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Abstract

Acute myeloid leukemia is characterized by the presence of malignant cells and their
uncontrolled growth in bone marrow. Recent studies have been focused on the ability
of curcumin, a polyphenol derived from the Curcuma longa plant. The role of curcumin
is currently under investigation, due to its antitumor properties and action on several
pathways, including Nuclear Factor kappa-light-chain-enhancer of activated B cells, Signal
Transducer and Activator of Transcription 3, Phosphatidylinositol 3-kinase/protein kinase
B, and mitogen-activated protein kinase. The aim of this review is to demonstrate the
possible anti-leukemic effect of curcumin, thus its ability to induce apoptosis, inhibit cell
proliferation, and modulate angiogenesis. Nowadays, although multiple synergistic effects
have been observed and curcumin’s efficacy has been demonstrated through several in vivo
and in vitro studies, further broad and exhaustive scientific research is needed to confirm
the considerable results. In fact, the low bioavailability of curcumin has limited its clinical
applications, a challenge that is currently being addressed through the development of
nanoformulations to enhance its stability and absorption within the body. In conclusion,
curcumin exhibits antitumor properties with a favorable profile, suggesting its potential as
a supportive adjunct in the treatment of patients with acute myeloid leukemia.

Keywords: curcumin; acute myeloid leukemia; combination therapies; synergistic effect;
apoptosis; oxidative stress; chemoresistance; microbiota

1. Introduction
General Considerations on Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a hematological malignancy characterized by im-
paired hematopoiesis due to the uncontrolled, clonal proliferation and abnormal differ-
entiation of immature myeloid blasts in bone marrow and peripheral blood. The 2022
World Health Organization (WHO) classification categorizes AML based on differentiation
stages, genetic abnormalities, and prior therapies, while the 2022 European LeukemiaNet
(ELN) risk stratification focuses on genetic markers to classify patients into favorable,
intermediate, or adverse risk groups [1,2].

Although there has been progress in treatment, because of some specific genetic
mutations or resistance to therapies, in recent years, ongoing clinical trials are identifying
new treatment strategies.

The standard chemotherapy “7 + 3” regimen for AML patients consists of the adminis-
tration of cytarabine for 7 days combined with anthracycline (daunorubicin or idarubicin)
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for 3 days. In the case of successful induction, consolidation options can be taken into
consideration such as high-dose cytarabine or allogeneic hematopoietic stem cell transplan-
tation. Moreover, FLT3 inhibitors (midostaurin, gilteritinib), IDH1/2 inhibitors (ivosidenib,
enasidenib), and BCL-2 inhibitors (venetoclax) have significantly improved outcomes in
specific AML subgroups [3,4].

Despite this, the mortality rate remains high and new therapeutic strategies appear to
be appropriate and play a crucial role. Among these, the polyphenol curcumin has shown
significant potential effects.

2. Curcumin: A Multidimensional Agent
2.1. Overview of Curcumin

Curcumin is a hydrophobic polyphenolic compound diferuloylmethane and the prin-
cipal bioactive constituent of the rhizome of Curcuma longa (turmeric). It belongs to the class
of curcuminoids, which also include demethoxycurcumin and bisdemethoxycurcumin. Ac-
cording to the chemical structure, curcumin has a diarylheptanoid structure, consisting of
two aromatic ring systems containing o-methoxy phenolic groups linked by a seven-carbon
chain with conjugated double bonds and a (3-diketone moiety. This structure allows it to
interact with a wide range of molecular targets, modulating transcription factors, cytokines,
enzymes, and cell signaling pathways.

With its characteristic golden-yellow pigment of turmeric, this polyphenol is well
known for its wide spectrum of biological properties, among these, significant anti-
inflammatory, wound-healing properties, antioxidant, and antimicrobial activities, but
its most notable potential is in its antitumor effects. Curcumin’s ability to modulate several
signaling pathways plays a key role in the following processes: cell proliferation, apoptosis,
metastasis, and drug resistance [5,6]. Specifically, curcumin has been shown to impact path-
ways like Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB), STAT3,
PI3K/Akt/mTOR, mitogen-activated protein kinase (MAPK), and JAK/STAT, making it a
highly versatile compound in the field of cancer research [7,8].

Curcumin also plays a significant role in primary and secondary immunodeficiencies.
Its immunomodulatory mechanisms include a decrease in regulatory T cells (Tregs) with
the inhibition of Foxp3 expression, shifting the balance toward effector T cell activity.
An increase in effector T cells (CD8+, Th1) with a boost in IFN-y production enhances
cytotoxic and helper T cell responses and an increase in Natural Killer (NK) cell activity,
thus enhancing cytotoxicity via STAT4/STATS5 signaling [9].

It contributes to decreasing pro-inflammatory cytokines such as TNF-«, IL-6, and
IL-1p and increasing, instead, anti-inflammatory ones with the suppression of the follow-
ing key inflammatory pathways: NF-kB, MAPKs, JAK/STAT, and Notch-1. Moreover,
curcumin is involved in the protection against sepsis-induced organ damage by the inhibi-
tion of inflammatory mediators (e.g., COX, iNOS, and AP-1) and a reduction in oxidative
stress via PI3K/AKT and NF-«kB pathway regulation. Furthermore, nanocurcumin and
lipid nanoparticle formulations improve delivery, increase immune activation, and reduce
inflammatory injury in sepsis models [10-14].

