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Homoharringtonine is a natural alkaloid with significant pharmacological
potential that has demonstrated promising efficacy in the treatment of
hematological malignancies in recent years. This article systematically reviews
the pharmacological mechanisms of Homoharringtonine, focusing on its key
roles in inducing apoptosis, inhibiting cell cycle progression, and reducing cell
migration and invasion. Additionally, HHT exhibits multiple biological activities,
including immunomodulation, antiviral effects, and anti-fibrotic properties, with
recent studies also revealing its potential neuroprotective functions. In clinical
trials, Homoharringtonine has demonstrated promising efficacy in the treatment
of hematological malignancies, particularly in various types such as acute
myeloid leukemia and chronic myeloid leukemia. Despite the significant
antitumor effects observed in clinical applications, its low bioavailability and
potential side effects remain major challenges that limit its widespread use.
This article details the latest research advancements aimed at enhancing the
bioavailability of Homoharringtonine, including various drug delivery systems
such as nanoparticles and liposomes, as well as chemical modification
strategies. These approaches not only improve HHT's bioavailability in vivo
but also enhance its targeting ability while reducing toxicity to normal cells.
Furthermore, the combination of HHT with other drugs presents broader
prospects for clinical treatment. By exploring the diverse pharmacological
activities of Homoharringtonine in depth, this article aims to provide a
foundation for developing novel therapeutic approaches based on natural
products, thereby advancing HHT's application research in cancer treatment
and other fields.
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1 Introduction

Homoharringtonine (HHT) is an alkaloid extracted from
Cephalotaxus fortunei Hook. and its related species, celebrated for
its notable anticancer properties, particularly in leukemia treatment
(1, 2). Its therapeutic history can be traced back to traditional
medicine’s knowledge of the Cephalotaxus species, which
predominantly thrive in East Asia within the Cephalotaxaceae
family. Various parts of Cephalotaxus plants, including the bark,
leaves, and seeds, possess medicinal properties and have been
traditionally utilized to treat diverse conditions such as malignant
tumors, cough, fever, injuries, scabies, specific skin ailments, and
vaginal cysts (3). Clinical studies have substantiated the efficacy of
Cephalotaxus extracts and compounds in the treatment of diseases
such as malignancies, lung cancer, and acute leukemia (4, 5). As
early as 1969, Powell et al. (6-8) identified four alkaloids derived
from Cephalotaxus plants—Harringtonine, Homoharringtonine,
Isoharringtonine, and Deoxyharringtonine—that prevent the
proliferation of mouse leukemia cells, and determined the
structure of HHT (CyoH39NOy, Figure 1). Chinese researchers
used HHT to treat leukemia clinically in 1977 after demonstrating
that it significantly affects human non-lymphocytic leukemia (9).
Entering the 1990s, the pharmacological effects of HHT were
increasingly validated, gradually establishing it as an important
anti-tumor agent (10). In the 2000s, researchers began to explore
various new applications of HHT, discovering its potential use in
treating other malignancies such as liver cancer (11) and breast
cancer (12). In 2012, the U.S. Food and Drug Administration (FDA)
approved HHT (omacetaxine mepesuccinate) for treating chronic
myeloid leukemia (CML) (13). In the 2010s, combination therapies
involving HHT became widely adopted (14, 15). (The plant name

Homoharringtonine

FIGURE 1
Chemical structure of HHT.
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Cephalotaxus fortunei Hook. was verified with the World Flora
Online database on August 18, 2024.)

Studies have shown that HHT exerts significant therapeutic
effects in hematological diseases by blocking nascent peptide chain
elongation and inhibiting protein synthesis (16). It also functions by
regulating inflammatory factors, enzymes, and apoptosis-related
proteins. As research into HHT’s mechanisms has deepened, its
applications have expanded beyond hematological disorders into
other pathological areas. In addition to its antitumor efficacy, HHT
demonstrates therapeutic potential in diseases such as
inflammation, viral infections, and fibrosis by modulating
multiple signaling pathways (17-22). This review summarizes
HHT’s pharmacological mechanisms, therapeutic potential,
adverse effects (23), and strategies to enhance bioavailability (24).

Figure 2 illustrates the key developments in the history of HHT,
highlighting important milestones such as its discovery, clinical
applications, and research advancements.

2 Impact of HHT on hematological
malignancies and its mechanisms
of action

2.1 Leukemia

Leukemia, a malignancy affecting hematopoietic stem cells, is
linked to exposure to benzene, ionizing radiation, and genetic
mutations. This disease presents with severe infections, anemia,
and bleeding, resulting from the abnormal expansion of
hematopoietic stem cells within the bone marrow, disrupting
normal hematopoiesis (25). HHT acts as an anti-leukemia drug
for leukemia treatment by mechanisms that are multifarious.
Previous literature has reported that HHT can influence the
expression levels of transcription factors, such as nuclear factor
kappa B (NF-«B) (26), Forkhead box protein M1 (FOXM1) (27),
specificity protein 1 (SP1) (28), the B-cell lymphoma-2 (Bcl-2)/Bcl-
2-associated X protein (Bax) complex (29), the caspase family (30),
telomerase (31), CDK2 (32), myosin-9 (33), and p53 (14).
Furthermore, it can inhibit protein synthesis, block the cell cycle
process, and disturb the activity of cell signaling pathways, resulting
in many impacts on the proliferation and apoptosis of
leukemia cells.

HHT functions as a translation inhibitor, acting by interacting
with the ribosomal A site to inhibit the initiation and initial
elongation steps of translation. This process induces cancer cell
death (34-36). NF-kB-repressing factor (NKRF) is a transcriptional
repressor of NF-kB, interacting with NF-kB to suppress its activity
(37). The binding of HHT to NKRF disrupts the translocation of
p65 and its binding to the MYC promoter, resulting in the
downregulation of MYC transcriptional expression, subsequently
suppressing the growth of t (7, 20) acute myeloid leukemia (AML)
cells (26). In AML and chronic myeloma leukemia (CML) cell lines,
HHT upregulates the expression of the cytoskeletal protein myosin-
9 in a time-dependent manner (33). This upregulation arrests cells
in the S and G2/M phases and increases the sensitivity of leukemia
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The key developments in the history of HHT.

cells to HHT’s cytotoxic effects, ultimately inhibiting leukemic cell
growth. Moreover, HHT enhances the binding affinity between
CDK2 and tripartite motif 21 (Trim21) by specifically targeting the
interaction between CDK2 and Cyclin A. This leads to the
autophagic degradation of CDK2, thereby modulating the cell
cycle of leukemia cells. Consequently, HHT significantly inhibits
leukemia progression in both leukemia mouse models and human
primary leukemia cells (32). FOXM1, an oncogenic transcription
factor and member of the Forkhead family, is also a known target of
HHT. FOXMI is involved in cell cycle regulation, proliferation,
invasion, vascular invasion, angiogenesis, oxidative stress, and
inflammation (38). Targeting FOXM1 with HHT sensitizes K562
leukemia cells to the drug (27). Another study reported that HHT’s
antitumor function is associated with the competitive action in
which HHT can bind to SP1, which is one of the key transcriptional
activators, in the TET1 promoter. SP1 is an essential transcriptional
activator (39, 40). TET1 is a 5-methylcytosine hydroxylase which is
critical for demethylation (41). HHT functions in the SP1/TET1/
5hmC/FLT3 axis by inhibiting SP1-mediated TET1 transcription,
which regulates the DNA epigenome of AML and modulates the
growth of FLT3-mutant AML cells (28). Moreover, telomerase
activity is essential for telomerase immortalize tumor cells and
transform them to malignant status (42, 43). Around 80% of acute
leukemia cells have increased telomerase activity (44, 45). Another
research study showed that HHT induced apoptosis in human
leukemic HL-60 cells by inhibiting their telomerase, indicating that
telomerase may be a possible therapeutic target of leukemia
treatment (31). By triggering the mTOR signaling pathway, HHT
also suppresses the expression of the anti-apoptotic B-cell
lymphoma 6 protein (BCL-6), which causes leukemic K562 cells
to undergo apoptosis (46). HHT exerts a dual effect on K562 cells: it
induces apoptosis through the activation of Caspase-3 and
simultaneously triggers autophagy under continuous exposure to
HHT. When combined with autophagy inhibitors such as 3-
methyladenine (3-MA), the cytotoxic effects of HHT are
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significantly enhanced, and the inhibition of autophagy further
potentiates HHT-induced apoptosis (47). The above results show
that HHT is able to exert anti-leukemic effects by regulating the
DNA epigenome, blocking the cell cycle, and inducing apoptosis.

