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Cancer is one of the major causes of death worldwide, and breast cancer is the most prevalent 
and deadly type among women. Despite the side effects and the phenomena of chemoresistance 
associated with the drugs involved, chemotherapy remains the main therapeutic strategy to combat 
and control breast cancer. Therefore, several new classes of compounds against breast cancer have 
been explored, in an effort to identify new drug candidates with alternative mechanisms of action. 
The principal results of such exploration, focusing on caged xanthones, thiosemicarbazones and 
photosensitizers, are presented in this review, along with the main aspects of the drug discovery 
process against breast cancer. More specifically, the design, structure-activity relationship 
investigations and anti-breast cancer properties of these three classes are described and discussed 
in this work.
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1. Introduction

Cancers are a group of diseases characterized by the 
uncontrolled growth of mutated cells, resulting in the 
formation of localized tumors.1,2 The exact causes for the 
occurrence of cancers are often individual-dependent and 
unclear, due to the wide variety of possible risk factors. 
Indeed, the development of cancers can be linked, among 
others, to age, diet (excessive processed food and/or 

alcohol consumption), lifestyle (physical activity and/or 
tobacco consumption) or working routine (occupational 
exposure to carcinogen products) and can also be associated 
to environmental factors (exposure to UV and ionizing 
radiation) or to mutations naturally occurring in biological 
processes.2-4 As a result, cancer is one of the leading causes 
of premature death and the second highest cause of death 
in the world, with 9.6 million deaths in 2018.5

Breast cancer is leading in terms of incidence, mortality, 
and prevalence among women worldwide. Indeed, 
2.3 million breast cancer cases and 685 000 deaths from 
breast cancer were reported in 2020 at the global scale,6 
and these values are highly underestimated due to the 
discrepancy in data availability between the different 
regions of the world.5 Current chemotherapeutic treatment 
for breast cancer involves different classes of drugs that 
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act through different mechanisms of action. However, side 
effects and chemoresistance reduce the therapeutic efficacy 
of these compounds, reinforcing the need to develop new 
drugs against breast cancer.7,8

In this review, we discuss the main aspects of drug 
discovery against breast cancer, describing a general 
overview of the disease, including prognosis, therapeutic 
strategies, drugs already used in chemotherapy, their 
mechanism of action and limitations. We also highlight 
the main findings obtained with caged xanthones and 
thiosemicarbazones, including metal complexes of the latter, 
which are two widely explored chemical classes that we 
selected based on both their relevance in terms of chemical 
diversity and their recent results regarding cytotoxicity 
against breast cancer cells. Caged xanthones have an 
unusual chemical architecture, while thiosemicarbazones 
tolerate high chemical versatility, allowing different 
modes of coordination with metal centers. In addition 
to breast cancer, both classes are studied against a wide 
range of different cancers, providing a suitable therapeutic 
window for clinical applications as anticancer agents.9,10 
Additionally, we discuss the treatment of breast cancer 
using photodynamic therapy (PDT), emphasizing the large 
diversity of photosensitizers (phenothiazines, porphyrins, 
chlorins, anthraquinones and organometallics) tested 
in vitro and in vivo against breast cancer.

2. Breast Cancer Prognosis and Therapeutic 
Strategies

In recent decades, scientific and technological progress 
has allowed the characterization of breast tumors, which 
have, histologically, been classified as in situ or invasive, 
mainly affecting the epithelial cells of the ducts and/or  
breast lobules. Diagnoses of breast carcinoma in situ 
have increased, however, invasive ductal carcinoma, now 
defined as ‘no special type’ (NST) is the most commonly, 
accounting for about 70 to 90% of cases worldwide. In 
addition, about 10% of in situ carcinomas can progress to 
NST.11-13 However, given their expressive heterogeneity, 
breast tumors are also molecularly categorized. In this 
sense, the activation of human epidermal growth factor 
receptor 2 (HER2, encoded by the oncogene ERBB2), the 
expression of hormone receptors (estrogen receptor-ER and 
progesterone receptor-PR) and/or penetrating mutations in 
the suppressor genes BRCA1 (17q21) and BRCA2 (13q13) 
are also considered.14

The molecular classification of breast cancer was initially 
proposed by Perou et al.15 and the five surrogate intrinsic 
subtypes typically used clinically are: (i)  Luminal  A, 
(ii) Luminal B-like HER2–, (iii) Luminal B-like HER2+, 

(iv) HER2-enriched, and (v) Triple-negative (TN). Tumors 
that express ER or PR are considered luminal and differ in 
the staining pattern and proliferative profile. The Luminal 
A breast cancer is strongly ER+ and PR+; HER2– with 
low proliferation rates; the  Luminal B-like HER2– 
expresses high Ki67 index and the Luminal B-like HER2+ 
overexpresses HER2 with lower levels of  ER and/or PR. 
HER2-enriched tumors are ER–, PR–, HER2+ and the TN 
does not express none of these receptors.14 Currently, the 
staging of the disease considers not only the histological 
types, but also the molecular aspects of the tumor, being 
essential in the prognosis of the disease.16 The traditional 
TNM system of the American Joint Committee on Cancer 
(AJCC) evaluates the size of the tumor, represented by 
the letter “T”, the involvement of the lymph nodes or 
“N” and the occurrence of distant metastases, defined by 
“M”.17,18 This system was, for a long time, widely used 
in clinical practice using numbers ranging from 0 to 4 to 
progressively represent the progression and aggressiveness 
of the disease.17,19 The TNM system was update, and the 
molecular characteristics of the lesions and the histological 
grade were incorporated. Tumor grade is defined by cell 
differentiation and the histological distance between 
normal and transformed cells. As a result, staging has 
become more complex, and with greater accuracy in patient 
management20 which is defined as:
• Stage 0: no evidence of invasion of other tissues 

(metastasis);
• Stage I (IA and IB): tumors measuring up to 2 cm 

and the presence of tumor cells in the lymph nodes 
(0.2-2 mm);

• Stage II (IIA and IIB): tumors measuring between 2 
and 5 cm, with or without invasion of up to three lymph 
nodes;

• Stage III (IIIA, IIIB and IIIC): tumors that measure 
> 5 cm and/or that have invaded more than four nearby 
lymph nodes;

• Stage IV: invasive BC that have already compromised 
other organs in the body, such as the lungs, distant 
lymph nodes, skin, bones, liver, or brain.17,20

However, the expression of ER, PR and/or HER2 alters 
the classification of tumors, as they respond to hormone 
treatment or anti-HER2 antibodies. As an example, a 
tumor between 2 and 5 cm and HER2+, PR+ and ER+ is 
classified as stage I, not stage II.17,20 Thus, staging directs 
the therapeutic decision, along with the hormonal status 
of the patient, the expression of specific targets and the 
presence of comorbidities. Locoregional treatment and 
systemic therapy are the main pillars for breast cancer 
control.21 Although operable when initially performed, most 
women with the disease require systemic treatment. Early 
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tumors and those classified as luminal and HER2– receive 
hormone therapy and may not be eligible for chemotherapy. 
However, proliferative index markers such as Ki67 may 
influence this therapeutic regimen. HER2+ tumors and 
TNs are treated with chemotherapy combined or not with 
targeted therapy.22 TN breast cancer challenges clinical 
practice, with a worse prognosis, higher proliferative, 
invasive and metastatic capacity and higher rates of 
recurrence.23 They do not respond to hormone therapy and 
anti-HER2 antibodies.24 Despite important advances with 
the use of poly (ADP-ribose) polymerase (PARP) inhibitors 
(Anti-PARP) and programmed cell death ligand 1 (PD-L1) 
inhibitors (Anti-PD-L1),25 a small number of patients are 
eligible for these drugs and current chemotherapy drugs 
remains the main therapeutic strategy, being responsible 
for reducing the risk of recurrence in about 30% of cases.26

3. Main Chemotherapy Agents Used in The 
Treatment of Breast Cancer

In chemotherapy, compounds with cytotoxicity or with 
cell proliferation inhibitory activity are used, with systemic 
action, administered to patients with breast cancer by oral 
or intravenous route. The tumor microenvironment (TME) 
favors the greatest influx of these substances, however, 
as they lack specificity, they also reach non-transformed 
cells.27 Chemotherapy, by targeting circulating tumor cells, 
aims to increase the chance of cure, decrease the risk of 
recurrence, increase the chances of survival and improve the 

quality of life of patients.28 It can be adopted before surgery, 
in a neoadjuvant system, enabling tumor reduction and a 
better delimitation of the surgical area, reducing the chances 
of formation of residual tumors. It has been adopted in TN 
and HER2+ breast tumors, with significant improvement 
in the prognosis of patients.29 When adopted after surgery, 
chemotherapy is called adjuvant and is considered the 
gold standard in the control of advanced cases of the 
disease.30,31 The absolute benefit of neoadjuvant or adjuvant 
chemotherapy depends on the risk of recurrence, which is 
closely related to tumor characteristics.26

In this context, the grade and size of the lesion, 
presence of tumor cells in lymph nodes, age, recurrence, 
general health status of the patient, molecular classification 
and genetic profile are considered in determining the 
chemotherapy regimen.18,26 Currently, drugs used in 
the treatment of breast cancer (Figure 1 and Table 1) 
are classified according to their mechanism of action 
(Figure  2), with emphasis on alkylating, antimitotic, 
antimetabolite and anthracyclic agents.8,61

Chemotherapeutics compounds that can interact with 
deoxyribonucleic acid (DNA) and block its replication are 
known as DNA alkylating agents.62,63 More specifically, 
these drugs interact with the double helix, replace alkyl 
groups with hydrogen atoms, resulting in the formation of 
cross-links between the two strands and preventing their 
separation during replication, and therefore resulting in 
cytotoxic, mutagenic and carcinogenic effects.64,65 These 
chemotherapy drugs are subdivided into six classes: 

Figure 1. Chemical structure of drugs used in the chemotherapeutic treatment of breast cancer.
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Figure 2. Representation of the mechanism of action of the main chemotherapy drugs used in the treatment of breast cancer. Including DNA alkylating 
agents, antimetabolites, anthracyclines and antimitotics. Figure created with BioRender.60

Table 1. Details of drugs routinely used in the chemotherapy treatment of breast cancer

Class Mechanism of action Drugs Breast cancer treatment Side effects

Alkylating agents

bind to DNA, affecting 
its replication and repair 

and inducing cell death by 
apoptosis or necrosis32-34

cisplatin, oxaliplatin, and 
carboplatin32,34

neoadjuvant, adjuvant, and 
metastatic cancer therapy 

(mostly combined 
with taxanes or 

anthracyclines)34,36

about 40 side effects and 
dose limiting; main side 
effects: nephrotoxicity, 

myelosuppression, 
neurotoxicity, 

cardiotoxicity37,38

oxazaphosphorines-
cyclophosphamide35

main side effects: 
nephrotoxicity, neurotoxicity, 

cardiotoxicity33,39,40

Antimitotic agents stabilize microtubules41

ixabepilone, eribulin

therapy of patients with breast 
cancer resistant to multiple 
chemotherapeutic agents 

(anthracycline, taxane, and 
capecitabine);43 can be used 
alone or in combination with 

capecitabine44

may lead to peripheral 
neuropathy, but reversible44

taxanes-paclitaxel and 
docetaxel41

neoadjuvant, adjuvant and 
metastatic cancer therapy45

dermatological,47 
ophthalmological,48 and 

hypersensitivity reactions49

vinorelbine

neoadjuvant, adjuvant and 
metastatic cancer therapy; can 
be used in combination with 
other chemotherapy drugs46

neutropenia and leukopenia50

Antimetabolites
inhibit the activity of 

thymidylate synthase51

capecitabine and its active 
5-fluorouracil

treatment of patients after 
treatment failure with 

anthracyclines and taxanes, or 
in residual cancers43,52

hepatotoxicity55 and 
dermatological effects56

gemcitabine
therapy of metastatic cancers 
(usually in combination with 
anthracyclines or taxanes)53,54

neutropenia and 
myelosuppression53,54

Anthracyclines

hydrophobic drugs that 
attract the DNA molecule; 

intercalate the DNA molecule, 
inhibiting topoisomerase II 

and increasing the production 
of reactive oxygen species33,57

doxorubicin and 
epirubicin33,57,58

neoadjuvant, adjuvant and 
metastatic cancer therapy33,57

cardiotoxicity with 
cumulative profile33,57,59

DNA: deoxyribonucleic acid.
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nitrogen mustards, ethyleneamine and methylenamine 
derivatives, alkyl sulfonates, nitrosoureas, triazenes and 
platinum-containing agents.65 Among the class of alkylating 
agents, the most used in breast cancer therapy are platinum-
based chemotherapy and oxazaphosphorines.33

The main representatives of antimitotic are taxanes, 
ixabepilone, eribulin and vinorelbine. They are compounds 
with similar functions, stabilizing the mitotic spindle 
fibers.66 In terms of chemical structure, taxanes are 
characterized by the presence of the taxane ring and a bulky 
ester side.67 Ixabepilone is a semi-synthetic analogue of 
epothilone B,68 eribulin, in turn, is a synthetic macrocyclic 
ketone, analogue of Halichondrin B (macrolide polyether)69 

and vinorelbine is a representative of vinca alkaloids 
(Vinca  rosea).70 Microtubule stabilization prevents cell 
cycle progression and consequently induces apoptosis.71

Regarding antimetabolites, they are drugs that activate 
apoptotic mechanisms by disrupting metabolic pathways 
that are directly or indirectly involved in the synthesis 
phase (Phase S) of the cell cycle.72,73 These compounds are 
analogous substances to folate, purines and pyrimidines.63,74 
In terms of structure, they are similar to cytosine and 
uracil.72 For this reason, antimetabolites can significantly 
affect the activity of enzymes involved in DNA replication. 
The chemotherapy drugs 5-fluorouracil, capecitabine and 
gemcitabine are included in this class for breast cancer 
treatment.75

Finally, anthracyclines are glycosidic drugs that have 
in their chemical structure the amino sugar daunosamine 
linked to an aglycone hydroxyanthraquinone. These drugs 
interact with the DNA molecule, induce the excessive 
production of reactive oxygen species and inhibit the 
enzyme topoisomerase II.76,77

Chemotherapy drugs traditionally used have limitations, 
which are reflected in the significant number of relapse 
cases, especially in more advanced cases. In addition to side 
effects, chemoresistance also stands out, which involves 
different mechanisms including changes in membrane 
permeability, activation of drug efflux pathways, and 
changes in gene expression profile and TME modulation.78 

Therefore, tumor cells resistant to anthracyclines, 
taxanes, ozaphosphorines and platinum-based drugs that 
already commercialized are common.33 In this context, the 
search for new drugs, the targeted synthesis of chemotherapy 
drugs and new therapeutic strategies are urgently needed.22 
In addition, changing the structure, route of administration 
and conjugating the current chemotherapeutic compounds 
with other drugs can increase the efficiency of the treatment 
and avoid chemoresistance pathways.79,80

Different synthesis strategies can be adopted, and 
the targeted one has been shown to be interesting in 

targeting pathways known to be important for tumor 
progression.81 Therefore, as some mechanisms of resistance 
to chemotherapy have already been described, it is possible 
to design and synthesize compounds that act on different 
targets, thus increasing the chance of therapeutic success.82 
However, it has been pointed out that the directed synthesis 
can make the research more biased, limiting its effects and, 
over time, promoting again chemoresistance, relapse and 
death. In this context, libraries of compounds with distinct 
groups and characteristics are created, seeking to select 
the most effective ones and, subsequently, describe their 
mechanisms of action.83-85

4. Caged Xanthones against Breast Cancer

Caged xanthones is a class of natural and synthetic 
compounds that are structurally defined by the presence of 
a xanthone motif in which its C-ring has been converted 
into a caged structure. Gambogic acid (GA), a caged 
Garcinia xanthone and the main bioactive compound of 
this chemical class, is a natural compound readily isolated 
from various plant species of the Garcinia genus, such as 
Garcinia hanburyi or Garcinia morella. More specifically, 
GA can be extracted from the resin of these two species, 
which is traditionally used in folk medicine in Southeastern 
Asia. This compound exhibits a highly peculiar structure, 
composed of the three fused rings (A, B, and C, Figure 3) 
characterizing its xanthone moiety, which bears an 
additional caged ring on ring C.9,86

GA has been identified as a promising agent against breast 
cancer, after having shown low-micromolar cytotoxicity 
in  vitro against  diverse breast cancer cell lines such as 
MCF-7, MDA-MB-231, T47D, and ZR751 (Figure 3).87-97 
GA has been shown to efficiently depolymerize microtubules 
and increase the phosphorylation levels of both p38 and 
JNK-1(C-Jun N-Terminal Kinase-1) enzymes in MCF-7 
cells, resulting in G2/M cycle arrest and apoptosis of 
breast cancer cells.98 The induction of cell cycle arrest and 

Figure 3. Structure of gambogic acid (GA) and cytotoxicity ranges 
reported against breast cancer (BC) cell lines. IC50 : half-maximal 
inhibitory concentration.
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MCF-7 cell apoptosis by GA could also be attributed to 
MDM2 (Murine double minute 2) oncogene inhibition and 
degradation,99 and to p53 and Bcl-2 (B-cell lymphoma 2) 
downregulation.100 Regarding other breast cancer cell lines, 
the apoptosis-inducing activity of GA in MDA-MB-231 cells 
could be linked to reactive oxygen species accumulation and 
activation of the mitochondrial apoptotic pathway,101 and 
its autophagy-inducing activity in these cells was proven to 
be due to mutant p53 (mutp53) inhibition.102 Furthermore, 
the apoptosis of MDA-MB-231 cells could be induced by 
GA in both TfR1(transferrin receptor 1)-dependent and 
TfR1-independent ways,103 highlighting the wide range 
of biochemical pathways available for GA to target breast 
cancer cells.