Despite the growing interest in natural compounds as adjuvants in cancer therapy,
the potential of curcumin to enhance the efficacy and reduce the toxicity of conventional
treatments in acute AML remains underexplored. This review aims to fill a critical gap by
systematically evaluating preclinical and emerging clinical evidence on curcumin-based
strategies, particularly in the context of nanoformulations, to improve therapeutic out-
comes in AML patients. In fact, although several studies have investigated the anticancer
properties of curcumin in solid tumors, its role in hematologic malignancies—especially
AML—has received comparatively limited attention. Moreover, there is a lack of a com-
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prehensive synthesis of how curcumin may modulate key molecular pathways involved
in AML pathogenesis and treatment resistance. This review addresses this knowledge
gap by integrating the current findings on curcumin’s pharmacodynamics, its synergistic
potential with chemotherapeutic agents, and the advancements in delivery systems that
may overcome its bioavailability limitations.

2.2. Curcumin and Acute Myeloid Leukemia

Numerous in vitro and vivo studies have highlighted the efficacy of curcumin against
AML cells. Curcumin has shown antitumoral effects, both alone and when combined with
other chemotherapeutic agents. It induces apoptosis in various AML cell lines through
intrinsic and extrinsic mechanisms. These effects are mediated by mitochondrial membrane
depolarization by increasing the inhibition of the B-cell lymphoma-XL protein, caspase
activation, and the modulation of pro-apoptotic proteins (e.g., Bax) and anti-apoptotic
proteins (e.g., Bcl-2). Furthermore, curcumin can inhibit the proliferation of leukemic cells
and induce differentiation [15].

It also acts on the extrinsic apoptotic pathway by upregulating death receptors (DRs)
on cells, triggering the tumor necrosis factor (INF)-related apoptosis pathway and enhanc-
ing this process through the overexpression of DR4 and DRS5 receptors [16,17].

Apoptosis and cell cycle arrest are induced by the downregulation of NF-kB-regulated
genes [18,19] like Bcl-2, Bel-xL, cyclin D1, and cyclooxygenase-2 (COX-2) [20-23]. Curcumin
is able to inhibit IkB kinase (IKK) and thus prevent the phosphorylation and subsequent
degradation of the NF-«B inhibitor IkBe, blocking NF-«B activation, all of which leads to
G2/M phase cell cycle arrest with apoptosis following [24] (Figure 1).
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Figure 1. Pathways involved in the antitumoral effects of curcumin on an AML cell. Created in
BioRender. Badagliacca, R. (2025). https://BioRender.com/78ibgti. Bcl-2 = B-cell lymphoma 2;
Bax = Bcl-2-associated X protein; DR4 = Death Receptor 4; DR5 = Death Receptor 5; CCL2 = C-C
motif chemokine ligand 2 (MCP-1); NF-kB = Nuclear Factor kappa-light-chain-enhancer of activated
B cells. Refs. [15,19].
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When cell cycle arrest happens and NF-kB is inhibited, curcumin can express its anti-
proliferative effect by also suppressing the PI3K/AKT pathway, increasing the production
of caspase-3 and BAX and decreasing BCL-2 levels [25]. By blocking PI3K/AKT, which is
an important cellular pathway for several biological functions, growth, proliferation, and
cellular metabolism are also compromised. On the other hand, the excessive activation of it
leads to the proliferation of cancer cells with resistance also to chemotherapy.

The suppression of inflammatory mediators led curcumin to be used also as a treatment
in inflammatory diseases by the interaction between curcumin and toll-like receptors (TLRs)
in order to control the activity of MAPK, NF-kB, and activator protein 1 (AP-1) [26]. MAPKs
are important enzymes for the transduction of signals within cells and regulating cellular
processes such as proliferation, differentiation, immune response, stress response, and even
tumor progression. Furthermore, curcumin activates JNK and 25p38 MAPK in HL-60 acute
myeloid leukemia cells, inducing caspase-dependent apoptosis [27] (Figure 2).
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Figure 2. Curcumin and downregulation of the inflammatory signaling pathways. Created in
BioRender. Badagliacca, R. (2025) https://BioRender.com/uqizprv. Bcl-2 = B-cell lymphoma 2;
Bax = Bcl-2-associated X protein; NF-kB = Nuclear Factor kappa-light-chain-enhancer of activated B
cells; IKK = inhibitor of nuclear factor-«B (IkB) kinase (IKK) complex; AML = acute myeloid leukemia;
PI3K = Phosphoinositide 3-kinase; AKT = Protein kinase B (PKB) [25,26].

Another key role attributed to curcumin, as an antioxidant agent, is to neutralize the
excess oxygen free radicals derived from oxidative stress, thus reducing reactive oxygen
species (ROS) generation and increasing the efficacy of antioxidant enzymes [28,29].

Recently it has been demonstrated that ROS level is crucial in AML; curcumin reduces
levels of ROS by downregulating pro-oxidant mediators such as NOX4 and improving
antioxidant enzymes such as glutathione peroxidase [30,31].


https://BioRender.com/uqizprv

Int. J. Mol. Sci. 2025, 26, 9700

50f19

Concerning the antitumoral context in which curcumin is also applied, angiogene-
sis, which is an important factor for growth and tumor proliferation, is inhibited by the
polyphenol, blocking at the same time also interactions between the vascular endothelial
growth factor (VEGF) and VEGFR2, suppressing the transcription of vascular growth
factors mediated by NF-kB [32].

VEGF, a mediator of angiogenesis, is involved in the proliferation and progression
of acute myeloid leukemia cells [33]; once the secretion of VEGF in LAM KG-1 and U937
cells is reduced by curcumin, it has been demonstrated that the anti-VEGF effects of the
polyphenol, alone or, for instance, in combination with thalidomide, led to results that
suggest the autocrine loop of VEGEF as a promising therapeutic target able to influence the
progression and development of AML cells.

