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Abstract: Themost commonmethods of treating cancer are
surgery, chemotherapy, and radiotherapy. However, given
that some cancers are not operable, the best method is
chemotherapy and radiotherapy. Over time, people become
resistant to chemotherapy drugs, and increasing the dose of
the drug leads to damage to normal cells. In this article,
various sources such as Google Scholar, PubMed, and Se-
mantic Scholar were used, and articles between 1997 and
2025 that were relevant to our topic were selected. Various
factors are involved in drug resistance. Melatonin is a hor-
mone that has various roles in the body. One of its most
important functions is regulating the circadian rhythm of
sleep and its anti-inflammatory and antioxidant properties.
According to studies, melatonin plays a role in the treatment
of some diseases and cancers. The roles of melatonin in
cancer treatment include anti-apoptotic, anti-angiogenic,
and anti-migratory effects, aswell as drug resistance and cell
cycle regulation. As mentioned, one of the main reasons for
the failure of cancer treatment is drug resistance, and the
role of melatonin in drug resistance in cancers has been
proven. Therefore, in this study, our goal is to investigate the
mechanisms through which melatonin plays a role in drug
resistance in different types of cancer.
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Introduction

Common treatments for cancer include surgery, chemo-
therapy, radiation therapy, endocrine therapy, immuno-
therapy, and targeted therapy. Despite the progress achieved
in cancer treatment, drug resistance is still amajor challenge
in treatment and a cause of mortality [1, 2]. Different factors
including genetics, epigenetics, existence of cancer stem
cells, pH, induction of hypoxia, autophagy, faulty miRNA
regulation, and environmental factors, as well as cellular
and molecular mechanisms, are involved in drug resistance
[3–5]. Considering that most of the findings obtained about
the resistance of tumors to chemotherapy are derived from
tumor xenograft research and cell culture experiments in
laboratory conditions, they do not accurately predict the
conditions of tumor cells inside the human body [6]. In order
to effectively treat tumors with chemotherapy drugs, the
drugs must pass through the blood vessel wall and enter
the tumor tissue and cancer cells. It has been reported that
the distribution of drugs in tumor tissues is not uniform and
not all cells are equally exposed to chemotherapy drugs [7].
In traditional treatments, most chemotherapy drugs directly
affect DNA and cause the destruction of cancer cells by
damaging DNA. Most of these drugs have significant thera-
peutic effects in the early stages of treatment, but with the
passage of time, their efficacy decreases, and cancer cells
become resistant to them. For example, about a fifth of
children with acute lymphoblastic leukemia and almost half
of individuals with small cell lung cancer experience relapse
after treatment [8, 9].

Melatonin is a hormone derived from the amino acid
tryptophan, which is produced in different parts of the body.
The main source of melatonin production in the body is the
pineal gland. Melatonin is generated in a circadian rhythm
in the dark. It stimulates the target organs and enhances
the body’s resistance to various diseases by entering the
homeostatic rhythm [10, 11]. Growing studies have indicated
that melatonin plays a variety of roles in different pathways,
including oxidative stress, immune modulation, and cell
protection. Melatonin exhibits various anti-cancer activities.
The effects of melatonin on different cellular mechanisms,
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including apoptosis, cell proliferation, cell migration,
metastasis, drug resistance, and colony formation, have
been investigated, and it has been reported that melatonin
can be effective in cancer treatment by interacting with
these mechanisms [12–14]. The inactivation of drugs is a
complex process in which different mechanisms are
involved. Among these mechanisms, an increase in
P-glycoprotein (P-gp) efflux pump, ATP-binding cassette
(ABC), and anti-apoptotic molecules, as well as a decrease in
pro-apoptotic molecules and epigenetic changes can be
mentioned [15–17]. Studies have shown that melatonin
sensitizes cancer cells to drugs through overcoming drug
resistance mechanisms. Therefore, in this review, we aimed
to investigate the mechanisms through which melatonin
reduces drug resistance in various cancers.

Methods

This study included a search for relevant articles in Google
Scholar, PubMed, and Semantic Scholar. Articles were
searched for five months according to keywords “melatonin”
and “drug resistance”. Studies that were related to our
research topic were selected, and articles with their abstracts
or full texts in English were reviewed. The selected articles
were published between 1997 and 2025. The purpose of this
review was to identify the latest articles and achievements
related to the subject of our study. Articles outside the time
frame of our study, those written in a language other than
English, and those not related to the topic of our research
were excluded from the study. The search framework of the
articles is shown in Figure 1 (Figure 1).