In addition to inducing apoptosis in breast cancer cell 
lines, GA managed to inhibit in vitro the adhesion, migration, 
and cell invasion of MDA-MB-231 and MDA-MB-435 
cells via MMP-2 (matrix metalloproteinase 2) and MMP-9 
(matrix metalloproteinase 9) inhibition through MAPK 
(mitogen-activated protein kinase) and kinase C signaling 
pathways.104,105 Such results suggested that GA could 
efficiently reduce the formation of breast cancer metastases, 
which was confirmed in vivo, as GA significantly inhibited 
(50% inhibition) the formation of lung metastases in 
MDA-MB-435 xenografted mice.105 Other in vivo studies 
further confirmed the inhibitory effect of GA against both 
BC tumor growth and lung metastases (MDA-MB-231 
xenograft).101

Given the promising results shown by GA in vitro and 
in vivo, its pharmacokinetic properties were evaluated in 
order to assess its viability as a drug candidate. The low 
water solubility of GA (intrinsic solubility: 13 µg mL-1 
or 15 µM) was highlighted,106,107 which could hamper its 
potential as an oral drug. Even though in vivo ADMET 
(absorption, distribution, metabolism, excretion and 
toxicity) studies revealed a non-toxic dosage of GA in rats 
eighteen times higher than the dose used in human clinical 
trials, they also showed that GA was mainly distributed 
in the liver and kidneys, which might be harmful at the 
concentrations necessary for its cytotoxic effect.108 Finally, 
this compound displays low metabolic stability in vivo, and 
a few studies already identified diversified metabolites and 
metabolic pathways of GA in rats or even humans.109,110

Therefore, despite the interesting anticancer properties of 
GA, these pharmacokinetic limitations highlighted the need 
for new GA-based caged xanthones derivatives to treat breast 
cancer, which could retain its high therapeutic potential while 
overcoming its pharmacokinetic limitations. As a result, a 
significant amount of research has been performed in the last 
two decades, focusing on both the development of synthetic 
strategies for the construction of the caged C-ring fragment 

of caged xanthones, and on the structure-activity relationship 
and optimization of this class against breast cancer. The 
main strategies towards optimized compounds involved 
the chemical simplification of GA, mainly by removing the 
prenylated groups, and the insertion of polar and ionizable 
groups in the different fragments, which enabled the 
discovery of pharmacophoric groups, the optimization of the 
potency against breast cancer, and an overall improvement 
of the pharmacokinetic properties. In this topic, we will 
discuss the main strategies for optimizing this chemical 
class and present the most promising compounds (half-
maximal inhibitory concentration (IC50) < 20 µM) against 
various breast cancer cell lines, highlighting compounds 
with nanomolar potency (IC50 < 1 µM). Quite regrettably, 
all the relevant studies performed with caged xanthones did 
not determine the selectivity of those derivatives towards 
cancer cells vs. unmuted cells, despite its crucial importance 
in anticancer drug discovery.

4.1. Structural modifications on the side chains of GA

GA derivatives with modifications on the prenylated 
side chains of A and C (removal of the carboxyl group) rings 
have been investigated, to assess their apoptosis-inducing 
activity (Table 2). These compounds maintained the 
activity against the MCF-7 cell line, as compounds 1 and 2 
displayed potency comparable to GA (IC50 = 0.40 µM) with 
IC50 values of 0.90 and 1.10 µM, respectively.87 However, 
the removal of the unsaturation in the C ring (compound 3) 
resulted in an important decrease in activity against T47D 
cells, suggesting that the α,b-unsaturated ketone of GA is 
critical for its apoptosis-inducing activity.90

The introduction of diverse esters and amides on the side 
chain of the dihydropyran ring of GA, while maintaining 
a methoxy group on ring A and a methyl ester on ring C, 
delivered derivatives with anti-proliferative activity 
against MCF-7 cells (measured in 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays). 
Indeed, the IC50 obtained for these compounds (4-9, 
Table 3) ranged from 0.98 to 5.05  µM, among which 
the N-methylpiperazinamide 8 exhibited a potency 
three times higher than GA (IC50  =  2.79  µM).92 Other 
derivatives bearing similar modifications, introducing 
aliphatic amines, anilines and ethers at the end of the 
prenylated side chain, were also assayed against the MDA-
MB-231 cell line. These compounds (10-25) exhibited 
a considerable variation in their cytotoxic activities, 
with IC50 varying from 0.68 to 5.25 µM. Three of them, 
namely 13 (IC50 = 0.99 µM), 15 (IC50 = 0.68 µM), and 21 
(IC50 = 0.80 µM) reached nanomolar levels of potency, even 
though they slightly lost potency when compared to GA 
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(IC50 = 0.24 µM) (Table 3).94 Performing similar changes 
on the other prenylated chain of the A ring delivered 
compounds with cytotoxic activity against the same cell line 
comprised between 0.22 and 5.31 µM, with compounds 31 
(IC50 = 0.89 µM), 34 (IC50 = 0.40 µM), 43 (IC50 = 0.22 µM) 

and 44 (IC50 = 0.87 µM) displaying nanomolar activity, and 
only compounds 34 and 43 having an antitumoral activity 
comparable to GA (Table 3).89

As mentioned before, one of the limitations of GA 
is its poor water solubility, which negatively affects its 

Table 2. Cytotoxic activity of GA and derivatives 1-3 against MCF-7 and T47D cells

 

Compound  R1 R2

IC50 / µM
Reference

MCF-7 T47D

1  H Me 0.9 ND 87

2  Me
 

1.1 ND 87

3  CO2H  
ND > 20 90

GA  CO2H  
0.4 0.7 87,90

IC50: half maximal inhibitory concentration; GA: gambogic acid; ND: not determined.

Table 3. Cytotoxic activity of GA and derivatives 4-44 against MCF-7 and MDA-MB-231 cells

 

Compound R1 R2

IC50 / µM
Reference

MCF-7 MDA-MB-231

4
 

H 5.04 ND 92

5
 

H 5.05 ND 92

6

 

H 2.82 ND 92

7

 

H 1.52 ND 92

8

 

H 0.98 ND 92

9

 

H 3.80 ND 92

10
 

H ND 4.00 94
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Compound R1 R2

IC50 / µM
Reference

MCF-7 MDA-MB-231

11
 

H ND 4.44 94

12
 

H ND 1.62 94

13
 

H ND 0.99 94

14

 

H ND 1.56 94

15

 

H ND 0.68 94

16

 

H ND 1.48 94

17

 

H ND 5.25 94

18

 

H ND 4.91 94

19

 

H ND 3.73 94

20

 

H ND 4.27 94

21
 

H ND 0.80 94

22
 

H ND 2.28 94

23
 

H ND 1.88 94

24
 

H ND 5.13 94

25
 

H ND 1.15 94

26
  

ND 5.31 89

27
  

ND 2.62 89

28
  

ND 1.09 89

29
  

ND 1.20 89

Table 3. Cytotoxic activity of GA and derivatives 4-44 against MCF-7 and MDA-MB-231 cells (cont.)
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Compound R1 R2

IC50 / µM
Reference

MCF-7 MDA-MB-231

30
  

ND 1.56 89

31
 

 
ND 0.89 89

32
 

 

ND 2.40 89

33
 

 

ND 5.25 89

34
 

 

ND 0.40 89

35
  

ND 3.73 89

36
 

 
ND 4.25 89

37
  

ND 1.34 89

38
 

 

ND 2.28 89

39
 

 

ND 1.88 89

40
 

 

ND 4.13 89

41
  ND 1.15 89

42
  

ND 1.02 89

43
  

ND 0.22 89

44
  ND 0.87 88

GA - - 2.79 0.24 89,92,94

IC50: half maximal inhibitory concentration; GA: gambogic acid; ND: not determined.

Table 3. Cytotoxic activity of GA and derivatives 4-44 against MCF-7 and MDA-MB-231 cells (cont.)

potential to becoming an oral drug. Thus, to improve this 
parameter, the compound 45 was designed to incorporate a 
glycine linker in the carboxyl fragment. However, despite 
encouraging results obtained against MDA-MB-435 
(IC50  =  1.90  µM) and MDA-MB-468 (IC50  =  1.85  µM) 
cells, SRB (sulforhodamine B) assays performed with 45 
revealed a certain disparity in terms of activity against 

different BC cell lines, with a marked loss of activity against 
drug-resistant MCF-7/ADR cells (Table 4).111

Similarly, ester and amide derivatives of GA bearing 
either a hydroxyl, a methoxy or an acetyl group on the A 
ring, were evaluated in HTS (high-throughput screening) 
caspase activation assay against T47D and ZR751 cells. 
In a general way, such structural modifications led to 
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improvements in terms of potency against both BC 
cell lines in comparison with GA (IC50

T47D  =  0.78  µM, 
IC50

ZR751 = 1.64 µM). Specifically, the piperidinamide 47 
and the piperazinylpyrimidinamide 50 exhibited nanomolar 
activities respectively 4- and 3-fold higher than GA against 
T47D cells, and both proved to be twice as potent as GA 
against ZR751 cells (Table 5).97

4.2. Structural modifications based on simplified structures 
of GA

In addition to the extensive research work that delivered 
derivatives based on the full core of GA, more recent studies 
suggested that the dihydropyran moiety on the A ring does 
not exert a substantial effect on the cytotoxicity, and that 

Table 4. Structure and cytotoxic activity of 45 against MCF-7, MCF-7/ADR, MDA-MB-468 and MDA-MB-435 cells

Compound Structure
IC50 / µM

Reference
MCF-7 MCF-7/ADR MDA-MB-468 MDA-MB-435

45

 

5.55 25.40 1.85 1.90 111

IC50: half maximal inhibitory concentration.

Table 5. Cytotoxic activity of GA and derivatives 46-55 against T47D and ZR751 cells

 

Compound R1 R2

IC50 / µM
Reference

T47D ZR751

GA OH H 0.78 1.64 97

46 OMe H 0.44 1.29 97

47
 

H 0.21 0.78 97

48
 

H 1.39 3.85 97

49
 

H 0.68 1.76 97

50
 

H 0.24 0.78 97

51
 

H 0.38 1.24 97

52

 

H 0.56 1.14 97

53 OMe Me 0.80 2.31 97

54
 

Me 0.42 1.01 97

55 OH Ac 0.51 1.39 97

IC50: half maximal inhibitory concentration; GA: gambogic acid.
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cluvenone (CLV) represents the minimum pharmacophore 
of the caged xanthones compounds (Table 6).91,112 Thus, the 
cytotoxic activity against human breast carcinoma MCF-7 
cells of CLV derivatives with different substitution patterns 
for the hydroxyl and prenylated groups on ring  A was 
evaluated in MTT assays. However, the activity of these 
CLV derivatives only remained in the low micromolar 
range, with IC50 values varying between 11.90 and 6.36 µM 
(compounds 56-60, Table 6).91 Other A- and C-ring-modified 
CLV analogs displayed moderate to strong cytotoxicity 
against the MCF-7 and MDA-MB-231 cell lines, with 
compound 61 exhibiting an IC50 of 0.42 and 2.17  µM 
against MCF-7 and MDA-MB-231 cells, respectively.113 
The introduction of relatively small substituents on the A 
ring, such as a hydroxyl or MOM (methoxymethyl) group 
or a fluorine atom, identified compounds with potency 
similar to or twice higher than CLV in SpheroidsMARY-X 
model (compounds 63 and 64, Table 6).112 The OH group 
was given slightly more attention, with hydroxycluvenones 
65-68 being tested against the MCF-7 cell line in MTT 

assays. Among this small subset of derivatives, the 
two meta-hydroxycluvenones (meta  vs.  B-ring ketone, 
compounds 66 and 68, Table 6) only reached half of 
the potency of CLV, while the potency of the two others 
(compounds 65 and 67, Table 6) remained similar, but 
slightly better, than CLV against MCF-7.95

Attempts to improve the drug-like properties of 
CLV have been carried out, by introducing a carbamate 
moiety on the A ring (compounds 69-78). Even though 
no pharmacokinetics evaluation of these derivatives 
has been published yet, the initial in vitro structure-
activity relationship (SAR) studies revealed a potent 
antiproliferative activity against MDA-MB-231 cells. 
Indeed, all carbamate CLV derivatives but one, namely the 
pyrrolidinocarbamate 73, were 1.5 to 10 times more potent 
than GA (Table 7),96 which constitutes encouraging initial 
results for this class of compounds.

Natural product analogs of CLV isolated from 
Garcinia cantleyana, bearing fused furan and dihydrofuran 
rings on the A ring, have also been considered as potential 

Table 6. Cytotoxic activity of CLV and derivatives 56-68 against MCF-7 cells, MDA-MB-231 cells, and in SpheroidsMARY-X  

 

Compound R1 R2 R3 R4 R5

IC50 / µM
Reference

MCF-7 MDA-MB-231 SpheroidsMARY-X

CLV H H H H H 13.995 ND 0.63112 95,112

56
 

OH H H H 11.9 ND ND 91

57 H H OH H 6.97 ND ND 91

58 H H
 

OH H 9.06 ND ND 91

59 OH H OH
 

H 6.36 ND ND 91

60 OH
 

OH H H 8.15 ND ND 91

61
 

OH H OH OH 0.42 2.17 ND 113

62
 

OH H OH OMe 4.40 17.17 ND 113

63 H  H OH H ND ND 0.38 112

64 H F H F H ND ND 1.12 112

65 H H H OH H 9.1695 0.3296 0.51112 95,96,112

66 OH H H H H 19.40 ND ND 95

67 H OH H H H 12.40 ND ND 95

68 H H OH H H 20.60 ND ND 95

IC50: half maximal inhibitory concentration; CLV: cluvenone; ND: not determined.
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hits against breast cancer (BC). The assessment of their 
cytotoxicity against the MDA-MB-231 and MCF-7 cell 
lines revealed a huge disparity in terms of potency against 
these cells, with cytotoxicity 4 to 7 times higher against 
MCF-7 than against MDA-MB-231 cells. Nonetheless, 
the activity of compounds 79 and 80 against the MCF-7 
line proved of valuable interest, remaining in the low 
micromolar and nanomolar range (Table 8).113

The C ring of CLV has also been explored, bringing 
structural modifications either on the caged ring itself 
(methyl removal) or to the prenylated side chain of this ring. 
From these, it has become clear that the two methyl groups 
on the caged ring are essential to the cytotoxicity of caged 
xanthones against T47D cells, as compound 81 exhibited 
a 7-fold drop in potency when compared to 82 (Table 9).90 
Regarding alterations to the prenylated side chain, replacing 
the prenyl group by either a diol or an epoxy ring or 
appending a bromine or hydroxyl to a methylene of the 
prenyl moiety improved the activity against MCF-7 by up 
to three orders of magnitude.  However, when comparing to 
GA, only compounds 84 and 86 displayed similar potency 
against the same MCF-7 cell line (Table 9).93

Despite the promising in vitro and in vivo anti-breast 
cancer activities of GA, the low aqueous solubility and 
metabolic stability have limited its progress as an anticancer 
drug candidate. The main strategies explored to optimize 
these properties involved the removal of the prenylated 
groups, and the insertion of polar and ionizable groups in 
the different fragments, which generated compounds with 
improved in vitro anti-breast cancer and pharmacokinetic 
properties. Further studies focusing on the in vivo evaluation 
against breast cancer of the most active derivatives reported 
here, and the elucidation of their mechanism of action, 
should be expected to be underway, to bring relevant data 
for comparison with GA.

5. Thiosemicarbazone Derivatives against 
Breast Cancer 

During the last decades thiosemicarbazones have 
been highlighted in medicinal chemistry due to their 
chemical and pharmacological properties. Based on 
that, thousands of compounds have been reported with 
different chemical structures and biological activities 

Table 7. Cytotoxic activity of GA and derivatives 69-78 against MDA-
MB-231 cells

 

Compound R1

IC50 / µM
Reference

MDA-MB-231

69
 

0.17 96

70

 

0.47 96

71

 

0.25 96

72

 

0.58 96

73

 

4.40 96

74

 

0.87 96

75

 

1.00 96

76

 

0.88 96

77

 

0.76 96

78

 

0.66 96

GA - 1.50 96

IC50: half maximal inhibitory concentration; GA: gambogic acid.

Table 8. Cytotoxic activity of derivatives 79-80 against MCF-7 and 
MDA-MB-231 cells

 

Compound
IC50 / µM

Reference
MCF-7 MDA-MB-231

79  0.83 6.23 113

80  1.48 6.70 113

IC50: half maximal inhibitory concentration.
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such as antitubercular, antiviral, antibacterial, antifungal 
and anticancer acticity.114-118 In this topic, we discuss 
the potential of free thiosemicarbazone Schiff base and 
complexes based on thiosemicarbazones as anti-breast 
cancer drugs candidates involving the recent families of 
palladium(II), platinum(II) and other metal complexes.