Also, levels of osteopontin and CD44, mediators of adhesion and invasion, are reduced
by curcumin. Furthermore, by the downregulation of MMP-2 and MMP-9, the remodeling
of the extracellular matrix is limited. All these processes lead to the inhibition of metastases
and tumor invasion [34].

Despite these encouraging preclinical findings, it is important to note that the vast
majority of evidence for curcumin’s anti-leukemic effects comes from in vitro cell line
studies and in vivo animal models. Differences in the metabolism, pharmacokinetics, and
bioavailability between these models and humans limit the direct translation of these
results into clinical practice. Therefore, well-designed clinical trials are urgently needed
to determine whether curcumin’s efficacy and safety can be replicated in AML patients to
establish optimal dosing and to evaluate potential interactions with standard chemothera-
peutic agents.

3. Curcumin, Combination Therapies, and Synergistic Effects in Acute
Myeloid Leukemia

Recent advances in cancer treatment aim to overcome multidrug resistance, boost
effectiveness, and lessen side effects by combining anticancer drugs with other agents
that have different targets or enhance drug sensitivity [35], as shown in Tables 1 and 2.
For instance, daunorubicin (DNR) has been paired with setanaxib, and venetoclax with
hypomethylating agents for AML [36]. In addition, natural compounds such as curcumin
are being combined with chemotherapies, such as doxorubicin. Doxorubicin is widely
used also for leukemia and the combination with curcumin demonstrated a reduction in
cardiotoxicity induced by doxorubicin. Combination is also able to induce a reduction in
the development of multidrug resistance, by inhibiting drug efflux from cancer cells and
enhancing doxorubicin absorption and intracellular retention [37].

Most of the patients with a tougher prognosis present AML cells that are CD34-positive.
These CD34+ AML cells are also significantly more resistant to DNR, making them much
harder to treat (about 10 to 15 times harder than CD34-negative cells). Some tough-to-treat
leukemia cells (CD34+ AML) can survive chemotherapy drugs like DNR because they have
elevated levels of a protein called Bcl-2. The anti-apoptotic protein Bcl-2 can contribute to
CD34+ AML cell survival, and the downregulation of the Bcl-2 protein can show efficacy in
treating DNR-insensitive CD34+ AML.

The ability of curcumin to reduce the expression of Bcl-2 that induces the apoptosis of
daunorubicin-insensitive CD34+ AML cells lines has been demonstrated [38]. The main
goal is to explore how well curcumin can kill these DNR-insensitive CD34+ AML cells.
Researchers are testing it on specific CD34+ AML cell lines (KG1a, Kasumi-1), as well as on
DNR-sensitive U937 AML cells and primary CD34+ AML cells taken directly from patients’
bone marrow. Previous research has shown that an abundance of the protein Bcl-2 can
block DNR from inducing cell death in more mature U937 AML cells. Curcumin’s action
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has been observed among DNR-insensitive KGla, Kasumi-1, and DNR-sensitive U937
cells through G1/S arrest and apoptosis via an intrinsic apoptotic pathway involving the
downregulation of Bcl-2 protein, loss of MMP, and activation of caspase-3, followed by
PARP degradation.

Thus, the combination therapy of curcumin with DNR decreases Bcl-2 expression and
inhibits proliferation in a synergic way. This underlines curcumin’s ability to reduce DNR
insensitivity by downregulating Bcl-2 in CD34+AML cell lines and in primary CD34+ AML
cells, being a potential anti-leukemic agent for the treatment of DNR-insensitive CD34+
AML cells.

Improved apoptotic effects have also been found when combining curcumin with
arsenic trioxide (ATO) and lonidamine. This happens through ROS, the activation of the
mitochondrial pathway, and the dissipation of mitochondrial transmembrane potential.
This also leads to enhancing the effectiveness of ATO and on myeloid leukemia cells [39,40].

Furthermore, by combining curcumin with valproic acid, a histone deacetylase in-
hibitor, it is possible to observe an increase in Sp1 binding and the acetylation of histones
H3 and H4 in the Bax promoter region. This effect is able to cause the upregulation of Bax
expression, the inhibition of proliferation, and cell death in acute promyelocytic leukemia
(APL) HL-60 cells [41].

Moreover, involving thalidomide, an immunomodulatory agent with antitumor ac-
tivity, and combining it with curcumin will lead to the downregulation of STAT3 and
BCL-XL expression, thus inducing the inhibition of cell growth and apoptosis in AML cell
lines [42,43]. TRAIL is a promising anticancer agent because it uniquely kills cancer cells
while leaving healthy cells unharmed. TRAIL is a protein that triggers cell death in cancer
cells by binding to specific “death receptors” (DR4 and DR5) on their surface.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL/Apo2L) shows pow-
erful anti-leukemic properties, although its clinical application has been blocked by the
development of resistance to TRAIL-based monotherapies. Curcumin enhances TRAIL-
induced apoptosis in various leukemic cell lines, including K562, MOLT4, HL60, and KG1,
increases the expression of DR4 and DR5, and suppresses the FLICE-like inhibitory protein
(cFLIP) and other anti-apoptotic proteins [44].

