
Biomedicine & Pharmacotherapy 168 (2023) 115791

0753-3322/© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Discovery of a synthetic taiwaniaquinoid with potent in vitro and in vivo 
antitumor activity against breast cancer cells 

Nuria Mut-Salud a, Juan J. Guardia b, Antonio Fernández b, Isabel Blancas a,c,d,e, Houda Zentar b, 
José M. Garrido a,e,f, Enrique Álvarez-Manzaneda b, Rachid Chahboun b,*, Fernando Rodríguez- 
Serrano a,e,g,** 

a Biopathology and Regenerative Medicine Institute (IBIMER), University of Granada, Granada 18016, Spain 
b Department of Organic Chemistry, Faculty of Sciences, University of Granada, Granada 18071, Spain 
c Department of Medicine, School of Medicine, University of Granada, Granada 18016, Spain 
d Department of Medical Oncology, San Cecilio University Hospital, Granada 18016, Spain 
e Biosanitary Research Institute of Granada (ibs.GRANADA), Granada 18014, Spain 
f Department of Surgery and Surgical Specialties, University of Granada, Granada 18016, Spain 
g Department of Human Anatomy and Embryology, Faculty of Medicine, University of Granada, Granada 18016, Spain   

A R T I C L E  I N F O   

Keywords: 
Taiwaniaquinoids 
Cancer 
Apoptosis 
Cell cycle arrest 
Oxidative stress 
In vivo 

A B S T R A C T   

Taiwaniaquinoids are a unique family of diterpenoids predominantly isolated from Taiwania cryptomerioides 
Hayata. Previously, we evaluated the antiproliferative effect of several synthetic taiwaniaquinoids against human 
lung (A-549), colon (T-84), and breast (MCF-7) tumor cell lines. Herein, we report the in vitro and in vivo 
antitumor activity of the most potent compounds. Their cytotoxic activity against healthy peripheral blood 
mononuclear cells (PBMCs) has also been examined. We underscore the limited toxicity of compound C36 in 
PBMCs and demonstrate that it exerts its antitumor effect in MCF-7 cells (IC50 = 1.8 µM) by triggering an increase 
in reactive oxygen species, increasing the cell population in the sub-G1 phase of the cell cycle (90 %), and ul
timately activating apoptotic (49.6 %) rather than autophagic processes. Western blot results suggested that the 
underlying mechanism of the C36 apoptotic effects was linked to caspase 9 activation and a rise in the Bax/Bcl-2 
ratio. In vivo analyses showed normal behavior and hematological parameters in C57BL/6 mice post C36 
treatment. Moreover, no significant impact was observed on the biochemical parameters of these animals, 
indicating that C36 did not induce liver toxicity. Furthermore, C36 demonstrated a significant reduction in 
tumor growth in immune-competent C57BL/6 mice implanted with E0771 mouse mammary tumor cells, 
effectively improving survival rates. These findings position taiwaniaquinoids, particularly compound C36, as 
promising therapeutic candidates for human breast cancer.   

1. Introduction 

Cancer continues to be among the top global causes of mortality, and 
the incidence continues to rise due to factors such as an aging popula
tion, unhealthy lifestyles, and environmental influences. In 2020, lung, 
liver, stomach, breast, and colon cancers were identified as the most 
prevalent types and the top five leading causes of cancer-related deaths 
worldwide [1]. 

Historically, natural organisms have been used to mitigate numerous 

diseases, with one potential therapeutic application being the extraction 
of antitumor or anticancer compounds. Many such compounds are 
derived from plant species, with several forming part of the standard 
repertoire of current chemotherapy regimens (such as vincristine, 
paclitaxel, and epirubicin) [2,3]. Occasionally, a natural product is not 
the therapeutic agent itself but its derivative. In these instances, the 
natural compound can serve as a basic scaffold that can be structurally 
modified to bypass potential issues such as the side effects and unde
sirable properties of camptothecin and its derivatives [4]. The greater 
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structural complexity of derivative compounds can in some cases offer 
an advantage over the original natural products as they tend to exhibit 
increased selectivity [5,6]. 

A method for creating bioactive molecules, whether they naturally 
exist or not, involves using abundant natural products as starting ma
terials for synthesis. These natural precursors often already possess 
structural characteristics that simplify the synthetic process, allowing 
complex molecules to be accessed in fewer steps. Numerous examples of 
this strategy have been reported, including results obtained by our 
research team, such as the synthesis of meroxest, which boasts a mer
osesquiterpenic structure [7], and other antitumor agents with a podo
carpane and totarane skeleton derived from the natural labdane 
trans-communic acid [8]. 