2.2 Other blood disorders

In a few studies, HHT has been shown to have some potential
effects in multiple myeloma (MM) and lymphoma treatment. Studies
have demonstrated that HHT markedly enhances the anti-myeloma
efficacy of BTZ in both in vitro multiple myeloma (MM) cell models
and in vivo mouse xenotransplantation models through inhibition of
the NF-xB signaling pathway (48). Furthermore, HHT exerts anti-
tumor effects by inducing mitochondrial autophagy and mitochondrial
dysfunction, with Parkin-dependent autophagy playing a crucial role in
this process (49).

Approximately 40% of all malignant lymphoid neoplasms
consist of diffuse large B-cell lymphoma (DLBCL), the most
prevalent form of malignant lymphoma (50). A recent study has
reported that HHT can induce apoptosis in DLBCL cells, which is
done by decreasing the expression levels of the anti-apoptotic
protein myeloid cell leukemia-1 (Mcl-1) and B-cell lymphoma-2
(Bcl-2) (51).

When HHT was co-administered with bortezomib (BTZ), it
effectively reduced the expression of the anti-apoptotic protein
Mcl-1, increased the levels of the pro-apoptotic protein NADPH
oxidase activator (Noxa), and activated the pro-apoptotic protein
Bcl-2 homologous antagonist/killer (Bak) (19). Either HHT, or
HHT in combination with curcumin, was able to inhibit the
growth and angiogenesis of lymphoma cells by targeting the
Vascular Endothelial Growth Factor/Protein Kinase B (VEGF/
AKT) signaling pathway (29).

Figure 3 shows the mechanisms of action of HHT in
hematological tumors.
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3 Impact of HHT on cancer and its
mechanisms of action

3.1 Colorectal cancer

In the treatment of colorectal cancer, HHT exerts its therapeutic
effects by regulating proliferation, apoptosis, and cell cycle-related
signaling pathways. Ephrin type-B receptor 4 (EphB4) belongs to
the Ephrin-B receptor family of receptor tyrosine kinases, which are
involved in cell adhesion, migration, and angiogenesis, and EphB4
overexpression is closely associated with tumor invasion,
metastasis, and prognosis (52, 53). HHT targets EphB4, inhibiting
the activation of the Mitogen-Activated Protein Kinase/
Extracellular Signal-Regulated Kinase 1/2 (MAPK/ERK1/2) and
Phosphoinositide 3-Kinase (PI3K)/AKT pathways, while
regulating the expression of cell cycle-related proteins (such as
cyclin A2 and CDC2) and apoptosis-related proteins (including
Bcl-2/Bax, Mcl-1, Bad, and caspases-3, 7, and 9), thereby effectively
suppressing the progression of colorectal cancer cells (LoVo) (20).
The PI3K/AKT signaling pathway is intricately involved in
tumorigenesis, cellular proliferation, metastasis, apoptosis,
epithelial-mesenchymal transition (EMT), metabolism, and
chemoresistance (54-57). HHT modulates colorectal cancer cell
proliferation, apoptosis, and xenograft growth by targeting the
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PI3K/AKT/mTOR signaling pathway (21, 58). In addition, tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
promotes apoptosis by binding to TRAIL receptors on the surface
of tumor cells (59, 60). HHT, as a sensitizer of TRAIL, has
demonstrated significant potential in anticancer therapy. HHT
markedly enhances the anticancer efficacy of TRAIL by
downregulating the expression of anti-apoptotic proteins such as
Mcl-1 and cFLIP, activating pro-apoptotic signaling pathways
including JNK and p38, and synergizing with TRAIL to induce
necroptotic cell death via the Receptor-Interacting Protein Kinase
1/Receptor-Interacting Protein Kinase 3/Mixed-Lineage Kinase
Domain-Like Protein (RIPK1/RIPK3/MLKL) signaling pathway
(61-63). In summary, HHT not only inhibits tumor cell
proliferation, migration, and invasion, but also overcomes drug
resistance in cancer cells, thereby promoting tumor cell death when
combined with TRAIL.

3.2 Liver cancer

Yang et al. (64) demonstrated the anti-fibrotic and anti-tumor
effects of HHT through investigations employing a subcutaneous
xenograft tumor model and a carbon tetrachloride (CCl4)-induced
liver fibrosis model. The Hippo pathway regulates cell proliferation
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Other blood disorders

The schematic diagram of signal transduction of the pathways affected by HHT in cytotoxicity, anti-proliferation, cell cycle arrest and antimetastasis
in blood tumor cells is illustrated. NKRF, NF-xB-repressing factor; MYC, Myelocytomatosis oncogene; c-Myc, Cellular Myc; CDK2, Cyclin-dependent
kinase 2; Trim21, tripartite motif 21; FOXM1, Forkhead box protein M1; SP1, Specificity protein 1; TET1, Ten-Eleven Translocation 1; 5hmC, 5-
hydroxymethylcytosine; FLT3, FMS-like tyrosine kinase 3; mTOR, Mechanistic Target of Rapamycin; BCL-6, B-cell lymphoma 6; Bcl-2, B-cell
lymphoma-2; Mcl-1, Myeloid cell leukemia-1; Noxa, NADPH oxidase activator; Bak, Bcl-2 homologous antagonist/killer; Caspases-3, Cysteinyl
aspartate-specific protease-3; VEGF, Vascular Endothelial Growth Factor; AKT, Protein Kinase B; MMP2/9, Matrix Metalloproteinase2/9; ANG-1,

Angiopoietin-1; Bax, Bcl-2-associated X protein; 3-MA, 3-methyladenine.
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and organ size balance, crucial for maintaining normal tissue
morphology and development (65). Activation of the Hippo
pathway by HHT inhibits the transition from the G1 phase to the
S phase of the cell cycle, promoting cell apoptosis and impacting
cellular proliferation, migration, and invasion (66). EMT induced by
[3-catenin is a prerequisite for cell migration (67, 68). The expressions
of matrix metalloproteinases (MMPs), EphB4 and [B-catenin were
downregulated in tumor tissues from HepG2 cells and Xenograft
model tissues treated with HHT (69, 70). Furthermore, HHT
suppressed the PI3K/AKT/Glycogen Synthase Kinase 33 (GSK3[3)
signaling pathway and decreased snail family transcriptional
repressor 2 (Slug) expression, ultimately suppressing EMT in
hepatocellular carcinoma cells (71). Ataxia-telangiectasia mutated
(ATM) is essential for the repair of double-stranded DNA breaks
(72). In PLC5 hepatocellular carcinoma cells treated with HHT, DNA
damage is induced. Upon sensing this damage, ATM is activated,
which subsequently leads to p53 activation. p53 activates p21, which
blocks the cyclin A/cyclin-dependent kinase 2 (CDK2) complex,
collectively driving cellular apoptosis, arresting cell cycle
progression, and inhibiting cellular proliferation (73). Additionally,
studies have shown that HHT induces a mitochondria-mediated
intrinsic apoptotic pathway through the upregulation of transforming
growth factor-B (TGF-B) expression, TNF, Fas cell surface death
receptor (FAS), p38 mitogen-activated protein kinase (p38MAPK)
and p53 in a human hepatoma cell line QGY-7703 (11).

3.3 Lung cancer

Research results reveal that the anti-cancer efficacy of HHT is
contingent upon its capability to stop the proliferation and viability of
tumor cells through inhibiting protein synthesis, decreasing
oncogenic expression of proteins in cancer cells, inducing
apoptosis, and interfering with signal pathways. Nuclear factor
erythroid 2-related factor 2 (NRF2) is essential for modulating the
antioxidant and cellular defense responses through its role as a
transcription factor (74). Inhibition of NRF2 transcription in HHT-
treated A549 lung cancer cells was associated with increased
sensitivity to the anticancer drug etoposide. This suggests that
HHT may potentiate the efficacy of etoposide against A549 cells by
suppressing NRF2 expression and disrupting NRF2-mediated
antioxidant and cellular defense mechanisms (75). Transmembrane
protein 16A (TMEMI16A) is a membrane protein that functions as an
ion channel and plays a role in regulating various physiological
processes, and its high expression is linked to the proliferation,
invasion, and metastasis of tumor cells (76). TMEMI16A has been
reported to promote tumorigenesis and cancer progression by
activating the MAPK signaling pathway (77). HHT downregulated
TMEMI16A expression in a dose-dependent manner in lung cancer
LA795 cell lines, which in turn reduced the phosphorylation of
MEK1/2 and ERK1/2 in the MAPK pathway, affecting tumor cell
proliferation, invasion, and cell cycle (78). The Kirsten rat sarcoma
viral oncogene homolog (KRAS) is subject to frequent mutations in
various types of cancer, especially in non-small cell lung cancer
(NSCLC), where KRAS mutations dysregulate downstream cell
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signaling pathways such as PI3K/AKT and MAPK/ERK, resulting
in abnormal activation of cellular proliferation and survival
mechanisms (79, 80). It was shown that, in murine lung tumor
models with Kras mutations G12D and G12C, HHT showed
remarkable therapeutic efficiency and immunomodulatory effects.
After treatment with HHT, interleukin-12 production in splenocytes
was significantly decreased compared to the control group. HHT
treatment also induced a notable increase in CD80, CD86 and CD69
expression on B220+ B cells. These data suggest that HHT acts by
modulating immune cell biology and anti-tumor activity in KRAS-
mutated lung tumors (81). Interleukin-6 (IL-6) is an oncogenic
mediator of utmost importance that mediates immune and
inflammatory responses, activates Signal Transducer and Activator
of Transcription 3 (STAT3) in tumor cells, and its effects on
oncogenesis, tumor immunosuppression, tumor angiogenesis, and
metastasis are well established (82, 83). HHT treatment can affect IL-
6 signaling by targeting Janus kinase 1 (JAK1) and STATS3, inhibit
STAT3 nuclear translocation and transcriptional activity by
antagonizing IL-6-induced STAT3 phosphorylation, and further
regulated the anti-apoptotic Mcl-1 (84). These results demonstrate
that HHT can act as an anti-tumor agent by interfering with the IL-6/
JAK1/STATS3 signaling pathway.