Furthermore, the combination of the IL2-TRAIL peptide and curcumin has shown
cytotoxicity against peripheral blood mononuclear cells (PBMCs) from AML patients,
showing an impressive 90% effectiveness [45]. Studies have shown that even low, non-toxic
concentrations of curcumin can make TRAIL-resistant tumor cells vulnerable to cell death
induced by TRAIL. For example, curcumin reduces levels of cell death-inhibiting proteins.
Curcumin’s effect is partly due to its ability to develop ROS, which then upregulate DR5
receptors and activate TRAIL's cell death pathway in various cancers [46,47]. It has been
investigated how curcumin enhances the effectiveness of IL2-TRAIL and DR5 receptor-
specific IL2-TRAIL peptide immunotoxins in leukemia. It has been found that pre-treating
leukemic cells (from both cell lines and patient samples) with curcumin significantly
increased their TRAIL death receptors, making them extremely sensitive to even low,
non-lethal doses of TRAIL immunotoxins [48-51].

Scientific studies are also still ongoing with regard to the combination of curcumin with
naringenin, which is a flavonoid extracted from citrus fruit, with potential anti-carcinogenic
properties; this is the reason why studies aim to examine the influence of the two combined
agents on THP-1 cells, assessing their effects on their progression through the cell cycle and
their rate of programmed death.

So far, it has been revealed, through techniques like cell viability assays and flow
cytometry, that naringenin boosted curcumin’s ability to kill cells and block their overall
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viability. Further investigation demonstrated that curcumin and naringenin together
stopped the THP-1 cell cycle at both the S and G2/M phases [52].

In vitro studies have also examined the combination effects of curcumin with azaciti-
dine (AZA). AZA is a drug that reduces methylation, working by blocking DNA methyl-
transferase. It is administered in low doses to avoid harming healthy cells. This allows
AZA to reactivate tumor suppressor genes that cancer might have switched off [53].

In lab tests with leukemia cells, AZA has been shown to restore proper methylation,
which in turn slows down cell growth, triggers programmed cell death, changes the cell’s
life cycle, and encourages cells to develop normally.

Currently, both the FDA (Food and Drug Administration) and the EMA (European
Medicines Agency) have approved this drug for treating myelodysplastic syndromes and
for patients 65 years of age and older who have recently been diagnosed with AML [54-56].
The findings revealed a synergistic effect when AZA and curcumin were combined. Among
all tested leukemia cell lines and most leukemia patient samples, a reduction in cell prolifer-
ation and increased apoptosis compared with drugs used alone was observed [57]. Impor-
tantly, the AZA and curcumin combination also demonstrated low toxicity to healthy cells.

These promising results are important for future research to investigate the clinical
effectiveness of this drug combination.

A further therapeutic approach is investigated through the examination of the anti-
leukemic effects of curcumin and carnosic acid (CA), another polyphenol combined with
methyl 4-hydroxycinnamate (MHC) through in vitro and in vivo using AML cells [58,59].

Even at low doses, these combinations (MHC+CA and CUR+CA) significantly kill
AML cells without affecting normal blood cells. Both combinations trigger cell death
through apoptosis, which relies on calcium and caspase without an increase in harmful ROS.

Researchers believe that the shared ability of MHC+CA and CUR+CA to kill cells
might be because MHC and CUR share structural features, specifically a 4-hydroxyl group
on their aromatic ring and an «,3-unsaturated carbonyl group [60].

These findings also suggest that these synergistic combinations of natural or syn-
thetic phenolic compounds could be extremely useful for developing new treatments or
prevention strategies for AML.

Previous research has also indicated that curcumin may act synergistically with cy-
tarabine (Ara-C), a common chemotherapy drug, in treating AML [61].

Curcumin, Curcuminoid, and Chemoresistance

Curcumin diferuloylmethane is the most important curcuminoid with anti-inflammatory
and antioxidant properties. Curcuminoids are a class of polyphenolic compounds primar-
ily found in Curcuma longa, the plant from which turmeric is derived; several related
compounds exist, with identical properties to curcumin.

Demethoxycurcumin is a curcumin variant with one less methoxy group and Bis-
demethoxycurcumin lacks two methoxy groups compared with curcumin.

Recently, other synthetic and semi-synthetic derivates have been studied to improve
some limitations of the therapeutic effectiveness of natural curcumin, such as chemical
stability, pharmacological activity, and low oral bioavailability, since curcumin is rapidly
metabolized and excreted. The main derivates are the following: Curcuminol, a hydroxy-
lated derivative with enhanced antitumor activity; curcumin phosphate, which is useful in
pharmaceutical formulations and is more water-soluble; EF24 is a synthetic analog with
enhanced anticancer activity; and curcumin-@-cyclodextrin, which is useful for improving
solubility and bioavailability.

Despite high rates of initial remission with chemotherapy, chemoresistance remains a
significant clinical obstacle, leading to high relapse rates and poor patient outcomes [62].
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Energy metabolism appears crucial in making AML cells, particularly resistant ones, more
sensitive to Ara-C [63].

Involving xenograft tumors (created by injecting human AML cells into mice tails), the
effects of various treatments have been investigated. These treatments included cytarabine,
curcumin, VSL#3 (a probiotic mix), and terbinafine [64,65].

It was observed that curcumin enhanced the response to Ara-C in the xenograft model,
but not directly in AML cells. In addition, this combination (curcumin with Ara-C) was
shown to alter the gut microbiota; combining curcumin with Ara-C results in a distinct
composition of microbiota compared with Ara-C treatment alone [66].

Another aspect to focus on is the action of tetrahydrocurcumin (THC). While curcumin
primarily causes cell death through apoptosis, THC in HL60 cells mainly triggers cell death
via autophagy [67].