Melatonin

Melatonin is a term derived from two Greek words:
“molasses” meaning dark and “tonus” meaning darkness
hormone. The first step in the production of melatonin in the
pineal gland is the hydroxylation of the amino acid trypto-
phan. Next, 5-hydroxytryptophan is decarboxylated by a
decarboxylase enzyme and produces 5-hydroxytryptamine
(serotonin). Then serotonin is acetylated and methylated
through two consecutive reactions to produce melatonin.
While the main source of melatonin is the pineal gland, it is
also produced in smaller quantities in other parts of the body
such as the digestive system, lymphocytes, and the retina. In
addition, melatonin is also found in different parts of higher
plants, including seeds and leaves [18–22]. The roles of mela-
tonin in plants include increasing resistance to oxidative
stress, controlling shoot closure, aiding in germination, and

acting as an anti-stress agent against ultraviolet radiation,
heavy metals, drought, and salinity [23]. Melatonin usually
exerts its effects in an autocrine, paracrine, and endocrine
manner. Melatonin receptors exist in the cell membrane,
inside the cell, or in the cell nucleus (orphan nuclear
receptors). In humans, melatonin mainly exerts its effects
through membrane-bound G protein-coupled receptors
(GPCR), which include three types: MT1, MT2, and MT3. ML1
(high affinity) and ML2 (low affinity) are two types of mela-
tonin receptors. ML1 includes MT1 and MT2 and acts through
GPCRs, while ML2, which includes MT3, belongs to the
quinone reductase family [22, 24–27]. The antioxidant role of
melatonin is the opposite in normal and cancer cells. Mela-
tonin produced fromnon-pineal gland cells acts onmelatonin
receptors after being released from mitochondria into the
cytoplasm. Melatonin removes free radicals from mitochon-
dria through two pathways: directly removing free radicals
and reactive oxygen species (ROS) and indirectly increasing
the activity and expression of antioxidant enzymes [28–30]. In
tumor cells, melatonin increases the levels of ROS via two
mechanisms: In the first mechanism, it stimulates electron
transport chain (ETC) complexes (I and III), leading to the
production of ROS and free radicals by these complexes, and
in the second mechanism, melatonin disrupts the balance of
oxidant and antioxidant compounds by reducing the number
of antioxidant molecules [31–33]. Melatonin decreases tumor
cell survival through the inhibition of the extracellular
regulated protein kinase (ERK) and Akt pathway. The inhibi-
tion of the ROS-dependent Akt pathway increases Bax and
decreases Bcl-2 and cyclin D1 in tumor cells. Moreover,
melatonin promotes apoptosis by influencing the expression

Figure 1: Flowchart of the article search.
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of MDM2, which inhibits p53 and induces the activity of
caspase-3 and -9 [34].

The activation of caspase-3 and -9 by melatonin also
implies that by inhibiting the PI3K/Akt and p300/NF-B, COX-2/
prostaglandin E 2 (PGE2) pathways, melatonin increases the
expression of Apaf-1 and releases cytochrome c and finally
activates caspase-3 and caspase-9 [35, 36]. Over the last
decades, many studies have investigated the anti-cancer
effects ofmelatonin andhave confirmed its protective effects
against cancer. Cytotoxic and cytostatic actions and the
reduction of neoplastic enhancement are among the most
prominent roles of melatonin in combating cancer [37].
Melatonin regulates cancer cells through various mecha-
nisms including interaction with the Wnt/beta-catenin
signaling pathway, regulation of histone modification, and
increase of mitochondrial ROS. For example, in gastric can-
cer, melatonin inhibits cancer cell growth by interfering
with autophagy, endoplasmic reticulum (ER) stress, and the
Ras-Raf-ERK signaling pathway [38–40]. One anticancer role
of melatonin is to reduce cell migration. Matrix metal-
loproteinase (MMP)-2 and MMP-9 are the most important
MMPs involved in metastasis, which contribute to the
degradation of the basement membrane and extracellular
matrix (ECM) [41]. The expression of vimentin, α-SMA, and
N-cadherin, which are indicators of the epithelial-
mesenchymal transition (EMT) phenomenon, decreases
under the influence of melatonin. In the phenomenon of
EMT, cells lose their epithelial properties (polarization and
adhesion) and acquire mesenchymal properties (invasion
and migration), which indicates the anti-migratory and
invasive properties of melatonin [42, 43] (Figure 2).