The remarkable anticancer action of thiosemicarbazone 
derivatives is highlighted by compounds Dp44mT and 
Triapine (compounds 88 and 89, respectively, Table 10). 
Dp44mT is an iron chelator with anticancer activity on 
human cervical carcinoma-derived (KB3), the small 
cell lung carcinoma cell line (DMS-53), the colon 
adenocarcinoma cell line (HCT-15), and the MCF-7 and 
MDA-MB-231 breast carcinoma.119 Additionally, Dp44mT 
is able to induce apoptosis and non-apoptotic lysosomal 
cell death through the destabilization of the lysosomal 
membrane by the generation of cytotoxic reactive oxygen 
species (ROS), leading to intracellular release of lysosomal 
hydrolases.120 This compound overcomes the common 
resistance phenomena expressed by human cancer cells 
and exhibits outstanding potency and selectivity against the 
MCF-7 breast cancer cell line with an IC50 of 0.38 nM and 
a selectivity index over 40,000.119 Triapine is a well-known 
thiosemicarbazone derivative, which has undergone clinical 
trials as a chemotherapeutic potential, being studied against 
numerous cancer cell lines, including cervical cancer, 

pancreatic cancer, stage IV ovarian epithelial cancer, prostate 
cancer, among others.121,122 Triapine has presented also good 
results against breast cancer cell line with an IC50 of 3.00 µM. 
Its metal chelation proprieties are essential for its cytotoxicity 
capabilities, as elucidated by Thelander et al.123 in 1983. The 
constant presence of oxygen and iron is fundamental for the 
mammalian ribonucleotide reduction (an important step in 
cellular duplication). Therefore, this thiosemicarbazone 
induces cellular apoptosis by capturing the iron necessary 
for this step.124 

In addition to the broad pharmacological profile 
of thiosemicarbazones, this class of compounds also 
presents a high chemical versatility, allowing a plenty of 
structural modifications. These structures can also act as 
ligands to metal complexes, being able to coordinate via 
sulfur and/or nitrogen atoms, depending on the different 
substituents of the thiosemicarbazone scaffold (R1, R2, 
R3, R4, Figure 4), which bring a range of systematic 
variation possibilities. Such variations can change the 
physicochemical properties of the ligands, as well as their 
biological activity and those of their respective complexes. 
Aldehyde-based thiosemicarbazones, for instance, have 
a hydrogen atom as one of their substituents (R1), while 
R2 can be either an alkyl, aryl or heterocyclic group. 
Similarly, the substituents R3

 and R4 can either be both 
hydrogen or one hydrogen and the other an alkyl (or aryl) 

Table 9. Cytotoxic activity of GA and derivatives 81-87 against MCF-7 and T47D cells

 

Compound R1 R2 R3 R4 R5

IC50 / µM
Reference

T47D MCF-7

81  H H H H > 20 ND 90

82
 

Me H H H 3.0 ND 90

83
 

Me OH H  ND 4.68 93

84
 

Me OH H  ND 1.78 93

85
 

Me OH H  ND 3.66 93

86
 

Me OH H  ND 1.38 93

87
 

Me OH Br  ND 1.92 93

GA - - - - - 0.7090 0.9093 90,93

IC50: half maximal inhibitory concentration; GA: gambogic acid.
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group. The thiosemicarbazones exist as tautomers of 
thione-thiol and can bind to metallic centers, regardless 
of if they are found in their neutral or anionic form. The 
anionic form is generated after the deprotonation of the 

NH or SH groups. Table 10 highlights thiosemicarbazones 
with promising results against the MCF-7 cell line 
(IC50 < 20 µM) reported in the last five years. In addition 
to their potency, one detail worth noting about this class 
is their overall high selectivity towards this cell line. 
The detailed discussion of their structure and anticancer 
activity that follows, is based only in the most active 
compounds (IC50 < 1 µM) and some important compounds 
that advanced in clinical trials. 

Table 10. Selected thiosemicarbazones with IC50 < 20.00 µM against MCF-7 cell line

Compound
Thiosemicarbazone IC50  / µM

Reference
R1 R2 R3 R4 MCF-7 (SI)

88 
(Dp44mT)   

Me Me 0.00038 (40474) 117

89 
(Triapine)

H
 

H H 3.00 (> 8) 125

90 H
 

 
0.53 (> 47) 126

91 H
 

 
0.36 (> 69) 126

92 H
 

 
0.20 (> 125) 126

93 H
 

 
0.42 (> 60) 126

94 H
 

 
3.81 (> 7) 126

95 H
  

0.47 (> 53) 126

96 H
  

2.54 (> 10) 126

97 H
  

1.12 (> 22) 126

98 H
  

0.20 (> 125) 126

99 H
  

0.26 (> 96) 126

100 H
  

1.73 (> 14) 126

101 H
  

2.29 (> 11) 126

102 H
 

H Ph
13.21 
(> 6)

127

103 Me
 

H Ph 7.53 (> 8) 127

104 Ph
 

H Ph 1.33 (41) 127

Figure 4. General chemical structure of thiosemicarbazones.
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Compound
Thiosemicarbazone IC50  / µM

Reference
R1 R2 R3 R4 MCF-7 (SI)

105
  

H Ph 0.65 (62) 127

106 Me
 

H Ph 11.32 (> 5) 127

107 H
  

0.017 (1004) 117

108 H

 
 

0.011 (967) 117

109
   

0.012 
(0.1)

117

110
   

0.004 (39) 117

111 H
 

H iPr 14.3 (> 35) 128

112 H

 

H Ph 15.8 (> 32) 128

113 Me  Me H H 2.27 (NAa) 129

114 H

 

H H 3.36 (NA) 129

115 H

 

H H 2.74 (NA) 129

116 H
 

H H 7.08 (NA) 129

117 H
 

H H
3.61 
(NA)

129

118

 
 

3.28 (NA) 130

119 H

 

H H 2.82 (> 7) 131

120 H
 

H H
7.10 
(> 3)

131

121

 
 

2.93 (NA) 132

122

  

4.41 (NA) 132

123

 
 

5.41 (NA) 132

124

 

Me Me 7.41 (NA) 132

IC50: half maximal inhibitory concentration; GA: gambogic acid; SI: selectivity index; NA: not available. 

Table 10. Selected thiosemicarbazones with IC50 < 20.00 µM against MCF-7 cell line (cont.)
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Rejmund et al.126 synthesized in 2018 a series of twelve 
thiosemicarbazones, based on the Triapine skeleton with 
the inclusion of pyrazine fragments (Figure 4). All the 
compounds were tested against five human cancer cell 
lines: HCT116 p53+/+, HCT116 p53-/-, MCF-7, U-251 and 
Hs683. The compounds reported in Table 10 as 90, 91, 92, 
93, 95, 98 and 99 displayed IC50 values under 1 µM (0.53, 
0.36, 0.20, 0.42, 0.47, 0.20 and 0.26 µM, respectively). 
The mechanism of action of these compounds is still not 
fully understood.

A series of five thiosemicarbazone derivatives (102, 
103, 104, 105 and 106, Table 10) was investigated by 
Qi et al.127 and demonstrated moderate to high anti-breast 
cancer activity. Their growth inhibition activities were 
evaluated against three human cancer cell lines: A549, 
MCF-7 and T24. The results found against the MCF-7 
cell line were 13.21, 7.53, 1.33, 0.65 and 11.32  µM, 
respectively. Compound 105 was the most active and, 
interestingly, its chemical structure is very similar to 
Dp44mT, only replacing the methyl group of Dp44mT 
by a phenyl. It induces cellular apoptosis through the 
mitochondrial apoptotic pathway, by controlling the 
expression of cyclins, cyclin-dependent kinases (Cdk) and 
Cdk inhibitors, impeding the cell cycle distribution. 

5.1. Metal-based compounds containing thiosemicarbazone 
ligands

The versatility afforded by metal-based complexes in 
the field of medicinal chemistry and drug development 
have been proved since the discovery of the arsphenamine, 
an effective drug for syphilis treatment133 constituted on 
an arsenic-based compound. Other examples of metals 
encountered in the field of inorganic medicinal chemistry 
include lithium against bipolar disorders,134 gold(I) for 
the treatment of rheumatoid arthritis135 and silver(I), used 
to provide antibacterial effects.136 Additionally, cisplatin 
proved to be an efficient anticancer agent against many 
kinds of tumors and remains in clinical uses in combination 
with doxorubicin for breast,137 bladder,138 endometrial, 
ovarian and lung cancer.139 The success of cisplatin and 
its platinum(II) analogues as carboplatin and oxaliplatin 
have incentivized researchers to give special attention to 
metal complexes, due to their potential anticancer activity. 

Thiosemicarbazone derivatives have garnered 
considerable interest due to their versatile nature as ligands, 
with high π delocalization, configurational flexibility, and 
N,S-donor properties, making them suitable for a plenty of 
metal ions,140-144 including palladium(II) and platinum(II). 
Additionally, thiosemicarbazones can achieve alternative 
targets and not only DNA as demonstrated by platinum(II)-

based drugs. Thus, the complexation of thiosemicarbazones 
with PdII and PtII is an interesting alternative and is a growing 
area in the field of inorganic medicinal chemistry.145-150 

Metal-based therapeutics provide diverse electronic and 
structural features, encompassing a wide range of oxidation 
states, coordination geometries, and types and numbers 
of ligands.151,152 These compounds offer novel chemistry, 
including different types of ligand substitution and metal- 
and ligand-based redox processes.151,152 In contrast to 
organic drugs, they are often “pro-drugs” that undergo 
activation in the target pathway or site. The importance 
of studies involving thiosemicarbazone compounds is 
evident from their basic structure, which provides numerous 
possibilities for coordination with different metals due to 
the presence of electron-donating atoms. This characteristic 
enables the discovery of several new, biologically promising 
compounds with interesting chemotherapeutic properties, 
including antitumor effects.123,134-136

Therefore, research aimed towards the synthesis and 
evaluation of thiosemicarbazone compounds as metal-
based therapeutics is relevant to the development of new 
alternative drugs that could be used for cancer treatment 
or in a combination chemotherapy. Below, we highlight 
in detail derivatives of PdII, PtII, Cu, GaIII, ZnII, SnIV, AgI 
and MnII complexes containing thiosemicarbazone ligands 
reported in the last 5 years that obtained promising results 
against the MCF-7 cell line (Figure 5). 

Lin et al.153 performed a study in which three platinum(II) 
complexes with thiosemicarbazone ligands (complexes 
125, 126 and 127, Figure 5) were investigated against the 
MCF-7 cell line. Complexes 125 and 126 exhibit in their 
chemical structure a chlorine atom coordinated to the 
metal center, while the complex 127 presents an additional 
thiosemicarbazone ligand coordinated to the platinum in a 
monodentate way through its S atom. The authors observed 
that these platinum(II) complexes exhibited better IC50 
values (IC50 of 6.6, 8.3, and 1.7  µM for 125, 126, and 
127, respectively) than cisplatin (IC50 = 13.5 µM against 
MCF-7), used as a positive control. The addition of an 
extra thiosemicarbazone to the complex 127 significantly 
improved the in vitro anticancer activity.

Six copper(I) complexes containing thiosemicarbazones 
were prepared and had their in vitro cytotoxicity against 
MCF-7 cells investigated by Mahendiran et al.154 in 2018. 
Complexes 134 and 135 (Figure 5), with IC50 values of 10.9 
and 11.2 µM, respectively, exhibited better activity than 
cisplatin (IC50 of 12.1 µM), while the complex 136 (IC50 
of 13.9 µM) showed the lowest activity of this subset of 
compounds. The chemical structure of the three complexes 
reported here differs by the presence of substituents on 
the benzene ring attached to thiosemicarbazone. The 
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results suggest that the complexes with electron-donate 
substituents on the aromatic ring, such as complexes 135 
and 136 (R = OMe and OH, respectively), exhibit greater 
activity due to resonance between the benzene ring and 
the substituent. 

Gallium(III) thiosemicarbazone complexes showed 
improved anti-proliferative activity against MCF-7 cells 
when compared to the corresponding free ligands. The IC50 
values ranged from 0.89 to 15.29 µM for the ligands, while 
the potency of the corresponding complexes (137-141, 
Figure 5) varied from 0.37 to 2.53 µM, indicating that 

the presence of the metal center can directly influence the 
anticancer activity.127 A detailed study of the anticancer 
mechanism of gallium(III) complexes showed that they act 
as typical agents in the mitochondrial apoptotic pathway. 
The gallium(III) complexes were able to inhibit the cell 
cycle by decreasing the amount of of G2 phase cells by 17% 
when compared to vehicle-treated controls. Interestingly, 
the ability of the gallium(III) complexes to inhibit the cell 
cycle was independent from their concentration, while 
their apoptosis-promoting ability was concentration-
dependent.127

Figure 5. Selected thiosemicarbazone complexes with IC50 against MCF-7 cell line under 20 µM.
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Kokina et al.155 synthesized five zinc(II), palladium(II), 
and copper(I) thiosemicarbazone complexes, and evaluated 
the effect of ligands and complexes on MCF-7 cell line 
viability. Their study showed that the ligands had no 
activity at the tested concentrations (1-50 µM), while the 
complexes had a significant dose-dependent cytotoxic 
activity, with IC50 values between 9 and 20 µM. The CuI 
complex (142, Figure 5) exhibited the highest potency 
among the complexes (IC50 = 9.8 µM), comparable to that 
of cisplatin (IC50 = 5.75 µM). However, the palladium(II) 
complexes (128 and 129, Figure 5) and  zinc(II) complex 
(143, Figure 5) showed low activity. Thus, the development 
of metal complexes with natural thiosemicarbazones 
derived from terpenes has the potential to generate new 
biologically active compounds.

Twelve tin(IV) complexes with thiosemicarbazone 
Schiff bases were obtained by Yusof et al.156 in 2020 and 
tested against ten cancer cell lines, including MCF-7 
cells. The diphenyltin(IV) derivatives showed the most 
promising anticancer potency. The same study also 
investigated the structure-activity relationship of these 
complexes, evaluating the effect of different substituents on 
the thiosemicarbazone backbone, the phenyl ring, and the 
tin center. Results against MCF-7 showed that almost all 
complexes were more active than cisplatin (IC50 = 6.5 µM), 
with a special highlight on complexes 144 and 145 which 
reached nanomolar potency (IC50  =  0.02 and 0.09  µM, 
respectively). It is worth noting that all these twelve tin(IV) 
complexes were around 300 and 70 times more active 
than cisplatin, underlining the promising potential of such 
complexes. 

Silva et al.157 presented a breakthrough in the synthesis 
of tetrahedral silver compounds featuring O-alkylated 
vanillin thiosemicarbazone ligands. Their complexes 
exhibited significant antiproliferative activity against lung 
cancer A549 and breast cancer MDA-MB-231 and MCF-7 
cell lines. After 48 h of incubation, the IC50 values of the 
compounds ranged from 5.78 to 18.8 µM, compound 147 
being the most active (IC50  =  5.78  µM) against MCF-7 
cells. All complexes were more potent than the control 
drug cisplatin. Compound 146 presented the ability to 
induce cell death by apoptosis and cause mitochondrial 
membrane depolarization, suggesting that the compounds 
target mitochondria rather than DNA. Even though the 
complex 148 was the less potent of this set of compounds, 
its activity was still almost 3 times higher than cisplatin.

Hosseini-Kharat  et  al.158 investigated the production 
of nickel and palladium-based antitumor agents aimed at 
treating the highly aggressive and drug-resistant triple-
negative breast cancer. The compounds were evaluated 
against MCF-7, MC4L2 and triple-negative breast cancer 

cell lines with different exposure times (24, 48 and 72 h). 
The study revealed that the palladium derivatives were 
better anticancer agents than the nickel-based ones, as 
complex 130 (Figure 5) showed an activity of 20 µM against 
the MCF-7 cells, while the nickel complexes showed IC50 
values between 25 and 200 µM after 48 h of treatment. All 
the nickel and palladium complexes were less potent than 
cisplatin, used as a positive control (IC50 = 12 µM).

Recently, the copper(II) complex 149 demonstrated a 
potency of 1.24 µM against the MCF-7 cell line, about twice 
as high as the control used (IC50 = 2.60 µM).130 This suggests 
that the high anticancer potency of 149 can be attributed 
to the copper center, which generates excessive ROS and 
exhibits high binding affinity towards DNA.

The paper from Jaragh-Alhadad et al.159 highlights the 
global challenge posed by cancer and the limitations of non-
specific treatments causing side effects on healthy tissues. It 
proposes the use of low-density lipoprotein (LDL) particles 
to deliver drugs to cancer cells with greater precision and 
reduce collateral damage. The article details the successful 
use of LDL particles to encapsulate thiosemicarbazone 
metal complexes to target tubulin protein in breast, lung, 
and prostate cancer cells. Using this treatment approach, the 
authors observed low IC50 values for all complexes tested 
(IC50 from 1.18 to 6.61 µM). The copper complex (150, 
Figure 5) with an IC50 of 1.18  µM and the manganese 
complex (151) deserve to be highlighted, since they 
displayed activities three times higher than the palladium(II) 
complex (131) (IC50 of 3.89 µM) and six times higher than 
the platinum(II) complex (132, IC50 of 6.56 µM). Thus, the 
approach proved effective in decelerating the growth of 
cancer cells and mimicked the natural metabolic pathway 
of LDL. Taken together, these findings suggest that using 
LDL particles for active drug delivery could be a promising 
strategy in cancer treatment.

Ali  et  al.160 in their study, have synthesized a new 
thiosemicarbazone ligand and used it to coordinate with the 
following metal ions: NiII, CuII, PdII, and PtII. The resulting 
complexes were then tested for their antiproliferative 
activity against MCF-7 breast cancer cells. The data 
showed that the complexes had moderate to highly potent 
antiproliferative activity, reaching nanomolar levels of 
potency for the most active ones (IC50  =  0.1-31.6  µM). 
Among them, the PtII complex 133 exhibited the best 
antiproliferative activity with an IC50 of 0.1 µM, while the 
corresponding NiII complex remained the less active od all 
(IC50 = 31.6 µM).