Autophagy, through its forms of macroautophagy, microautophagy, and molecular
chaperone, is a catabolic process that maintains cellular homeostasis and its purpose is
cell survival during stress. The triggers of autopaghy are nutrient deprivation, stress, and
hypoxia. The inhibition of autophagy has been studied as a potential strategy to make
chemotherapy more effective, thus allowing cancer cells to overcome chemoresistance. On
the other hand, apoptosis is a programmed cell death, induced by several cell signals, DNA
damage, and toxins.

The question is whether curcumin and THC could induce these respective forms of
cell death in HL60 cells that were resistant to Ara-C. The findings confirmed that curcumin
initiated apoptosis and THC induced autophagy in the Ara-C-resistant HL60 cells; therefore
both curcumin and THC could be valuable in treating AML that does not respond to Ara-C.
Further details on THC reveal that it is a compound that lacks the «,3-unsaturated carbonyl
group found in curcumin [68,69]. Despite this structural difference, its pharmacological
activities are like curcumin’s. Other curcumin metabolites, such as curcumin glucuronide
and curcumin sulfate, have been identified but are not considered bioactive [70].

With regard to the cytotoxicity in Ara-C-resistant AML cells, including HL60 (R-HL60)
and AML cells taken directly from a patient, the findings of a scientific study showed that
Ara-C, curcumin, and THC all induced cell death in these Ara-C-resistant AML primary
cells. The patient-derived cells came from someone with relapsed AML who had not
responded well to previous high-dose Ara-C chemotherapy. While the level of Ara-C resis-
tance varied among individual cells both curcumin and THC consistently demonstrated
effective cytotoxicity in the tested sample of Ara-C-resistant AML cells [71-73]. The dysreg-
ulation of the cellular processes of apoptosis and autophagy contributes to the development
of cancer and its resistance to chemotherapy. However, curcumin and tetrahydrocannabinol
show promise in overcoming this challenge because they have efficacy on cell lines that
have become resistant to the chemotherapy drug Ara-C.

Table 1. In vitro studies.

Thera.peu't 1€ Cell Model Mechanism of Action Main Outcome References
Combination
. e Synergy in inhibiting
Curcumin + DNR CD34+ AML (cell lines | Bcl-2 — 1 sensitivity proliferation and [38]
and primary cells) to DNR . . .
inducing apoptosis
. 1 ROS, mitochondrial .

Curcumin + ATO + Myeloid leukemia cells pathway activation, Increased efficacy of [39]

lonidamine

A¥m dissipation ATO and lonidamine
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Table 1. Cont.
Thera.peu.t 1€ Cell Model Mechanism of Action Main Outcome References
Combination
Curcumin + ATO CD34+ KG-1a 1 Bax, | Bcl-2, | PARP Increased apoptosis [40]
. . 1 Sp1 binding, histone . .
Curcumin + valproic HL-60 (APL) H3,/H4 acetylation on 1 Bax, | prohfgratmn, [41]
acid B apoptosis
ax promoter
Cur.cumlp + AML cell lines J STATB, ¢ BCL—XL, Growth 1nh1p1t10n, [42,43]
thalidomide anti-angiogenesis apoptosis
Curcumin + 90% efficacy on AML
K562, MOLT4, HL-60, 1 DR4/DR5, | cFLIP, 1 -
TRAIL/ IL?—TRAIL KG-1, AML PBMCs ROS PBMCs, no toxicity to [44-51]
peptide healthy cells
Curcumin + Cell cycle arrestat Sand  Increased cytotoxicity
. . THP-1 . . [52]
naringenin G2/M, T apoptosis vs. curcumin alone
. Synergy: |
. AML cell lines and v DNA methylatlon, proliferation,
Curcumin + AZA . reactivation of tumor . .. [53-57]
patient samples SUDDIESSOr ZENes apoptosis, low toxicity
PP & to healthy cells
Curcumin + Ara-C AML cells — No dl.rect. Synergy [61-66]
in vitro

Curcumin + THC

Effective also in
Ara-C-resistant [67-73]
primary cells

HL60 Ara-C resistant ~ CUR — apoptosis, THC
cells — autophagy

Bcl-2 = B-cell lymphoma 2 protein; ROS = Reactive Oxygen Species; PARP = Poly(ADP-ribose) polymerase;
APL = acute promyelocytic leukemia; Sp1 = Specificity protein 1; STAT3 = Signal Transducer and Activator
of Transcription 3; TRAIL = Tumor necrosis factor-related apoptosis-inducing ligand; IL2 = Interleukin-2;
DR = Death Receptor; PBMCs = Peripheral Blood Mononuclear Cells; cFLIP = Cellular FLICE-like inhibitory
protein; AZA = Azacitidine; DNA = Deoxyribonucleic acid; Ara-C = Cytarabine; THC = Tetrahydrocurcumin.

Table 2. In vivo studies.

Thera‘peu‘t 1¢ In Vivo Model Mecham‘s m/ Main Outcome References
Combination Observations
Effect linked to gut Improved Ara-C response
. AML xenograft microbiota and barrier . by s.trengthe.nmg
Curcumin + Ara-C . . . intestinal barrier and [64-66]
mouse model integrity, not direct AML . .
cell effect reducing bacterial
translocation
MHC + CA AML in vivo Ca2+—dependent Effective, no toxicity to [59]
apoptosis healthy cells
2+ _
Curcumin + CA AML in vivo apo(}iiosi;ivevl:;te}rllciftnleS Selective cytotoxicity [60]

Ara-C = Cytarabine; AML = Acute Myeloid Leukemia; MHC = Methyl 4-hydroxycinnamate; CA = Carnosic Acid;
ROS = Reactive Oxygen Species.