Drug resistance

Considering that cancer is an emerging disease, which is
usually incurable, finding effective treatments is a primary
objective for medical professionals and researchers. Despite
the fact that one of the most promising methods to treat
cancer is chemotherapy, more than 90% of chemotherapy
attempts fail due to the resistance of cancer cells to chemo-
therapy drugs. Various factors includingmicroRNAs, genetics,
long non-coding RNAs (lncRNAs), and ABC transporters are
involved in the development ofmultidrug resistance (MDR) in
cancer cells [44–48]. Recent findings have shown that the
probability of drug resistance in single-drug treatments is
higher than in multi-drug treatments; therefore, the proba-
bility of drug resistance decreases in multi-drug treatments
[49]. Understanding the mechanisms that cause resistance is
crucial. Some factors such as autophagy and hypoxia play a
role in drug resistance. According to the World Health

Organization, cancer is the second leading cause of death in
the world. Therefore, while cancers that respond to chemo-
therapydrugs canbe treated, for the treatment of cancers that
are resistant to drugs, identifying the mechanisms and drugs
that lead to the reduction of drug resistance is a critical goal
[50–52]. Cancer cells respond well to chemotherapy drugs in
the early stages of treatment, but gradually they develop
resistance to drugs. Drug resistance can be acquired (caused
by environmental factors) or intrinsic (caused by internal
factors). According to reports, there are two types of MDR in
tumor cells: in the first type, MDR is inherent to cytotoxic
agents, while the second type acquires the chemotherapy
resistance phenotype during drug therapy [53, 54]. From
another point of view, MDR can be divided into two types:
cellular and non-cellular. The cellular mechanism is further
divided into classical and non-classical types. The classical
mechanism involves membrane transporter systems that
lead to a decrease in the intracellular concentration of the
drug, with these proteins belonging to the ATP-binding
cassette (ABC) family. The non-classical mechanism involves
enzymes that reduce enzyme activity without changing the
enzyme concentration [55, 56].

Modification of histones (phosphorylation and acetyla-
tion) regulates the expression of ABCG2. Decreased H3K9

Figure 2: The summarized function of melatonin in different cancer
hallmarks. ABC: ATP binding cassette; AKT: Protein kinase B; Bax:
Bcl-2-associated protein x; ROS: Reactive oxygen species; NF-κB: Nuclear
factor kappa B; nucleotide-binding domain, leucine-rich–containing family,
pyrin domain–containing-3; VEGF: Vascular endothelial growth factor;
HIF-1α: Hypoxia-inducible factor 1-alpha; MMP: Matrix metalloproteinase;
RAF-1: Rapidly accelerated fibrosarcoma-1; FOXA: Fox corporation class A
common stock; NRF2: Nuclear factor erythroid 2–related factor; mTOR:
Mammalian target of rapamycin; PI3K: Phosphatidylinositol-3 kinase; SIRT1:
Silent information regulator Sirtuin 1.
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trimethylation allows promoter accessibility for chromatin-
remodeling RNA polymerase II and Brahma protein-related
gene 1 (Brg1), leading to the transcriptional activation of
ABCG2 [57]. Themost important ABC group is P-gp, which is a
membrane protein that acts through an ATP-dependent
pump. P-gp substrates include xenobiotics, antiviral prote-
ase inhibitors, anthracyclines, alkaloids, and other antibi-
otics, which reduce the bioavailability of therapeutic drugs,
while protecting healthy cells from toxic substances [58–60].
According to thefindings, high expression ofmembrane P-gp
in cells with MDR is not always associated with high activity
of these proteins, because the phenomena of phosphoryla-
tion and acetylation may affect the relationship between
MDR and P-gp [61–63]. Replacement of P-gp phosphoryl
residues by protein kinase A (PKA) and protein kinase C
(PKC) affects P-gp activity [64]. Through the inhibition of
PKC-α in soft tissue cells, p53 negatively regulates P-gp
phosphorylation and sensitivity of cells to chemotherapy
drugs [63]. Studies have shown that there are two substrate
binding sites in P-gp, which determine the type of substrate
that binds to P-gp and havemodular activities. However, one
substrate can regulate the transport of the other substrate by
affecting both binding sites [65, 66]. Two different types of
substrates may bind to the same site at the same time, and
different binding sites may bind to the same substrates or be
allosterically dependent [67]. It has been reported that P-gp
structural changes have significant effects on ATPase activ-
ity and drug transport [68]. Research on ABCB1 gene poly-
morphisms has shown that these polymorphisms may affect
tissue expression, drug elimination status, disease risk, and
treatment by altering P-gp transporter function [69]. For
example, in childhood acute lymphoblastic leukemia, the
presence of 3,435 TT and CT genotypes compared to the CC
genotype leads to increased permeability of the substrates in
P-gp [70]. Research on colon cancer cells has revealed that
the expression and secretion of endothelin-1 are inhibited by
melatonin in these cells. The inhibition of endothelin-1
suppresses the transcription factors nuclear factor kappa B
(NF-kβ) and FoxO1-1 and has a negative effect on the growth
and progression of cancer [71].

