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Abstract

therapy.

Triptolide (TPL) is a compound sourced from Tripterygium wilfordii Hook. F, a traditional Chinese medicinal herb
recognized for its impressive anti-inflammatory, anti-angiogenic, immunosuppressive, and antitumor qualities.
Notwithstanding its favorable attributes, the precise mechanism through which TPL influences tumor cells remains
enigmatic. Its toxicity and limited water solubility significantly impede the clinical application of TPL. We offer

a comprehensive overview of recent research endeavors aimed at unraveling the antitumor mechanism of TPL

in this review. Additionally, we briefly discuss current strategies to effectively manage the challenges associated
with TPL in future clinical applications. By compiling this information, we aim to enhance the understanding of
the underlying mechanisms involved in TPL and identify potential avenues for further advancement in antitumor
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Introduction

Traditional Chinese medicine boasts a rich history.
Researchers worldwide are now actively studying and
using numerous herbs in clinical treatments. Many FDA-
approved drugs have drawn inspiration from compounds
originating from Chinese herbs and minerals [1-3].
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TPL, a diterpenoid tricyclic oxide derived from the herb
Tripterygium wilfordii Hook F. (TwHEF), stands as a prime
example of such a compound. In traditional medicine,
TwHEF has been used to treat autoimmune and inflamma-
tory diseases [4]. TPL demonstrates anti-inflammatory,
anti-angiogenic, immunosuppressive, and antitumor
properties [5, 6]. Additionally, it showcases neurotrophic
and neuroprotective effects. Despite its promising clini-
cal potential, TPLs usage is impeded by its observed tox-
icity and lack of water solubility [4, 7].

Cancer has become a primary global concern, with
incidence rates rising [8, 9]. Direct treatment options
for cancer encompass a range of approaches, including
surgery, chemotherapy, radiotherapy, immunotherapy,
combination therapy, and targeted therapy [10]. None-
theless, many advanced cancer patients still succumb to
the illness. Only a tiny proportion of those in the early
stages experience positive results, mainly because of the
elevated rate of recurrence [11]. On the whole, the sur-
vival rates among cancer patients continue to be low due
to the absence of effective treatments. Discovering a cure
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for human cancer remains a substantial challenge. TPL,
emerging as a promising candidate in tumor therapy
research, has been recognized in numerous studies for its
potent antitumor capabilities against various malignan-
cies, including lung, pancreatic, nasopharyngeal, breast,
stomach, liver, and colon cancers [12]. In clinical appli-
cation research, TPL-related studies in various applied
forms have been carried out in the laboratory, and two
drugs are currently in clinical trials [13]. This review aims
to briefly present the molecular mechanisms that drive
TPL’s antitumor effects and its possible clinical applica-
tions. Our comprehensive analysis will deepen our com-
prehension of TPL’s antitumor impacts and its potential
in cancer treatment.

Anti-inflammatory effects of TPL
Inflammation plays a significant role in the progression
of tumors. It represents immune response to injury,
infection, and tissue damage, involving complex interac-
tions among cells and molecules. These interactions aid
in tissue repair and offer protection against infection by
involving the infiltration and activation of immune cells
[14]. However, persistent or chronic inflammation can
negatively influence tumor development. Research has
demonstrated that persistent inflammation can induce
apoptosis and abnormal cell proliferation, as well as facil-
itate the invasion and angiogenesis of tumor cells [15, 16].
TPL exerts inhibitory effects on the release of plasma
inflammatory cytokines like TNF-« [17], IL-1p, IL-6 [18],
MCP-1 [19], MMP-3, MMP-9 [20], Cox-2, NLRP3 [21],
and others. In the context of bone-associated inflamma-
tion, TPL demonstrates significant anti-inflammatory
properties [18]. Following TPL treatment, a noticeable
reduction in F4/80" macrophages and CD3* T cells was
observed within inflammatory lesions [22]. After TPL
treatment, malondialdehyde and reactive oxygen spe-
cies (ROS) were noticeably increased, as were superoxide
dismutase and glutathione (GSH) activities. It effectively
curtails oxidative stress. In the case of collagen-induced
arthritis (CIA), the antioxidant effect of TPL has poten-
tial therapeutic value [23]. Huang et al. found that TPL
addresses the Treg/Th1l7 imbalance in CIA mice [24].
TPL is implicated in inhibiting the activation of the JNK/
PTEN-STATS3 signaling pathway, which attenuates bone
damage and reduces the inflammatory response within
the bone in mice. Furthermore, the encapsulation of TPL
with targeted nanoparticles enhances its anti-inflam-
matory properties and reduces toxicity [22]. Rheuma-
toid arthritis (RA) is a persistent autoimmune ailment
with fibroblast-like synoviocyte (FLS) proliferation and
inflammatory infiltration [25]. In RA-fibroblast-like syno-
vial (RA-FLS) cells, TPL was observed to decrease TNF-
a-induced phosphorylated JNK expression, block the
JNK MAPK pathway, and inhibit RA-FLS cell migration
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and invasion [26]. Long non-coding RNA (IncRNA) has
also been shown to have a relevant role in the progres-
sion of inflammation. Research has shown that TPL
can modulate IncRNA ENST00000619282 to diminish
inflammatory infiltration in FLS cells [27]. The expression
of ENST00000619282 was notably elevated in peripheral
blood mononuclear cells (PBMCs) obtained from RA
patients. The overexpression of ENST00000619282 led to
increased levels of caspase3, caspase8, Fas, FasL, and Bax,
while decreasing the levels of Bax-x1 and Bcl-2. TPL was
able to lower down-regulate ENST00000619282, lead-
ing to the promotion of apoptosis and attenuation of the
inflammatory response associated with RA [27]. This may
be the mechanism by which TPL exerts anti-RA effects.
Significantly, in rats undergoing deep hypothermia cir-
culatory arrest (DHCA), TPL exhibits neuroprotective
effects by activating the NRF2/NQO-1/HO-1 pathway
and suppressing the activity of NF-xB p65, thereby act-
ing as an anti-inflammatory agent [18]. Tang et al. also
observed that TPL induces the activation of the NRF2/
HO-1 signaling pathway while concurrently inhibiting
the PDE4B/AKT/NF-kB pathway [28]. This dual mecha-
nism leads to reduced ROS production, restrained mac-
rophage infiltration, mitigated M1-type polarization,
and alleviated intestinal inflammatory responses. Addi-
tionally, TPL inhibits the expression of the chemokines
CCL2 and CCR2, which promotes M2-type polarization
of macrophages and reduces intracellular inflammatory
factor levels [29]. Unlike other phagocytes, neutrophils
can form neutrophil extracellular traps (NETs), releas-
ing various inflammatory substances associated with
inflammatory diseases [30—32]. The researchers isolated
peripheral blood neutrophils from volunteers, subjected
the cells to TPL treatment, and assessed the levels of
NETs. TPL has been found to inhibit NET formation,
which may be a manifestation of its anti-inflammatory
effect [33]. Moreover, pretreatment of dendritic cells
(DCs) with TPL induces their transformation into toler-
ant DCs [34]. Indeed, this led to the development of a
number of responses, such as a decrease in the number of
CD4* T cells in the spleen and mesenteric lymph nodes,
an increase in the number of Treg cells, a remodeling of
the immune microenvironment, and a reduction in the
inflammatory response in mice with colitis.