3.4 Breast cancer

Results from a recent study revealed an increased expression of
four anti-apoptotic proteins (Mcl-1, Bcl-2, survivin, XIAP) was
observed typically in TNBC cells treated with HHT. There’s a link
between the increase in apoptosis in HHT-treated breast cancer cells
and the downregulation of the expression of these anti-apoptotic
proteins (85). After HHT treatment for 24 hours, chromosomes were
shattered, nuclei fragmented, and apoptotic vesicles were generated in
MDA-MB-453 cells, indicating that HHT markedly inhibits the
proliferation of MDA-MB-453 human breast cancer cells and
induces apoptosis in these cells (12). There is increasing evidence
showing that microRNAs (miRNAs), a type of small non-coding
RNAs, play a crucial role in regulating tumor proliferation and
metastasis (86). HHT induces the downregulation of miR-18a-3p
and the subsequent inhibition of the AKT/mechanistic Target of
Rapamycin (mTOR) pathway, further regulates the expression of
Bax/Bcl-2, caspase-3/caspase-9, and poly (ADP-ribose) polymerase
(PARP) (87). These downstream molecules are all directly related to
apoptosis in breast cancer cells. Plett et al. (88) demonstrated that co-
treatment with HHT and paclitaxel is an effective treatment for
TNBC cells by enhancing anticancer activity and reducing drug
toxicity. Recent studies indicate that HHT dose-dependently
reduces the viability of MDA-MB-231 cells, decreases the
proportion of CD447/CD24" cells, inhibits tumor sphere formation,
and suppresses the expression of Octamer-binding transcription
factor 4 (Oct4), CD44, SRY-box transcription factor 2 (Sox2), and
Nanog Homeobox (Nanog). Additionally, HHT effectively reduces
the stemness, migration, and invasion of triple-negative breast cancer
(TNBC) cells by inhibiting the activation of the Hedgehog (HH)/Glil
Family Zinc Finger 1 (Glil) signaling pathway (89).
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3.5 Bladder cancer

Integrins belong to a subfamily of o heterodimeric receptors,
which embed the cell membrane and regulate tumor proliferation,
progression, and metastasis by interacting with cell-cell and cell-
matrix complexes (90, 91). Focal adhesion kinase/Src proto-
oncogene (FAK/Src) is a hub of integrin-regulated cellular
functions that activates the MAPK/ERK and PI3K/AKT signaling
pathways (92). HHT significantly inhibits the proliferation of
bladder cancer cells and downregulates the expression levels of
FAK, Src, ERK, MEK, PI3K, and AKT via the suppression of
integrin o5/B1 activity. This suggests that HHT can downregulate
the MAPK/ERK and PI3K/AKT signaling pathways and inhibit the
progression of tumor metastasis through inhibiting the integrin o5/
B1-FAK/Src axis (93). Furthermore, HHT significantly inhibits
glycoprotein synthesis in T-24 bladder cancer cells and promotes
the accumulation of dolichol-linked oligosaccharides, thereby
further suppressing glycosylation (10).

3.6 Melanoma

Research indicates that HHT prevents A375 melanoma cells
from entering the G2/M phase by regulating the expression of cell
cycle-related proteins such as cyclin Bl and CDKI. At the same
time, HHT activates the mitochondrial apoptotic signaling
pathway, modulating the expression of apoptosis-related proteins,
including Bcl-2/Bax, cleaved-caspase 3 and cleaved-PARP, thereby
effectively inducing apoptosis (94). In another study, HHT may
inhibit the activation of the PI3K/AKT pathway by inhibiting the
expression of IRS4 and then downregulating the expression level of
cyclin E1/CDK2, thereby blocking the cell cycle in the GO/G1 phase
and significantly suppressing the proliferation of A375R cells (95).
DNA damage is essential for cell cycle regulation and apoptosis.
DNA damage activates the ATM/Checkpoint Kinase 2 (Chk2)
signaling pathway, resulting in G2/M phase cell cycle arrest (96).
Aurora kinase A (Aurka) and cell division cycle 25¢ (Cdc25c) are
the key regulators of cell division, and Polo-like kinase 1 (Plk1)
activates Cdc25c, which mediates G2/M cell cycle progression and
promotes mitosis (97). Studies have shown that HHT can cause
DNA damage, activate the ATM/Chk2/P53 signaling axis, inhibit
the Aurka/Plk1/Cdc25c¢ signaling pathway, and induce G2/M phase
cell cycle arrest (98).

3.7 Rhabdoid tumors

A rhabdoid tumor (RT) is a type of childhood cancer
characterized by a poor prognosis (99). Primary RTs can occur in
the brain, kidney, or various soft tissues (100). RT cell lines have
been found to be highly sensitive to HHT, and this sensitivity may
be associated with low expression of B-cell lymphoma-extra large
(BCL-XL), a significant BCL-2 family member involved in apoptotic
regulation. Therefore, the low expression of BCL-XL in RT cell lines
may make them more sensitive to treatment with HHT (101).
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3.8 Glioblastoma

Glioblastoma (GBM) is categorized as the primary brain tumor
with the highest degree of aggressiveness in adults (102). Platelet-
derived growth factor receptor alpha (PDGFRa) is crucial for
embryogenesis and organogenesis (103). Activation of PDGFRa
initiates multiple signaling pathways, including JAK-STAT
(104-106). STAT3 is considered to be one of the hallmarks of GBM
aggressiveness and contributes to tumor development and progression
in several ways, such as inducing cell proliferation, inhibiting the
apoptotic process, and promoting tumor cell migration and invasion
(107). HHT treatment of GBM can inactivate STAT3 signaling by
inhibiting PDGFRo. phosphorylation and PDGFRo/Ras homolog
family member A (RhoA)/Rho-associated coiled-coil-containing
protein kinase (ROCK) axis to reduce glioblastoma cell proliferation,
cytoskeletal remodeling, and migration (108).

Figure 4 illustrates the molecular mechanisms of
Homoharringtonine (HHT) in malignant tumors.

4 Other pharmacological properties
of HHT

4.1 Immunomodulatory mechanisms
of HHT

Inflammation is a well-recognized hallmark of cancer, and a
considerable body of evidence suggests that dysregulation of
inflammatory pathways plays a key role in carcinogenesis (109).
Inflammatory processes induce elevated levels of pro-inflammatory
molecules, such as cytokines (IL-6, IL-2), transcription factors (NF-
kB, STAT3), and protein kinase B (AKT), which contribute to
cancer initiation and progression (110-112). Studies have shown
that HHT exerts its immunomodulatory effects by interacting with
a variety of immune mediators, influencing gene transcription, and
regulating cellular functions. Key molecules associated with HHT’s
immunomodulation will be discussed below. Research has said
that HHT affects the activity of certain major transcription factors
such as STAT3, NF-kB, and NRF2 which are important in
regulating the signaling pathways of pro-inflammatory cytokines
and growth factors (113, 114). Moreover, inhibition of STAT3
phosphorylation and nuclear translocation has been demonstrated
in HHT-treated cells, which blocks cell growth and metastasis
mediated by STAT3 (84, 115). HHT reduces the expression of
anti-apoptotic genes regulated by STATS3, such as Bcl-2 and Mcl-1,
thereby affecting cell growth and survival in cancer cells (116). NF-
kB, an inflammatory transcription factor, is essential for the
regulation of a range of genes and biological processes containing
immunity, inflammation, cell proliferation and survival (117-121).
Previous studies revealed that HHT can inhibit NF-kB activation,
which could prevent the inflammatory responses mediated by NF-
kB and tumor generation (122). In addition to interfering with
transcription factors, HHT also has been shown to have an effect on
the production of various cytokines and growth factors. Pro-
inflammatory cytokines, such as tumor necrosis factor alpha
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FIGURE 4