Gold(III) compounds have received increasing 
attention in cancer research. Rodríguez-Fanjul  et  al.,161 
in 2018, presented synthesis of three gold complexes 
of thiosemicarbazone ligands. The complexes exhibited 
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significant antiproliferative activity against MCF7, MDA-
MB-231 and MCF10A cell lines after 24 h of incubation. 
Compound 152 was the best for the three strains tested 
with IC50 of 10.9 µM to MCF7, 8.5 µM to MDA-MB-231 
and 2.5  µM to MCF10A. However, compounds 153 
and 154 are also worth mentioning. In assays against 
MCF10A, the IC50 values of 153 was 3.5  µM and 154 
was 17.4 µM. Almeida et al.162 reported the synthesis of 
a new AuIII complex with the ligand 2-acetylthiophene-
N(3)-methylthiosemicarbazone. The biological activity of 
free thiosemicarbazone and its complexes were evaluated 
against the human cancer cell line MCF-7. After 24 h 
of treatment, the results against MCF-7 showed that 
complex 155 (IC50  =  0.16  µM) was 600 times more 
active than the ligand (IC50 > 100 µM), showing that the 
inclusion of the metal potentiates the biological activity of  
the compound.

In most studies reported, the coordination of 
thiosemicarbazones to a metal ion has been found to 
increase the anticancer activity against breast cancer 
cells.153-160 It is notable that inorganic compounds can 
offer alternative mechanisms of action and reach different 
molecular targets when compared to organic molecules.127 
It should be noticed that there are still few studies on the 
mechanism of action of inorganic compounds against 
cancer cells. This can be justified by the high versatility 
of these structures, which allows a huge diversity of 
reactions with metal complexes. For instance, they can 
undergo ligand exchange and redox reactions, changes 
in their oxidation state, and their geometry can be altered 
in a biological environment.151,152 The molecular self-
aggregation exhibited by thiosemicarbazones cause the 
poorly water-soluble character of this class. In most part 
of the studies the drug candidate is primarily solubilized 
in dimethyl sulfoxide (DMSO) and the maximum 
achievable concentration in solution is often limited 
by the DMSO cytotoxicity. Furthermore, derivatives of 
thiosemicarbazones precipitate very quickly during in vitro 
assays, leading in some cases to unreliable concentration 
(IC50) data.163-165 Thus, the extremely low aqueous solubility 
content of thiosemicarbazones remains a key obstacle to 
their biological evaluation.

6. The Potential of Photodynamic Therapy 
(PDT) in Breast Cancer 

Light has been used as a therapeutic agent for 
thousands of years.166 The combination of light and certain 
chemicals compounds, called photosensitizers (PS), can 
oxidize biomolecules (proteins, lipids and DNA) and 
promote the death of cancer cells.167,168 This is the basic 

principle of PDT, a therapeutic modality that uses light 
and a PS in presence of oxygen to treat some types of 
cancers, including breast cancer.169-171 The advantages of 
PDT, in comparison to conventional treatments such as 
chemotherapy, radiotherapy and surgery, are its lower 
invasiveness than surgery, the possibility of repeating 
PDT without facing the risks of cumulative toxic effects 
encountered in radiotherapy, and the absence of the side 
effects frequently occurring in chemotherapy since PS does 
not exhibit toxicity without light.172 

Differently from main chemotherapy agents used in the 
treatment of breast cancer, the mechanism of action of PDT 
does not involve DNA alkylating agents, antimetabolites, 
anthracyclines and antimitotics (Table 1 and Figure 2). 
Actually, the cytotoxic effects induced by PDT on cancer 
cells are the consequence of a generation of ROS by the 
PS. The mechanism of action starts with the absorption of 
a photon from a light of suitable wavelength by the PS, 
which promotes an electron from the ground state to an 
orbital of higher energy, known as the excited state. The PS 
in this singlet excited state is very unstable and can undergo 
diverse photophysical processes, including intersystem 
crossing, to form a more stable triplet excited state. This 
triplet excited state lasts long enough to allow the transfer 
of its energy to molecular oxygen (O2), producing singlet 
oxygen (1O2), or to allow electron transfer reactions forming 
other ROS such as hydroxyl radicals (OH•), superoxide 
ions (O2

–•) and hydrogen peroxide (H2O2).167,168 As a result, 
intracellular biomolecules can be oxidized by these ROS, 
which may trigger cell death depending on the extent of 
cellular damage.167

Most of the approved protocols of PDT and involving 
PS are for treating accessible and/or non-deep tumors 
such as non-melanoma skin cancers,173 head, neck, 
lung, gastrointestinal and prostate cancers.174 The recent 
advances in PDT technology resulted in the broadening 
of the applications of PDT to breast cancer treatment.171 
Generally, an ideal PS should exhibit low toxicity in the 
dark; high molecular absorption (≥ 20000-30000 M−1 cm−1) 
in the phototherapeutic window (ca. 600-900 nm), high 
quantum yield of ROS, and good solubility in water and 
chemical stability.174 One of the difficulties to the clinical 
use of PS is the depth of penetration of light into biological 
tissues. During rational drug design it is important to 
consider chemical structures of PS that absorbs photons 
on “optical transparency windows” of biological tissues 
allowing deeper penetration and less attenuation during 
the irradiation process. Another limitation is the balance 
of lipophilic/hydrophilic nature of PS, a more lipophilic 
PS usually aggregate losing its photophysical properties 
and water solubility, while a more hydrophilic PS may 
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not permeate through cellular membranes and have 
poor interaction with target biomolecules.175 Although 
significant advances through PS design, up to nowadays, 
there are no PS presenting a “magic bullet” containing all 
ideal characteristics required for a powerful PS. Therefore, 
the search for new, tissue-specific PS is constantly 
ongoing, in order to identify photosensitizers capable of 
meeting these requirements. As a result, several in vitro 
studies have underlined the potential of different PS for 
applications in PDT against human breast cancer cell 
lines (Figure 6).

Methylene blue (MB, compound 156, Figure 6) a 
phenotiazinium dye with a variety of applications, was 
assayed using 2 or 20  µM of MB followed by light 
irradiation (4.5 J cm-2) against MCF-7, MDA-MB-231 
and MCF-10A cell lines.176 PDT with MB was found to 
induce larger percentages of cell death in two human breast 
cancer cell lines (MCF-7 and MDA-MB-231) than in non-
tumorigenic human MCF-10A cells, reaching a difference 
of up to 80% of MB-PDT-induced cell death between 
malignant and normal-like cells.176 The MDA-MB-231 
line showed the highest rate of cell death after 24 h PDT 

Figure 6. Chemical structures of common PS (phenothiazines, porphyrins, chlorins and hypericin) tested in vitro for PDT to breast cancer.
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(97.3%), followed by the MCF-7 cell line (78.3%) and 
finally by the normal-like MCF-10A cells (18.0%) using 
2  µM of MB and 4.5 J cm-2 light dose (640 nm). This 
shows that MB-PDT selectively induces cell death in breast 
cancer cells.176 

Porphyrin derivatives were also tested in vitro against 
breast cancer cell lines. Gamelas  et  al.177 evaluated 
the photosensitizing properties of 5,10,15,20-tetrakis 
[4- (pyr id in ium-1-y l -methyl )phenyl ]porphyr in 
(compound 157, Figure 6) and compared them with the ones 
of the cationic 5,10,15,20-tetrakis(1-methylpyridinium-
4-yl)porphyrin (TMPyP, compound 158, Figure 6), a 
promising PS for PDT. In MCF-7 cells, 157 demonstrated 
a significant photodynamic efficiency (50% of MCF-7 cells 
survival) at 1 µM after an irradiation period of 15 min, and 
the maximum efficiency was reached within 10 min using 
a concentration of 2.5 µM of 157 and red-light irradiation 
(λ > 640 nm, 23.7 mW cm-2). For 158, its photodynamic 
effect induces 50% of cell mortality at a concentration of 
2.5 µM, using a similar red-light irradiation (λ > 640 nm, 
21.3 J cm-2).177 

Other porphyrin based structures were studied by 
Feng et al.178 who synthesized three porphyrin derivatives 
from protoporphyrin dimethyl ester (compounds 159 
and 160, Figure 6) and hematoporphyrin monomethyl 
ether (HMME, compound 161, Figure 6), The activity 
of these compounds was evaluated against the MCF-7 
and MDA-MB-231 cell lines, and both dimethyl ester 
derivatives  159 and 160 exhibited higher phototoxicity 
under low light doses (0.5, 1 and 2 J cm-2) when compared 
to their homologous compound 161. Porfimer sodium 
(compound 162, Figure 6) managed to reach a cytotoxic 
activity of 15 2.48 mM (PS concentration) against MCF-7 
cells under 633 nm light irradiation (6 J cm-2 for 4 h).179 

In addition to the free porphyrins widely used in PDT, 
porphyrins with some metals coordinated to the nitrogen 
atoms of the heterocycles can be used to improve the 
efficiency of PDT. For example, the survival rate of breast 
cancer cells decreased from 65.3 to 17.8% when a Zn-
coordinated porphyrin was used instead of its corresponding 
free porphyrin, suggesting a higher photodynamic activity 
of zinc(II) porphyrins comparing to free porphyrins.180

Teiten et al.181 tested a PS from chlorin class, meta-
tetra(hydroxyphenyl)chlorin (mTHPC, compound 
163, Figure 6) against both the MCF-7 cell line and its 
doxorubicin-resistant subline MCF-7/DXR (doxorubicin-
resistant) overexpressing the P-glycoprotein efflux-pump. 
Due to the larger surface area of the resistant cell line, 
the uptake of 163 was greater, leading to an enhanced 
cytotoxicity against MCF-7/DXR. Indeed, a concentration 
of 1.5 µM of 163 caused 50% inactivation of MCF-7 and 

MCF-7/DXR cells when exposed to red light irradiation 
(650 nm) at light doses of 2.4 and 1.1 J cm-2, respectively.181 
The photodynamic activity of 163, measured 24 h after 
irradiation, was significantly greater in MCF-7/DXR than in 
MCF-7 cells.181 Another PS from the chlorin class, methyl 
pyropheophenylchlorin (MPPa, compound 164, Figure 6), 
was studied by Zhu  et  al.182 against the MDA-MB-231 
cell line. This compound reached an IC50 of 2 µM when 
irradiated at 630 nm with a light dose of 2.7 J cm-2, and 
the efficient phototoxicity of MPPa was attributed to the 
concurrent induction of autophagy and ER stress. Other 
works also reported similar IC50 values (IC50  =  2  µM, 
630 nm, light dose = 0.9 J cm-2) for 164 in MCF-7 cells 
and demonstrated that MPPa-based photodynamic therapy 
inhibits the metastasis of MCF-7 cells, probably through 
the protein kinase B (Akt)/NF-κB-dependent matrix 
metalloproteinases (MMP-9) signaling pathway, which 
plays a crucial role in the degradation of the extracellular 
matrix and the subsequent invasion and metastasis of 
tumor cells.183

In a similar way to metalloporphyrins, compounds from 
the chlorin class may also coordinate metals at the center 
of their chromophore, resulting in altered photophysical 
properties and, consequently, photodynamic efficiency. 
Zinc pheophorbide a (compound 166, Figure 6) was found 
to display an IC50 of 527 nM against MCF-7 cells when 
applying a light dose of 2 J cm-2 with a light emitting 
diode  (LED) illuminator equipped with a 600 nm cut-
off filter.184 This nanomolar potency is rather promising, 
suggesting that zinc pheophorbide a might progress to 
in vivo studies. On the other hand, the combination of some 
metals and PS may not enhance the efficiency of PDT. For 
example, a pheophorbide a nickel complex (compound 167, 
Figure  6) exhibited a low activity (IC50  =  135.7  µM) 
against the MCF-7 cell line, even when exposed to a 
650 nm red light at a dose of 20 J cm-2.185

Hypericin (compound 165, Figure 6), a polycyclic 
quinone isolated from Hypericum perforatum, is a 
photosensitizing agent used in PDT. Its photoactivity has 
been demonstrated against various cancer cells in vitro.186 
Theodossiou et al.187 evaluated the photodynamic activity of 
165 against MCF-7 and MDA-MB-231 cells, which turned 
to be 70% higher for MDA-MB-231 than for MCF-7 cells.187 

In addition to the different classes of photosensitizers that 
have been previously presented, and constitute the majority 
of PS used in PDT, various metal complexes (Figure 7) have 
also been investigated in vitro as promising PS in PDT for 
human breast cancer. Some tertiary cobalt(III) complexes 
(compounds 168-170), for example, are low cytotoxic in 
the dark, but their accumulation in the cell membrane in 
significant concentrations favors reactions of photooxidation, 
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conferring them a certain phototoxicity against the MCF-7 
and MDA-MB-231 human breast cancer cell lines.188,189 CoII 
complex (compound 171, Figure 7) using 10 J cm-2 light 
dose at visible light (400-700 nm) showed IC50 of 12.2 and 
14.1 µM for MCF-7 and MDA-MB-231 cells, respectively. 
Similar results were obtained for cobalt(II) complex 
(compound 172, Figure 7) with IC50 values 6.1 and 9.3 µM 
in MCF-7 and MDA-MB-231 cells, respectively.190 Given 
that these complexes exhibited some toxicity in the dark, 
their phototoxic index (PI) was also determined. The PI is 
one of the various descriptors of the potential of a PS , and is 
defined as the quotient of the IC50 of a PS in the dark divided 
by its IC50 upon light irradiation.191 This value quantifies the 
increase in potency of a PS when irradiated, with compounds 
of PI > 5 being considered as phototoxic.191,192 Then, the 
PI values > 6.8 for these cobalt complexes, indicate high 
phototoxicity of the cobalt complexes containing anthracene-
based curcuminoid ligand, which makes them suitable 
candidates for PDT in breast cancer.190-192

Other examples of metal-based PS are ruthenium 
complexes, which favorable photophysical properties 
earned them a rising interest from researchers involved 
in the field of PDT. Among them, RuII polypyridyl 
complexes are highly promising photosensitizers that 
can act as anticancer agents, even though their relative 
absence of selectivity may lead to cytotoxic effects against 
normal cells in addition to their toxicity towards cancer 
cells. Thus, aiming to overcome this limitation of such 
complexes, a RuII complex containing a tamoxifen moiety 
acting as an estrogen receptor specific targeting group 
(compound 173, Figure 7) was synthesized and assessed 
for PDT against breast cancer. To provide an accurate 
assessment of the impact of the tamoxifen moiety, 173 
was compared with the corresponding compound lacking 
the tamoxifen submit (compound 174, Figure 7). The 
inclusion of the tamoxifen fragment in 173 proved to 
be highly beneficial regarding the cytotoxicity against 
MCF-7 cells, which remained about 4 times higher 

Figure 7. Structure of PS based on metal complexes and tested in vitro for human breast cancer.
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(IC50 ca. 4 µM) than the cytotoxic activity of 174 in the 
same conditions (450 nm irradiation at 12 J cm-2).193 The 
higher photoactivity of 173 was attributed to its tamoxifen 
moiety, which enhances both the cellular uptake of 173 
by breast cancer cells and the production of ROS in 
lysosomes organelles.193

Vanadium-based complexes, especially oxovanadium 
complexes, have also been considered for a possible 
use as PS in PDT applied to breast cancer. Boron-
dipyrromethene (BODIPY)-containing oxovanadium 
complexes (compounds 175 and 176, Figure 7) were 
synthesized and tested against MCF-7 cells.194 Both 
oxovanadium complexes showed low toxicity in the 
dark (IC50 > 100  µM). The diiodo-BODIPY derivative 
175 exhibited nanomolar potency against the MCF-7 
line (IC50 = 0.2 µM) under light irradiation (400-700 nm, 
10 J cm-2), while the removal of the two iodine atoms on 
the BODIPY moiety (compound 176, Figure 7) led to 
a 17-fold loss of potency under the same conditions of 
irradiation (IC50 = 3.4 µM).194 This enhanced photoactivity 
was attributed to the greater generation of singlet oxygen 
by 175 (ϕΔ (quantum yield of singlet oxygen) ca. 0.6) than 
by 176 (ϕΔ ca. 0.14).194 

All the PS we have described until now have been 
tested in vitro, and were included in this review after a 
careful selection according to the following criteria: (i) we 
only included PS tested in human breast cancer cell lines 
(MCF-7 and MDA-MB-231) , i.e., PS only tested in mouse/
mice breast cancer cell lines were not considered here; 
(ii) PS conjugated to nanoparticles or incorporated into 
formulations such as liposomal or polymeric micelles were 
excluded from our analysis, since our goal was evaluate 
the impact on photoactivity of the structure of the PS 
alone; (iii) studies on synergistic effects between PS and 
another drug or conventional therapies were also excluded 
from our discussion due to the same reason; (iv) only PS 
exhibiting satisfying in vitro photoactivity (IC50 < 10 µM) 
were selected. 