There have been no clear reports suggesting that the
antitumor effect of TPL is directly related to the anti-
inflammatory effect. However, based on the important
role of inflammation in the development of tumors,
the concomitant function of TPL against inflammation
(Table 1) could indirectly play an antitumor role.
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Table 1 Anti-inflammatory effects of TPL

Target Mode of action References
Inflammatory Cytokines Inhibits release [17-21]
Macrophages/T cells Reduces infiltration [22]
Oxidative Stress Molecules Alleviates oxidative stress [23]
Treg/Th17 Ratio Corrects imbalance [24]
INK/STAT3 Pathway Inhibits activation [22]
INK MAPK Pathway Blocks pathway [16]
INncRNA Downregulates expression  [27]
NRF2/NF-kB Pathways Modulates pathways [18]
PDE4B/AKT/NF-kB pathway  Inhibits pathway [28]
CCL2/CCR2 Inhibits expression [29]
NETx Inhibits formation [30-33]
Dendritic Cells Induces tolerogenic [34]

transformation

Anti-angiogenic effect of TPL

Network pharmacology studies have demonstrated that
TPL can influence angiogenesis through signaling net-
works [35]. Pathological angiogenesis is a hallmark of
cancer and can occur at any stage of the disease [36].
Tumor angiogenic activity is closely linked to prognosis,
and the development of anti-angiogenic drugs could not
only be used for cancer treatment but also aid in prevent-
ing tumor recurrence and metastasis [37]. Elucidating the
molecular mechanisms underlying TPL’s anti-angiogenic
effects would facilitate the development and application
of related drugs.

The study by Kong et al. using a CIA model in rats
demonstrated that TPL could inhibit the expression of
pro-angiogenic factors including TNF-«, IL-17, VEGE,
VEGER, Ang-1, Ang-2, and Tie2. It also suppressed the
activation of the downstream mitogen-activated protein
kinase signaling pathway, thereby exerting an anti-angio-
genic effect in RA [38]. This may also be the mechanism
by which TPL exerts its anti-angiogenic effects in tumors.

In a study on hepatocellular carcinoma, the authors
found that TPL significantly inhibited the in vitro
angiogenic ability of HepG2 cells [39]. This effect was
accompanied by the downregulation of serine palmi-
toyltransferase long chain base subunit 2 (SPTLC2)
expression and a reduction in sphingosine-1-phosphate
(S1P) production, which may be one of the key mecha-
nisms underlying TPLs anti-angiogenic action. Fur-
thermore, TPL inhibited the activation of the NF-«xB
signaling pathway, directly suppressing the expression
of VEGF in HUVEC:, breast cancer cells MDAMB-231
and MCF-7, thereby affecting tumor cell angiogenesis
[40-42]. In a laser-induced choroidal neovascularization
(CNV) murine model, TPL inhibited the M2 polarization
of macrophages and reduced the expression of angio-
genic and inflammatory factors such as VEGF [41]. In a
breast cancer mouse model, the combination of TPL and
cisplatin (DDP) significantly inhibited the production
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of VEGF-related protein clusters of differentiation 31
(CD31) and CDI105 [43]. This combination therapy
exhibited better efficacy than TPL alone. The inhibitory
effect of TPL on VEGF expression was also validated in
osteosarcoma, which may be related to the suppression
of the Wnt/B-catenin signaling pathway and the subse-
quent induction of autophagy in tumor cells [44]. The
attenuated Salmonella strain VNP20009 as a monother-
apy has shown promising efficacy in melanoma. How-
ever, its clinical application is often hampered by the
reduced tumor-colonizing ability of VNP20009, which
significantly diminishes its antitumor potency. Co-treat-
ment with TPL can reduce the infiltration of neutrophils
in melanoma and significantly improve the tumor colo-
nization of VNP20009 [45]. Simultaneously, the combi-
nation synergistically downregulates the expression of
VEGE, inhibiting angiogenesis. Compared to VNP20009
monotherapy, the combination treatment exhibited sig-
nificantly enhanced efficacy.

These findings may provide an explanation for the anti-
angiogenic effects of TPL in cancer treatment. In the
study by He et al., TPL exhibited anti-angiogenic activ-
ity with an IC50 of 45 nM in vitro. In vivo, a concentra-
tion of 100 nM showed a highly significant effect, and the
optimal inhibitory concentration of TPL was 0.75 mg/kg/
day in a mouse tumor xenograft model [46].

Antitumor effect of TPL
TPL-related classical signaling pathways
TPL is involved in several classical signaling pathways
during tumorigenesis and development, and Fig. 1 illus-
trates several main signaling pathways involving TPL.
NF-«B is as a pivotal regulator in numerous processes
governing gene expression, and also in cancer cell pro-
liferation, migration and apoptosis [47]. Aberrant acti-
vation of NF-kB has been documented in a multitude
of human malignancies [47, 48]. TPL has been recog-
nized as a potent inhibitor of NF-kB activation [49, 50].
In experimental studies on pancreatic cancer transplant
tumors, hypoxia is a marker for aggressive growth and
spontaneous metastasis formation [51, 52]. TPL treat-
ment efficiently reduces the NF-«kB binding activity
induced by hypoxia. This, in turn, inhibits the expres-
sion of its subunits, specifically c-Rel and Rel-A proteins
[53]. TPL binds to and triggers the activation of p38a and
extracellular regulated protein kinases 1/2 (ERK1/2) [54,
55]. It leads to the phosphorylation and stabilization of
p53. In turn, p53 competes with IkBa, a suppressor pro-
tein of NF-«B, for binding to IKKp. This process hinders
the phosphorylation and breakdown of IkBa, effectively
preventing the nuclear translocation of NF-kB. The use
of TPL disrupts the H19/MiR-204-5p/NF-kB/FLIP axis,
resulting in the non-proteasome-mediated degradation
of FLIPS and heightened apoptosis in TNF-a-stimulated
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Fig. 1 Main signaling pathways involved in TPL in cancer. (A)TPL dampens the activation of the STAT3 signaling pathway by preventing STAT3 from
binding to DNA. Simultaneously, it disrupts the binding interaction between Beclin1 and Mcl-1, resulting in decreased expression of genes controlled by
STAT3, which are associated with anti-apoptotic, proliferative, and angiogenic functions. (B)TPL effectively inhibits NF-kB activity and reduces the protein
expression of its subunits, c-Rel and Rel-A. Simultaneously, TPL binds to and activates p38a and ERK1/2, stabilizes p53, and inhibits IkBa phosphorylation.
(Q)TPL hinders the Wnt/B-catenin signaling pathway through the suppression of LRP6 phosphorylation, subsequently inhibiting DSH activation. This ac-
tion leads to heightened expression of CDH1, WIF1, and other related factors. Additionally, TPL induces demethylation to provide further inhibition of the
Wnt signaling pathway. (D)TPL enhances TRAIL-related signaling activation by increasing DR5 expression and reducing PUM1 expression, rendering cells
more sensitive to apoptosis. It leads to an increase in p27 and CDK2 complexes, inducing autophagy. When combined with TRAIL, TPL causes lysosome-

dependent cell death

tumor cells [56, 57]. When combined with this axis
disruption, TPL significantly augments its anticancer
impact.

