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ABSTRACT

Introduction and aim. Doxorubicin is an anthracycline widely used in cancer therapy. Although the complete mechanism of ac-
tion of doxorubicin is not fully understood, it is known to effectively destroy cancer cells by intercalating into DNA. This article
aims to evaluate the anticancer effect of doxorubicin with particular emphasis on HL-60 leukemia cells and cell cycle/apoptosis.
Material and methods. This narrative review contains a collection and evaluation of peer-reviewed publications on the anti-
cancer properties and therapeutic applications of doxorubicin. It focuses on doxorubicin-induced cell cycle arrest and apop-
tosis in HL-60 leukemia cells, with particular emphasis on toxicity and resistance. A literature review was conducted using the
following databases: PubMed and Google Scholar.

Analysis of the literature. Doxorubicin exhibits potent anticancer activity against many cancer types. Unfortunately, due to se-
rious side effects, primarily related to the cardiotoxicity of the drug, its potential cannot be fully exploited.

Conclusion. In recent years, many approaches have been developed to circumvent the limitations of doxorubicin. Identifying
all the pathways of doxorubicin action is important for planning combination therapy, mitigating side effects, and developing

new drugs. However, further clinical studies are needed to determine their long-term safety and efficacy.
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Introduction

HL-60 cells are a well-established model of human pro-
myelocytic leukemia, widely used to study mechanisms
of cell cycle control, differentiation, and apoptosis. Doxo-
rubicin is one of the key chemotherapeutic agents used
in the treatment of hematologic cancers. Together, this
model allows researchers to investigate how leukemia
cells respond to cytotoxic treatment, explore mechanisms
of sensitivity and resistance, and identify pathways that
may be targeted to improve therapeutic outcomes.

Characteristics of acute promyelocytic leukemia
The term leukemia refers to neoplastic diseases of the
hematopoietic system characterized by abnormal pro-

liferation, impaired maturation, and the release of white
blood cells from the bone marrow and other tissues.
These diseases are accompanied by organ infiltration
and the presence of immature cell forms in the periph-
eral blood. Leukemia is divided into acute and chron-
ic forms. In acute leukemia, it is mainly immature blast
cells that have lost their ability to differentiate that pro-
liferate.!

Acute promyelocytic leukemia is an aggressive sub-
type of acute myeloid leukemia. With a characteristic
clinical course. It was first identified and described in
1957. Its characteristic feature is a translocation between
chromosomes 15 and 17, resulting in the formation of the
PML-RARA fusion protein (a fusion of the promyelocyt-
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ic leukemia (PML) gene and the retinoic acid receptor a
(RARa)), which disrupts normal cell differentiation.?

Apart from this form of translocation (t(15;17)
(922;q21)-PML-RARA), there are other less common
variants of translocation, but always involving the RARA
gene. In addition to chromosomal translocation, there is
an accumulation of abnormal promyelocytes in the blood
and bone marrow, as well as coagulation disorders with
features of disseminated intravascular coagulation and a
tendency to bleed due to hypofibrinogenemia.>*

Of all types of leukemia in adults, acute leukemia
accounts for 40% of cases, the vast majority of which
are acute myeloid leukemia. According to data from
the Adult Acute Leukemia Registry, between 2004 and
2010, an average of over 600 cases per year were report-
ed, mainly in people over 50 years of age.’

Treatment of leukemia

The treatment of acute promyelocytic leukemia is a
complex process based on targeted therapy. It most
often involves administering all-trans retinoic acid
(ATRA) or arsenic trioxide (ATO) to patients, often in
combination with chemotherapy.® High concentrations
of ATRA in the cell increase the expression of typical
retinoic acid receptors, which displace the PML-RARa
protein. ATRA induces the differentiation of cancer cells
and also limits their proliferation, as has been demon-
strated, among others, in acute promyelocytic leuke-
mia.”® Arsenic trioxide, on the other hand, binds to the
PML subunit, leading to degradation of the PML-RARa
fusion protein and disrupting cancer cell self-renewal.®
Therapy based on combining all-trans retinoic acid with
anthracycline chemotherapy is a highly effective meth-
od of induction treatment for patients with acute pro-
myelocytic leukemia. It allows for complete remission
in up to 95% of patients and is associated with a lower
recurrence rate than monotherapy.?