In addition to their in vitro assessment, some clinical 
studies involving PS are also worth mentioning (Table 11). 
The first clinical studies described employing PDT for 
the treatment of breast cancer used a hematoporphyrin 
derivative (HpD, Photofrin I) and dihematoporphyrin esters 
(DHE, Photofrin II), commonly known as first-generation 
photosensitizers. Even though these PS induced a clinical 
side-effect (prolonged skin phototoxicity for about 
4  weeks), the trials revealed a complete response to 
recurrent breast cancer in 7-20% of patients, using DHE or 
HpD activated by light doses ranging from 20-359 J cm-2 
(red light at 630 nm).195,196 

HpD (Photofrin I) and DHE (Photofrin II) are mixtures 
of porphyrins in different states of aggregation,201 that 
were approved by regulatory agencies for the treatment 
a broad range of cancers, such as bladder cancer (1993, 
Canada), early stage of lung cancer (1994, Japan), 
esophageal cancer (1995, USA, FDA approval) and early 
non-small cell lung cancer (1998, USA, FDA approval).202 
This drug was also investigated for the treatment of chest 
wall recurrences of breast cancer.202 Porfimer sodium was 
assayed against breast cancer secondary tumors (chest 
wall) at a dose of 3 mg kg-1 with an irradiation of 60-
120 J cm-2 (laser light). It achieved an interesting 75% 
of complete recovery, but also induced undesirable side 
effects (damaged local tissue).197 Similar recovery rates 
were observed in studies using a lower dose of porfimer 
sodium (around 0.75 mg kg-1) and higher light doses 
(140-182 J cm-2), which allowed to limit the damage to 
surrounding tissues.203,204 A light dose of only 100 J cm-2 

even managed a total response rate of 91% and a complete 
response in 73%, using low doses of PS, since normal 
tissues retain lower drug concentrations than tumors, 
in which drugs tend to accumulate. This allows the use 
of higher light doses and deeper tissue penetration to 
destroy the tumor while sparing normal tissues, thanks to 
photobleaching.198,205 Indeed, a treatment using 0.8 mg kg-1 
porfimer sodium and a light dose of 150 J cm-2 resulted 

Table 11. Photosensitizers (PS) tested in vivo for PDT in breast cancer

PS
Concentration / 

(mg kg-1)
Light dose / 

(J cm-2)
λ / nm

Completed 
recovery / %

Model Reference

Verteporfin 0.4 30-50 690 – humana 170

Temoporfin (m-THPC) 0.10-0.15 5-10 652 – humanb 195

Porfimer sodium 

2.5-5.0 20-359 630 7-20 humanb 196

3.0 60-120 630 75 humanb 197

1-2 100 630 91 humanb 198

0.8 135-170 630 89 humanb 199

0.8 150-200 630 64 humanb 200
aPrimary breast cancer; bbreast carcinoma chest wall recurrence.
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in a complete recovery in 89% of the tumors treated.199 
Similar conditions guaranteed a complete recovery of 
64% in another study, which also described the immune-
modulating effects of PDT.200 PDT-generated tumor-
sensitized lymphocytes were collected after the treatment, 
and lesions that were not within the area of treatment 
regressed within 4 to 6 weeks after the beginning of the 
treatment, due to a possible immune mechanism at these 
disease sites. 

Temoporfin (m-THPC, compound 163), another 
PS approved for the PDT treatment of squamous cell 
carcinoma of the head and neck by the European Medicines 
Agency (EMA) in 2001,206 was also evaluated in clinical 
studies to treat breast cancer.195 A temoporfin dose of 
0.1 mg kg-1 bodyweight followed by irradiation 48 h after 
drug administration (light dose: 5-10 J cm-2) resulted in 
the full recovery of all the 89 patients treated in the study. 
The superiority of this class of photosensitizing compounds 
in comparison to the first generation of photosensitizers 
like porfimer sodium can be attributed  to the higher 
purity of temoporfin (single-compound formulation, 98% 
purity), its higher phototoxicity in a specific light dose 
(5-10  J  cm-2 required for temoporfin  vs.  20-359  J  cm-2 

for porfimer sodium) the lower drug doses required 

(0.1-0.15 mg kg-1 vs. 1.0-5.0 mg kg-1), and it maximum 
absorbance of 652 nm, allowing in a deeper light penetration 
in body tissues when compared to the absorbance of 630 nm 
of porfimer sodium.181,195

Verteporfin, a PS approved by FDA to treat age-
related macular degeneration using PDT in 2000,207 was 
administered at a dose of 0.4 mg kg-1 to primary breast 
cancer patients and exposed to laser irradiation (690 nm, 
30-50 J cm-2).170 Such treatment managed to increase the 
extent of tumor necrosis in a light dose-dependent manner. 
Unfortunately, due to the lack of candidates for this study, 
no statistical analysis of the clinical response could be 
performed. 

Although many preclinical studies have been reported 
in order to identify a PS suitable for approval for breast 
cancer treatment, to date, only three compounds managed 
to reach the stage of clinical trials, which are currently 
ongoing (Table 12).  

To summarize this section, PDT is a type of treatment 
approved for skin cancers, head, neck, lung, gastrointestinal 
and prostate cancers. Recently research advances have 
shown the applicability of this promising method for 
breast cancer treatment. The PDT mechanism of action 
are based on ROS generation that oxidize biomolecules 

Table 12. Clinical trials of PS to PDT in breast cancer

PS chemical structure Commercial name Stage Status Reference

 
Benzoporphyrin derivate monoacid ring A (BPDMA)

Verteporfin

phase I/IIA completed 208

phase II unknown 209

 
Tin ethyl etiopurpurin (SnET2)

Rostaporfin phase II/III completed 206,210

 
Motexafin lutetium

Lutrin, Antrin phase II completed 211
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and may trigger cells to death. ROS are generated by PS, 
thus chemical structure of PS is crucial to PDT efficiency. 
We showed different PS compounds tested in vitro against 
breast cancer cell line, which porphyrin and chlorin 
derivatives were the most common. From all PS tested, 
three derivatives are ongoing in clinical trials against 
breast cancer.

7. Conclusions

Chemotherapy is the main therapeutic strategy to 
treat breast cancer, despite the chemoresistance and side 
effects presented by the currently used drugs. Therefore, 
the search for new drugs candidates is urgently needed, 
and the in vitro screening of different classes of chemical 
compounds against breast cancer have been widely 
explored. From the extensive in vitro results of caged 
xanthones, thiosemicarbazones and photosensitizers 
reported in this review, compounds based on these scaffolds 
appear as promising against breast cancer, highlighting the 
potential of these classes of compounds for providing new 
anticancer agents.

Acknowledgments

 The authors would like to thank the following 
agencies for the financial support provided: Fundação 
de Amparo à Pesquisa do Estado de Minas Gerais 
(FAPEMIG, project numbers APQ-00704-21, APQ-
00789-22 and APQ-00760-18), REMITRIBIC (RED-
00031-21), Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES, scholarships grant 
88887.807621/2023-00 and 88887.820992/2023-00). 

Author Contributions

C.O.R.J.,  T.M.T., T.G.A., C.G.O. were responsible for 

conceptualization, data curation, resources, validation, visualization, 

writing original draft, writing-review and editing; D.D.S.O., 

T.J.W.D.L., F.C.S., I.V.C., R.A.C.S., P.A.M., G.M.A. for investigation, 

writing original draft, writing-review and editing.

Douglas D. S. Oliveira obtained 
his degree in Chemistry from the 
Federal University of Triângulo 
Mineiro (Uberaba, Minas Gerais, 
Brazil). He is currently a Master’s 
s tudent  in  Organic  Synthesis 
and Medicinal Chemistry at the 
Federal University of Uberlândia 

(Uberlândia, Minas Gerais, Brazil), where he carries out 
the hit-to-lead optimization of a new pyridylpiperazine 
class against tropical parasitic diseases, focusing on 
malaria, under the supervision of Prof Dr Celso de 
Oliveira Rezende Júnior. 

Thibault J. W. Jacques Dit 
Lapierre obtained his Master’s 
Degree in Chemistry of Biomolecules-
Research and Innovation from the 
Ecole Nationale Supérieure de 
Chimie de Montpellier (Montpellier, 
France), during which his research 
was performed at the Leibniz Institut 

für Naturstoff-Forschung und Infektionsbiologie e. V. 
Hans-Knöll-Institut (Jena, Thuringia, Germany) under 
the supervision of Dr Florian Kloß, and focused on the 
synthesis of antitubercular benzothiazinones. Currently 
carrying out a PhD in Organic and Medicinal Chemistry 
at the Universidade Federal de Uberlândia (Uberlândia, 
Minas Gerais, Brazil) under the supervision of Prof 
Dr Celso de Oliveira Rezende Júnior, focusing on the 
synthesis of new pyrazinylpiperazines and thiazoles against 
kinetoplastid parasites.

Fe r n a n d a  C a r d o s o  S i l v a 
is currently a PhD student in the 
Graduate Program in Genetics and 
Biochemistry at the Federal University 
of Uberlândia, and she has a master’s 
degree in Biotechnology (UFU). She 
has experience in cancer research 
using copper metal complexes and 

chemotherapeutics; role of purinergic signaling in breast 
cancer; regulation of purinergic signaling by miRNAs, and 
purinergic signaling in systemic in angiogenesis. She is a 
researcher of the Laboratory of Genetics and Biotechnology 
(GBio).

Ieda Vieira da Cunha is Master’s 
student in Chemistry at the Federal 
University of Uberlândia. Bachelor’s 
degree in Industrial Chemistry 
(2023) from the Federal University 
of Uberlândia.  She is member of 
‘Interdisciplinary Laboratory of 
Photobiology and Biomolecules 

(LIFeBio)’ research group. Her project is based on the 
synthesis of new photosensitizers for Photodynamic 
Therapy in resistant microorganisms.



Advances in Breast Cancer Drug DiscoveryOliveira et al.

26 of 32 J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

Rafael A. C. Souza received his 
BSc degree from Federal University 
of Uberlândia (UFU) in 2011 and 
PhD at Natural Products Research 
Group (NuPPeN-UFU) in 2021. 
His research interests include single 
crystal crystallography, extraction 
and isolation of natural products, 

and synthesis and photoreforming of lignocellulosic 
compounds. Souza has in total 18 published papers and 
68 total citations. 

Patrícia Alves de Matos is PhD 
student in Chemistry at the Federal 
University of Uberlândia. She holds 
a Master’s degree in Chemistry 
(2023) from the Federal University 
of Uberlândia. Graduated in Law 
(2007) from Polytechnic College of 
Uberlândia and Food Technology 

(2016) from Federal Institute of Triângulo Mineiro, 
specialization in Public Law and Philosophy of Law (2008) 
from Catholic College of Uberlândia and in Quality Control 
in Food Processes (2018) by Federal Institute of Triângulo 
Mineiro. Currently, her research project focus on carbon 
nanotubes as nanocarrier of photosensitizers to enhance 
photodynamic therapy efficacy in breast cancer. 

G u s t a v o  M .  A l m e i d a  i s 
undergraduate student majoring 
in Chemical Engineering at the 
Federal University of Uberlândia 
(UFU). He begans his studies in 2021 
and anticipate graduating in 2025. 
Currently, he is actively engaged in 
Scientific Initiation as part of the 

Bioinorganic Chemistry Group (GQBio) at the Institute of 
Chemistry-UFU. His project focuses on the synthesis and 
characterization of ZnII and CoIII complexes using ligands 
derived from nitrophenol, aiming to explore their potential 
antiviral properties.

Carol ina  G.  Ol ive ira  has 
experience in Inorganic Chemistry, 
with emphasis in Coordination 
Chemis t ry  and  B io inorganic 
Chemistry. Major interests rely on 
inorganic and physical chemistry 
applied on medicine. The research 
focus includes the development of new 

organic compounds with antimicrobial/antitumor activities 

(imines, thiosemicarbazone and hidrazones derivatives of 
commercial antimicrobial/antitumor agents) to be used as 
carriers and synergistic ligands of metal ions; synthesis and 
evaluation of antiviral, antimicrobial and antiproliferative 
activities of MnII, CoIII, ZnII, PtII and PdII complexes. 
Oliveira is currently Professor at Federal University of 
Uberlandia with 15 publications in peer-reviewed journals 
in the last 5 years with h-index: 10 and 279 total citations.

Thaise Gonçalves Araújo is 
PhD in Genetics and Biochemistry, 
she is an Associate Professor 
at the Universidade Federal de 
Uberlândia, developing projects 
applied to oncology, with emphasis 
on methods and techniques of cell and 
molecular biology and biotechnology, 

for theranostics. She coordinates the Laboratory of 
Genetics and Biotechnology (GBio) and leads a research 
group in the following areas: molecular oncology, phage 
display in mapping peptides binding to different targets; 
bioengineering of Fab and scFv antibody fragments 
displayed on phages and prospection of drugs for 
oncological treatment. Researcher at INCT in Theranostics 
and Nanobiotechnology and at Minas Gerais Network 
for Translational Research in Immunobiologicals and 
Biopharmaceuticals in Cancer. 

Tayana Mazin Tsubone  is 
Professor at the Chemistry Institute of 
the Federal University of Uberlândia. 
Bachelor’s degree in Chemistry (2011) 
from the State University of Maringá 
(UEM) and PhD in Sciences (2017) 
from the Institute of Chemistry of 
the University of São Paulo, with an 

internship period at Rutgers University-New Jersey, United 
States (2014). She holds a Post-Doctorate in Biophysics 
(2017-2019) at the Institute of Physics of University of São 
Paulo. Her main research interests are related to photoactive 
molecules for Photodynamic Therapy, drug interaction 
with biomolecules (protein, lipids and DNA), biological 
membranes and photoinduced cell death mechanisms.

Celso O. Rezende Jr is PhD in 
Chemistry from Federal University 
of Juiz de Fora (Brazil, 2014) with an 
internship period at the University of 
California San Diego (United States, 
2013). He holds a Post-Doctorate in 
Medicinal Chemistry (2014-2018) at 



Advances in Breast Cancer Drug Discovery Oliveira et al.

27 of 32J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

the State University of Campinas (Brazil) in collaboration 
with Drugs for Neglected Diseases initiative (DNDi). He is 
currently Professor at the Chemistry Institute of the Federal 
University of Uberlândia (Brazil), developing projects of 
drug discovery against neglected tropical diseases and 
cancer. His main research interests are related to Hit-to-
Lead optimization process, involving the design, synthesis, 
and pharmacological evaluation of different class of 
organic compounds.

References

 1. Riggio, A. I.; Varley, K. E.; Welm, A. L.; Br. J. Cancer 2021, 

124, 13. [Crossref] 

 2. Sharma, G. N.; Dave, R.; Sanadya, J.; Sharma, P.; Sharma, K. 

K.; J. Adv. Pharm. Technol. Res. 2010, 1, 109. [PubMed]

 3. MacMahon, B.; Int. J. Cancer 2006, 118, 2373. [Crossref] 

 4. Hulvat, M. C.; Surg. Clin. North Am. 2020, 100, 469. [Crossref] 

 5. World Cancer Report: Cancer Research for Cancer Prevention 

World Cancer Reports; Wild, C. P.; Weiderpass, E.; Stewart, 

B. W., eds.; IARC: Lyon, 2020. [Link] accessed in July 2023

 6. Breast Cancer, https://www.who.int/news-room/fact-sheets/

detail/breast-cancer, accessed in July 2023.

 7. Waks, A. G.; Winer, E. P.; JAMA, J. Am. Med. Assoc. 2019, 321, 

288. [Crossref] 

 8. Abotaleb, M.; Kubatka, P.; Caprnda, M.; Varghese, E.; Zolakova, 

B.; Zubor, P.; Opatrilova, R.; Kruzliak, P.; Stefanicka, P.; 

Büsselberg, D.; Biomed. Pharmacother. 2018, 101, 458. [Crossref] 

 9. Chantarasriwong, O.; Althufairi, B. D.; Nicholas, J.; 

Theodorakis, E. A. In Studies in Natural Products Chemistry; 

1st ed.; Atta-ur-Rahman, ed.; Elsevier: Amsterdan, 2018, ch. 4.

 10. Kunos, C. A.; Sherertz, T. M.; Front. Oncol. 2014, 4, 184. 

[Crossref] 

 11. Tomlinson-Hansen, S.; Khan, M.; Cassaro, S. In StatPearl; 

StatPearls Publishing: Treasure Island, USA. [PubMed]

 12. Kashyap, D.; Pal, D.; Sharma, R.; Garg, V. K.; Goel, N.; 

Koundal, D.; Zaguia, A.; Koundal, S.; Belay, A.; Biomed Res. 

Int. 2022, ID 9605439. [Crossref] 

 13. Arnold, M.; Morgan, E.; Rumgay, H.; Mafra, A.; Singh, D.; 

Laversanne, M.; Vignat, J.; Gralow, J. R.; Cardoso, F.; Siesling, 

S.; Soerjomataram, I.; Breast 2022, 66, 15. [Crossref] 

 14. Harbeck, N.; Penault-Llorca, F.; Cortes, J.; Gnant, M.; 

Houssami, N.; Poortmans, P.; Ruddy, K.; Tsang, J.; Cardoso, 

F.; Nat. Rev. Dis. Prim. 2019, 5, 66. [Crossref] 

 15. Perou, C. M.; Sorlie, T.; Eisen, M. B.; van de Rijn, M.; Jeffrey, 

S. S.; Rees, C. A.; Pollack, J. R.; Ross, D. T.; Johnsen, H.; 

Akslen, L. A.; Fluge, I.; Pergamenschikov, A.; Williams, C.; 

Zhu, S. X.; Lùnning, P. E.; Brown, P. O.; Botstein, D.; Grant, 

S.; Con, H.; Nature 2000, 533, 747. [Crossref]

 16. Pondé, N. F.; Zardavas, D.; Piccart, M.; Nat. Rev. Clin. Oncol. 

2019, 16, 27. [Crossref] 

 17. Cserni, G.; Chmielik, E.; Cserni, B.; Tot, T.; Virchows Arch. 

2018, 472, 697. [Crossref] 

 18. Iwamoto, T.; Kajiwara, Y.; Zhu, Y.; Iha, S.; Chinese Clin. Oncol. 

2020, 9, 27. [Crossref] 

 19. Gradishar, W. J.; Moran, M. S.; Abraham, J.; Aft, R.; Agnese, D.; 

Allison, K. H.; Anderson, B.; Burstein, H. J.; Chew, H.; Dang, C.; 

Elias, A. D.; Giordano, S. H.; Goetz, M. P.; Goldstein, L. J.; Hurvitz, 

S. A.; Isakoff, S. J.; Jankowitz, R. C.; Javid, S. H.; Krishnamurthy, 

J.; Leitch, M.; Lyons, J.; Mortimer, J.; Patel, S. A.; Pierce, L. J.; 

Rosenberger, L. H.; Rugo, H. S.; Sitapati, A.; Lisa Smith, K.; 

Lou Smith, M.; Soliman, H.; Stringer-Reasor, E. M.; Telli, M. 