Signal transducer and activator of transcription 3
(STAT3) is strongly linked to both inflammation and
tumorigenesis [58, 59]. Kim et al. explored the impact
of TPL on STAT3 [60, 61]. They discovered that it sup-
pressed STAT3 activation, diminished STAT3 phos-
phorylation, hindered STAT3 DNA binding, and lowered
the expression of genes regulated by STAT3, including
antiapoptotic genes (Bcl-xL and mcl-1), proliferative
genes (CyclinD1), matrix metallopeptidase 9 (MMP-
9), and angiogenic genes (VEGF). In cisplatin-resistant

SKOV3/DDP tumor cells, Zhong et al. showcased how
TPL restrained the JAK2/STAT3 signaling pathway [62].
Furthermore, it interfered with the connection between
Mcl-1 and Beclinl, promoting a type of autophagy
lethal to cancer cells. TPL mitigates the inflammatory
response by inhibiting the mTOR/STAT3 signaling path-
way. It encourages a shift from M1 to M2 polarization
and reduces the activation of RAW 264.7 macrophages
induced by lipopolysaccharide (LPS) [63].

In prostate cancer, Hu et al. revealed that TPL treat-
ment increased the expression of death receptor 5 (DR5),
rendering cancer cells significantly sensitive to apoptosis
mediated by TRAIL [64]. TPL treatment downregulated
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PUM1 expression and increased apoptosis. Addition-
ally, it upregulated p27 expression, increasing p27-CDK2
complexes and enhancing TRAIL-induced cellular
autophagy for antitumor purposes [65]. In pancreatic
cancer cells, the coadministration of TRAIL and TPL
elicited heightened lysosomal membrane permeability
and prompted lysosome-dependent cell death (LCD)
[66].

Revitalization of the Wnt/p-catenin pathway is intri-
cately linked to tumor progression [67, 68]. This classi-
cal signaling pathway involves the transcription factor
[B-catenin, which mediates gene activation [69]. The
overexpression of Wnt pathway molecules has been cor-
related with an unfavorable prognosis in non-small cell
lung cancer (NSCLC), as evidenced in a study conducted
by Reno et al. [70, 71]. TPL treatment has been shown
to decrease the methylation level of the WIF1 promoter
and increase its expression, leading to the suppression
of Wnt pathway activity [72]. Within the pancreatic can-
cer cell lines MIAPaca-2 and S2-VP10, TPL hampers the
phosphorylation of the Wnt signaling receptor LRP6 [73].
This, in turn, disrupts the activation of WNT_1, FZD_1,
and DSH. Additionally, TPL inhibits B-catenin glycosyl-
ation and prevents the nuclear translocation of B-catenin.
TPL increased the expression of multiple Wnt repressor
proteins, causing histone 3 global epigenetic changes that
induced apoptosis in lung cancer cells. Moreover, TPL
had no impact on the DNA methylation status of CpG
islands within the promoter region of the Wnt repressor
[74, 75]. Notably, this suppression of the Wnt signaling
pathway intensifies with higher concentrations of TPL. In
T-cell acute lymphoblastic leukemia (T-ALL), TPL stim-
ulates the expression of Wnt pathway inhibitors, includ-
ing WIF1, SOX17, CDH1, and SFRP5 [76]. Additionally,
it facilitates the demethylation of these genes to prevent
abnormal epigenetic alterations within the Wnt signaling
pathway, ultimately inhibiting the progression of T-ALL.

TPL affects transcription and epigenetics

After TPL treatment, there is a decrease in the phos-
phorylation level of Ser2, resulting in the transcriptional
inhibition of RNA polymerase II (RNAPII) and subse-
quent diminished transcriptional activity of RNA poly-
merase I (RNAPI) [77]. TPL targets XPB, a subunit of the
universal transcription factor TFIIH that plays a role in
RNAPII-mediated transcription initiation. TPL forms
covalent adducts with Cys342 at the active site of XPB,
inhibiting its DNA-dependent ATPase activity [78-82].
This inhibition leads to hyperphosphorylation of Rpbl,
the largest subunit of RNAPII, and reduces Rpbl levels
in cancer cells. Consequently, TPL mediates the degrada-
tion of RNAPII, increases drug sensitivity, and induces
cancer cell death. TPL treatment also inhibits the tran-
scription of RNA polymerase III (RNAPIII) [83, 84].
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In tumor cells, the expression of tRNAs and 5 S rRNA,
which are products of RNAPIII, is increased. Liang et
al. conducted a study on the impact of TPL in colorectal
tumors [85]. They discovered that TPL disrupts the inter-
actions between TBP and Brfl, consequently decreasing
the assembly of TFIIIB on tRNA and 5 S rRNA promot-
ers. This disruption leads to the suppression of RNAPIII
transcription, ultimately resulting in the inhibition of
tumor growth.

Super enhancer has extremely high transcriptional
activation capacity, which is essential in the progression
of tumor development and is currently a more studied
direction of epigenetic regulation [86]. In pancreatic duc-
tal adenocarcinoma (PDAC), TPL triggers the downregu-
lation of super enhancer (SE)-related gene expression in
both pancreatic tumor cells and cancer-associated fibro-
blasts (CAFs) [87]. This disruption of the super enhancer
system leads to a reprogramming of cellular cross-talk
and signaling within PDAC, ultimately inducing antitu-
mor activity. Hence, TPL holds the potential to offer an
efficient therapeutic option for individuals diagnosed
with pancreatic cancer by instigating epigenetic repro-
gramming. In the realm of cancer development, enhancer
of zeste homolog 2 (EZH2) serves as a crucial histone
methyltransferase [88, 89]. Research has demonstrated
that TPL hinders the growth of prostate cancer (PCa)
cells and reduces the expression of EZH2 [90]. After sub-
jecting PC-3 prostate cancer cells to TPL treatment, we
observed an upregulation in the mRNA expression levels
of specific target genes (ADRB2, DAB2IP and CDKN2A)
that are under negative regulation by EZH2. Conversely,
the mRNA levels of target genes (such as cyclin D1) that
are positively modulated by EZH2 exhibit a decrease.
Adenosquamous carcinoma of the pancreas (ASCP) rep-
resents an exceptionally aggressive variant of pancreatic
cancer, propelled by the activation of super enhancers
and characterized by elevated expression levels of the
MYC gene [91]. Minnelide, a pharmaceutical product
derived from TPL, is an oral medication designed to
combat super enhancers and subsequently lower MYC
expression [92]. It is presently undergoing clinical phase
II trials.

TPL and cell death

The connection between TPL and the death of tumor
cells encompasses the initiation of various processes,
including apoptosis, autophagy, pyroptosis, and ferrop-
tosis as shown in Fig. 2. Delving deeper into the precise
molecular mechanisms that underlie these outcomes will
yield invaluable insights for crafting targeted anticancer
treatments utilizing TPL. In this context and Table 2, we
provide a succinct overview of the mechanisms through
which TPL triggers cellular demise, as documented in
existing published research.
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Fig. 2 TPL induces cell death. TPL generates multiple modes of cell death, such as apoptosis, autophagy, pyroptosis and ferroptosis. The primary targets
have been outlined in the figure

Table 2 Targets of TPL in different cancers
Cell Death Target Cancer Types References

Apoptosis NF-kB, p53 Pancreatic Cancer, [51-57]
Gastric Cancer, Hepatoma,
Lung Cancer

STAT3 Multiple Myeloma, [60,61]
Non-small Cell Lung Cancer
PUM1 Pancreatic Cancer [65]
Akt/Hdn2 Prostate Cancer [64]
MDM2, p85 Breast Cancer [93, 94]
CaMKKR/Ampk Lung Cancer [95, 96]
P53, caspase3, caspase9 Gastric Cancer [97-99]
CDKNTA, Cjun, NF-kB, p65 Thyroid Cancer [100]
HSP70 Pancreatic Cancer [101]
Sp1, HSP70 Pancreatic Cancer [102]
miR-142-3p, HSP70 Pancreatic Cancer [103]
DcR3 Pancreatic Cancer [104]
DcR3, MTA1 Oral Cancer [105]
E2F Colon Cancer [85]
Autophagy CaMK1-AMPK, mTOR, ULKT, Beclin1 Prostate Cancer, [106-108]
Neuroblastoma
JAK2/STAT3 Ovarian Cancer [62]
TRAIL, DRS5, p27 Prostate Cancer [65, 66]
Pyroptosis c-myc, HK-1l, GSDME Head and neck squamous cancer [109]