Doxorubicin as an anticancer drug

Doxorubicin is an anthracycline antibiotic. It was isolat-
ed from the bacterium Streptomyces peucetius, which was
modified to find a substitute for another anthracycline dis-
covered earlier — daunorubicin (also anticancer, but more
cardiotoxic). It is a widely used substance in anticancer
therapies, primarily for the treatment of leukemia, breast
cancer, bladder cancer, lung cancer, and Hodgkin’s lym-
phoma.>'® Although the complete mechanism of action
of doxorubicin is not fully understood, it is known to in-
tercalate into DNA, causing double-strand breaks and in-
hibiting nucleic acid biosynthesis (both DNA and RNA).
In addition, it inhibits topoisomerase II and (in combina-
tion with iron) generates free radicals, which also initiate
DNA damage.” According to Ye et al., doxorubicin may
affect proliferation by proteolytically activating the tran-
scription factor CREB3L1 at the endoplasmic reticulum

membrane.' CREB3L1 is a protein with one end located
in the lumen of the endoplasmic reticulum and the other
(terminated with an NH2 group) in the cytoplasm of the
cell. Through a ceramide-mediated mechanism, the drug
triggers regulated intramembrane proteolysis (RIP). This
results in a two-step cleavage of the molecule, allowing the
N-terminal domain of the protein to enter the cell nucle-
us, where it drives the transcription of genes that inhibit
cell proliferation.''* Fig. 1. illustrates the molecular mech-
anisms of action of doxorubicin at the cellular level.
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Fig. 1. Mechanisms of doxorubicin action

Aim

The aim of this review is to summarize current knowl-
edge on the effects of doxorubicin on HL-60 leukemia
cells, with a focus on its influence on cell cycle regulation,
induction of apoptosis, and the key mechanisms that
shape therapeutic response and limitations. By integrat-
ing findings from recent in vitro studies, the review seeks
to highlight the molecular pathways involved and identi-
fy areas that may guide future research on improving the
efficacy and safety of doxorubicin-based treatments.

Material and methods

This article is a narrative literature review focusing on
acute promyelocytic leukemia, the HL-60 cell line, and
the biological effects of doxorubicin. A literature search
was conducted using the PubMed and Google Scholar
databases to identify relevant publications published be-
tween 2000 and 2024. The selected time frame was cho-
sen to include both classical studies describing leukemia
biology, cell cycle regulation, and apoptosis, as well as
more recent research addressing molecular mechanisms
of doxorubicin action, multidrug resistance, and treat-
ment-related toxicity. The search strategy involved the
use of predefined keywords and their combinations, in-

» «

cluding “acute promyelocytic leukemia,” “HL-60,” “cell

» « » « » «

line,” “doxorubicin,” “anthracyclines,” “apoptosis,” “cell
cycle? “DNA damage;” and “multidrug resistance.” Bool-
ean operators (AND/OR) were used to broaden or nar-
row the search scope. The reference lists of selected

articles were manually reviewed to identify additional
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relevant publications. Inclusion criteria included original
research articles, review articles, reports, and textbook
chapters that addressed: (i) the epidemiology, pathogene-
sis, and molecular characteristics of acute leukemias; (ii)
the mechanisms of action of doxorubicin in cancer cells;
(iii) in vitro studies using the human promyelocytic leu-
kemia cell line HL-60; and (iv) cellular processes relevant
to this review, including apoptosis, cell cycle regulation,
responses to DNA damage, and mechanisms of drug re-
sistance. Exclusion criteria included studies unrelated to
leukemia or anthracycline-based therapy, publications of
no biological relevance to the topic, and conference ab-
stracts. After selection, 37 publications were included in
the final narrative review.