4. Future Perspectives: Innovation and Nanotechnologies

Curcumin’s ability to improve the effectiveness of many chemotherapy drugs, such as
doxorubicin, cisplatin, 5-FU, celecoxib, and paclitaxel, is achieved by making malignant
cells more sensitive to chemotherapy, which can lead to lower clinical dosages and fewer
side effects [37,74].

As already mentioned before, curcumin’s limitations are due to its instability, low
absorption in the small intestine, and rapid elimination from the gallbladder; in fact, low
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levels of curcumin were revealed in serum and tissues through in vivo studies, even at
high doses. In addition, it has a poor pharmacokinetic profile, rapid metabolism, limited
water solubility, low oral bioavailability, and rapid systemic elimination [75,76]. Cur-
cumin’s pharmacokinetic profile is markedly suboptimal, posing significant obstacles to
its therapeutic application. Orally administered curcumin suffers from inefficient gas-
trointestinal absorption, primarily due to its pronounced hydrophobicity and extremely
low solubility in aqueous environments (approximately 11 ng/mL at pH 5.0). Upon
absorption, it undergoes rapid and extensive phase II metabolism in both hepatic and
intestinal tissues, predominantly through glucuronidation and sulfation mediated by UDP-
glucuronosyltransferases and sulfotransferases. These metabolic transformations yield
conjugated derivatives—namely curcumin glucuronide and sulfate—that exhibit markedly
diminished pharmacological activity. Additionally, curcumin is characterized by a short
elimination half-life (generally less than one hour) and fails to achieve therapeutically rele-
vant plasma concentrations, even when administered at high oral doses (up to 12 g/day),
resulting in systemic bioavailability typically below 1%. To address these limitations, a
variety of advanced drug delivery systems have been explored, all aimed at enhancing
solubility, metabolic stability, and tissue targeting. Nonetheless, despite encouraging pre-
clinical outcomes, the clinical translation of curcumin remains constrained by formulation
scalability, inter-batch consistency, a lack of validated pharmacodynamic biomarkers, and
regulatory complexities inherent to phytochemicals.

To overcome all these limitations, new drug delivery techniques have been explored
with consequent better curcumin absorption and bioavailability. Among these are the use
of curcumin analogs, nanoformulations, and incorporation into liposomes [77].

A significant role must be attributed to nanoformulation strategies, which are capable
of improving problems related to the specific targeting of tumoral cells, biological activities,
and solubility for the better transportation of insoluble drugs [78]. Liposomes play a key
role as a drug delivery system in drug-resistant cancer therapy, reducing its toxicity. This
nanotechnology-based drug delivery increases the bioavailability of unbound curcumin in
plasma and improves its cellular uptake, absorption, permeability across the blood-brain
barrier, and tissue dispersion. Moreover, plasma half-life is also increased and degradation
in the small intestine is prevented [79]. In murine xenograft models, nanoformulations of
curcumin, for example, liposomal curcumin at 50 mg/kg, reduced tumor burden by 40-50%
and prolonged survival by 30% [80].

CD44 is a transmembrane glycoprotein expressed in AML and acts as a receptor for
targeting drug release. It has been confirmed that new liposomes of curcumin express
anti-leukemic properties because they have been modified with hyaluronan to target CD44
on AML cells [81]. Hyaluronan, as a target ligand, helps to deliver curcumin to CD44-
overexpressing cells. This bond affinity for CD44 resulted in better efficacy in suppressing
the proliferation of AML cells.

Focusing on delivery purposes, curcumin can also be encapsulated in micelles, vesicles
made up of surfactant molecules with amphiphilic properties [82]. Curcumin micelles are
used with efficacy for intravenous administration as aqueous formulations. Curcumin
nanoparticles loaded with polylactic-co-glycolic acid (PLGA), a type of synthetic polymer
conjugate, have shown enhanced bioavailability and triggered apoptosis in both in vitro
and in vivo studies [83,84].

Doxorubicin is a widely used chemotherapy drug for various cancers, including
leukemia. It works by interfering with DNA and RNA production [85-88]. While effective
for many AML patients, leukemic stem cells (LSCs) are known to be less responsive to
it [89,90]. Studies also explored a new drug delivery system using micelles to deliver Dox
and curcumin, specifically to LSCs. The goal was to make the treatment more effective and
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less toxic for LSCs [91]. Dox—Cur micelles have been created (DCMs) to improve how cells
absorb both drugs, and Cur micelles (CM) for comparison. To further target the LSCs, the
micelles were modified with peptides that bind to the FLT3 receptor, a marker found on
these cells.

Based on this study, the following gaps remain open: In vivo efficacy and safety, be-
cause no animal studies have yet explored this, biodistribution, pharmacokinetics (PK),
pharmacodynamics (PD), in vivo targeting of bone marrow, stem cell niches, and in vivo
toxicity. Additionally, the effect on relapse and leukemic stem cell eradication in vivo in
order to understand if the dual-peptide Dox—Cur micelles can eliminate minimal resid-
ual disease and prevent AML relapse in models. Off-target effects and selectivity and
how selective these micelles are for FLT3+ cells compared with normal hematopoietic
stem/progenitor cells and possible toxicity in FLT3-expressing normal tissues. Mechanistic
depth and an understanding of how curcumin + doxorubicin delivered in this way affect
pathways of drug resistance, self-renewal, quiescence, cell signaling, and apoptosis in
LSCs in more detail. Combination therapy and synergy and how these nanoparticulate
micelle systems perform in combination with standard AML therapies (chemo, FLT3 in-
hibitors, etc.). Translational models and patient-derived cells, using patient-derived AML
cells, primary LSCs, using PDX models and testing across AML with different FLT3 mu-
tations/expression. Sample steps should be carried out, including pilot in vitro animal
dosing studies and pilot biodistribution (fluorescent or other labeling) to confirm bone
marrow targeting, with the survival benefit shown in AML xenografts or PDX models
using dual-peptide DCM over a control and measuring LSC burden at around 5-6 months.
Finally, the safety profile for the identification of dose-limiting toxicity; PK data (micelle
comparison with free drug); after 12 months, the deployment of combination therapy
experiments; and omics data to identify mechanisms and resistance remain research gaps.