Ferroptosis Nrf-2, GPX4, SLC7A11 Leukemia [110-112]
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TPL causes apoptosis

In a study by Phillips et al,, analysis of four apoptotic
markers, including Annexin V, TUNEL, caspase-3 activ-
ity, and mitochondrial cytochrome c, was performed
using two pancreatic cancer cell lines. The research find-
ings suggest that TPL treatment led to a notable upsurge
in Annexin V expression, intensified TUNEL staining,
heightened caspase-3 activity, and the release of mito-
chondrial cytochrome c in both pancreatic cancer Mia-
PaCa-2 and PANC-1 cells [101]. These observations
suggest that TPL can trigger apoptosis in pancreatic can-
cer cells. Moreover, this TPL-induced apoptotic effect
has been documented in diverse tumor cell lines.

TPL treatment effectively suppresses the Akt/Hdn2
signaling pathway, rendering prostate cancer cells more
susceptible to TRAIL-mediated apoptosis [64]. MDM2 is
a repressor of p53. TPL inhibits the expression of MDM2,
resulting in the transcription factor REST not properly
binding to MDM2, a marked increase in the expression
of the p85 regulatory subunit of PI3-kinase, and inhibi-
tion of Akt activation [93, 94]. When TPL is employed
in conjunction with Nutlin-3a (an MDM2 inhibitor), it
results in a reduction in the mRNA levels of XIAP and
Mcl-1 in p53 wild-type cells. Simultaneously, it boosts
the transcriptional expression of PUMA and p21, which
are downstream targets of p53 [113]. This combined
treatment inhibits the proliferation of p53 wild-type
AML cells and induces apoptosis through mitochondria-
mediated mechanisms.

TPL additionally modulates intracellular calcium ion
(Ca*") levels. It activates the Ca**/CaMKKB/AMPK sig-
naling pathway, increasing AMPK phosphorylation and
decreasing AKT phosphorylation, specifically at the S473
and T308 sites [95, 96]. These molecular changes ulti-
mately culminate in apoptosis. In HCT-116 colorectal
carcinoma cells, Liskova et al. observed that silencing the
mitochondrial division-associated protein Drpl led to a
decreased apoptosis following treatment with TPL [114].

TPL demonstrates pronounced growth inhibition and
triggers apoptosis in MKN-45 cells with wild-type p53.
However, it does not exhibit the same effects in gastric
cancer MKN-28 and SGC-7901 cells harboring mutant
p53 [97]. This underscores the importance of functional
p53 in mediating the antitumor effects of TPL. TPL
induces the phosphorylation of the p53 protein and ele-
vates its nuclear presence, resulting in heightened acti-
vation of apoptosis regulators, including caspase-9 and
caspase-3 [98, 99]. Furthermore, TPL suppresses the
expression of Bcl-2, consequently facilitating apoptosis.
The use of p53 inhibitors can prevent these effects. The
use of the pan-caspase inhibitor and caspase-3-specific
inhibitor (zVAD-fmk, DEVD-fmk) has led to the inhibi-
tion of caspase-3 cleavage and a substantial reduction in
TPL-induced apoptosis, as demonstrated in studies [97].
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Wang et al. showed that TPL upregulates the protein
expression of CDKNI1A and phosphorylated p53 while
reducing the levels of phosphorylated c-jun and phos-
phorylated NF-xB p65 [100]. These molecular changes
result in inhibiting thyroid cancer cell growth and the
induction of apoptosis. In an experimental study con-
ducted by Dai et al., TPL treatment was found to impede
DNA damage repair, promote apoptosis, and augment
the radiosensitivity of radiation-induced lung cancer cells
[115]. In Wang et al’s study, it was observed that TPL did
not effectively activate the p53 signaling pathway [116].
However, it did upregulate caspase-3 and caspase-9,
while concurrently downregulating bcl-2 expression.
Interestingly, the level of bax remained unchanged under
TPL treatment. Their research delved into the antitu-
mor properties of TPL in human endometrial cancer
cells, specifically HEC-1B cells, while also investigating
the mechanisms that underlie these effects. Significantly,
the utilization of z-VAD-fmk markedly attenuated the
cytotoxic impact of TPL on HEC-1B cell proliferation in
a dose-and-time-dependent manner. This implies that
TPL has the capacity to impact the apoptosis of endo-
metrial cells through a mitochondrial pathway that oper-
ates independently of p53. This potential characteristic of
TPL as a chemotherapeutic agent is undoubtedly worth
further exploration and consideration.

Heat shock protein 70 (HSP70) is a pivotal molecular
chaperone that plays a critical role in facilitating proper
protein folding and the refolding of misfolded proteins.
In doing so, it contributes significantly to the mainte-
nance of protein homeostasis, which has a direct and
profound impact on human health [117, 118]. Elevated
levels of HSP70 enable cells to withstand and survive
even in the face of severe cellular injury [119]. Numer-
ous studies have consistently demonstrated that HSP70
exhibits high expression levels in various malignan-
cies, including breast, colon, liver, and cervical cancer,
among others [120-125]. TPL has been found to sig-
nificantly reduce HSP70 mRNA and protein expression
levels in pancreatic cancer cells. The decrease in HSP70
expression is associated with the initiation of caspase-
dependent apoptotic cell death, particularly in pancreatic
cancer cells. Notably, this reduction in HSP70 protein
expression does not affect normal pancreatic ductal cells
[101]. The underlying mechanism has been thoroughly
investigated by Banerjee et al. It has been observed that
TPL impedes the glycosylation of the transcription factor
Spl, thus preventing its nuclear localization, impairing
its DNA-binding capability, and consequently suppress-
ing the expression of HSP70 [102]. MacKenzie et al. also
discoverd that TPL induces an elevated expression of
miR-142-3p, which functions as a negative regulator of
HSP70 [103]. By inhibiting HSP70 expression, TPL trig-
gers apoptosis in tumor cells.
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Abnormal expression of decoy receptor 3 (DcR3) pro-
motes tumor growth and represents one of the targets
for cancer diagnosis and treatment [104, 126]. TPL, as
a promising therapeutic candidate, hampers the expres-
sion of DcR3 and triggers apoptosis in pancreatic cancer
cells. Targeting DcR3 expression heightens the suscepti-
bility of pancreatic cancer cells to TPL-induced apoptosis
[104]. Furthermore, in vivo studies utilizing DcR3 siRNA
showcase a substantial augmentation of TPL-induced
apoptosis and the inhibition of tumor growth. Yang et al.
conducted research investigating the impact of TPL on
oral cancer and noted that it exerts an inhibitory influ-
ence on the expression of DcR3 and the transcription
factor metastasis-associated protein 1 (MTA1) in ex vivo
and preclinical patient-derived xenograft tumor (PDTX)
models [105]. This mechanism contributes to its antican-
cer effects in the context of oral cancer.