Analysis of the literature

Characteristics of the HL-60 cell line

HL-60 is a human leukemia cell line established in 1977
from lymphocytes from the blood of a patient with acute
promyelocytic leukemia. It is a suspension cell line with
lymphoblastic morphology and a doubling time of up to
48 hours. The cells proliferate continuously and are ca-
pable of spontaneous and induced differentiation. HL-
60 cells are cultured in RPMI 1640 medium containing
2 mM glutamine and 10-20% FBS. However, the cells
can also proliferate in the absence of serum, provided
that insulin and transferrin are present.'*'*

Most HL-60 cells have a variety of surface antigens
characteristic of immature myeloid cells. Many karyotyp-
ic changes, such as chromosomal translocations and al-
terations in chromosome number, are observed in HL-60
populations. One of the distinct genetic changes in HL-
60 is increased amplification of DNA sequences encoding
the c-myc gene, which encodes a transcription factor that
plays an essential role in regulating the cell cycle, prolif-
eration, apoptosis, and metabolism. Although the ampli-
fication magnitude varies between sublines, the relative
abundance of c-myc RNA in cells of each subline is pro-
portional to the number of gene copies.'*"

HL-60 cells constitute a population arrested at the
stage of immature myeloid precursors. However, in each
culture, approximately 10% of cells exhibit the charac-
teristics of mature myeloid cells and are therefore ca-
pable of spontaneous differentiation. However, some
factors can increase the proportion of differentiating
cells in the population to as much as 90%. Among the
known factors inducing HL-60 differentiation are phor-
bol 12-myristate 13-acetate (PMA), dimethyl sulfoxide
(DMSO), vitamin D3, and retinoic acid.'>!*

Characteristics of the processes most frequently ana-
lyzed in response to anticancer treatment

Cell cycle control systems

The cell cycle is a strictly ordered set of events through-
out the life of a cell. Cell division is an integral and

crucial part of this cycle. This process maintains the
continuity of life in both prokaryotes and eukaryotes.
The division of a single cell, during which it passes on its
genetic material, allows the formation of new daughter
cells that are separate organisms and the development
and repair of entire tissue structures in multicellular or-
ganisms.'® For the entire cell cycle to proceed correctly,
the events of each phase must be completed before the
cell enters the next phase; therefore, mechanisms that
regulate the cycle are necessary. This role is performed
by cycle checkpoints, the three main ones being locat-
ed in the G1 phase and at the transition between the
G2 and M phases.'*!” They prevent the progression of
mutated or damaged GO cells (which are in a dormant
state). When cell abnormalities are recognized by check-
points, either the error is repaired or the cell cycle is ar-
rested. The integrity of the cell genome is monitored by
the p53 transcription factor, which halts the cell cycle
in response to DNA damage. The p53 factor regulates
the transcription of the cyclin-dependent kinase inhib-
itor (CDKI) p21, an active inhibitor of CDK4, 6, and 2,
thereby preventing retinoblastoma protein phosphor-
ylation and keeping the cell in G1.'"*" Another high-
ly sensitive marker of DNA damage in cells caused by
ionizing radiation, oxidative stress, or genotoxic stress
is histone H2A.X, whose phosphorylated form accumu-
lates at sites of damage.”

Cancer proliferation

During the cell cycle, the number of cells increases over
time through division, i.e., proliferation. Mammali-
an cells divide approximately every 24 hours, with the
S phase being the longest stage. As mentioned earlier,
this process is strictly regulated in healthy cells, but in
cancer, it becomes uncontrolled. Although prolifera-
tion is not accelerated in every case of cancer, it is al-
ways chronic.?

In clinical practice, several techniques are used
to assess cancer cell proliferation, including methods
based on the percentage of cells in the S phase, the mi-
totic index, and proliferation markers (cyclins, prolif-
erating cell nuclear antigen (PCNA), nuclear protein
Ki67). Based on cyclin A expression, it is possible to dis-
tinguish DNA-synthesizing cells. Cyclin B is a regulator
of the mitotic phase. An increase in the percentage of
cells expressing cyclins A, B, and E indicates rapid tu-
mor proliferation. Similarly, the expression of Ki67 and
PCNA proteins provides information about the intensi-
ty of proliferation in the population.?