A further therapeutic avenue involves the application of curcumin-conjugated
nanobodies. However, the following key limitations should be improved: In vivo val-
idation, since only in vitro cell lines have been tested and no animal model work to exam-
ine the pharmacokinetics, biodistribution, safety, and efficacy in a more realistic system
(bone marrow niche, immune system) has been completed; bioavailability and stability
in vivo, establishing curcumin’s metabolism and possible degradation, and determining
how stable the particles are in circulation. The optimization of dosage, scheduling, and
delivery route have to be defined, additionally, selectivity and off-target effects; though
in vitro PBMC toxicity is low, in vivo there might be the expression of CD123 in other
(normal) cell types, or possible immune reactions to the antibody, nanoparticles, etc. It
has to be determined also mechanistic studies of how curcumin + anti-CD123 affects LSCs
beyond apoptosis, for instance, effects on quiescence, self-renewal, signaling pathways, etc.
The following specific objectives and milestones have to be carried out: Demonstrate that
anti-CD123-Cur-NPs reduce leukemia burden by >50% versus non-targeted treatment in
mouse xenograft models. Show that anti-CD123-Cur-NPs extend median survival in AML
models by at least 30% over the control. Map signaling pathways modulated by treatment
(e.g., reductions in stemness markers like CD34, FLT3, WT1, etc.) and show reduced colony
formation in vitro by LSCs treated. Establish a dosing schedule that yields the effective
suppression of AML with minimal toxicity to normal hematopoietic cells in vivo. Produce
stable GMP-grade anti-CD123-Cur-NPs with reproducible properties in >3 independent
batches; show stability at 4 °C and —20 °C for at least 6 months. Therefore, the expected
impact will consist of a validated nanoparticle system that specifically targets leukemic
stem cells in vivo, reducing AML disease burden and relapse risk. Moreover, a defined
safety profile showing minimal off-target effects or toxicity, production methods ready
for translation, with the potential to move toward early-phase clinical trials in AML (first
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in humans) with novel targeted therapy and a mechanistic understanding that supports
biomarker-guided use.

Other open questions have to be improved: Longer-term in vivo studies and relapse
prevention, because the in vivo work was short (2 weeks of treatment, follow-up unclear).
Future studies need to determine whether disease relapse can be prevented and minimal
residual disease eliminated, and the survival benefits over longer periods. In addition, com-
bination therapy studies using HA-Cur-LPs together with standard of care AML treatments
(chemotherapy, targeted agents, demethylating agents) to assess synergy or resistance and
clinical relevance, as well as patient-derived models in order to use primary AML patient
cells rather than cell lines. From a further detailed study, a complete biodistribution and PK
pilot studies would be expected to determine half-life and primary organ accumulation.

Curcumin also helps reduce doxorubicin’s toxicity and may lessen drug resistance in
AML cells and LSCs. The aim of DCMs is to target cancer cells, such as FLT3-positive AML-
LSCs, through specific peptides on the surface [92-94]. Thus, peptide-conjugated curcumin
micelles have an important role in increasing curcumin accumulation in FLT3-positive
AML cells.

In conclusion, despite the promising preclinical outcomes, the clinical translation of
nanoformulations remains challenging. Key hurdles include the scalability and repro-
ducibility of nanoparticle synthesis, as many laboratory methods are difficult to translate
to large-scale manufacturing while maintaining a consistent size, drug loading, and sur-
face modifications. Manufacturing complexities also drive up production costs, limiting
widespread clinical adoption. Regulatory hurdles are substantial because nanoformulations
often behave differently than conventional small molecules, requiring extensive safety and
pharmacokinetic evaluations. Novel toxicities have also been observed in preclinical stud-
ies, including unexpected organ accumulation and developmental toxicity in experimental
animal models, raising concerns about long-term safety. Together, these factors under-
score the need for robust quality control, detailed toxicological assessments, and strategic
planning before nanoformulations can successfully progress to human clinical trials.

5. Conclusions

Nowadays, there are currently some ongoing studies on curcumin application in
patients with other forms of acute and chronic leukemia such as children with acute lym-
phoblastic leukemia (ALL). The main goal of this study is assessing the biological effects of
curcumin on microbiota by eliminating intestinal microflora dysbiosis, in the maintenance
phase of chemotherapy through any reported adverse event [95]. Curcumin and cholecal-
ciferol may prevent or slow the growth of cancer cells. A different study focused on the
efficacy and tolerability of curcumin and cholecalciferol combination in treating patients
with previously untreated stage 0-II chronic lymphocytic leukemia or small lymphocytic
lymphoma. Patients achieving a partial response or better may receive treatment for a total
of 2 years [96]. On the other hand, similar clinical studies on curcumin application in AML
patients are currently lacking, highlighting a critical gap in translational research.

AML has the highest incidence and mortality rates among all leukemia categories.
The relapse rate is still high, although a high percentage of complete remission is achieved
with chemotherapy, leading to an unfavorable prognosis [97]. Nowadays, chemoresistance
is still a challenge and curcumin demonstrated anti-proliferative properties and synergistic
anti-leukemic effects with several targeted and conventional therapies in AML, primarily
in preclinical models, as mentioned above.