Cell signaling pathways targeted by Homoharringtonine in different diseases. EphB4, Ephrin type-B receptor 4; MAPK, Mitogen-Activated Protein
Kinase; ERK1/2, Extracellular Signal-Regulated Kinase 1/2; MEK1/2, Mitogen-Activated Protein Kinase Kinase 1/2; PI3K, Phosphoinositide 3-Kinase;
AKT, Protein Kinase B; mTOR, Mechanistic Target of Rapamycin; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein; Mcl-1, Myeloid cell
leukemia-1; Caspases, Cysteinyl aspartate-specific protease; TRAIL, TNF-related apoptosis-inducing ligand; cFLIP, Cellular FLICE-inhibitory protein;
JINK, c-Jun N-terminal kinase; GSK3p, Glycogen Synthase Kinase 3; Slug, Snail family transcriptional repressor 2; TGF-, Transforming growth
factor-B; TNF, Tumor Necrosis Factor; FAS, Fas cell surface death receptor; p38MAPK, p38 mitogen-activated protein kinase; FAS, Fas cell surface
death receptor; NRF2, Nuclear factor erythroid 2-related factor 2; ARE, Antioxidant Response Element; Keapl, Kelch-like ECH-associated protein 1;
TMEM16A, Transmembrane protein 16A; IL-6, Interleukin-6; STAT3, Signal Transducer and Activator of Transcription 3; JAK1, Janus kinase 1; XIAP, X-
linked; Inhibitor of Apoptosis Protein; PARP,Poly (ADP-ribose) polymerase; Oct4, Octamer-binding transcription factor 4; Sox2, SRY-box
transcription factor 2; Nanog, Nanog Homeobox; PDK1, Pyruvate Dehydrogenase Kinase 1; HH, Hedgehog; Glil, GLI Family Zinc Finger 1; FAK, Focal
adhesion kinase; Src, Src proto-oncogene; ATM, Ataxia-telangiectasia mutated; Chk2, Checkpoint Kinase 2; Aurka, Aurora kinase A; Cdc25c, Cell
division cycle 25c; Plk1, Polo-like kinase 1; BCL-XL, B-cell lymphoma-extra large; PDGFRa, Platelet-derived growth factor receptor alpha; RhoA, Ras
homolog family member A; H2AX, H2A histone family member X; IRS4, Insulin Receptor Substrate 4; CDK1, Cyclin-Dependent Kinase 1; CDK2,
Cyclin-Dependent Kinase 2; EMT, Epithelial-mesenchymal transition.

(TNF-a) and interleukins, have a role in inflammatory processes 4.2 Antiviral mechanisms of HHT
and growth of neoplastic diseases. HHT has been shown to have an

effect on the expression of IL-1, IL-6, and TNF-o.. The effect of HHT HHT has been shown to inhibit viral replication in several
on downregulating these cytokines affects cell proliferation in  models of viral infection, impeding protein synthesis and reducing
general (22). virus production and spread. HHT has also been reported to inhibit

Frontiers in Oncology 07 frontiersin.org


https://doi.org/10.3389/fonc.2025.1522273
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

coronaviruses, such as SARS-CoV-2, porcine epidemic diarrhea
virus (PEDV) (123), and mouse hepatitis virus (MHV) (124),
herpesviruses, including varicella-zoster virus (VZV) (125) and
herpes simplex virus type 1 (HSV-1) (123), and Rhabdoviruses,
such as vesicular stomatitis virus (VSV), pseudorabies virus (PRV),
Newcastle disease virus (NDV) (123), and many others.

SARS-CoV-2 is the coronavirus that causes COVID-19.
Inhibiting SARS-CoV-2 replication is important for controlling
viral infection and disease progression. Studies have demonstrated
that HHT can significantly reduce the level of SARS-CoV-2 viral
replication (126-130). PEDV-N protein is the nucleocapsid protein
of PEDV, which mediates the S-phase host cell block and is crucial
for PEDV infection and replication (131). The level of PEDV-N
protein in PEDV was significantly reduced after treatment with
HHT, effectively reducing the viral load of PEDV-infected cells and
animals (123). HHT also successfully inhibits MHV replication in
mice by inhibiting viral translocation (124). VZV, a member of the
herpesviridae family, is the etiological agent responsible for both
varicella (chickenpox) and herpes zoster (shingles) (17). HHT
significantly inhibits the mRNA levels of VZV lytic genes,
suggesting that HHT may affect the replication and transmission
of VZV by inhibiting the expression and replication of VZV lytic
genes, in addition to blocking the ribosomal function (125).
Eukaryotic translation initiation factor 4E (eIF4E) is a key factor
in the initiation of protein synthesis. Phosphorylation of eIF4E
regulates the assembly of the eIF4F complex, thereby promoting the
translation and replication of certain viruses and affecting the
selective specificity of cellular translation (132-135). Dong et al.
(123) showed that HHT can antagonize the phosphorylation level of
eIF4E in Vero and HeLa cells. Moreover, embryos, chickens, and
piglets treated with HHT demonstrated reduced susceptibility to
NDV and PEDV infections, indicating that HHT may influence
viral replication by inhibiting the phosphorylation of eIF4E. In
addition, HHT has been shown to be effective against Hepatitis B,
bovine viral diarrhea (136), Ebola (137), and Chikungunya
(138) viruses.

4.3 Mechanisms of HHT in modulating
fibroblast activity and preventing fibrosis

Fibroblast proliferation is considered critical in the formation of
fibrotic scar adhesions, while inducing fibroblast apoptosis proves
effective in preventing such adhesions (139). The PI3K/AKT/
mTOR signaling pathway is pivotal in controlling fibroblast
proliferation and apoptosis in mammalian cells (140). Sun et al.
(141) have shown that the phosphorylation levels of PI3K, AKT and
mTOR in fibroblasts were significantly decreased after HHT
treatment for 24 hours. This illustrates that inhibition of the
PI3K/AKT/mTOR pathway may be one of mechanisms by which
HHT induces apoptosis in fibroblasts and mitigates intra-articular
fibrosis after surgery. HHT is also known to inhibit intraocular
fibroplasia and vitreous proliferation (142, 143) and may prevent
the development of retinal detachment in vivo (144). Similarly,
there is evidence that HHT inhibits the proliferation of Human
Retro-ocular Fibroblasts (HROF), and the rate of cytostatic
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inhibition is significantly correlated with HHT concentration
(145). In addition, clinical studies have shown that HHT
significantly inhibits corneal haze in photorefractive keratectomy
(PRK) (146, 147) and is an effective and relatively safe adjunct to
glaucoma filtration surgery (148).

4.4 Therapeutic mechanisms of HHT in
Alzheimer’s disease

Neuroinflammation refers to the inflammatory response
occurring within the central nervous system that results from a
variety of pathologic insults, including infection, trauma, ischemia,
and toxic accumulation (149). Jiang et al. (115) demonstrated that
HHT alleviates neuroinflammation in amyloid precursor protein/
presenilin 1 (APP/PS1) mice by disrupting the STAT3 pathway,
thereby slowing the progression of Alzheimer’s disease.

4.5 Mechanisms of HHT in allergic
dermatitis treatment

TGF-B inhibits allergic inflammation (150), and HHT exerts
anti-inflammatory effects by inducing Ser423/425 phosphorylation
of smad3, which activates the TGF-B signaling pathway (18). In
addition, HHT inhibits allergic inflammation by regulating the NF-
KB/miR-183-5p/B-cell translocation gene 1 (BTGI) axis (122).

5 Clinical research and findings
on HHT

HHT has demonstrated significant efficacy in the treatment of
hematological malignancies, particularly in AML and CML.
Currently, the clinical application of HHT is under investigation,
including its potential as a monotherapy and in combination with
other medications.

HHT has demonstrated significant efficacy in the treatment of
AML. A Phase II clinical trial involving 46 patients with refractory
and/or relapsed (R/R) AML indicated that 80% of the patients
achieved complete remission (151). Despite all patients
experiencing severe neutropenia and thrombocytopenia during
induction therapy, the therapeutic efficacy of HHT remains
noteworthy. Another Phase II clinical trial assessed the efficacy of
the combination of sorafenib and HHT in patients with Fms-like
tyrosine kinase 3-internal tandem duplication (FLT3-ITD) positive
AML (152). Among the 24 patients, 20 of 24 patients (83.3%)
achieved complete remission (true or with inadequate hematologic
recovery). In addition, in a multicenter Phase II trial, the regimen
combining venetoclax, cytarabine, and HHT was found to be
promising and well-tolerated for the treatment of R/R AML (153).