Apoptotic death

Apoptosis is a strictly controlled, orderly mechanism of
programmed cell death. This process is controlled by a
series of signaling pathways in the cell, which can be ini-
tiated by signals from both inside and outside the cell.
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Table 1. Table summarizing key studies on HL-60 cells treated with doxorubicin

Author, year Doxorubicin concentration Analyzed markers

Main effect

Detailed effects

Zuryn et al., 2007 0.5-10 pmol/L cyclin A dose-dependent increase in apoptosis; 1) the expression of cyclin A in HL-60 cells increases in a dose-
altered cyclin A expression and dependent manner following exposure to doxorubicin
subcellular localization; G2/M cell  2) higher concentrations of doxorubicin increase the proportion of
cycle arrest apoptotic cells and induce the cytoplasmic translocation of cyclin A
3) doxorubicin modulates cyclin A expression, inducing apoptosis
and morphological changes
Suzuki et al., 2005 0.5-16 pmol/L caspase-3, caspase-8, caspase activation and 1) doxorubicin exhibits higher cytotoxicity in cancer cell lines than
caspase-9 DNA damage in healthy cells
2) activation of caspases is observed, predominantly caspase-3
3) doxorubicin induces DNA fragmentation in HL-60 cells

Al-Abbas and Shaer, 100 ng/mL (with annexinV induction of apoptosis 1) combined treatment with coumarin and doxorubicin increases

2021 100-1000 pg/mL coumarin)

apoptotic cell death in HL-60 and HL-60/ADR cells in a coumarin
dose-dependent manner

During apoptosis, DNA and organelles are destroyed,
and the cell’s contents are packaged into vesicles (apop-
totic bodies), which are then digested. Apoptosis, as a
controlled process of cell destruction, protects normal
cells by preventing inflammation in their vicinity.'® It is
also involved in cell replacement in healthy, mature tis-
sues and in the focal elimination of cells during normal
embryo development. Its mechanism has been relative-
ly well understood thanks to research on Caenorhabdi-
tis elegans, where three proteins key to apoptosis have
been identified: Ced-3, Ced-4, and Ced-9. Ced-3 and
Ced-4 are present in the cell in an inactive form, but
when the cell receives a death signal, they activate, trig-
gering a cascade that activates nucleases and other pro-
teases. Ced-9 is a protein in the outer mitochondrial
membrane and, in a state where the cell does not receive
a programmed death signal, it inhibits apoptosis, while
Ced-3 and Ced-4 remain inactive. In mammalian cells,
this process is more complex, but proteins very similar
to those mentioned above are involved.'®*

Apoptosis pathways and signals

There are two interconnected pathways in programmed
cell death: one that uses cellular death receptors (the ex-
ogenous pathway) and the other that uses mitochondria
(the endogenous pathway). The exogenous pathway be-
gins with the binding of a ligand (most often from the
tumor necrosis factor (TNF) family) to the appropriate
receptor on the cell surface. This is followed by the ac-
tivation of adaptor proteins and the caspase-8 mecha-
nism, which, when activated, can directly initiate the
apoptotic program.** The intrinsic pathway is triggered
by cell-damaging factors such as oxidative stress, DNA
damage, or growth factor deficiency. During this path-
way, the mitochondria undergo disintegration, leading
to the release of proapoptotic factors such as cytochrome
C into the cytoplasm. The described pathways converge
in the execution phase. Effector caspases degrade some
nuclear and cytoskeletal proteins.* Caspase-3 plays a
significant role here, inducing the disintegration of the
cell into apoptotic bodies. As the cell dies, phosphati-

dylserine is exposed on its cell membrane, which is later
recognized by phagocytes. Annexin V, a protein com-
monly used as a marker of apoptosis, binds strongly to
phosphatidylserine.*

Fundamental processes such as cell cycle progres-
sion and DNA integrity are crucial for proper cell func-
tion; therefore, disturbances in these processes directly
affect cell survival and proliferative potential. As sum-
marized in Table 1, studies investigating the effects of
doxorubicin on HL-60 cells demonstrate concentra-
tion-dependent alterations in apoptosis and cell cycle
regulation.