L.; Ward, J. H.; Wisinski, K. B.; Young, J. S.; Burns, J.; Kumar, 

R.; J. Natl. Compr. Cancer Network 2022, 20, 691. [Crossref] 

 20. Hortobagyi, G. N.; Edge, S. B.; Giuliano, A.; Am. Soc. Clin. 

Oncol. Educ. B 2018, 457. [Crossref] 

 21. Trayes, K. P.; Cokenakes, S. E. H.; Am. Fam. Physician 2021, 

104, 171. [PubMed]

 22. Lau, K. H.; Tan, A. M.; Shi, Y.; Int. J. Mol. Sci. 2022, 23, 2288. 

[Crossref] 

 23. Yin, L.; Duan, J. J.; Bian, X. W.; Yu, S. C.; Breast Cancer Res. 

2020, 22, 61. [Crossref] 

 24. Li, X.; Yang, J.; Peng, L.; Sahin, A. A.; Huo, L.; Ward, K. C.; 

O’Regan, R.; Torres, M. A.; Meisel, J. L.; Breast Cancer Res. 

Treat. 2017, 161, 279. [Crossref] 

 25. Bergin, A. R. T.; Loi, S.; F1000Research 2019, 8, 1342. 

[Crossref]

 26. Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, 

G.; Lancet 2021, 397, 1750. [Crossref] 

 27. Fisusi, F. A.; Akala, E. O.; Pharm. Nanotechnol. 2019, 7, 3. 

[Crossref] 

 28. Hassan, M. S. U.; Ansari, J.; Spooner, D.; Hussain, S. A.; Oncol. 

Rep. 2010, 24, 1121. [Crossref]

 29. Leon-Ferre, R. A.; Hieken, T. J.; Boughey, J. C.; Ann. Surg. 

Oncol. 2021, 28, 2111. [Crossref] 

 30. Montemurro, F.; Nuzzolese, I.; Ponzone, R.; Expert Opin. 

Pharmacother. 2020, 21, 1071. [Crossref] 

 31. Kerr, A. J.; Dodwell, D.; McGale, P.; Holt, F.; Duane, F.; Mannu, 

G.; Darby, S. C.; Taylor, C. W.; Cancer Treat. Rev. 2022, 105, 

102375. [Crossref] 

 32. Crown, J. P.; Semin. Oncol. 2001, 28, 28. [PubMed]

 33. Muley, H.; Fadó, R.; Rodríguez-Rodríguez, R.; Casals, N.; 

Biochem. Pharmacol. 2020, 177, 113959. [Crossref] 

 34. Zhu, Y.; Hu, Y.; Tang, C.; Guan, X.; Zhang, W.; Biochim. 

Biophys. Acta, Rev. Cancer 2022, 1877, 188678. [Crossref] 

 35. Zhang, J.; Tian, Q.; Sui, Y. C.; Shu, C. L.; Zhou, S.; Duan, W.; 

Zhu, Y. Z.; Drug Metab. Rev. 2005, 37, 611. [Crossref] 

 36. Tutt, A.; Tovey, H.; Cheang, M. C. U.; Kernaghan, S.; Kilburn, 

L.; Gazinska, P.; Owen, J.; Abraham, J.; Barrett, S.; Barrett-Lee, 

P.; Brown, R.; Chan, S.; Dowsett, M.; Flanagan, J. M.; Fox, L.; 

Grigoriadis, A.; Gutin, A.; Harper-Wynne, C.; Hatton, M. Q.; 

Hoadley, K. A.; Parikh, J.; Parker, P.; Perou, C. M.; Roylance, 

https://doi.org/10.1038/s41416-020-01161-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3255438/
https://doi.org/10.1002/ijc.21404
https://doi.org/10.1016/j.suc.2020.01.002
https://publications.iarc.fr/586
https://www.who.int/news-room/fact-sheets/detail/breast-cancer
https://www.who.int/news-room/fact-sheets/detail/breast-cancer
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1016/j.biopha.2018.02.108
https://doi.org/10.3389/fonc.2014.00184
https://pubmed.ncbi.nlm.nih.gov/33620843/
https://doi.org/10.1155/2022/9605439
https://doi.org/10.1016/j.breast.2022.08.010
https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1038/35021093
https://doi.org/10.1038/s41571-018-0089-9
https://doi.org/10.1007/s00428-018-2301-9
https://doi.org/10.21037/cco.2020.01.06
https://doi.org/10.6004/jnccn.2022.0030
https://doi.org/10.1200/edbk_201313
http://www.ncbi.nlm.nih.gov/pubmed/34383430
https://doi.org/10.3390/ijms23042288
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1007/s10549-016-4059-6
https://doi.org/10.12688/f1000research.18888.1
https://doi.org/10.1016/S0140-6736(20)32381-3
https://doi.org/10.2174/2211738507666190122111224
https://doi.org/10.3892/or_00000963
https://doi.org/10.1245/s10434-020-09480-9
https://doi.org/10.1080/14656566.2020.1746273
https://doi.org/10.1016/j.ctrv.2022.102375
http://www.ncbi.nlm.nih.gov/pubmed/11301372
https://doi.org/10.1016/j.bcp.2020.113959
https://doi.org/10.1016/j.bbcan.2022.188678
https://doi.org/10.1080/03602530500364023


Advances in Breast Cancer Drug DiscoveryOliveira et al.

28 of 32 J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

R.; Shah, V.; Shaw, A.; Smith, I. E.; Timms, K. M.; Wardley, 

A. M.; Wilson, G.; Gillett, C.; Lanchbury, J. S.; Ashworth, A.; 

Rahman, N.; Harries, M.; Ellis, P.; Pinder, S. E.; Bliss, J. M.; 

Nat. Med. 2018, 24, 628. [Crossref] 

 37. Oun, R.; Moussa, Y. E.; Wheate, N. J.; Dalton Trans. 2018, 47, 

6645. [Crossref] 

 38. Ghosh, S.; Bioorg. Chem. 2019, 88, 102925. [Crossref] 

 39. Dechant, K. L.; Brogden, R. N.; Pilkington, T.; Faulds, D.; 

Drugs 1991, 42, 428. [Crossref] 

 40. Wang, D.; Wang, H.; Acta Pharm. Sin. B 2012, 2, 107. [Crossref]

 41. Yuan, P.; Hu, X.; Sun, T.; Li, W.; Zhang, Q.; Cui, S.; Cheng, 

Y.; Ouyang, Q.; Wang, X.; Chen, Z.; Hiraiwa, M.; Saito, K.; 

Funasaka, S.; Xu, B.; Eur. J. Cancer 2019, 112, 57. [Crossref] 

 42. Martín, M.; Breast Cancer Res. 2015, 17, 81. [Crossref] 

 43. Rivera, E.; Am. J. Clin. Oncol. 2010, 33, 176. [Crossref] 

 44.  Ibrahim, N. K.; Front. Oncol. 2021, 11, 617874. [Crossref]

 45. McGrogan, B. T.; Gilmartin, B.; Carney, D. N.; McCann, A.; 

Biochim. Biophys. Acta, Rev. Cancer 2008, 1785, 96. [Crossref] 

 46. Hortobagyi, G. N.; Oncology 2001, 15, 15. [PubMed]

 47. Sibaud, V.; Leboeuf, N. R.; Roche, H.; Belum, V. R.; Gladieff, 

L.; Deslandres, M.; Montastruc, M.; Eche, A.; Vigarios, E.; 

Dalenc, F.; Lacouture, M. E.; Eur. J. Dermatol. 2016, 26, 427. 

[Crossref] 

 48. Fortes, B. H.; Liou, H.; Dalvin, L. A.; Eur. J. Ophthalmol. 2022, 

32, 602. [Crossref] 

 49. Picard, M.; Castells, M. C.; Clin. Rev. Allergy Immunol. 2015, 

49, 177. [Crossref] 

 50. Xu, K.; Liu, T.; Zhang, J.; Zhou, Y.; Yang, F.; Ren, T.; Int. J. 

Clin. Oncol. 2020, 25, 1624. [Crossref] 

 51. Sethy, C.; Kundu, C. N.; Biomed. Pharmacother. 2021, 137, 

111285. [Crossref] 

 52. Shien, T.; Iwata, H.; Jpn. J. Clin. Oncol. 2020, 50, 225. 

[Crossref] 

 53. Jassem, J.; Semin. Oncol. 2003, 30, 11. [Crossref]

 54. Colomer, R.; Oncology 2004, 18, 8. [PubMed]

 55. Brandolt, G. L. L.: Estudo da Toxicidade da Capecitabina 

em Pacientes Idosos com Câncer de Mama e do Trato 

Gastrointestinal; MSc Dissertation, Pontíficia Universidade 

Católica do Rio Grande do Sul, 2008. [Link] accessed in July 

2023

 56. Pereira, I. C.; Mascarenhas, I. F.; Capetini, V. C.; Ferreira, P. M. 

P.; Rogero, M. M.; Torres-Leal, F. L.; Crit. Rev. Oncol. Hematol. 

2022, 179, 103796. [Crossref] 

 57. Bergler-Klein, J.; Eur. Heart J.: Cardiovasc. Pharmacother. 

2021, 22, 416. [Crossref]

 58. Khasraw, M.; Bell, R.; Dang, C.; Breast 2012, 21, 142. 

[Crossref] 

 59. Nicolazzi, M. A.; Carnicelli, A.; Fuorlo, M.; Scaldaferri, A.; 

Masetti, R.; Landolfi, R.; Favuzzi, A. M. R.; Eur. Rev. Med. 

Pharmacol. Sci. 2018, 22, 2175. [Crossref]

 60. Biorender, https://www.biorender.com/, accessed in July 2023.

 61. Costa, B.; Amorim, I.; Gärtner, F.; Vale, N.; Eur. J. Pharm. Sci. 

2020, 151, 105401. [Crossref] 

 62. Luo, M.; Kelley, M. R.; Anticancer Res. 2004, 24, 2127. 

[PubMed]

 63. Falzone, L.; Salomone, S.; Libra, M.; Front. Pharmacol. 2018, 

9, 1300. [Crossref]

 64. Fu, D.; Calvo, J. A.; Samson, L. D.; Nat. Rev. Cancer 2012, 12, 

104. [Crossref] 

 65. Karati, D.; Mahadik, K. R.; Trivedi, P.; Kumar, D.; Anticancer. 

Agents Med. Chem. 2021, 22, 1478. [Crossref] 

 66. Samaan, T. M. A.; Samec, M.; Liskova, A.; Kubatka, P.; 

Büsselberg, D.; Biomolecules 2019, 9, 789. [Crossref] 

 67. Verweij, J.; Clavel, M.; Chevalier, B.; Ann. Oncol. 1994, 5, 495. 

[Crossref] 

 68. Lopus, M.; Smiyun, G.; Miller, H.; Oroudjev, E.; Wilson, L.; 

Jordan, M. A.; Cancer Chemother. Pharmacol. 2015, 76, 1013. 

[Crossref] 

 69. Swami, U.; Shah, U.; Goel, S.; Mar. Drugs 2015, 13, 5016. 

[Crossref] 

 70. Galano, G.; Caputo, M.; Felice Tecce, M.; Capasso, A.; Curr. 

Drug Saf. 2011, 6, 185. [Crossref] 

 71. Marsh, S.; Liu, G.; Adv. Drug Delivery Rev. 2009, 61, 381. 

[Crossref] 

 72. Tiwari, M.; J. Cancer Res. Ther. 2012, 8, 510. [Crossref] 

 73. Luengo, A.; Gui, D. Y.; Vander Heiden, M. G.; Cell Chem. Biol. 

2017, 24, 1161. [Crossref] 

 74. Shewach, D. S.; Kuchta, R. D.; Chem. Rev. 2009, 109, 2859. 

[Crossref] 

 75. Parker, W. B.; Chem. Rev. 2009, 109, 2880. [Crossref] 

 76. Minotti, G.; Menna, P.; Salvatorelli, E.; Cairo, G.; Gianni, L.; 

Pharmacol. Rev. 2004, 56, 185. [Crossref] 

 77. Martins-Teixeira, M. B.; Carvalho, I.; ChemMedChem 2020, 

15, 933. [Crossref] 

 78. Xia, M.; Zu, X.; Chen, Z.; Wen, G.; Zhong, J.; Cancer Lett. 

2021, 523, 100. [Crossref] 

 79. Libson, S.; Lippman, M.; Int. Rev. Psychiatry 2014, 26, 4. 

[Crossref] 

 80. Shah, N.; Mohammad, A. S.; Saralkar, P.; Sprowls, S. A.; 

Vickers, S. D.; John, D.; Tallman, R. M.; Lucke-Wold, B. 

P.; Jarrell, K. E.; Pinti, M.; Nolan, R. L.; Lockman, P. R.; 

Pharmacol. Res. 2018, 132, 47. [Crossref] 

 81. Curigliano, G.; Cancer Treat. Rev. 2012, 38, 303. [Crossref] 

 82. Gu, G.; Dustin, D.; Fuqua, S. A. W.; Curr. Opin. Pharmacol. 

2016, 31, 97. [Crossref] 

 83. Gurdal, E. E.; Yarim, M.; Durmaz, I.; Cetin-Atalay, R.; Drug 

Res. 2013, 63, 121. [Crossref] 

 84. Gurdal, E. E.; Durmaz, I.; Cetin-Atalay, R.; Yarim, 

M.; J.  Enzyme Inhib. Med. Chem.  2014 ,  29 ,  205.  

[Crossref] 

 85. Mahanta, N.; Szantai-Kis, D. M.; Petersson, E. J.; Mitchell, D. 

A.; ACS Chem. Biol. 2019, 14, 142. [Crossref] 

https://doi.org/10.1038/s41591-018-0009-7
https://doi.org/10.1039/c8dt00838h
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.2165/00003495-199142030-00006
https://doi.org/10.1016/j.apsb.2012.02.004
https://doi.org/10.1016/j.ejca.2019.02.002
https://doi.org/10.1186/s13058-015-0587-y
https://doi.org/10.1097/COC.0b013e3181931049
https://doi.org/10.3389/fonc.2021.617874
https://doi.org/10.1016/j.bbcan.2007.10.004
https://europepmc.org/article/med/11252883
https://doi.org/10.1684/ejd.2016.2833
https://doi.org/10.1177/1120672120969045
https://doi.org/10.1007/s12016-014-8416-0
https://doi.org/10.1007/s10147-020-01707-9
https://doi.org/10.1016/j.biopha.2021.111285
https://doi.org/10.1093/jjco/hyz213
https://doi.org/10.1016/S0093-7754(03)70138-9
https://europepmc.org/article/med/15685819
file:///W:/JBCS/JBCS%20banco1/Originais/2023-0127RV_YoungSci/Link
https://doi.org/10.1016/j.critrevonc.2022.103796
https://doi.org/10.1093/ehjci/jeab020
https://doi.org/10.1016/j.breast.2011.12.012
https://pubmed.ncbi.nlm.nih.gov/29687878/
 https://www.biorender.com/
https://doi.org/10.1016/j.ejps.2020.105401
http://www.ncbi.nlm.nih.gov/pubmed/15330152
https://doi.org/10.3389/fphar.2018.01300
https://doi.org/10.1038/nrc3185
https://doi.org/10.2174/1871520621666210811105344
https://doi.org/10.3390/biom9120789
https://doi.org/10.1093/oxfordjournals.annonc.a058903
https://doi.org/10.1007/s00280-015-2863-z
https://doi.org/10.3390/md13085016
https://doi.org/10.2174/157488611797579302
https://doi.org/10.1016/j.addr.2008.10.003
https://doi.org/10.4103/0973-1482.106526
https://doi.org/10.1016/j.chembiol.2017.08.028
https://doi.org/10.1021/cr900208x
https://doi.org/10.1021/cr900028p
https://doi.org/10.1124/pr.56.2.6
https://doi.org/10.1002/cmdc.202000131
https://doi.org/10.1016/j.canlet.2021.09.038
https://doi.org/10.3109/09540261.2013.852971
https://doi.org/10.1016/j.phrs.2018.03.021
https://doi.org/10.1016/j.ctrv.2011.06.006
https://doi.org/10.1016/j.coph.2016.11.005
https://doi.org/10.1055/s-0032-1333275
https://doi.org/10.3109/14756366.2013.765416
https://doi.org/10.1021/acschembio.8b01022


Advances in Breast Cancer Drug Discovery Oliveira et al.

29 of 32J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

 86. Chantarasriwong, O.; Batova, A.; Chavasiri, W.; Chem.-Eur. J. 

2010, 16, 9944. [Crossref]

 87.  Batova, A.; Lam, T.; Wascholowski, V.; Yu, A. L.; Giannis, 

A.; Theodorakis, E. A.; Org. Biomol. Chem. 2007, 5, 494.  

[Crossref] 

 88. Kasibhatla, S.; Jessen, K. A.; Maliartchouk, S.; Wang, J. Y.; 

English, N. M.; Drewe, J.; Qiu, L.; Archer, S. P.; Ponce, A. 