In studies of CML, HHT has also demonstrated good clinical
efficacy. In 34 patients with CML-chronic myelogenous leukemia in
myeloid blast crisis (MBC), HHT in combination with cytarabine (HA
regimen) was found to be an effective treatment (154). In 105 patients
with Philadelphia chromosome (Ph)-positive CML treated with HHT
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in combination with low-dose cytarabine, the rate of complete
hematologic response during the chronic phase was 72% (155).
Additionally, in a study involving 90 patients with Ph-positive early
chronic phase CML, a triple therapy regimen consisting of interferon-
alpha, cytarabine, and HHT resulted in a complete hematological
remission rate of 94%, with 74% of patients achieving cytogenetic
remission (156). Although HHT has shown good efficacy in the
treatment of CML, it is also associated with certain toxicities. In
patients receiving subcutaneous HHT, particularly those who are
resistant to imatinib, the tolerance is generally good (157). However,
adverse reactions such as bone marrow suppression (151, 158),
hypotension (159), mild gastrointestinal toxicity, headaches, and
cardiovascular events still occur (155). Therefore, close monitoring of
patient responses during clinical application is essential to ensure the
safety and efficacy of the treatment.

Furthermore, HHT demonstrates promising potential for the
treatment of ocular diseases. Clinical studies indicate that among 36
patients (36 eyes) with globe rupture injuries not associated with
retinal detachment who ocular debridement and/or vitrectomy, 18
patients (18 eyes) received injections of HHT. The results showed
that HHT significantly inhibited intraocular fibroplasia, reduced the
severity of vitreous opacification, and lessened the extent of
proliferative vitreoretinopathy. The main side effect observed was
transient conjunctival congestion, which typically resolved on its
own within 1 to 2 days, with no instances of corneal edema or
intraocular hemorrhage noted (143). Additionally, in a study
involving 63 patients (73 eyes) with refractory glaucoma,
participants were randomly assigned to either the HHT group or
the control group, with all patients undergoing the same standard
trabeculectomy. Postoperatively, the HHT group received divided
conjunctival injections of HHT at a dose of 0.1 mg each. The results
showed that the functional 1bleb and success rates of surgery in the
HHT group were 73.0% and 75.7%. This further indicates that HHT
significantly enhances the long-term efficacy of filtering surgery for
refractory glaucoma (148). These findings support the clinical
application potential of HHT in the field of ophthalmology.

Although numerous preclinical and early clinical studies
support the efficacy of HHT, large-scale, multicenter clinical trials
remain scarce, particularly with regard to its application in different
types of cancer. Therefore, further clinical trials are needed to
validate its efficacy and determine the optimal treatment regimen.
Additionally, research on the long-term efficacy and resistance
issues of HHT is limited. While its short-term efficacy is notable,
the issue of drug resistance during long-term treatment has not
been adequately explored and requires further follow-up studies.

Below are some relevant clinical trials on HHT as a therapeutic
agent used to treat blood disorders (Table 1).

6 Current challenges in the clinical
application of HHT

Despite its promising potential in treating various malignancies
and other diseases, the clinical application of HHT faces several
challenges. HHT is primarily used for the treatment of hematological
tumors, but it is also associated with certain side effects, including bone
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marrow suppression, gastrointestinal adverse reactions (such as nausea,
vomiting, and diarrhea), as well as potential cardiotoxicity,
hypotension, and hyperglycemia (23). The adverse effects and
toxicities of HHT are related to its therapeutic effects and are due to
the drug’s impact on normal cells and tissues. Bone marrow
suppression is one of the most common adverse effects and can lead
to a reduction in the counts of leukocytes, erythrocytes, and platelets
(174),increasing the risk of infection, anemia, and bleeding.
Cardiotoxicity may manifest as arrhythmias and myocardial damage
(180). Adverse reactions from treatment with HHT can include
gastrointestinal symptoms of nausea, vomiting, and dyspepsia, which
might be connected to the drug irritating the gastrointestinal tract
directly or causing a change in the permeability of the barrier of the
intestinal epithelial cell, and hypotension and hyperglycemia can also
develop due to vascular and metabolic influence of the drug (181, 182).
Moreover, HHT may lead to ocular responses during the ocular disease
therapy, such as vessel dilation of ocular, hyperemia of conjunctival,
intraocular bleeding, or edema of corneal, but these ocular responses
tend to be transient and last for a week (143). Overall, HHT is a potent
chemotherapeutic agent with significant therapeutic effects, but close
attention must be paid to possible adverse reactions and toxic side
effects during its use.

Furthermore, the poor solubility of HHT limits its
bioavailability and effectiveness in clinical applications. To
address this, researchers are actively exploring innovative drug
delivery systems, such as nanocarriers and liposomes, to enhance
HHT’s solubility and targeted delivery capabilities, thereby
improving its therapeutic efficacy (24, 183). Currently, there are
relatively few large-scale clinical trials assessing the efficacy and
safety of HHT, making it increasingly urgent to establish
standardized treatment protocols for different patient populations.
Therefore, conducting more comprehensive studies will help
deepen our understanding of HHT’s clinical application potential.

7 Strategies to enhance the
bioavailability of HHT

The clinical application of HHT remains constrained by its
limited solubility. Research has demonstrated that HHT exhibits a
synergistic effect when used in conjunction with other therapeutic
agents, thereby enhancing its anti-tumor efficacy. To address the
solubility challenge and improve the clinical utility of HHT,
scientists are investigating multiple strategies. These include
combining HHT with other drugs, developing novel delivery
methods, adopting advanced drug delivery systems, and
optimizing the molecular structure to enhance efficacy. Such
innovative approaches hold promise for improving the clinical
performance of HHT while mitigating its potential toxicity.

7.1 Targeted delivery systems to maximize
HHT therapeutic potential

Several drug delivery systems have been developed to address
the distinctive characteristics of HHT in terms of low solubility and
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TABLE 1 Homoharringtonine (omacetaxine mepesuccinate) in clinical trials.

Number Cancer Title Trial Phase Primary Outcomes References
CR: Five remissions in 14 patients with relapsed AML. No
Homobharringtonine in responses in 8 patients with primary refractory AML.
combination with Toxicity: 7Pancytopenia: Universal. Hypotension and fluid
1 cytarabine for patients Phase I retention: More common at higher dose levels. (160)
with acute Other mild toxicities:
myelogenous leukemia Nausea, vomiting, diarrhea, and mucositis. No significant hepatic,
renal, or cardiac toxicity.
Homoharringtonine is . . .
. CR: 7 of 43 patients with relapsed AML achieved CR
safe and effective for . . . .
2 . . Phase II Response in patients resistant to treatment: 2 of 3 patients (161)
AML patients with acute k X i
. resistant to low-dose cytarabine achieved CR.
myelogenous leukemia
A phase II study of
Homoharringtonine for
the treatment of CR: Achieved in 4 patients (14% of evaluable patients, 4/28).
3 children with refractory Phase II PR: Achieved in 1 patient (3.6% of evaluable patients, 1/28). (162)
or recurrent acute ORR: 18% (5/28).
myelogenous leukemia: MDR: 62 days (range 28-126 days).
a pediatric oncology
group study
Homoharringtonine in
binati ith
cor:r;gil;o:n;ﬂ Overall CR rate: 80% of patients achieved complete remission.
oyt L Single course CR rate: 76.1% after the first course of the HAA
aclarubicin in the :
4 treatment of refractory/ Phase II regimen. (151)
reatment of refr
rei: se(:‘i a: teemacel(c))z OS: Estimated 3-year OS rate: 42%.
ul i
P . . 4 RFS: Estimated 3-year RFS rate for 36 CR cases: 49%.
leukemia: a single-
center experience
CHR rate: 83.3% of patients (20/24) achieved complete remission
Homoharringtonine (true or with insufficient hematological recovery).
(omacetaxine Reduction in ITD Allelic Burden: Significant reduction of FLT3-
5 AML mepesuccinate) as an Phasell ITD allelic burden in patients. (152)
adjunct for FLT3-ITD Os:
acute myeloid leukemia Median Leukemia-Free Survival: 12 weeks.
Median Overall Survival: 33 weeks.
CR rate: 24% in the HCAG group, 28% in the FLAG group.
Comparison of efficacy ORR: 38% in the HCAG group, 42% in the FLAG group.
of HCAG and FLAG re- PFS: Median PFS was 29.8 months for the HCAG group, and 30.8
induction chemotherapy months for the FLAG group.
6 in acute myeloid Phase 11 Adverse Effects: (163)
leukemia patients of Grade 4 Hematological Toxicity: 42 patients in the HCAG group
low- and intermediate- and all patients in the FLAG group.
risk groups Non-hematological Toxicity: 19 cases in the HCAG group, 40
(78.4%) in the FLAG group.
Sorafenib and
omacetaxine
inat fe
mepesucc%na ¢ as asale CR/CRi: Among R/R patients, 28 achieved CR or CRi. Among
and effective treatment . . . . .
. for acute mveloid Phasell newly diagnosed patients, 4 achieved CR and 1 achieved CRi. (164)
leukemia ca}r’ in LFS: Median LFS was 5.6 months.
: e 0S: Median OS was 10.9 months.
internal tandem
duplication of Fms-like
AML tyrosine kinase 3
Comparison of efficacy
f HCAG and CAG re-
f) . an re CR rate: 39.6% in the HCAG group and 33.3% in the CAG group.
induction chemotherapy . .
8 in elderly low- and Phase II ORR: 63.0% in the HCAG group and 43.5% in the CAG group (165)
R Y R PFS: Median PFS was 8.0 months in the HCAG group and 7.0
intermediate-risk group )
. . . months in the CAG group.
patients diagnosed with
acute myeloid leukemia
(Continued)
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TABLE 1 Continued