In a study examining cyclin A expression in HL-
60 cells under the influence of doxorubicin, Zuryn et
al. showed that, with increasing doxorubicin dose (0-5
umol/L) and the proportion of apoptotic cells in the
population, the number of cells expressing cyclin A
decreased.” The cyclin A2/Cdkl complex initiates the
transition from the G2 phase to the M phase. In con-
trast, the cyclin A2/Cdk2 complex initiates the tran-
sition from the G1 phase to the S phase, whereby the
cyclin A level reflects proliferative activity.**s As re-
ported by Denard et al., doxorubicin inhibits can-
cer cell proliferation by activating proteolytic cleavage
of CREB3L1." It stimulates the proteolytic cleavage of
CREB3L1, a membrane-associated transcription factor,
allowing the NH2-terminal domain of CREB3L1 to en-
ter the cell nucleus, where it activates transcription of
genes encoding cell cycle inhibitors, thereby limiting
cell proliferation."

Doxorubicin has a toxic effect not only on target
cancer cells but also on healthy human cells with nor-
mal physiology and morphology, albeit to a noticeably
lesser extent. In a 2005 study, Suzuki et al. compared the
cytotoxic activity of doxorubicin against cancer cells us-
ing the HL-60, HSC-2, HSC-3, and HSG cell lines and
regular cell lines from oral tissues - HGE, HPLE, and
HPC.” The cytotoxicity of HL-60 cells was assessed us-
ing the trypan blue exclusion method, while the MTT
assay was used for the other lines. Doxorubicin, tested
in a range of concentrations, showed higher cytotoxicity
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in cancer cell lines than in healthy cell lines, and the tu-
mor specificity (TS) index, determined based on the ra-
tio of 50% cytotoxic concentration of cancer and healthy
cell lines, was determined to be in the range of 54-255.
In the apoptosis induction analysis, they compared the
effect of the drug on HL-60 and HSC-2 cells at seven
concentrations (0; 0.5; 1; 2; 4; 6; 8 and 16 umol/L for
HL-60 and 0; 0.1, 0.3, 10, and 30 umol/L for HSC-2),
showing activation by doxorubicin of caspases-3, -8,
and -9 in both cell groups, with a clear predominance of
caspase-3. In addition, gel electrophoresis performed to
assess the level of genetic material damage showed DNA
fragmentation in HL-60 cells and none in HSC-2 cells,
despite confirmed caspase activation.”

Despite its widespread and well-established efficacy
in cancer therapy, doxorubicin is associated with a range
of adverse effects, including bone marrow suppression,
nausea and vomiting, and alopecia. The cytotoxic im-
pact of doxorubicin on healthy tissues represents a ma-
jor dose-limiting factor in clinical practice. Among the
most severe complications of doxorubicin therapy is
cardiomyopathy, which may ultimately lead to conges-
tive heart failure. Cardiac toxicity can be acute, with an
incidence of approximately 11% in patients taking the
drug, or chronic, with an incidence of approximate-
ly 1.7%.1°%%% Factors that increase the risk of doxoru-
bicin-induced cardiotoxicity include dose (including
single and cumulative lifetime anthracycline exposure),
concomitant cardiovascular disease, previous chemo-
therapy, method and rate of drug administration, and
patient age.®® Although the details of the mechanisms
responsible for the antibiotic’s harmful effects on myo-
cardial cells are not fully understood, the main factors
mentioned include increased oxidative stress through
excessive production of reactive oxygen species, mito-
chondrial damage, apoptosis induction, and inhibition
of cardiomyocyte-specific gene expression.'**! The car-
diotoxicity of doxorubicin has prompted the search for
analogues and alternative methods of drug administra-
tion that would be less toxic.*