TPL treatment induces cell cycle arrest, allowing cells
additional time for damage repair [127, 128]. In the
RPMI8226 multiple myeloma cell line, TPL induces cell
cycle arrest at the GO/G1 phase and prompts apoptosis
[129]. In gallbladder carcinoma, TPL treatment induces
an S-phase block [130]. In colon cancer HCT116 cells,
TPL induces G2 phase blockage and apoptosis [85].
Research has shown that lower concentrations of TPL (10
nM) trigger cell aggregation in the GO/G1 phase, poten-
tially regulating downstream DNA binding events. This
results in the suppression of E2F-mediated transcrip-
tional activation and brings about cell cycle arrest specifi-
cally in the G1 phase.

Conversely, when higher concentrations of TPL (>20
nM) are applied, they lead to an expanded population of
cells in the sub-G1 phase, a hallmark of apoptotic cells
[85, 131]. TPL has a dose-dependent suppressive effect
on the cell cycle [132]. TPL promotes the expression of
P21 (cell cycle repressor) and Bax (pro-apoptotic factor),
which promotes the development of apoptosis in glio-
blastomas. These effects are likely associated with the
inhibition of PROX1 transcription by TPL.

TPL causes autophagy

Autophagy is a crucial process in maintaining the normal
metabolism of tissues and organs, and any dysfunction
or impairment in autophagy can result in various path-
ological alterations [133, 134]. Additionally, it can make
individuals more susceptible to the development of can-
cer cells [135]. Research findings have indicated that TPL
exerts its anticancer effects on various types of pancreatic
cancer cells through two distinct pathways. In certain cell
lines, it triggers caspase-dependent apoptotic cell death,
while in others, it initiates caspase-independent autoph-
agic pathways. Within pancreatic cancer cells, there is
a dynamic interplay between these two cell death path-
ways. These pathways can function independently, with
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autophagy being the primary mechanism of cell death.
Alternatively, autophagy can counteract apoptosis, with
apoptosis becoming noticeable only when autophagy is
inhibited or suppressed. The mechanism of TPL’s action
has been explored in both neuroblastoma and prostate
cancer [106, 107]. These studies have demonstrated that
TPL treatment results in elevated levels of the light chain
311 (LC3II) protein within cells. Consequently, this trig-
gers the activation of the CaMK1-AMPK signaling path-
way. This signaling cascade leads to the inhibition of
mTOR, activation of ULK1, and upregulation of Beclinl,
ultimately inducing autophagy. In cutaneous squamous
cell carcinoma (cSCC), TPL inhibits the Akt/mTOR sig-
naling pathway, promoting apoptosis and autophagy
[108].

TPL causes pyroptosis

Cai et al. conducted research to elucidate the mecha-
nism of action of TPL in head and neck cancer (HNSC)
[109]. They discovered that TPL induces the death of
HNSC cells through GSDME-induced cellular pyrop-
tosis. Moreover, TPL's impact on HNSC cells involves
the inhibition of the c-myc/HK-II axis, which results in
a decrease in HK-II on mitochondria. This, in turn, acti-
vates the Bad/Bax-Caspase 3 cascade, ultimately leading
to cellular death. This finding was the first to demonstrate
that TPL can induce pyroptosis. In another study inves-
tigating the mechanism of TPL in liver injury, Han et al.
found that TPL could trigger pyroptosis in Kupffer cells
[136]. TPL binds to the Caspase-3-VAL27 site, leading to
the cleavage of Caspase-3. Cleaved-Caspase-3 promotes
GSDME cleavage, thereby inducing pyroptosis in Kupffer
cells. Additionally, Lv et al. conducted a study on dia-
betic nephropathy (DN), where TPL was found to inhibit
pyroptosis [137]. TPL reduces oxidative stress (OS) and
ROS through activation of the Nrf-2/HO-1 pathway and
attenuates cellular pyroptosis by inhibiting the NLRP3
inflammatory vesicle pathway [137]. However, the asso-
ciation between TPL and pyroptosis in different diseases
requires further investigation.

TPL causes ferroptosis

In a study investigating leukemia resistance to the chemo-
therapeutic drug doxorubicin (Dox), researchers estab-
lished Dox-resistant cell lines, both K562 and HL-60, by
exposing them to low doses of Dox [110]. They observed
a significant upregulation of erythroid 2-related factor 2
(Nrf2) expression in these Dox-resistant cell lines, as well
as in clinical specimens. Nrf2 is essential in the antioxi-
dant response. Silencing Nrf2 increases the sensitivity of
leukemia cells to Dox. Furthermore, treatment with TPL
effectively inhibited Nrf2 expression, resulting in elevated
levels of reactive oxygen species (ROS), reduced lipid
oxidation, and decreased expression of GSH peroxidase
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4 (GPX4). Additionally, TPL induced iron-mediated
cell death in leukemia cells and reinstated sensitivity to
Dox-resistant leukemia cells. Fang et al. devised a nano-
platform that relies on both acid and GSH sensitivity to
augment cancer therapy by harnessing the synergistic
effects of “1+1” apoptosis and “1+1” ferroptosis [111].
In this system, ZIF8 serves a dual purpose: it improves
drug targeting and prevents premature drug degradation.
Within the center of PtIV, a significant quantity of GSH
undergoes reduction to form cisplatin, leading to the
release of heme and TPL. This process effectively inhib-
its GPX4 activation. Indeed, in this innovative approach,
cisplatin and heme work in tandem to induce “1+1”
apoptosis through a combination of chemotherapy and
photodynamic therapy. Concurrently, TPL plays a cru-
cial role by modulating Nrf2, leading to the inhibition of
GSH expression. This, in turn, amplifies membrane lipid
peroxidation, ultimately culminating in the achievement
of “1+1” ferroptosis. This dual mechanism effectively tar-
gets cancer cells, enhancing the therapeutic potential of
the treatment. This experiment was validated in a breast
cancer model. Moreover, TPL directly binds to SLC7A11,
leading to the inactivation of the SLC7A11/GPX4 signal-
ing pathway, thus triggering ferroptosis and causing TPL-
induced cardiotoxicity [112]. This study elucidates the
relationship between TPL and ferroptosis.

Alternative pathways of action of TPL

The administration of TPL often results in altered nuclear
morphology in tumor cells. Leuenroth et al. treated Hela
cells with 100 nmol/L TPL and observed a significant
compromise in nucleolus integrity, leading to potent
transcriptional repression and subsequent cell death [77].
This damage was reversible within 4 h of TPL incubation
but eventually led to direct cell death after 6 h. Addition-
ally, nuclear spots became notably rounded and enlarged
after 2 h of TPL incubation, serving as a morphological
indication of transcriptional arrest. These findings sug-
gest an alternative mechanism by which TPL exerts its
antitumor effects.