Number Cancer Title Trial Phase Primary Outcomes References
Optimization of
idarubicin and
cytarabine induction
regimen with
homoharringtonine for CR rate: 84.4% overall, with 87.5% in D5-PBCR (-) group and
9 newly 'diagnosed- acute Phase I 80.0% in DS-PBCR‘(+) groul;?‘ (166)
myeloid leukemia mOS: Not reached in the entire cohort.
patients based on the mEFS: 42.2 months.
peripheral blast
clearance rate: A single-
arm, phase 2 trial (R]-
AML 2014)
Sorafenib plus triplet
therapy with venetoclax,
azacitidine and CRc: 76.5% of patients achieved CRec.
homoharringtonine for ORR: 82.4% of patients had a response, including CRc and partial
10 refractory/relapsed acute Phasell remission. (167)
myeloid leukemia with OS: Median OS was 18.1 months.
FLT3-ITD: A EFS: Median EFS was 11.4 months.
multicenter phase
2 study
Venetoclax Combined
with Azacitidine and CRc: 70.8%, including CR and CRi.
AML Homoharringtonine in MRD Negative: 58.8% of CRc patients achieved MRD-negative
11 Phasell (153)
Relapsed/Refractory status.
AML: A Multicenter, ORR: 78.1%, including CRc and PR.
Phase 2 Trial
Homoharringtonine- CR Rate:
based induction HAA regimen: 73% (150/206 patients)
regimens for patients DA regimen: 61% (125/205 patients)
12 with d'e-nova aCllltS Phaselll HAD regimen: 67% (133/198 patients) (vs DA, p=0.20) (168)
myeloid leukamia: a 3-Year EFS:
multicenter, open-label, HAA regimen: 35.4%
randomized, controlled DA regimen: 23.1%
phase 3 trial HAD regimen: 32.7% (vs DA, p=0.08)
Homoharringtonine and CHR Rate: 72% in chronic phase.
low-dose cytarabine in CRR: 32% (Major response: 15%, Complete response: 5%).
13 the management of late Phase I1 Survival: The 4-year survival rate was 55%. Survival was (155)
chronic-phase chronic significantly longer with the combination regimen compared to
myelogenous leukemia HHT alone after multivariate analysis.
Results of triple therapy
with interferon-alpha,
cytarabine, and
homoharringtonine, and CHR Rate: 94% (85 patients).
the impact of adding CRR: 74% (67 patients), with 22% achieving complete response
imatinib to the (Ph 0%) and 46% achieving major response (Ph suppression to <
14 treatment sequence in Phase II 90%). (156)
CML patients with 5-Year Survival Rate: 88%.
Philadelphia Blastic Phase Development: Only 9% (8 patients) developed
chromosome-positive blastic phase.
chronic myelogenous
leukemia in early
chronic phase
Phase I/II trial of adding
semlsynth.etlc L Efficacy: Seven out of 10 evaluable patients showed a decline in
homoharringtonine in .
chronic myeloid BF:R»ABL transcript levels.
15 R R Phase /11 Side Effects: (169)
leukemia patients who . . . .
have achieved partial or Asthema.: All 10 ?atlents f:xperlenced this.
. Cytopenias: Seen in 3 patients.
complete cytogenetic
response on imatinib
(Continued)
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TABLE 1 Continued

Number Cancer Title Trial Phase Primary Outcomes References
Phase I/ study of
ase study o CHR: Achieved in all 5 evaluable patients.
subcutaneous . h
. L CyR: 3 patients showed cytogenetic responses.
homoharringtonine in i X X . i

16 . . X Phase /11 BCR-ABL Kinase Domain Mutations: In the 2 patients with BCR- (157)
patients with chronic . . . .

K K ABL kinase domain mutations at the start, both achieved CG
myeloid leukemia who i

. . responses, and mutations became undetectable.

have failed prior therapy
A phase II study of
continuous infusion
homoharringtonine and . . . e
cvtarabine in newl MCRR: Achieved in 17% of patients (4/23) within nine cycles.

17 yt . WY . Phase 11 CHR rate: 82% of patients (36/44) achieved complete hematologic (158)
diagnosed patients with . K R :

K X remission, with the median duration not yet reached.
chronic myeloid
leukemia: CALGB
CML study 19804
Prolonged chronic phase CRR: After 12 months of therapy, the cytogenetic response rates
in chronic myelogenous were 39/106 for HHT
. yeos CyR: the rates were 6/18 for HHT
18 leukemia after Phase 11 R X (170)
K . Long-term Maintenance of Cytogenetic Response: At the 48-

homoharringtonine . .
thera month follow-up, cytogenetic response was maintained in 32/39

124 patients treated with HHT, indicating long-term efficacy.
Effect of Proportion of CD34+ CD117+ cells in bone marrow:
homoharringtonine on Higher in untreated CML patients (24.7%) than in donors (4.4%).

19 bone marrow (?D34 + Phase 1 Significant decrease in patients who achieved HRR (11.2%) and a7
CD117 + cells in CRR (8.9%).
patients with chronic HRR: Lower in patients with CD34+ CD117+ cells > 20% before
myelogenous leukemia treatment (41.7%) compared to those with < 20%.

Subcutaneous

omacetaxine MCyR: 20% (16 patients), including 8 complete responses.
mepesuccinate in HR: 69% of patients achieved and/or maintained a hematologic
patients with chronic- response for at least 8 weeks, with a median duration of 12.2
phase chronic myeloid months.

20 Phase 11 172
leukemia previously ase Failure-Free Survival: Median of 9.6 months. ar2)
treated with 2 or more OS: Median of 34 months.
tyrosine kinase Adverse Events: Common grade 3/4 adverse events included
inhibitors thrombocytopenia (67%), neutropenia (47%), and anemia (37%).
including imatinib
Phase 2 study of

beut
subed anetous HR: 67% of patients achieved or maintained a hematologic
omacetaxine ) .
CML mepesuccinate for response; the median duration of response was 7.0 months.
MCyR: 22% of patients achieved MCyR, including 4% with
21 chronic-phase chronic Phase II ¥ o oL pa 1f-:n $ achieve ¥ incuding 6 wi (173)
mveloid leukemia complete cytogenetic responses.
a};ients resistant to or PFS: Median of 7.0 months.
P i OS: Median of 30.1 months.
intolerant of tyrosine
kinase inhibitors
Phase 2 study of
subcutaneous CHR: Achieved in 48 patients (77%; 95% lower confidence limit,
omacetaxine 65%); median response duration was 9.1 months.

22 mepesuccinate after TKI Phase II MCyR: 23% of patients achieved MCyR, including 16% with (174)
failure in patients with complete cytogenetic response.
chronic-phase CML PFS: Median of 7.7 months.
with T315I mutation

taxi
o
it i
P . 37% in patients with accelerated phase chronic myeloid leukemia
patients with advanced
chronic myeloid (AP-CML).
i it
23 CML . Y, . Phasell 9% in patients with myeloid blast phase chronic myeloid leukemia (175)
leukemia with resistance
intol ¢ (BP-CML).
or intolerance to
osine MHR in patients with a history of T315I mutation: 22% in AP-
t}., ' g CML and 5% in BP-CML.
kinase inhibitors
(Continued)
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TABLE 1 Continued

Number Cancer Title Trial Phase

Primary Outcomes References

Homoharringtonine
combined with
cytarabine to treat
chronic myelogenous

OHR: 60.1% (complete/partial hematological response and
hematological improvement).
CyR: 21.2% of patients achieved a cytogenetic response 12 months
Phase 11 after treatment. (154)
Change in Bone Marrow CD34+CD7+ Cells: The proportion of
CD34+CD7+ cells in bone marrow decreased from 19.4 + 7.9%
(before treatment) to 14.1 + 7.1% after treatment (p < 0.05).