E.; Sirisoma, N.; Jiang, S.; Zhang, H. Z.; Gehlsen, K. R.; Cai, 

S. X.; Green, D. R.; Tseng, B.; Proc. Natl. Acad. Sci. U. S. A. 

2005, 102, 12095. [Crossref] 

 89. Zhang, X. J.; Li, X.; Yang, Y. R.; Sun, H. P.; Gao, Y.; Zhang, L.; 

Wang, J. X.; Guo, Q. L.; You, Q. D.; Chem. Biodiversity 2012, 

9, 2295. [Crossref] 

 90. Kuemmerle, J.; Jiang, S.; Tseng, B.; Kasibhatla, S.; Drewe, J.; 

Cai, S. X.; Bioorganic Med. Chem. 2008, 16, 4233. [Crossref] 

 91. Li, X.; Zhang, X.; Wang, X.; Li, N.; Lin, C.; Gao, Y.; Yu, Z.; 

Guo, Q.; You, Q.; Chinese J. Chem. 2012, 30, 35. [Crossref]

 92. Li, X.; Zhang, X.; Sun, H.; Zhang, L.; Gao, Y.; Wang, J.; Guo, 

Q.; You, Q.; Chinese J. Chem. 2012, 30, 1083. [Crossref]

 93. Miao, G.; Ma, J.; Yang, K.; Huang, Z.; Gu, Q.; Wang, Y.; Guo, 

Q.; You, Q.; Wang, J.; Aust. J. Chem. 2015, 68, 872. [Crossref]

 94. Sun, H. P.; Liu, Z.; Xue, X.; Gao, Y.; Zhang, L.; Wang, J. X.; 

Guo, Q.-L.; You, Q.-D.; Chem. Biodiversity 2012, 9, 1579. 

[Crossref]

 95 Wang, X.; Lu, N.; Yang, Q.; Gong, D.; Lin, C.; Zhang, S.; Xi, 

M.; Gao, Y.; Wei, L.; Guo, Q.; You, Q.; Eur. J. Med. Chem. 

2011, 46, 1280. [Crossref]

 96. Xu, X.; Wu, Y.; Hu, M.; Li, X.; Bao, Q.; Bian, J.; You, Q.; Zhang, 

X.; Sci. Rep. 2016, 6, 35771. [Crossref] 

 97. Zhang, H.; Kasibhatla, S.; Wang, Y.; Herich, J.; Guastella, J.; 

Tseng, B.; Drewe, J.; Cai, S. X.; Bioorg. Med. Chem. 2004, 12, 

309. [Crossref]

 98. Chen, J.; Gu, H. Y.; Lu, N.; Yang, Y.; Liu, W.; Qi, Q.; Rong, J. 

J.; Wang, X. T.; You, Q. D.; Guo, Q. L.; Life Sci. 2008, 83, 103. 

[Crossref] 

 99. Rong, J. J.; Hu, R.; Qi, Q.; Gu, H. Y.; Zhao, Q.; Wang, J.; 

Mu, R.; You, Q. D.; Guo, Q. L.; Cancer Lett. 2009, 284, 102.  

[Crossref] 

 100. Gu, H.; Rao, S.; Zhao, J.; Wang, J.; Mu, R.; Rong, J.; Tao, L.; 

Qi, Q.; You, Q.; Guo, Q.; J. Cancer Res. Clin. Oncol. 2009, 

135, 1777. [Crossref] 

 101. Li, C.; Qi, Q.; Lu, N.; Dai, Q.; Li, F.; Wang, X.; You, Q.; Guo, 

Q.; Biochem. Cell Biol. 2012, 90, 718. [Crossref] 

 102. Foggetti, G.; Ottaggio, L.; Russo, D.; Monti, P.; Degan, P.; 

Fronza, G.; Menichini, P.; Biochim. Biophys. Acta, Mol. Cell 

Res. 2017, 1864, 382. [Crossref] 

 103. Jian, J.; Yang, Q.; Huang, X.; J. Biol. Chem. 2011, 286, 35708. 

[Crossref] 

 104. Qi, Q.; Lu, N.; Wang, X. T.; Gu, H. Y.; Yang, Y.; Liu, W.; Li, 

C.; You, Q. D.; Guo, Q. L.; Biochem. Cell Biol. 2008, 86, 386. 

[Crossref] 

 105. Qi, Q.; Gu, H.; Yang, Y.; Lu, N.; Zhao, J.; Liu, W.; Ling, H.; 

You, Q. D.; Wang, X.; Guo, Q.; J. Mol. Med. 2008, 86, 1367. 

[Crossref] 

 106. He, L.; Ling, Y.; Fu, L.; Yin, D.; Wang, X.; Zhang, Y.; Bioorganic 

Med. Chem. Lett. 2012, 22, 289. [Crossref] 

 107. Zhang, X.; Li, X.; Sun, H.; Wang, X.; Zhao, L.; Gao, Y.; Liu, 

X.; Zhang, S.; Wang, Y.; Yang, Y.; Zeng, S.; Guo, Q.; You, Q.; 

J. Med. Chem. 2013, 56, 276. [Crossref] 

 108. Qi, Q.; You, Q.; Gu, H.; Zhao, L.; Liu, W.; Lu, N.; Guo, Q.; J. 

Ethnopharmacol. 2008, 117, 433. [Crossref]

 109. Yang, J.; Ding, L.; Hu, L.; Qian, W.; Jin, S.; Sun, X.; Wang, Z.; 

Xiao, W.; Drug Metab. Dispos. 2011, 39, 617. [Crossref] 

 110. Yang, J.; Ding, L.; Jin, S.; Liu, X.; Liu, W.; Wang, Z.; 

J. Chromatogr. B 2010, 878, 659. [Crossref]

 111. Xie, H.; Qin, Y.; Zhou, Y.; Tong, L.; Lin, L.; Geng, M.; Duan, 

W.; Ding, J.; Acta Pharmacol. Sin. 2009, 30, 346. [Crossref] 

 112. Chantarasriwong, O.; Milcarek, A. T.; Morales, T. H.; Settle, 

A. L.; Rezende, C. O.; Althufairi, B. D.; Theodoraki, M. A.; 

Alpaugh, M. L.; Theodorakis, E. A.; Eur. J. Med. Chem. 2019, 

168, 405. [Crossref] 

 113. Shadid, K. A.; Shaari, K.; Abas, F.; Israf, D. A.; Hamzah, A. 

S.; Syakroni, N.; Saha, K.; Lajis, N. H.; Phytochemistry 2007, 

68, 2537. [Crossref] 

 114. Pavan, F. R.; Maia, P. I. S.; Leite, S. R. A.; Deflon, V. M.; Batista, 

A. A.; Sato, D. N.; Franzblau, S. G.; Leite, C. Q. F.; Eur. J. Med. 

Chem. 2010, 45, 1898. [Crossref] 

 115. Padmanabhan, P.; Khaleefathullah, S.; Kaveri, K.; Palani, G.; 

Ramanathan, G.; Thennarasu, S.; Sivagnanam, U. T.; J. Med. 

Virol. 2017, 89, 546. [Crossref]

 116. Zhu, J.; Teng, G.; Li, D.; Hou, R.; Xia, Y.; Med. Chem. Res. 

2021, 30, 1534. [Crossref]

 117. Malarz, K.; Mrozek-Wilczkiewicz, A.; Serda, M.; Rejmund, M.; 

Polanski, J.; Musiol, R.; Oncotarget 2018, 9, 17689. [Crossref] 

 118. Shanmugapriya, A.; Jain, R.; Sabarinathan, D.; Kalaiarasi, G.; 

Dallemer, F.; Prabhakaran, R.; New J. Chem. 2017, 41, 10324. 

[Crossref]

 119. Jansson, P. J.; Yamagishi, T.; Arvind, A.; Seebacher, N.; 

Gutierrez, E.; Stacy, A.; Maleki, S.; Sharp, D.; Sahni, S.; 

Richardson, D. R.; J. Biol. Chem. 2015, 290, 9588. [Crossref] 

 120. Gutierrez, E. M.; Seebacher, N. A.; Arzuman, L.; Kovacevic, 

Z.; Lane, D. J. R.; Richardson, V.; Merlot, A. M.; Lok, H.; 

Kalinowski, D. S.; Sahni, S.; Jansson, P. J.; Richardson, D. 

R.; Biochim. Biophys. Acta, Mol. Cell Res. 2016, 1863, 1665. 

[Crossref] 

 121. Ginsenosides, https://go.drugbank.com/drugs/DB14152, 

accessed in July 2023.

 122. ClinicalTrials.gov, https://clinicaltrials.gov/ct2/results?cond=

Triapine+&term=&cntry=&state=&city=&dist=, accessed in 

July 2023.

 123. Thelander, L.; Gräslund, A.; Thelander, M.; Biochem. Biophys. 

Res. Commun. 1983, 110, 859. [Crossref] 

https://doi.org/10.1002/chem.201000741
https://doi.org/10.1039/b612903j
https://doi.org/10.1073/pnas.0406731102
https://doi.org/10.1002/cbdv.201200081
https://doi.org/10.1016/j.bmc.2008.02.084
https://doi.org/10.1002/cjoc.201100045
https://doi.org/10.1002/cjoc.201100693
https://doi.org/10.1071/CH14328
https://doi.org/10.1002/cbdv.201100415
https://doi.org/10.1016/j.ejmech.2011.01.051
https://doi.org/10.1038/srep35771
https://doi.org/10.1016/j.bmc.2003.11.013
https://doi.org/10.1016/j.lfs.2008.05.003
https://doi.org/10.1016/j.canlet.2009.04.011
https://doi.org/10.1007/s00432-009-0624-2
https://doi.org/10.1139/o2012-030
https://doi.org/10.1016/j.bbamcr.2016.11.023
https://doi.org/10.1074/jbc.M111.271585
https://doi.org/10.1139/O08-104
https://doi.org/10.1007/s00109-008-0398-z
https://doi.org/10.1016/j.bmcl.2011.11.016
https://doi.org/10.1021/jm301593r
https://doi.org/10.1016/j.jep.2008.02.027
https://doi.org/10.1124/dmd.110.037044
https://doi.org/10.1016/j.jchromb.2010.01.032
https://doi.org/10.1038/aps.2009.3
https://doi.org/10.1016/j.ejmech.2019.02.047
https://doi.org/10.1016/j.phytochem.2007.05.024
https://doi.org/10.1016/j.ejmech.2010.01.028
https://doi.org/10.1002/jmv.24655
https://doi.org/10.1007/s00044-021-02759-w
https://doi.org/10.18632/oncotarget.24844
https://doi.org/10.1039/c7nj01556a
https://doi.org/10.1074/jbc.M114.631283
https://doi.org/10.1016/j.bbamcr.2016.04.017
https://go.drugbank.com/drugs/DB14152
https://clinicaltrials.gov/ct2/results?cond=Triapine+&term=&cntry=&state=&city=&dist=
https://clinicaltrials.gov/ct2/results?cond=Triapine+&term=&cntry=&state=&city=&dist=
https://doi.org/10.1016/0006-291X(83)91040-9


Advances in Breast Cancer Drug DiscoveryOliveira et al.

30 of 32 J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

 124. Rao, V. A.; Klein, S. R.; Agama, K. K.; Toyoda, E.; Adachi, 

N.; Pommier, Y.; Shacter, E. B.; Cancer Res. 2009, 69, 948. 

[Crossref] 

 125. Yuan, J.; Lovejoy, D. B.; Richardson, D. R.; Blood 2004, 104, 

1450. [Crossref] 

 126. Rejmund, M.; Mrozek-Wilczkiewicz, A.; Malarz, K.; Pyrkosz-

Bulska, M.; Gajcy, K.; Sajewicz, M.; Musiol, R.; Polanski, J.; 

PLoS One 2018, 13, e0188767. [Crossref] 

 127. Qi, J.; Yao, Q.; Qian, K.; Tian, L.; Cheng, Z.; Yang, D.; Wang, 

Y.; Eur. J. Med. Chem. 2018, 154, 91. [Crossref] 

 128. Hussein, M. A.; Iqbal, M. A.; Umar, M. I.; Haque, R. A.; Guan, 

T. S.; Arabian J. Chem. 2019, 12, 3183. [Crossref]

 129. Sibuh, B. Z.; Taneja, P.; Khanna, S.; bioRxiv 2020. [Link] 

accessed in July 2023

 130. Singh, N. K.; Shrestha, S.; Shahi, N.; Choudhary, R. K.; 

Kumbhar, A. A.; Pokharel, Y. R.; Yadav, P. N.; Challenges Adv. 

Chem. Sci. 2022, 9, 40. [Crossref]

 131. Sibuh, B. Z.; Gupta, P. K.; Taneja, P.; Khanna, S.; Sarkar, 

P.; Pachisia, S.; Khan, A. A.; Jha, N. K.; Dua, K.; Singh, S. 

K.; Pandey, S.; Slama, P.; Kesari, K. K.; Roychoudhury, S.; 

Biomedicines 2021, 9, 1375. [Crossref]

 132. Chaudhary, U.; Dawa, D.; Banerjee, I.; Sharma, S.; Mahiya, 

K.; Rauf, A.; Pokharel, Y. R.; Yadav, P. N.; J. Mol. Struct. 2023, 

1274, 134549. [Crossref]

 133. Lloyd, N. C.; Morgan, H. W.; Nicholson, B. K.; Ronimus, R. 

S.; Angew. Chem., Int. Ed. 2005, 44, 941. [Crossref] 

 134. Machado-Vieira, R.; Manji, H. K.; Zarate Jr., C. A.; Bipolar 

Disord. 2009, 11, 92. [Crossref] 

 135. Clark, P.; Tugwell, P.; Kj, B.; Bombardier, C.; Shea, B.; Ga, W.; 

Me, S.; Cochrane Database Syst. Rev. 2010, 1. [Crossref]

 136. Clement, J. L.; Jarrett, P. S.; Met. Based. Drugs 1994, 1, 467. 

[Crossref]

 137. Di, H.; Wu, H.; Gao, Y.; Li, W.; Zou, D.; Dong, C.; Drug Dev. 

Ind. Pharm. 2016, 42, 2038. [Crossref]

 138. Chen, C. H.; Yang, H. J.; Shun, C. T.; Huang, C. Y.; Huang, K. 

H.; Yu, H. J.; Pu, Y. S.; Urol. Oncol.: Semin. Orig. Invest. 2012, 

30, 421. [Crossref] 

 139. Tas, F.; Derin, D.; Guney, N.; Aydiner, A.; Topuz, E.; Int. J. 

Clin. Oncol. 2008, 13, 330. [Crossref] 

 140. Oliveira, C. G.; Romero-Canelón, I.; Silva, M. M.; Coverdale, J. P. 

C.; Maia, P. I. S.; Batista, A. A.; Castelli, S.; Desideri, A.; Sadler, 

P. J.; Deflon, V. M.; Dalton Trans. 2019, 48, 16509. [Crossref] 

 141. Oliveira, C. G.; Romero-Canelón, I.; Coverdale, J. P. C.; Maia, P. 

I. S.; Clarkson, G. J.; Deflon, V. M.; Sadler, P. J.; Dalton Trans. 

2020, 49, 9595. [Crossref] 

 142. Souza, R. A. C.; Costa, W. R. P.; Faria, E. F.; Bessa, M. A. 

S.; Menezes, R. P.; Martins, C. H. G.; Maia, P. I. S.; Deflon, 

V. M.; Oliveira, C. G.; J. Inorg. Biochem. 2021, 223, 111543. 

[Crossref] 

 143. Oliveira, C. G.; Maia, P. I. D. S.; Souza, P. C.; Pavan, F. R.; 

Leite, C. Q. F.; Viana, R. B.; Batista, A. A.; Nascimento, O. R.; 

Deflon, V. M.; J. Inorg. Biochem. 2014, 132, 21. [Crossref] 

 144. de Lopes, E. O.; de Oliveira, C. G.; da Silva, P. B.; Eismann, 

C. E.; Suárez, C. A.; Menegário, A. A.; Leite, C. Q. F.; Deflon, 

V. M.; Pavan, F. R.; Int. J. Mol. Sci. 2016, 17, 781. [Crossref] 

 145. Jin, S.; Guo, Y.; Guo, Z.; Wang, X.; Pharmaceuticals 2021, 14, 

133. [Crossref]

 146. Muscella, A.; Vetrugno, C.; Fanizzi, F. P.; Manca, C.; De Pascali, 

S. A.; Marsigliante, S.; Cell Death Dis. 2013, 4, e796. [Crossref] 

 147. Zhang, C.; Xu, C.; Gao, X.; Yao, Q.; Theranostics 2022, 12, 

2115. [Crossref] 

 148. Czarnomysy, R.; Radomska, D.; Szewczyk, O. K.; Roszczenko, 

P.; Bielawski, K.; Int. J. Mol. Sci. 2021, 22, 8271. [Crossref] 

 149. Carneiro, T. J.; Martins, A. S.; Marques, M. P. M.; Gil, A. M.; 

Front. Oncol. 2020, 10, 590970. [Crossref]

 150. Prince, S.; Mapolie, S.; Blanckenberg, A. In Encyclopedia of 

Cancer; Schwab, M., ed.; Springer: Berlin-Heidelberg, 2015, 

p. 1. [Crossref]

 151. Frezza, M.; Hindo, S.; Chen, D.; Davenport, A.; Schmitt, S.; 

Tomco, D.; Ping Dou, Q.; Curr. Pharm. Des. 2010, 16, 1813. 

[Crossref] 

 152. Haas, K. L.; Franz, K. J.; Chem. Rev. 2009, 109, 4921. [Crossref] 

 153. Lin, X. D.; Liu, Y. H.; Xie, C. Z.; Bao, W. G.; Shen, J.; Xu, J. 

Y.; RSC Adv. 2017, 7, 26478. [Crossref]

 154. Mahendiran, D.; Amuthakala, S.; Bhuvanesh, N. S. P.; Kumar, 

R. S.; Rahiman, A. K.; RSC Adv. 2018, 8, 16973. [Crossref]

 155. Kokina, T. E.; Glinskaya, L. A.; Sheludyakova, L. A.; Eremina, 

Y. A.; Klyushova, L. S.; Komarov, V. Y.; Piryazev, D. A.; 

Tkachev, A. V.; Larionov, S. V.; Polyhedron 2019, 163, 121. 