Xie et al. showed that TPL notably downregulated the
expression of programmed death ligand 1 (PD-L1) in
NSCLC cells [138]. This modulation of PD-L1 expression
could have implications for immunotherapy approaches
in NSCLC treatment. TPL treatment inhibited the EGFR
signaling pathway in NSCLC, leading to a substantial
reduction in both total STAT3 protein levels and phos-
phorylated protein levels. Consequently, the activity of
the IFN-y-JAK-STAT-IRF1 signaling pathway was sup-
pressed, resulting in a reduction in PD-L1 expression.
These discoveries provide valuable insights into the
potential use of TPL in tumor immunotherapy.
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Toxicologic mechanisms of TPL
TPL exhibits certain toxic side effects (Fig. 3), such as
hepatotoxicity, nephrotoxicity, reproductive toxicity, gas-
trointestinal and pulmonary toxicity, cardiotoxicity, as
well as neurotoxicity, which to a certain extent limit its
clinical application prospects [112, 139, 140].
Hepatotoxicity and nephrotoxicity represent one of the
primary toxic side effects of TPL. Animal studies have
demonstrated that TPL can induce liver and kidney tis-
sue injury in mice and rats, manifested by elevated serum
levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), hepatocellular necrosis and
swelling, as well as renal tubular atrophy and other path-
ological changes [141]. Mechanistic studies indicate that
TPL-induced hepatotoxicity and nephrotoxicity may be
associated with apoptosis, oxidative stress, and inflam-
matory responses triggered by TPL [142-145]. Tran-
scriptomic analyses suggest that the PI3K/AKT, MAPK,
TNFa, and p53 signaling pathways are crucial steps in
TPL-induced hepatocellular apoptosis [146]. Acylcarni-
tines have been identified as potential early biomarkers
for TPL-induced liver injury. The abolishment of hepatic
P450s leads to a loss of TPL metabolic capacity in the
liver, exacerbating its toxicity. This implies that in clinical
applications, P450 inhibition/inactivation would result in
severe TPL-related toxic side effects [147]. Studies have
shown that TPL-induced hepatotoxicity is associated
with the disruption of the PPARa-IL6-STAT3 axis, and
the PPAR« agonist fenofibrate can reverse this liver injury
[148]. Furthermore, TPL may also contribute to liver and
kidney damage by aggravating oxidative injury through
the Nrf2-mediated antioxidant response [149-151].
Reproductive toxicity is another important toxicologi-
cal characteristic of TPL. Studies have found that TPL
can lead to an increase in macrophages and inflammatory
responses within the testes of mice [152]. In spermato-
genic cells, particularly Leydig and Sertoli cells of TPL-
treated mice, there is an upregulation of reactive oxygen
species (ROS) signaling and downregulation of pathways
associated with spermatogenesis. The dysregulation of
these signaling pathways may represent the underlying
mechanism of TPL-induced testicular toxicity [152]. In
female rats, TPL treatment can cause ovarian atrophy
and impair the developmental potential of oocytes [153,
154]. TPL may also have adverse effects on embryonic
development, such as developmental delay and teratoge-
nicity [155]. The toxicological mechanisms of TPL par-
tially overlap with its antitumor mechanisms, such as in
certain signaling pathways, oxidative stress, and apopto-
sis induction. However, there are also notable distinctions
in terms of specificity, modulation of pathway activities,
and dosage requirements. Delineating these differences is
crucial for the clinical application of TPL and mitigating
its toxic side effects.
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Fig. 3 The relevant toxicities associated with TPL. TPL can induce various toxicities, and the figure briefly summarizes the toxicological mechanisms
underlying the hepatotoxicity, nephrotoxicity, and reproductive toxicity caused by TPL exposure

TPL exhibits a wide range of metabolic pathways in
vivo, primarily undergoing metabolism in the liver, with
partial metabolism occurring in the intestinal tract [156,
157]. TPL is mainly excreted from the body via bile and
urine .

Studies have demonstrated that cytochrome P450
enzymes can metabolize TPL into metabolites with
reduced activity, and the GSH conjugation pathway
also contributes to the detoxification of TPL [158]. This
provides a reference for the clinical application of TPL.
Mechanistically, CYP3A4 and CYP2C19 may be involved
in the hepatic metabolism of TPL in humans, with
CYP3A4 being the primary isoenzyme responsible for
its hydroxylation [159, 160]. Triptolide was converted to
four metabolites (M-1, M-2, M-3, and M-4) in rat liver
microsomes and three (M-2, M-3, and M-4) in human
liver microsomes.

A study identified 10 metabolites of TPL in rat urine, 4
metabolites in rat liver microsome incubations, and one
metabolite in rat gut microbiota incubations using mass
spectrometry after TPL administration [161]. Among
these different systems, the metabolic reactions of TPL

involved hydrolysis, hydroxylation, as well as conjugation
with sulfates, glucuronides, and GSH. The structures of
these metabolites were characterized as 17-hydroxytrip-
tolide, 16-hydroxytriptolide, tripdiolide, and 15-hydroxy-
triptolide [162]. In rats, there is a significant gender
difference in the quantities of TPL metabolites. The major
metabolite detected in the urine, feces, and bile of female
rats was the monohydroxylated TPL sulfate conjugate,
whereas only trace amounts of the monohydroxylated
TPL sulfate conjugate were detected in male rats [163].

Clinical application of TPL

The toxic side effects of TPL have significantly limited
its clinical application. However, numerous strategies to
mitigate these adverse effects are currently under inves-
tigation. While the majority are still in the preclinical
research stage, a small number have advanced to clini-
cal trials, holding promise as potential new antitumor
therapeutics.
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Drug combination

Table 3 shows that when combined with other drugs in
small doses, TPL demonstrates promising synergistic
antitumor effects and enhances the tumor’s sensitiv-
ity to the drug. The impact of low levels of TPL on plat-
inum-based anticancer drugs in lung cancer cells has
been investigated. Low levels of TPL minimally affected
the proliferation of A549 and HTB182 cells but signifi-
cantly augmented cisplatin-induced inhibition of cell
growth [164]. TPL treatment increased the phosphory-
lation of ataxia telangiectasia mutant (ATM) at Ser!®®!
and elevated DNA double-strand breaks (DSBs) [165].
Concurrently, TPL decreased CHK1 phosphorylation
at Ser®!7/3%5 diminishing the survival rate of cells under
DNA damage conditions [166-169]. This mechanism
enhances cisplatin-induced apoptosis in lung cancer cells
by suppressing nucleotide excision repair (NER), thereby
effectively amplifying the effects of platinum-based anti-
cancer drugs. In pancreatic cancer, TPL promotes can-
cer cell apoptosis by inhibiting the postrepair pathway
of oxaliplatin-induced DNA damage, concurrently ren-
dering cancer cells more sensitive to such damage [170].
Enzalutamide is indeed a second-generation androgen
receptor (AR) antagonist used to treat metastatic castra-
tion-resistant prostate cancer (mCRPC) [171]. It works
by blocking the binding of androgens (male hormones)
to the AR and thereby inhibits the growth and spread of
prostate cancer cells that may have become resistant to
other treatments. TPL exerts its inhibitory effects on AR

Table 3 Combination of TPL with other anticancer drugs
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by interfering with several key processes [172]. It inhibits
the transcriptional activation of AR through CDK7 and
XPB. Additionally, TPL disrupts AR binding to the pro-
moter region of AR target genes and inhibits the recruit-
ment of transcription factor IIH (TFIIH) and RNAPIL
These mechanisms collectively contribute to the down-
regulation of AR-mediated transcription and its associ-
ated target genes. In vitro studies demonstrated that low
doses of TPL combined with enzalutamide synergistically
inhibited the survival of CRPC cells. ATM functions as
a protein kinase responsible for detecting DNA double-
strand breaks and conveying damage signals through
the phosphorylation of histone yH2AX [165, 173]. It
recruits DNA repair-related proteins to the damage
sites and then initiates the repair. TPL has the capacity
to reduce ATM expression, thereby hindering the DNA
damage response. Brief exposure to TPL enhances the
sensitivity of breast cancer cells to doxorubicin, a che-
motherapy drug [174]. E-cadherin, a central protein in
the epithelial-mesenchymal transition (EMT) signaling
pathway, holds significant relevance in the context of
EGFR-targeted molecular therapy for tumors [175]. TPL
has the capability to impede the EMT signaling path-
way, leading to increased expression of E-cadherin and
decreased expression of MMP9, SNAIL, and vimentin. It
effectively enhances the sensitivity of the drug-resistant
lung adenocarcinoma cell line A549 to gefitinib. When
TPL is combined with gefitinib, it shows significantly
improved efficacy compared to the drug gefitinib alone