24
leukemia in myeloid

blast crisis and its
impact on bone marrow
CD34+CD7+ cells

A phase II study of
omacetaxine
mepesuccinate for

25 CMML fr?;leelxol:y;?;lt}ilclgher i Phase 1T ORR: 33% (176)
MDS . OS: Median OS of 7.5 months; 1-year OS rate was 25%.
syndrome and chronic
myelomonocytic
leukemia after failure of

hypomethylating agents

Homoharringtonine in
patients with ORR: 28% (8/28)

myelodysplastic CR: Achieved in 7 patients.
26 Phase I . . . (177)
syndrome (MDS) and Myelosuppression: 13 induction-related deaths due to
MDS evolving to acute neutropenic infections.
myeloid leukemia
A phase II open-label
study of the intravenous
administration of CHR and CyR: One patient (11%) after one course of HHT
27 homoharringtonine in Phase I1 treatment. (178)
MDS the treatment of Grade 3/4 Myelosuppression: Observed in 56% (5/9) of patients.
myelodysplastic
syndrome
The efficacy and toxicity
of the CHG priming
regimen (low-dose ORR: 39.4% (13 out of 33 patients).
cytarabine, CR rate: 27.3% (9 out of 33 patients).
28 homoharringtonine, and Phase II mCRR: 6.1% (2 out of 33 patients). (160)
G-CSF) in higher risk PR rate: 6.1% (2 out of 33 patients).
MDS patients relapsed OS: Median OS of 7.0 months for the 33 patients.
or refractory
to decitabine
Effect of low-dose
cytarabine,
homoharringtonine and
gr'anuloc.yte colony- ORR: 71.9%
stimulating factor X
L X CR rate: 46.9% (15 patients).
29 MDS iiﬁ:ﬁf xzﬁ::z:ied Phase 11 PR rate: 25% (8 patients). (179)
t-AML mOS: 18.2 months.

myelodysplastic
syndrome or acute
myeloid leukemia
transformed from

Duration of CR: 10.6 months for patients who received
alternative chemotherapy.

myelodysplastic
syndrome

AML, Acute Myeloid Leukemia; CML, Chronic Myeloid Leukemia; MDS, Myelodysplastic Syndromes; t-AML, Transformed Acute Myeloid Leukemia; CR, Complete Remission; PR, Partial
Remission; ORR, Overall Response Rate; MDR, Median Duration of Response; RES, Relapse-Free Survival; OS, Overall Survival; CHR, Complete Hematologic Remission; PFS, Progression-Free
Survival; CR/CRi, Composite Complete Remission; LFS, Leukemia-Free Survival; mOS, Median Overall Survival; mEFS, Median Event-Free Survival; CRc, Composite Complete Remission Rate;
EFS, Event-Free Survival; MRD, Measurable Residual Disease; CRR, Cytogenetic Response Rate; CyR, Cytogenetic Response; MCRR, Major Cytogenetic Response Rate; HRR, Hematological
remission rate; MCyR, Major Cytogenetic Response; HR, Hematologic Response; MHR, Major Hematologic Response; OHR, Overall Hematological Respons
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to improve solubilization, stabilization, and targetability to optimize
pharmacological activities. A range of drug delivery systems,
including nanoparticles, polymeric encapsulation and liposomes,
have been employed for HHT delivery. By encapsulating HHT
within a delivery vehicle, HHT solubilization, stability,
pharmacokinetics, and bioavailability have been improved, and
targeted delivery to tumors has been realized.

Among them, a co-delivery system of homoharringtonine and
doxorubicin (183),high proportion PEG of long-circulating HHT
liposomes (LCL-HHT-H-PEG) (184),and magnetic Fe;O4
nanoparticles (HHT-MNP-Fe;0,4) (185) all promoted apoptosis,
inhibited cell proliferation, and exhibited significant cytotoxicity.
Long-circulating PEGylated liposomes loaded with HHT (LC-Lipo-
HHT) have good biocompatibility and a high safety profile,
reducing HHT irritation in the vasculature (186).Compared to
DNR/HHT co-delivery liposomes without folic acid modification
(DH-LP), folic acid-modified DNR and HHT concomitantly
transmitted liposomes (FA-DH-LP) have stronger cell toxicity
and a better capacity to target tumors (187). In addition, HHT-
loaded PLGA-SS-PEG nanodrugs demonstrate enhanced
therapeutic efficacy and reduced toxicity (24). The application of
these nanoparticle drugs significantly improves the intracellular
uptake efficiency and efficacy of therapeutic agents while reducing
side effects.

7.2 Combining HHT with other medicines

A variety of combination drug delivery regimens and delivery
systems are used to treat hematologic diseases, which may improve
drug absorption, cytotoxicity, and safety compared to drug
administration alone or in combination with drugs. The
combination of HHT and other drugs, such as imatinib,
bortezomib, and apatinib, can lead to a synergistic effect, which
would enhance their anticancer effects against leukemia. These
regimens with HHT have multi-target and multi-pathways acting
on leukemia cells, which can increase the therapeutic effect of the
drugs and reduce the occurrence of drug resistance.

HHT and bortezomib (BTZ) are two commonly used
anticancer drugs that show potential for synergistic effects in the
management of leukemia and other malignancies. In the cells
cultured in vitro, the synergistic use of HHT and BTZ enhanced
the cytotoxicity of BTZ against K562 leukemia cells, reduced the
expression of the anti-apoptotic proteins Bcl-2 and Mcl-1, while
enhancing the expression of the pro-apoptotic protein Bax (15). In
DLBCL and mantle cell lymphoma (MCL) cells, HHT and BTZ
synergistically enhanced the expression levels of pro-apoptotic
proteins Noxa and Bak, while concurrently downregulating the
expression of the anti-apoptotic protein Mcl-1 (19). The above
results suggest that HHT in combination with BTZ can affect cell
growth by regulating apoptosis-related proteins. Additionally,
Zhang et al. (14) reported that the combination of HHT and BTZ
influenced the proliferation of SKM-1 cells, a myelodysplastic
syndrome (MDS) cell line, by interfering with the AKT and NF-
KB signaling pathways, upregulating the expression of their
downstream oncogene p53, and decreasing the expression of
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miR-3151. In addition, the combination of HHT and decitabine
(DAC) induced apoptosis in the MDS cell line SKM-1 by
upregulating the expression of pro-apoptotic proteins caspase-3
and caspase-9, while downregulating the expression of the anti-
apoptotic protein BCL-XL (30). Co-treatment with HHT and
imatinib (IM) significantly suppressed proliferation and induced
apoptosis in CML K562 cells. A prior study showed that HHT and
IM synergistically inhibited the expression level of Zinc finger X-
linked protein and interfered with the PI3K/AKT pathway (188),
Bcl-6 expression (189), and p210 protein expression and its kinase
activity (190). Co-treatment with HHT and IM also augmented the
sensitivity of K562 cells to IM and the anti-tumor activity of
imatinib by blocking the EphB4/RhoA pathway (191).
Furthermore, BCR-ABL is a critical oncogene that mediates the
malignant proliferation observed in hematopoietic stem and
progenitor cells in CML (192). HHT induces autophagy and
promotes ubiquitination of BCR-ABL in CML cells. The
ubiquitinated BCR-ABL binds to p62, facilitating the degradation
of the BCR-ABL protein and inducing apoptosis in imatinib-
resistant CML K562G cells (193). FLT3-ITD leads to constitutive
activation and autophosphorylation of FLT3, triggers the activation
of various intracellular signaling pathways, promotes independent
cell proliferation, and is crucial in the development and progression
of AML (194, 195). Specific inhibition of FLT3 kinase activity
represents a crucial strategy in the treatment of AML. HHT can
be administered in conjunction with other therapeutic agents to
treat leukemia associated with FLT3-ITD mutations by modulating
cell signaling pathways, inducing apoptosis, and affecting stem cell
properties. HHT in combination with quizartinib has been
documented to exhibit anti-leukemic properties through the
modulation of the FLT3-AKT-c-Myc signaling pathway and the
reduction of side population and aldehyde dehydrogenase-positive
cells possessing leukemic stem cell properties (196). HHT in
combination with abivertinib affects leukemia cell growth by
targeting the phosphorylation of the BTK and PI3K pathways and
downregulating the expression of p-FLT3 and p-STAT5 (197).
HHT in combination with heat shock protein 90 (HSP90)
inhibitors synergistically reduces FLT3 expression and inhibits
downstream signaling pathways, including STAT5, AKT, ERK,
and 4E-BP1, demonstrating efficacy in treating FLT3-ITD-positive
acute myeloid leukemia (AML) (198). The combination treatment
of HHT and apatinib can exert its anti-leukemic effects by inhibiting
the VEGFR-2 signaling pathway (199). HHT and gilteritinib can
upregulate Ubiquitin Conjugating Enzyme E2 L6 (UBE2L6)
together, promoting the degradation of Mcl-1 through the
ubiquitin-proteasome pathway, and bring an effective drug target
for FLT3-ITD mutated leukemia (200). Bcl-2 is a potent anti-
apoptotic protein pivotal in mediating resistance to chemotherapy
(201, 202). HHT combined with a Bcl-2 inhibitor antagonizes the
FLT3-STATS5 pathway by downregulating the expression of Bcl-2
and Mcl-1 (203) and also interferes with the PI3K/AKT/GSK3[
pathway to effectively treat leukemia (204). AML1-ETO is one of
the hallmark features of t (7, 20) AML. Given its pivotal role in the
pathogenesis of AML, especially in the M2 subtype, inhibiting
AMLI-ETO has become an important therapeutic strategy for
treating AML (205). Further studies have demonstrated that the