[Crossref]

 156. Yusof, E. N. M.; Page, A. J.; Sakoff, J. A.; Simone, M. I.; 

Veerakumarasivam, A.; Tiekink, E. R. T.; Ravoof, T. B. S. A.; 

Polyhedron 2020, 189, 114729. [Crossref]

 157. Silva, D. E. S.; Becceneri, A. B.; Santiago, J. V. B.; Gomes 

Neto, J. A.; Ellena, J.; Cominetti, M. R.; Pereira, J. C. M.; 

Hannon, M. J.; Netto, A. V. G.; Dalton Trans. 2020, 49, 16474.  

[Crossref] 

 158. Hosseini-Kharat, M.; Rahimi, R.; Alizadeh, A. M.; Zargarian, 

D.; Khalighfard, S.; Mangin, L. P.; Mahigir, N.; Ayati, S. H.; 

Momtazi-Borojeni, A. A.; Bioorganic Med. Chem. Lett. 2021, 

43, 128107. [Crossref] 

 159. Jaragh-Alhadad, L.; Samir, M.; Harford, T. J.; Karnik, S.; Drug 

Delivery 2022, 29, 2206. [Crossref] 

 160. Ali, M. S.; El-Saied, F. A.; Shakdofa, M. M.; Karnik, S.; Jaragh-

Alhadad, L. A.; J. Mol. Struct. 2023, 1274, 134485. [Crossref]

 161. Rodríguez-Fanjul, V.; López-Torres, E.; Mendiola, M. 

A.; Pizarro, A. M.; Eur. J. Med. Chem. 2018, 148, 372.  

[Crossref] 

 162. Almeida, C. M.; Pedro, P. H.; Nascimento, É. C. M.; Martins, 

J. B. L.; Chagas, M. A. S.; Fujimori, M.; De Marchi, P. G. 

F.; França, E. L.; Honorio-França, A. C.; Gatto, C. C.; Appl. 

Organomet. Chem. 2022, 36, e6761. [Crossref]

https://doi.org/10.1158/0008-5472.CAN-08-1437
https://doi.org/10.1182/blood-2004-03-0868
https://doi.org/10.1371/journal.pone.0188767
https://doi.org/10.1016/j.ejmech.2018.05.016
https://doi.org/10.1016/j.arabjc.2015.08.013
https://www.biorxiv.org/content/10.1101/2020.02.19.955690v1.abstract
https://doi.org/https:/doi.org/10.9734/bpi/cacs/v9/1762A
https://doi.org/10.3390/biomedicines9101375
https://doi.org/10.1016/j.molstruc.2022.134549
https://doi.org/10.1002/anie.200461471
https://doi.org/10.1111/j.1399-5618.2009.00714.x
https://doi.org/10.1002/14651858.CD000520
https://doi.org/10.1155/mbd.1994.467
https://doi.org/10.1080/03639045.2016.1190743
https://doi.org/10.1016/j.urolonc.2010.06.012
https://doi.org/10.1007/s10147-007-0757-8
https://doi.org/10.1039/c9dt02570g
https://doi.org/10.1039/d0dt01133a
https://doi.org/10.1016/j.jinorgbio.2021.111543
https://doi.org/10.1016/j.jinorgbio.2013.10.011
https://doi.org/10.3390/ijms17050781
https://doi.org/10.3390/ph14020133
https://doi.org/10.1038/cddis.2013.315
https://doi.org/10.7150/thno.69424
https://doi.org/10.3390/ijms22158271
https://doi.org/10.3389/fonc.2020.590970
https://doi.org/10.1007/978-3-642-27841-9_7085-1
https://doi.org/10.2174/138161210791209009
https://doi.org/10.1021/cr900134a
https://doi.org/10.1039/c7ra04443g
https://doi.org/10.1039/c8ra00954f
https://doi.org/10.1016/j.poly.2019.02.020
https://doi.org/10.1016/j.poly.2020.114729
https://doi.org/10.1039/d0dt01134g
https://doi.org/10.1016/j.bmcl.2021.128107
https://doi.org/10.1080/10717544.2022.2096713
https://doi.org/10.1016/j.molstruc.2022.134485
https://doi.org/10.1016/j.ejmech.2018.02.009
https://doi.org/10.1002/aoc.6761


Advances in Breast Cancer Drug Discovery Oliveira et al.

31 of 32J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

 163. Glisoni, R. J.; Chiappetta, D. A.; Finkielsztein, L. M.; Moglioni, 

A. G.; Sosnik, A.; New J. Chem. 2010, 34, 2047. [Crossref]

 164. Glisoni, R. J.; Chiappetta, D. A.; Moglioni, A. G.; Sosnik, A.; 

Pharm. Res. 2012, 29, 739. [Crossref]

 165. Glisoni, R. J.; Cuestas, M. L.; Mathet, V. L.; Oubiña, J. R.; 

Moglioni, A. G.; Sosnik, A.; Eur. J. Pharm. Sci. 2012, 47, 596. 

[Crossref] 

 166. Dolmans, D. E. J. G. J.; Fukumura, D.; Jain, R. K.; Nat. Rev. 

Cancer 2003, 3, 380. [Crossref]

 167. Tsubone, T. M.; Martins, W. K.; Franco, M. S. F.; Silva, M. N.; 

Itri, R.; Baptista, M. S.; Arch. Biochem. Biophys. 2021, 697, 

108665. [Crossref] 

 168. Tsubone, T. M.; Baptista, M. S.; Itri, R.; Biophys. Chem. 2019, 

254, 106263. [Crossref]

 169. Gustalik, J.; Aebisher, D.; Bartusik-Aebisher, D.; J. Appl. 

Biomed. 2022, 20, 98. [Crossref]

 170. Banerjee, S. M.; El-Sheikh, S.; Malhotra, A.; Mosse, C. A.; 

Parker, S.; Williams, N. R.; Macrobert, A. J.; Hamoudi, R.; 

Bown, S. G.; Keshtgar, M. R. S.; J. Clin. Med. 2020, 9, 483. 

[Crossref]

 171. Ostańska, E.; Aebisher, D.; Bartusik-Aebisher, D.; Biomed. 

Pharmacother. 2021, 137, 111302. [Crossref]

 172. Martins, W. K.; Belotto, R.; Silva, M. N.; Grasso, D.; Suriani, 

M. D.; Lavor, T. S.; Itri, R.; Baptista, M. S.; Tsubone, T. M.; 

Front. Oncol. 2021, 10, 610472. [Crossref]

 173. Tampa, M.; Sarbu, M.-I.; Matei, C.; Mitran, C.-I.; Mitran, M.-

I.; Caruntu, C.; Constantin, C.; Neagu, M.; Georgescu, S.-R.; 

Oncol. Lett. 2019, 17, 4085. [Crossref]

 174. Rezende, T. K. L.; Barbosa, H. P.; dos Santos, L. F.; Lima, K. 

O.; de Matos, P. A.; Tsubone, T. M.; Gonçalves, R. R.; Ferrari, 

J. L.; Front. Chem. 2022, 10, 1035449. [Crossref]

 175. García Vior, M. C.; Marino, J.; Roguin, L. P.; Sosnik, 

A.; Awruch, J.; Photochem. Photobiol. 2013, 89, 492.  

[Crossref] 

 176. dos Santos, A. F.; Terra, L. F.; Wailemann, R. A. M.; Oliveira, T. 

C.; Gomes, V. M.; Mineiro, M. F.; Meotti, F. C.; Bruni-Cardoso, 

A.; Baptista, M. S.; Labriola, L.; BMC Cancer 2017, 17, 194. 

[Crossref]

 177. Gamelas, S. R. D.; Moura, N. M. M.; Habraken, Y.; Piette, 

J.; Neves, M. G. P. M. S.; Faustino, M. A. F.; J. Photochem. 

Photobiol., B 2021, 222, 112258. [Crossref]

 178. Feng, X.; Shi, Y.; Xie, L.; Zhang, K.; Wang, X.; Liu, Q.; Wang, 

P.; J. Med. Chem. 2018, 61, 7189. [Crossref]

 179. Saczko, J.; Chwiłkowska, A.; Kulbacka, J.; Berdowska, I.; 

Zieliński, B.; Drag-Zalesińska, M.; Wysocka, T.; Ługowski, 

M.; Banaś, T.; Folia Biol. 2008, 54, 24. [PubMed]

 180. Yu, Q.; Xu, W.-X.; Yao, Y.-H.; Zhang, Z.-Q.; Sun, S.; Li, J.; 

J. Porphyrins Phthalocyanines 2015, 19, 1107. [Crossref]

 181. Teiten, M.-H.; Bezdetnaya, L.; Merlin, J.-L.; Bour-Dill, C.; 

Pauly, M.; Dicato, M.; Guillemin, F.; J. Photochem. Photobiol., 

B 2001, 62, 146. [Crossref]

 182. Zhu, J.; Tian, S.; Li, K.-T.; Chen, Q.; Jiang, Y.; Lin, H.-D.; Yu, 

L.-H.; Bai, D.-Q.; Cancer Med. 2018, 7, 1908. [Crossref]

 183. Huang, L.; Lin, H.; Chen, Q.; Yu, L.; Bai, D.; BMC Cancer 

2019, 19, 1159. [Crossref]

 184. Szafraniec, M. J.;  Toporkiewicz, M.; Gamian, A.; 

Pharmaceuticals 2022, 15, 235. [Crossref]

 185. Er, O.; Lambrecht, F. Y.; Ocakoglu, K.; Kayabasi, C.; Gunduz, 

C.; J. Radioanal. Nucl. Chem. 2015, 306, 155. [Crossref]

 186. Kimáková, P.; Solár, P.; Fecková, B.; Sačková, V.; Solárová, 

Z.; Ilkovičová, L.; Kello, M.; Biomed. Pharmacother. 2017, 

85, 749. [Crossref]

 187. Theodossiou, T. A.; Olsen, C. E.; Jonsson, M.; Kubin, 

A.; Hothersall, J. S.; Berg, K.; Redox Biol. 2017, 12, 191.  

[Crossref]

 188. Smith, C. B.; Days, L. C.; Alajroush, D. R.; Faye, K.; Khodour, 

Y.; Beebe, S. J.; Holder, A. A.; Photochem. Photobiol. 2022, 

98, 17. [Crossref]

 189. Renfrew, A. K.; Bryce, N. S.; Hambley, T.; Chem.-A Eur. J. 

2015, 21, 15224. [Crossref]

 190. Das, D.; Banaspati, A.; Das, N.; Bora, B.; Raza, M. K.; 

Goswami, T. K.; Dalton Trans. 2019, 48, 12933. [Crossref]

 191. Kim, K.; Park, H.; Lim, K. M.; Toxicol. Res. 2015, 31, 97. 

[Crossref]

 192. OECD Guidelines for the Testing of Chemicals, https://doi.

org/10.1787/20745788, accessed in July 2023.

 193. Zhao, X.; Li, M.; Sun, W.; Fan, J.; Du, J.; Peng, X.; Chem. 

Commun. 2018, 54, 7038. [Crossref]

 194. Kumar, A.; Dixit, A.; Sahoo, S.; Banerjee, S.; Bhattacharyya, 

A.; Garai, A.; Karande, A. A.; Chakravarty, A. R.; J. Inorg. 

Biochem. 2020, 202, 110817. [Crossref]

 195. Wyss, P.; Schwarz, V.; Dobler-Girdziunaite, D.; Hornung, R.; Walt, 

H.; Degen, A.; Fehr, M.; Int. J. Cancer 2001, 93, 720. [Crossref]

 196. Dougherty, T. J.; Lawrence, G.; Kaufman, J. H.; Boyle, D.; 

Weishaupt, K. R.; Goldfar, A.; JNCI J. Natl. Cancer Inst. 1979, 

62, 231. [Crossref]

 197. Bandieramonte, G.; Marchesini, R.; Melloni, E.; Andreoli, C.; 

di Pietro, S.; Spinelli, P.; Fava, G.; Zunino, F.; Emanuelli, H.; 

Tumori J. 1984, 70, 327. [Crossref]

 198. Taber, S. W.; Fingar, V. H.; Wieman, T. J.; J. Surg. Oncol. 1998, 

68, 209. [Crossref]

 199. Allison, R.; Mang, T.; Hewson, G.; Snider, W.; Dougherty, D.; 

Cancer 2001, 91, 1. [Crossref]

 200. Cuenca, R. E.; Allison, R. R.; Sibata, C.; Downie, G. H.; Ann. 

Surg. Oncol. 2004, 11, 322. [Crossref]

 201. Juzeniene, A.; Moan, J.; Photodiagnosis Photodyn. Ther. 2007, 

4, 3. [Crossref]

 202. Drug Approval Package, https://www.accessdata.fda.

gov/drugsatfda_docs/nda/2003/020415s012_021525_

PhotofrinTOC.cfm, accessed in July 2023.

 203. Schuh, M.; Nseyo, U. O.; Potter, W. R.; Dao, T. L.; Dougherty, 

T. J.; J. Clin. Oncol. 1987, 5, 1766. [Crossref]

https://doi.org/10.1039/c0nj00061b
https://doi.org/10.1007/s11095-011-0599-y
https://doi.org/10.1016/j.ejps.2012.07.018
https://doi.org/10.1038/nrc1071
https://doi.org/10.1016/j.abb.2020.108665
https://doi.org/10.1016/j.bpc.2019.106263
https://doi.org/10.32725/jab.2022.013
https://doi.org/10.3390/jcm9020483
https://doi.org/10.1016/j.biopha.2021.111302
https://doi.org/10.3389/fonc.2020.610472
https://doi.org/10.3892/ol.2019.9939
https://doi.org/10.3389/fchem.2022.1035449
https://doi.org/10.1111/j.1751-1097.2012.01229.x
https://doi.org/10.1186/s12885-017-3179-7
https://doi.org/10.1016/j.jphotobiol.2021.112258
https://doi.org/10.1021/acs.jmedchem.8b00547
http://www.ncbi.nlm.nih.gov/pubmed/18226362
https://doi.org/10.1142/S1088424615500868
https://doi.org/10.1016/S1011-1344(01)00178-6
https://doi.org/10.1002/cam4.1418
https://doi.org/10.1186/s12885-019-6374-x
https://doi.org/10.3390/ph15020235
https://doi.org/10.1007/s10967-015-4081-x
https://doi.org/10.1016/j.biopha.2016.11.093
https://doi.org/10.1016/j.redox.2017.02.018
https://doi.org/10.1111/php.13467
https://doi.org/10.1002/chem.201502702
https://doi.org/10.1039/C9DT01576K
https://doi.org/10.5487/TR.2015.31.2.097
https://doi.org/10.1787/20745788
https://doi.org/10.1787/20745788
https://doi.org/10.1039/C8CC03786H
https://doi.org/10.1016/j.jinorgbio.2019.110817
https://doi.org/10.1002/ijc.1400
https://doi.org/10.1093/jnci/62.2.231
https://doi.org/10.1177/030089168407000406
https://doi.org/10.1002/(SICI)1096-9098(199808)68:4%3c209::AID-JSO2%3e3.0.CO;2-8
https://doi.org/10.1002/1097-0142(20010101)91:1%3c1::AID-CNCR1%3e3.0.CO;2-P
https://doi.org/10.1245/ASO.2004.03.025
https://doi.org/10.1016/j.pdpdt.2006.11.002
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2003/020415s012_021525_PhotofrinTOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2003/020415s012_021525_PhotofrinTOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2003/020415s012_021525_PhotofrinTOC.cfm
https://doi.org/10.1200/JCO.1987.5.11.1766


Advances in Breast Cancer Drug DiscoveryOliveira et al.

32 of 32 J. Braz. Chem. Soc. 2024, 35, 1, e-20230128

 204. Khan, S. A.; Dougherty, T. J.; Mang, T. S.; Eur. J. Cancer 1993, 

29, 1686. [Crossref]

 205. Morrison, S. A.; Hill, S. L.; Rogers, G. S.; Graham, R. A.; 

J. Surg. Res. 2014, 192, 235. [Crossref]

 206. Foscan, https://www.ema.europa.eu/en/medicines/human/

EPAR/foscan, accessed in July 2023. 

 207. Verteporfin, https://www.accessdata.fda.gov/drugsatfda_docs/

nda/2002/21-119s004_Visudyne.cfm, accessed in July 2023.

 208. University College London; A Phase I/IIa, Open Label, Single 

Site Light Dose Escalation Trial of Single Dose Verteporfin 

Photodynamic Therapy (PDT) in Primary Breast Cancer; 

University College London: London, UK, 2018.

 209. Rogers Sciences; An Open Label, Phase II Trial of Continuous 

Low-Irradiance Photodynamic Therapy (CLIPT) Using 

Verteporfin (Visudyne®) for the Treatment of Cutaneous 

Metastases of Breast Cancer, Clinical Trial Registration 

NCT02939274: Boston, MA, 2019.

 210. Mang, T. S.; Allison, R.; Hewson, G.; Snider, W.; Moskowitz, 

R.; Cancer J. Sci. Am. 1998, 4, 378. [PubMed] 

 211. Dimofte, A.; Zhu, T. C.; Hahn, S. M.; Lustig, R. A.; Lasers 

Surg. Med. 2002, 31, 305. [Crossref]

Submitted: April 15, 2023

Published online: August 4, 2023

https://doi.org/10.1016/0959-8049(93)90105-O
https://doi.org/10.1016/j.jss.2014.06.030
https://www.ema.europa.eu/en/medicines/human/EPAR/foscan
https://www.ema.europa.eu/en/medicines/human/EPAR/foscan
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2002/21-119s004_Visudyne.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2002/21-119s004_Visudyne.cfm
http://www.ncbi.nlm.nih.gov/pubmed/9853137
https://doi.org/10.1002/lsm.10115

	_Hlk135651582
	_Hlk135653148
	_Hlk130805806
	_Hlk130801342
	_Hlk130452293
	_Hlk130712265