Tumor microenvironment (TME) in cancer
drug resistance

The TME is an ever-changing and complex milieu that is
believed to be rogue. The TME consists of the ECM, stroma,
blood supply, immune cells, and the lymphatic system.
Using benign and malignant cells, a harsh environment,
and an immunosuppressive system, these complex com-
ponents create phenotypic diversity and flexibility in

cancer cell growth and proliferation [72, 73]. One charac-
teristic of the TME responsible for ECM remodeling, im-
mune evasion, and therapeutic resistance is cell-to-ECM
communication and cell-cell interactions [72, 74]. Factors
that contribute to treatment resistance within the TME
include microRNAs, abnormal mechanical forces, meta-
bolic disorders, a hypoxic environment, and exosomes
generated by benign andmalignant cells [74, 75]. Stem cells
are located in a microenvironment called the stem cell
niche, and various soluble factors in the cell niche protect
the stem cells. Stem cells are selected for self-renewal and
aging through molecular signals and interactions with
other cells. Cancer stem cells in the TME use immune and
stromal cells for their growth, and this intersection of tu-
mor and stromal cells leads to angiogenesis and effective
immune escape in the TME [76–78].

The TME niche becomes acidified due to hypoxia and
high lactate, changing the conditions for oncogenesis. The
intracellular pH in cancer cells is higher compared to
healthy cells, and this causes the inhibition of apoptosis and
the increase of cell proliferation in cancer cells, while the
extracellular pH is lower. Niche acidity in the direction of
increasing lactate suppresses the cytotoxicity of infiltrating
T cells and induces tumor-associated macrophages (TAMs)
M2 polarization. According to the literature, niche acidity
leads to EMT and invasion in breast cancer, neuroblastoma,
and melanoma [79–81]. Due to the ion trapping phenome-
non, the difference in pH between the inside and outside of
the cells in the cell niche prevents proper distribution and
absorption of the drug, and in the extracellular acid envi-
ronment, the ionization of the open agents is hindered by
their passage through this barrier [82, 83]. Conversely, weak
acids have high intracellular permeability. For example,
paclitaxel, which is a non-ionized agent, is not blocked by
this barrier. This theory of ion trapping can help therapeutic
methods in the future [84, 85]. On the other hand, low
pH caused by hypoxia and low perfusion through epigenetic
changes, especially in p53, inhibit apoptosis and induce P-gp
activity to stimulate MDR. The acidic niche induces cellular
dormancy by inhibiting the cell cycle in the G2/M phase in
studies of radioresistance and/or chemotherapy [86].

The instability of the genome caused by the acidic
environment via phenotypic changes is another factor
contributing to resistance to treatment [87].