It is important to emphasize that most evidence for curcumin’s efficacy in AML
comes from in vitro experiments and animal studies. While these preclinical findings are
promising, their direct translation to human patients is uncertain due to differences in
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metabolism, pharmacokinetics, and bioavailability. Bridging this translational gap requires
well-designed clinical trials to confirm the safety, efficacy, and optimal dosing of curcumin
in combination with conventional AML therapies.

Synergy has been shown with hypomethylating agents such as azacitidine, anthra-
cyclines (doxorubicin, idarubicin), cytarabine, and arsenic trioxide, resulting in increased
apoptosis, reduced proliferation, and, in animal models, improved survival compared
with monotherapy.

Curcumin enhances apoptosis, cell cycle arrest, and chemosensitivity through the
inhibition of key oncogenic pathways such as AKT, JAK2/STAT3, and FoxM1, and by
modulating autophagy and immune surveillance.

Patients with AML, who take advantage of the combination of curcumin and targeted
therapies, are those with relapsed or refractory disease and those exhibiting resistance to
standard agents, such as cytarabine or anthracyclines. In addition, patients with CD44-
positive AML may also benefit from curcumin formulations targeting CD44.

This evidence supports that curcumin also sensitizes AML cells to cytarabine and
overcomes resistance, through the modulation of oxidative stress and the intestinal micro-
biota. Importantly, these effects are generally selective for leukemic cells, sparing normal
hematopoietic progenitors [98]. Combination with arsenic trioxide or azacitidine augments
anti-leukemic efficacy, including enhanced autophagy, immune activation (notably via the
NKG2D-NKG2D-L axis), and the suppression of immune evasion [99,100].

Curcumin is generally well tolerated and has a wide therapeutic window. Furthermore,
there are no established absolute contraindications to the use of curcumin in combination
with standard therapies for AML. Preclinical studies demonstrate that curcumin, alone or in
combination with these agents, does not increase cytotoxicity to normal hematopoietic cells.
On the other hand, patients with pre-existing hepatic or biliary dysfunction and those on
medications metabolized by cytochrome P450 enzymes should be monitored. Supervision
is also necessary for those with compromised marrow or significant baseline cytopenias for
potential myelosuppression.

In vitro and animal studies have not reported significant toxicity when curcumin is
combined, for example, with arsenic trioxide, azacitidine, or anthracyclines, but clinical
data are limited and do not exclude the possibility of adverse effects in humans.

Curcumin may potentiate the effects of chemotherapeutic agents by increasing ROS
and apoptosis, which could theoretically enhance myelosuppression or other toxicities,
though this has not been observed in preclinical models.

Nevertheless, patients receiving high-dose or nanoformulated curcumin may be at an
increased risk for unanticipated toxicities due to improved bioavailability.

Nowadays, there is still no data on the pharmacokinetic interactions with standard
AML therapies, but curcumin is known to interact with cytochrome P450 enzymes and
thus could affect drug metabolism.

Despite promising available preclinical data, curcumin’s clinical application is cur-
rently limited by its poor bioavailability; therefore, additional broad clinical trials are
needed to confirm efficacy in patients and improve curcumin’s absorption and stability.

The aim of ongoing trials is to better define the optimal dosage, the most effective
combinations, and the reliable biomarkers that can predict which patients will respond
well to it. Furthermore, other studies have been performed on Diarylheptanoids which
play a pivotal role in mediating the therapeutic properties attributed to curcumins. These
compounds constitute a distinct class of secondary metabolites characterized by a struc-
tural motif comprising two aromatic rings connected via a seven-carbon aliphatic chain.
Predominantly found in species belonging to the Curcuma genus, diarylheptanoids have
garnered considerable scientific attention due to their unique molecular architecture and
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extensive spectrum of biological activities. Notably, their anticancer potential has been well
documented, underscoring their relevance in both medicinal chemistry and synthetic drug
development [101].

Future perspectives aim to include curcumin in AML treatment guidelines, and so
far, its use remains under investigation to achieve a safer profile. The American Society
of Hematology and the National Comprehensive Cancer Network do not recommend
curcumin or its derivatives as part of standard AML therapy because of a lack of demon-
strative and effective clinical data in humans. Despite extensive research highlighting
curcumin’s anti-inflammatory and anticancer properties, findings regarding its efficacy in
hematological malignancies remain inconsistent. Although, several studies have demon-
strated curcumin’s ability to induce apoptosis, inhibit proliferation, and modulate key
signaling pathways in leukemia, lymphoma, and multiple myeloma cells, clinical outcomes
vary significantly, with some trials reporting minimal impact on biomarkers. These dis-
crepancies may stem from differences in curcumin formulations, bioavailability, treatment
duration, and patient heterogeneity. Moreover, while curcumin has shown synergistic
effects when combined with agents like lenalidomide, its standalone efficacy remains
debated. Consequently, although curcumin holds promise as an adjunctive therapy, fur-
ther rigorous, standardized clinical trials are essential to clarify its therapeutic role in
hematological cancers.

While preclinical studies clearly demonstrate curcumin’s anti-leukemic effects, it is
important to emphasize that these findings are largely limited to in vitro cell lines and
in vivo animal models. Differences between these models and humans pose significant
challenges for direct clinical translation. Therefore, well-designed clinical trials are urgently
needed to determine whether the efficacy and safety observed in preclinical studies can be
replicated in AML patients, to establish optimal dosing, evaluate potential drug interactions,
and identify predictive biomarkers for patient selection.
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