As studies show, cytostatics may also be associat-
ed with premature ovarian failure. Although alkylating
agents are mainly responsible for reducing the reserve
of primordial follicles in the ovaries, other chemother-
apeutic agents also have a detrimental effect on organ
function.” In their study, Ben-Aharon et al. confirmed
that doxorubicin is toxic to the ovaries in female mice.**
The antibiotic was administered intraperitoneally at a
dose of 7.5 or 10 mg/kg of doxorubicin, depending on
the test. They observed a significant decrease in ovarian
weight in mice treated with doxorubicin, both 1 week
after injection (85% of control weight) and 1 month af-
ter injection (only 52% of control weight). When exam-
ining ovulation rates, they found a drastic decrease in
ovulation frequency after one week, followed by a par-

tial increase after one month. In addition, they observed
vascular changes in ovarian sections and a reduction in
the number of both primary and secondary follicles.**

Over the years, many approaches have been de-
veloped to overcome the limitations of doxorubicin,
particularly its cardiotoxicity. These include low-dose
continuous infusion regimens, antibiotic administra-
tion with cardioprotective drugs, and liposomal encap-
sulation technology. The latter involves lipid-based drug
carriers that alter drug distribution, thereby reducing its
concentration in heart cells. This method was based on
the assumption that liposomes cannot escape from ves-
sels in areas with tight capillary connections, but can
leave the circulation in tissues and organs lined with
cells that are not tightly connected, such as cancerous
tissues. Thus, encapsulating anthracyclines in liposomes
results in higher concentrations in tumor tissue while
limiting their effects on healthy cells, making liposomal
encapsulation one of the effective methods for increas-
ing the therapeutic index of doxorubicin and other an-
thracyclines.” Another factor reducing the therapeutic
potential of doxorubicin in cancer treatment is the oc-
currence of multidrug resistance. The mechanism un-
derlying resistance development is reduced intracellular
drug concentration after long-term dosing, leading to
upregulation of efflux systems in cancer cells.*>** Chen
et al. confirmed the presence of multidrug resistance in
the sensitive HL-60 line at progressively higher doxoru-
bicin doses.” In a 2021 experiment, Al-Abbas and Shaer
used the HL-60 and HL-60/ADR (chemotherapy-re-
sistant) cell lines. They investigated the effect of doxo-
rubicin therapy combined with coumarin, a naturally
occurring compound with broad bioactivity, including
antioxidant, anti-inflammatory, and anticancer proper-
ties.* In their study, they showed that the simultaneous
use of coumarin (0, 100, 250, 500, and 1000 pg/mL) and
doxorubicin (100 ng/mL) after 24 hours significantly in-
duced apoptosis in drug-resistant HL-60/ADR cells, an
effect not observed with monotherapy. The rate of cell
death clearly increased with increasing coumarin con-
centration. Their results suggest that coumarin inhibits
extracellular doxorubicin efflux, thereby increasing an-
tibiotic efficacy against resistant human myeloid leuke-
mia cells.* These and many other data in the literature
suggest the existence of multiple pathways to enhance
the therapeutic potential of doxorubicin in cancer treat-
ment by circumventing its toxicity to healthy cells and
cancer cells’ resistance mechanisms.

Conclusion

To summarize the gathered information, doxorubicin
clearly affects HL-60 cells by disrupting cell cycle pro-
gression and activating apoptotic pathways, leading to
a marked reduction in their proliferative capacity. Al-
though its anticancer activity is well established, the



1086

European Journal of Clinical and Experimental Medicine 2025; 23 (4): 1081-1087

therapeutic impact of the drug continues to be limited
by toxicity toward healthy tissues and the emergence
of resistance. Ongoing research exploring molecular
mechanisms, protective strategies, and combination ap-
proaches offers promising directions for improving the
safety and effectiveness of doxorubicin-based therapies
in hematologic malignancies.
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