Melatonin in cancer drug resistance

It has been reported thatmelatonin inhibits adenylyl cyclase
and decreases the expression of cAMP, PKA, PKC, and
mitogen-activated protein kinases (MAPKs) through the
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membrane receptor MT1, which has a negative effect on
the expression of genes involved in migration, angiogenesis,
proliferation, and phosphorylation of CREB transcription
factor [65, 66, 88]. Growing studies indicate that the physical
state of the lipid bilayer in P-gp plays a role in both the
binding and hydrolysis of ATP. Melatonin affects membrane
dynamics in different ways at different concentrations. High
concentrations ofmelatonin reducemembrane cellulite, and
on the contrary, low concentrations increase membrane
cellulite. At higher concentrations of melatonin, there is a
uniform distribution of melatonin in the membrane, while
at low concentrations, there are small domains enriched
with melatonin with a thin thickness in the membrane [68].
The data obtained from X-ray diffraction showed that
melatonin molecules are positioned in a crystalline form
within the membrane, and one melatonin molecule is con-
nected to two fat molecules. Understanding the organization
of melatonin in biological membranes can shed light on the
relationship between the effect of melatonin and P-gp
activity [68].

Hepatocellular carcinoma (HCC) is a type of malignant
tumor that occurs in both sexes. Since this disease does not
manifest itself in its early stages, most patients suffering
from this disease miss primary treatments and must
undergo chemotherapy. Due to the complex molecular and
cellular mechanisms that occur in these cells, they usually
become resistant to treatment, and increasing the dose of the
drug leads to side effects and diminished quality of life.
Therefore, finding a therapeutic drug with fewer side effects
is essential [89]. As mentioned in the previous sections, in
addition to its role in nighttime sleep, melatonin has other
properties such as antioxidant, anti-inflammatory, anti-
invasion, and anti-cancer activities. One of the significant
functions of melatonin is that it adversely affects drug
resistance in cancer. One of the chemotherapy drugs used in
liver cancer cells is doxorubicin (DOX). The study by Hamed
et al. on HepG2 cells showed that by increasing the dose of
DOX, the levels of pro-inflammatory cytokines such as
interleukin (IL)-6, IL-8, MCP-1, interferon gamma (IFN-γ),
tumor necrosis factor-alpha (TNF-α), and the expression of
ABC family members increase. Subsequent treatment with
melatonin decreased migration, differentiation, and the
expression of ABC transporters including ABCB1, ABCC1,
ABCC5, and ABCG2 [89–92].

Martín et al. reported that melatonin inhibited ABC-
B1 expression in large B-cell lymphoma cells treated with
epirubicin [93]. The research by Hsieh et al. showed that-
melatonin inhibits the ABCB1 gene in vincristine-resistant
oral cancer cell lines through the increase of microRNA-
34b [94]. Another study showed that in individuals with
chronic pancreatitis, melatonin treatment reduces the

expression of ABCC5 and ABCG2 genes [95]. As mentioned,
various mechanisms regulate the expression of ABC
transporters. One of these mechanisms is the epigenetic
process. The study by To et al. revealed that the methyl-
ation of the active CpG island in the promoter region of
ABCG2/BCRP leads to the inhibition of this transporter [96].
Martín et al. found that in individuals with glioblastoma
tumors, the ABCG2 promoter methylation is lower than in
normal individuals, which indicates the higher expression
of ABCG2 in patients with glioblastoma. When glioblas-
toma tumor cells were treated with melatonin, the
methylation level of the ABCG2 promoter increased, which
led to a decrease in ABCG2 transporter expression and an
increase in the toxic effects of chemotherapy drugs and
melatonin [97].

Martín et al. also reported that melatonin upregulates
DNA methyltransferase activity, and 5-azacitidine (AZA) can
inhibit the effects of melatonin on ABCG2/BCRP expression
[97]. The study by Magdalena et al. revealed that in colon
cancer cells, treatment with melatonin alone had no effect
on P-gp expression, but the simultaneous use of melatonin
and DOX led to increased P-gp expression and ABCB1 levels
[53]. In colorectal cancer, Oct4 and cellular prion protein
(PrP) are related to tumor grade and metastasis. In patients
with colorectal cancer, combined treatment of melatonin
and 5-fluorouracil (5-FU) causes the negative regulation of
stem cellmarkers including Sox2, ALDH1A1, Oct4, andNanog
by suppressing PrPC. As a result, cancer growth, differenti-
ation, migration, and angiogenesis are inhibited [98].
Another study demonstrated that whenmelatonin is used in
combination with oxaliplatin, it leads to the apoptosis of
oxaliplatin-resistant colorectal cancer cells by inhibiting
PrPC [99].