frontiersin.org


https://doi.org/10.3389/fonc.2025.1522273
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al. 10.3389/fonc.2025.1522273
Bel-2 pS3
UBELs  Bax  anr Bt
Bclp  Survivin Bel-x1
n Mcl-1 Mcl-1  STATS
S ! | v-g ) AKT
g é Ly ,049 ERK
p-FLT3 . < qﬂ) \ = ! 'a ) 7 '\0& 4E-BP1
p-STATS >, ,0.9%_ :—é WS E & Y B
461}, % ' 4 v QQQ i Bcel-2 Mcl-1
. K -~ st FLT3/STATS
FLT3/AKT Ny " PIBK/AKT
c-Myc Uty GSK3p
Bel-2 Ccyy
Mccl-l Bof‘eq’o Ylap; Caspase-3
B w Caspase-9
7 s Bel-x1

Bcl-6

p210

PI3K/AKT NF-«B/AKT

EphB4/RhoA miR-3151

FIGURE 5

The combination of HHT with other drugs enhances therapeutic efficacy by regulating the expression of multiple genes. Targets downregulated by
HHT are indicated in black, while those upregulated are marked in red. PI3K, Phosphoinositide 3-Kinase; AKT, Protein Kinase B; c-Myc, Cellular Myc;
p-STATS, Phosphorylated Signal Transducer and Activator of Transcription 5; p-FLT3, Phosphorylated FMS-like tyrosine kinase 3; VEGFR-2, Vascular
Endothelial Growth Factor Receptor 2; UBE2L6, Ubiquitin Conjugating Enzyme E2 L6; Mcl-1, Myeloid cell leukemia-1; Bax, Bcl-2-associated X
protein; Bcl-2, B-cell lymphoma-2; PARP,Poly (ADP-ribose) polymerase; NF-kB, Nuclear factor kappa B; BCL-XL, B-cell lymphoma-extra large; ERK,
Extracellular Signal-Regulated Kinase; 4E-BP1, elF4E-Binding Protein 1; GSK3p, Glycogen Synthase Kinase 3p; Caspases3/9, Cysteinyl aspartate-
specific protease3/9; MMP2/9, Matrix Metalloproteinase2/9; ANG-1, Angiopoietin-1; Noxa, NADPH oxidase activator; Bak, Bcl-2 homologous
antagonist/killer; BCL-6, B-cell lymphoma 6; EphB4, Ephrin type-B receptor 4; RhoA, Ras homolog gene family member A.

combination of HHT with aclarubicin and cytarabine significantly
induces apoptosis in t (7, 20) type AML cells. This effect is mediated
through caspase-3-dependent cleavage of AML1-ETO, thereby
exerting an antitumor effect (206). Evidence suggests that HHT
also has anti-leukemic effects when combined with oridonin (207),
triptolide (208), arsenic trioxide (209-211), matrine (212), and
AG490 (a JAK2 inhibitor) (213). In addition, HHT combined
with curcumin significantly suppresses the proliferation,
migration, and angiogenesis of lymphoma cells by inhibiting the
phosphorylation of VEGFR2 and AKT, which reduces the signaling
of angiogenin 1 (ANG-1), matrix metalloproteinase 2 (MMP2), and
matrix metalloproteinase 9 (MMP9) (29). The mechanisms by
which HHT synergizes with other drugs are illustrated in Figure 5.

7.3 Development and optimization of
homoharringtonine derivatives

With the in-depth investigation into the anti-cancer
mechanisms of HHT, researchers have refined its molecular
structure to enhance antitumor efficacy and mitigate toxicity,
particularly in the treatment of CML and other myeloid
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malignancies (7, 13, 214). Clinical studies have shown that
semi-synthetic homoharringtonine (sHHT) significantly reduces
BCR-ABL transcript levels, particularly in Philadelphia
chromosome-positive (Ph+) CML patients with poor response to
imatinib, with excellent tolerability (169). Additionally, semi-
synthetic homoharringtonine (ssHHT) demonstrates favorable
pharmacokinetics and low inter-patient variability in patients
with advanced AML (215). Furthermore, BS-HH-002, a novel
HHT derivative, has demonstrated significantly enhanced
anti-tumor activity through structural optimization. Specifically,
in the treatment of pancreatic cancer, it effectively inhibits cell
proliferation and induces apoptosis by degrading the anti-apoptotic
protein MCL-1. Additionally, BS-HH-002 exhibits superior
pharmacokinetic properties and circumvents the cardiotoxicity
issues associated with traditional HHT (216). With the ongoing
refinement of semi-synthetic HHT and its derivatives, coupled
with the advancement of clinical research, the potential of HHT
in treating various tumors is anticipated to be more extensively
explored. Moreover, by developing innovative drug delivery
routes and systems, it is possible to further address the solubility
limitations of traditional HHT, thereby enhancing
its bioavailability.
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8 Conclusions and future perspectives

Plant-derived HHT is a multi-pathway and multi-target
chemotherapeutic agent that demonstrates extensive potential for
the treatment of various diseases. By inhibiting protein synthesis and
modulating critical cell signaling pathways such as PI3K/AKT, FAK/
Src, and MAPK/ERK, HHT regulates the expression of cyclins and
several genes associated with cell survival and apoptosis, including
members of the caspase family, Bcl-2 family, Mcl-1, Noxa, Bad,
survivin, and XIAP. Consequently, HHT exerts its pharmacological
effects, which include anti-tumor, anti-viral, and anti-fibrotic
activities. While HHT has shown significant clinical efficacy in
hematological malignancies such as CML and AML, side effects
including myelosuppression and cardiotoxicity restrict its long-term
application. Consequently, research into drug combinations and
drug delivery systems offers promising avenues for optimizing
treatment protocols. When combined with other agents (e.g.,
imatinib, bortezomib, and apatinib), HHT can operate via multiple
mechanisms, such as disrupting the PI3K/AKT pathway, modulating
apoptosis-related proteins, and diminishing the population of cells
with leukemia stem cell characteristics, thereby inhibiting leukemia
cell proliferation, enhancing therapeutic efficacy, and mitigating the
development of drug resistance. Furthermore, the limited
bioavailability of HHT constrains its broad application. Current
research efforts are concentrated on enhancing its bioavailability
via improved drug delivery systems. These systems, such as
nanoparticles, polymer encapsulation, and liposomes, can
significantly improve the water solubility and stability of HHT,
thereby increasing its in vivo absorption rate. Such enhancements
not only augment the therapeutic efficacy of HHT but also effectively
mitigate its toxic side effects. Recent studies have also uncovered the
antiviral potential of HHT, especially in the management of chronic
viral infections like hepatitis B.

While HHT has shown promising short-term efficacy in clinical
studies, long-term efficacy and drug resistance remain significant
challenges for ongoing research. Future investigations should delve
deeper into the molecular mechanisms of HHT, particularly its
regulatory functions in various signaling pathways, to further
elucidate its potential mechanisms in anticancer, antiviral, and
anti-fibrosis applications.

Additionally, the development of more efficient drug delivery
systems could enhance the targeting and bioavailability of HHT while
mitigating toxic side effects. In terms of clinical application, research
on the synergistic use of HHT with other therapeutic agents, such as
targeted therapies and immunotherapies, should be intensified to
explore its advantages in combination treatments. In addition to its
established role in hematological malignancies, the potential
applications of HHT in solid tumors, viral infections, fibrosis, and
neurodegenerative diseases warrant further investigation. While
HHT has been extensively studied in hematological cancers,
research on its efficacy in other malignant and non-malignant
conditions remains limited. Future studies should aim to broaden
the scope of HHT’s therapeutic applications in these areas. Moreover,
addressing the management of HHT-related side effects and toxicity
continues to be a critical challenge in clinical practice, which merits
further exploration in upcoming research.
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In summary, HHT, a promising anticancer agent, has the
potential for substantial health benefits. However, drug resistance
and adverse effects remain challenges in long-term administration.
Future research should focus on large-scale, multicenter clinical
trials to optimize drug delivery systems for HHT, improve its
bioavailability, overcome drug resistance, and explore its potential
applications in fields such as immunotherapy and antiviral therapy.
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