collected for further analysis. Total
cholesterol levels were quantified using a commercial assay kit
(total cholesterol assay kit, Nanjing Jiancheng Institute of
Bioengineering, Cat. No. A111-1) in accordance with the
manufacturer’s instructions. Blood samples from BALB/c mice used
in tumor suppression experiments were similarly collected and
analyzed by following the same protocol.

4.34. Hemolysis Test In Vitro. PBS solutions containing various
concentrations of the test compounds (500 μM, 250 μM, 125 μM,
62.5 μM, 31.25 μM, and 15.625 μM) were mixed with an equal
volume of 2% erythrocyte suspension. H2O and PBS were used as
positive and negative controls, respectively. After 4 h of incubation at
37 °C, the mixtures were centrifuged at 3000 rpm for 15 min, and the
supernatants were collected. The absorbance was measured at 540 nm
by using a microplate reader. The hemolysis rate was calculated using
the following formula:

= ×i
Hemolysis rate (%)

OD( ) OD(PBS)
OD(H O) OD(PBS)

100%
2

4.35. Flow Cytometry Analysis of T cells and DCs. Fresh
tumor tissues from mice were rinsed with normal saline, minced into
small fragments, and transferred to tissue digestion solution (RPMI-
1640 medium supplemented with 2 mg/mL collagenase IV, 1 mg/mL
DNase I, and 2% FBS) for enzymatic digestion at 37 °C with agitation
at 200 rpm for 1 h. The digested tissue was filtered through a 70 μm
cell strainer to obtain a single-cell suspension. The cells were
centrifuged, collected, and resuspended in 2 mL of red blood cell lysis
buffer and incubated at 4 °C for 10 min. Finally, the cells were washed
twice with PBS and processed for staining. For T cell characterization,
cells were stained with antimouse CD3-PE (PE-FcA65659,
Proteintech), antimouse CD4-APC (APC-65662, Proteintech), and
antimouse CD8-FITC (FITC-98472−2, Proteintech). For DC
analysis, cells were stained with antimouse CD11c-FITC (FITC-
65602, Proteintech), antimouse CD80-PE (PE-FcA98158, Protein-
tech), and antimouse CD86-APC (APC-FcA98025, Proteintech).
After 30 min of incubation in the dark, samples were analyzed using a
flow cytometer.

4.36. Statistical Analysis. All statistical analyses were performed
using GraphPad Prism version 10.0. Data were expressed as mean ±
SD. Statistical comparisons were conducted using t ;test. Each
experiment was independently repeated at least three times to ensure
reproducibility.
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