Increased expression of PrPC, through the mediators of
catalase and superoxide dismutase (SOD) enzymes, plays an
essential role in creating oxaliplatin drug resistance in
colorectal cancer cells, and superoxide anion usually
decreases in oxaliplatin-resistant cancer cells. In addition,
by inhibiting PrPC in oxaliplatin-resistant cancer cells,
melatonin increases apoptosis and ER stress and signifi-
cantly inhibits oxaliplatin-related catalase and SOD [99].
According to the findings, hypoxia leads to the resistance of
cancer cells to chemotherapy drugs and radiotherapy.
Hypoxia alters TME physiological conditions by upregulat-
ing hypoxia-inducible factor-1 (HIF-1) and targeting a num-
ber of regulatory genes in favor of MDR and promoting
angiogenesis [100, 101]. Studies on gastric cancer cells have
shown that melatonin induces procaspase enzymes and
sensitizes cancer cells to cisplatin by suppressing NF-κB and
stimulating p38 and JNK [102]. According to the experiments,
combining a ketogenic diet (low glucose) with melatonin
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reduces the function of drug-resistance pumps and leads to
the reduction of drug resistance in breast cancer cells
through the reduction of ATP production. Additionally,
melatonin acts as an angiogenesis inhibitor and apoptosis
inducer [103].

In the study by Martin et al., it was observed that
melatonin inhibits BCRP expression by inducing BCRP pro-
moter methylation. However, dim light exposure at night
(dLEN) leads to the suppression of intratumoral DOX levels
through the disruption of melatonin production [97].
Another study in this field showed that melatonin inhibits
the phospho-activation of STAT3 by inhibiting the upstream
signaling pathways of STAT3 and leads to the inhibition of
chemotherapy resistance in breast cancer cells [104].
According to the findings, melatonin also reduces drug
resistance in cancer cells by using miRNAs as intermediates.
One study demonstrated that melatonin increased the
expression of miR-34b-5p and miR-892a, induced ABCB1 and
ABCB4, and increased the sensitivity of MDR-resistant oral
cancer cell lines to vincristine [94]. It has been reported that
one of the pathways through which melatonin interferes
with drug resistance in cancer cells involves the tensin
homolog deleted on chromosome ten (PTEN). In the study by
Xu et al., it was reported that in gastric cancer cells, the
inhibition of the PTEN pathway leads to resistance to DOX. In
this regard, melatonin increases the sensitivity of cancer
cells to chemotherapy drugs and reduces drug resistance by
inhibiting the PI3K/PTEN pathway [105, 106]. Additionally,
another study showed that melatonin enhances the toxic
effects of DOX in leukemia cancer cells by upregulating PTEN
and downregulating P-gp [107]. Melatonin also regulates the
phosphorylation and transactivation of ERα, and the
reduction of melatonin by increasing the phosphorylation of
ERα at S118 and S167 contributes to tamoxifen drug resis-
tance [108]. Sakatani et al. revealed that in 5-FU-resistant
cells, melatonin reduces thymidylate synthase transcript
and protein expression, and the suppression of thymidylate
synthase leads to cell death [109]. According to these studies,
melatonin can affect drug resistance factors and mecha-
nisms in different cancers through different pathways. As a
result, melatonin can be used as an adjuvant treatment in
various cancers.

Conclusion

Drug resistance is one of themain problems in the treatment
of numerous diseases including cancer. It leads to treatment
failure and ultimately an increase in burden to individuals
and society, and an increase in drug dosage, which leads to
damage to non-cancerous and peripheral tissues. Cancer

cells develop drug resistance through various mechanisms,
such as increasing the number and efficiency of ABC trans-
porters, inactivating drugs, changing drug targets, and
reducing drug absorption. Melatonin is a hormone used in
different cancer treatments. According to studies, one of the
roles of melatonin in the treatment of cancer is intervening
in drug resistance. By targeting these drug resistance
mechanisms, melatonin leads to the reduction of drug
resistance in cancer cells, and therefore, can be used as a
therapeutic target in cancer treatment, which requires more
studies in this field.
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