Medications Dose Pathway of Action Cancer Types Refer-
ences

Triptolide+ Triptolide capase3 activationt Lung Cancer [164]
Cisplatin 10ng/ml-A549, ATM phosphorylation at

5ng/ml-HTB182 Ser!®8T¢

1ng/ml-CRL5810, CRL5922 CHK1 phosphorylation at

Cisplatin Ser317/3454

5uM Nucleotide excision repair|
Triptolide+ Triptolide DNA damage repair Pancreatic Cancer [170]
Oxaliplatin 50nM

Oxaliplatin

0-10uM
Triptolide+ Triptolide TFIIH and RNA Pol I Castration-resistant Prostate [71]
Enzalutamide 75 ug/kg recruitment| Cancer

Enzalutamide

25 mg/kg
Triptolide+ Doxorubicin was used after pretreatment ~ ATM| Breast Cancer [174]
Doxorubicin with 20/40 nM of Triptolide for 3 h DNA damage response]
Triptolide+ Triptolide Epithelial-Mesenchymal Lung Adenocarcinoma [176]
Gefitinib 2ng/ml Transition]

Gefitinib

1.25 pg/ml
Triptolide+ Triptolide NRF2/SLC7A11] Head and neck squamous [109]
Erastin 0.1 mg/kg cancer

Erastin

10 mg/kg
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[176]. Furthermore, the combination of TPL with erastin,
an inhibitor of SLC7A11, heightens the susceptibility of
cancer cells to ferroptosis. This synergistic combination
exhibits potent antitumor effects both in vitro and in a
nude mouse model [109].

Antibody-drug conjugates (ADCs) are monoclonal
antibodies that are precisely linked to cytotoxic drugs
through specialized linkers. This linkage allows for highly
targeted drug delivery, enhancing the precision of treat-
ment. Wei et al. developed three ADCs (L1-TL, L2-TL,
and L3-TL) for TPL, which exhibited high efficacy against
HER2-targeted tumors both in vitro and in vivo [177].
They employed carbamates as linkers and integrated PEG
(polyethylene glycol) and distinct PEG chains to enhance
the hydrophilicity of the drug linker. Additionally, they
used disulfide rebridging to attach the drug linker to
trastuzumab site-specifically. This targeted delivery strat-
egy enhances the drug’s efficacy by accurately targeting
tumors while reducing nontargeted side effects.

Drug delivery

Researchers have designed a variety of application forms
that take full advantage of TPLs antitumor properties,
as shown in Fig. 4. The development of specialized TPL
delivery systems or drug delivery methods can also help
reduce TPL side effects. For example, a TPL-loaded
micellar system, created using a thin-film method for
controlled delivery, minimizes drug absorption by the
liver and enhances its distribution in the ovary. This

A B
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approach significantly improves the antitumor effective-
ness of TPL in treating ovarian cancer [178]. Exosome-
conjugated drugs are another standard mode of delivery.
The TPL exosome delivery system (TPL-Exos) possesses
exosome-like properties and exhibits a high drug encap-
sulation rate. Compared to free TPL, TPL-Exos have
demonstrated more substantial antitumor effects on
ovarian carcinoma SKOV3 cells and an attenuated
toxic effect on normal cells [179]. Li et al. fused CD47-
expressing tumor exosomes with cyclic arginine-glycine-
aspartate acid (cRGD)-modified liposomes, creating a
hybrid nanoparticle termed miR497/TPL-HENPs [180].
This innovative delivery system codelivers miR497 and
TPL, leading to the effective inhibition of the PI3K/AKT/
mTOR pathway, increased ROS production in tumor
cells, and the induction of macrophage polarization from
the M2 to M1 phenotype. This approach demonstrates a
partial overcoming of cisplatin resistance in ovarian can-
cer. Gu et al. employed exosomes derived from human
umbilical cord mesenchymal stromal cells (hUCMSCs)
coupled with cRGD to encapsulate TPL [181]. This strat-
egy resulted in the creation of a biomimetic targeted
drug delivery system known as cRGD-Exo/TP. Experi-
mental findings indicated that cRGD-Exo/TP exhibited
exceptional tumor targeting capabilities and substantially
extended the half-life of TPL, all while demonstrating
minimal toxicity.

Nanoparticles offer advantages in drug delivery due to
their ordered internal structure and large surface area.
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Fig. 4 A study of standard forms of application of TPL. (A) TPL in combination with other drugs. (B) TPL binding to modified nanoparticles. (C) TPL-
conjugated antibodies enable targeted co-delivery. (D) TPL binding to liposomes and exosomes
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Researchers have explored various nanoparticle-based
strategies to enhance the effectiveness of TPL while
reducing its systemic toxicity. One approach is the devel-
opment of tumor pH-sensitive nanoformulations of TPL
coated with folic acid, which specifically target hepatocel-
lular carcinoma (HCC) cells overexpressing the folic acid
receptor. These formulations improve TPL efficacy while
minimizing systemic toxicity [182]. Innovative nanopar-
ticles of calcium phosphate-conjugated TPL-loaded
liposomes, referred to as TP@Lips-Ca/P, have been
developed. These nanoparticles demonstrate improved
antitumor effects against ovarian cancer cells, specifi-
cally SKOV-3 cells, while mitigating reproductive toxic-
ity [183]. Dextran, a highly effective intracellular delivery
vector responsive to KRAS, has been linked with TPL to
create DEX-TP. This formulation enhances efficacy and
quicker cell sedimentation rates in KRAS-mutated cells.
DEX-TP selectively delivers TPL to KRAS-mutated can-
cer cells, thereby reducing cytotoxicity-induced tumor
immune exhaustion [184]. Nie et al. developed supra-
molecular nanoparticles, known as TSCD/MCC NPs,
which were loaded with TPL and costimulated under pH
5.0 and acetylcholine esterase (AChE) conditions. This
approach led to a cumulative TPL release rate exceed-
ing 90% within 60 h [185]. In cellular experiments, it was
observed that this approach demonstrated high toxicity
toward four different cell lines, namely A549, SW480,
MCEF-7, and HL-60 while showing low toxicity toward
the normal lung epithelial cell line BEAS-2B. This prom-
ising outcome suggests potential clinical applications.
An injectable thermo-responsive nanogel encapsulating
TPL achieved localized, precise treatment of breast can-
cer in vitro [40]. This approach exerts a ‘two-strike’ effect.
Firstly, it enhances the cytotoxicity of TPL against breast
cancer cells. Secondly, TPL suppresses tumor angiogene-
sis. This methodology effectively augments the antitumor
efficacy of TPL.

Furthermore, TPL-loaded y-cyclodextrin metal-
organic framework (TPL@CD-MOF) nanoparticles have
been engineered to improve the solubility, bioavailabil-
ity, and antitumor effects of TPL against hepatocellular
carcinoma. TPL@CD-MOF exhibits significantly higher
antitumor activity in vitro and in vivo than free TPL
[186]. A multifunctional nanoplatform encapsulating
TPL with HA modification (HAOPTS) has been devel-
oped, effectively targeting tumors, inhibiting the EMT
process in tumor cells, and suppressing the development
of metastatic tumors [187]. A locally administered for-
mulation of bone-targeted ALE-modified lipid/oil-based
TPL nanoparticles has been developed to treat bone
metastases. This approach helps reduce the potential for
systemic toxicity while still exerting anticancer effects
[188]. When combined with paclitaxel or docetaxel, even
at relatively low doses, Taxane-Platinum-Nanoparticle
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(TPN) exhibits potent chemosensitizing effects. Liquid
crystalline nanoparticles (LCNs) containing TPL and
surface-loaded with small interfering RNAs (siRNAs) tar-
geting TNF-a and IL6 have been employed to achieve a
multitargeted approach for modulating the progression
of psoriasis [189].

A TPL membrane protein chimeric liposome (TPL@
MPLP) has been engineered, resulting in the cessation
of cell proliferation, apoptosis, and necrosis through the
RIPK1/RIPK3/MLKL signaling pathway. This formula-
tion significantly diminishes the toxic impact of TPL on
the liver and kidneys while enhancing its inhibitory effect
on hepatocellular carcinoma cells [190]. (SEN+TPL)@
CPLCNPs, a bionanoparticle coloaded with the liver can-
cer chemotherapeutic agents sorafenib (SEN) and TPL,
employ platelet (PLT) membranes to facilitate prolonged
circulation and tumor targeting. This approach achieves
a more effective synergistic effect by lowering the dos-
age of sorafenib while still maintaining strong anticancer
performance [191]. Nanoparticle NTPL-LBA, designed
with lactobionic acid (LBA), which selectively targets
cancer cells with overexpressed -D-galactose receptors,
releases TPL in its active form within cancer cells. It leads
to cancer cell death while minimizing toxicity to noncan-
cerous tissues. This formulation has shown effectiveness
in models of pancreatic cancer tumors [192]. P/T-LPNs,
which are lipid-polymer hybrid nanoparticles containing
both paclitaxel (PTX) and TPL, display synergistic anti-
tumor effects in human lung cancer cells. The most effec-
tive weight ratio of PTX to TPL in these nanoparticles
was found to be 5:3 [193]. Mesoscale nanoparticles (TP-
MNPs) loaded with TPL, designed with renal targeting
capability and controlled release properties, have been
developed. These nanoparticles have effectively treated
renal ischemia-reperfusion injury (IRI) while causing
minimal hepatotoxicity, reproductive toxicity, and immu-
notoxicity [194]. A nanoformulation of sodium hyaluro-
nate-coated TPL exhibits improved absorption by breast
cancer cells, enhancing efficacy while reducing systemic
toxicity [195]. Conjugating glucose to TPL to create GSH
conjugates results in compounds that exhibit increased
selectivity and potency in eradicating cancer cells, espe-
cially in hypoxic conditions. This approach effectively
addresses chemoresistance induced by hypoxia within
the tumor microenvironment [196]. Yang et al. developed
a tretinoin nanoemulsion gel for transdermal administra-
tion, aiming to reduce the toxic effects of TPL [197].

Clinical trial

The University of Minnesota researchers, led by Baner-
jee et al., synthesized a water-soluble analogue of TPL
known as Minnelide by introducing a phosphate ester
group. In vivo, this phosphatase enzyme cleaves this
phosphate ester group, resulting in the release of the
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intermediate O-hydroxymethyl formaldehyde and the
original TPL compound. Minnelide has demonstrated
effectiveness in diminishing the growth and metasta-
sis of pancreatic tumors [198]. Currently, it is undergo-
ing phase II clinical trials for the treatment of advanced
pancreatic cancer [12]. Recent studies have revealed
noteworthy antitumor efficacy of Minnelide in malignan-
cies, such as pancreatic cancer, liver cancer, CRPC, and
ovarian cancer [198-201]. Combining Minnelide with
conventional chemotherapeutic drugs allows for dose
reduction while maintaining increased efficacy [202]. The
prospects of Minnelide’s application are up-and-coming.

Another TPL analog, (5R)-5-hydroxytriptolide (LLDT-
8), is a low-toxicity immunosuppressant currently in
phase I clinical trials [203]. LLDT-8 has been found to
reduce imiquimod (IMQ)-induced psoriasis-like der-
matitis by downregulating IL-36a expression and block-
ing the IL-36a pathway [204]. Treatment with LLDT-8
leads to reduced Toll-like receptor 4 (TLR4) expression
in bone marrow-derived dendritic cells (BMDCs). It also
results in the phosphorylation of IkBa and the subse-
quent nuclear translocation of NF-«B [205]. LLDT-8 alle-
viates LPS-induced acute lung injury (ALI). Additionally,
Wang et al. demonstrated that LLDT-8 effectively over-
comes multidrug resistance mediated by P-glycoprotein
and exhibits robust antitumor activity, especially in cases
of drug resistance mediated by P-glycoprotein in various
cancer types [206].

Conclusions

The growing worldwide prevalence of cancer has under-
scored the pressing requirement for precise and effica-
cious therapies in recent years. Regrettably, numerous
malignant tumor cells have developed resistance to cur-
rent treatments, compounding the complexity of this
issue. Nevertheless, TPL has emerged as a promising con-
tender, exhibiting established antitumor effects in diverse
cancer cell types. As researchers delve further into the
mechanisms underlying TPLs actions, its potential in
antitumor therapy becomes progressively apparent.

TPL exerts its anticancer effects through intricate sig-
naling pathways, including the NF-kB, STAT3, TRAIL,
and Wnt/p-catenin pathways. It accomplishes this by
binding to RNA polymerase, effectively inhibiting tran-
scription, resulting in substantial epigenetic modifica-
tions within tumor cells and cell death. Furthermore,
TPL has been demonstrated to trigger various forms of
cell death, including apoptosis, autophagy, pyroptosis,
and ferroptosis. These multiple mechanisms offer diverse
potential avenues for therapeutic intervention.

While TPL has shown remarkable potential in antitu-
mor applications, its considerable toxicity and limited
water solubility have presented challenges in clinical
use. Researchers have investigated various strategies to
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address these issues, including encapsulation techniques
and combination therapies, to alleviate TPL toxicity while
maintaining its effectiveness. These approaches enhance
TPLs solubility, bioavailability, and targeted delivery, ulti-
mately improving its therapeutic profile and minimizing
adverse effects. An in-depth analysis of the toxicological
mechanisms and metabolic pathways of TPL may provide
effective data support for its clinical applications.

While experimental studies have provided insights into
the influence of TPL on downstream signaling pathways
and associated factors, there is still a need for a more
profound understanding of how TPL sensitizes these
factors, consequently enhancing their therapeutic effec-
tiveness. Further exploration of the mechanisms behind
TPL-induced sensitization could yield valuable insights
and potentially open the door to innovative combination
therapies that leverage the distinctive properties of TPL.

The clinical use of TPL presents significant potential
in antitumor therapy. Its multifaceted mechanisms of
action, coupled with ongoing endeavours to address its
constraints, have the potential to reshape cancer treat-
ment paradigms. By harnessing the anticancer capabili-
ties of TPL and integrating them with other therapeutic
approaches, healthcare professionals and researchers can
explore novel pathways for personalized and targeted
treatments that combat drug resistance and enhance
patient outcomes.

In conclusion, TPL is a valuable asset in the battle
against cancer, boasting diverse antitumor mechanisms
and the potential for targeted delivery systems. Ongoing
research into the therapeutic uses of TPL, including its
combination with existing treatments, provides optimism
for more effective and precise cancer therapies. As our
comprehension of TPL's mechanisms of action continues
to evolve and novel delivery methods are developed, the
groundwork is laid for its eventual clinical translation,
opening new horizons in antitumor research.
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