Taiwaniaquinoids represent a category of terpenoids that carry the 
atypical rearranged 5(6→7) or 6-nor-5(6→7) abeo-abietane structure. 
They have been isolated from certain East Asian conifer species during 
the past two decades [9]. There have been limited studies offering a brief 
overview of the biological activities of these compounds. These results 
indicate that certain compounds display cytotoxic [10–14] and anti
parasitic properties [15]. The intriguing biological activity and unique 
structure of these terpenoids have sparked interest in synthesizing these 
compounds, including total [16–22] and stereoselective syntheses 
[23–28]. On the other hand, synthesis beginning with natural terpenoids 
is highly significant, as it enables the production of enantiopure taiwa
niaquinoids in a few steps [29–32]. In our previous study, we evaluated 
the in vitro antiproliferative activity of natural taiwaniaquinoids and 
associated compounds synthesized from abietic acid (1) against breast 
(MCF-7), lung (A-549) and colon (T-84) cancer cell lines [33]. The re
sults underscored the significant influence of the bromine substituent on 
C-12 of certain compounds, such as the unnatural taiwaniaquinoids C15, 
C16, C27 and C36, which were the most active products (Fig. 1). 

The objective of the current study was to elucidate the mechanism 

underlying the anti-proliferative properties of these taiwaniaquinoids. 
Given that the greatest efficacy of these compounds was observed in 
MCF-7 cells, we chose to investigate the mechanisms of action in this 
tumor line, selecting compound C36 due to its lower toxicity against 
healthy peripheral blood mononuclear cells (PBMCs). Additionally, we 
studied the effects of C36 on the cell cycle, oxidative stress and 
apoptosis. A preclinical assay was conducted using murine models to 
examine the potential in vivo implications of the observed in vitro anti
tumor activity, such as liver cytotoxicity and changes in weight or 
behavior. Finally, we evaluated the effect of C36 administration in 
another in vivo assay by analyzing the growth and development of tu
mors in immune-competent C57BL/6 mice implanted with E0771 mouse 
mammary tumor cells. 

2. Results and discussion 

2.1. In vitro cytotoxicity assay on PBMCs 

To identify the least harmful compound to normal cells among the 
four taiwaniaquinoids tested (C15, C16, C27 and C36) with the highest 
antitumor activity, we assessed their effects by inducing PBMCs. This 
assay was conducted under the same conditions and concentrations as 
those used in our previous research against MCF-7, A-549 and T-84 
tumor lines [5]. This method, which employs blood cells from healthy 
donors rather than established human cell lines, as a model to determine 
the toxicity of certain compounds, has been increasingly used recently 
[34–36]. The advantageous use of PBMCs stems from their status as 
"normal" and not "immortalized" cells, in addition to their behavioral 
similarities with somatic cells in the body [37]. Furthermore, cultured 
cell lines are susceptible to genetic alterations over several passages, so 
their use does not guarantee a normal phenotype [38]. 

Upon evaluating the effect of all tested compounds on PBMCs, the 

Fig. 1. Chemical structure and IC50 of the most active taiwaniaquinoids (C15, C16, C27 and C36) [5].  
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results indicated that C36 had an IC50 value greater than 20 µM, at least 
doubling the rest of the IC50 values, which were below 10 µM (Fig. 2). 
Consequently, C36 appears to be the taiwaniaquinoid that induced the 
least toxicity in normal cells. 

2.2. Oxidative stress induction 

The mechanism of action of several antitumor drugs often involves 
the production of reactive oxygen species (ROS), leading to oxidative 
imbalance and consequent tumor cell death [39]. Therefore, we decided 
to test the cytotoxicity of C36 in MCF-7, A-549 and T-84 tumor lines in 
the absence and presence of the antioxidant N-acetylcysteine (NAC) at 
2 mM and investigate whether its mechanism of action was related to 
ROS production. 

Interestingly, we found that the antioxidant NAC significantly 
influenced the viability of the three tumor cell lines. In the MCF-7 line, at 
the IC50 concentration of C36, the percentage of viable cells reached 
78.8 % in the presence of NAC and 43.6 % in its absence (Fig. 3). 
Furthermore, the cytotoxic effect of C36 was dose dependent; at the 
2xIC50 concentration and in the presence of NAC, C36 decreased cell 
viability to 54.3 %, while in the absence of NAC, this percentage drop
ped to 7.2 %. In T-84 and A-549 cells, there was also a decrease in the 
cytotoxic activity of C36 in the presence of NAC, but the percentages 
were not as high as those in MCF-7 cells. These findings suggest that an 
antioxidant-rich environment offers cellular protection against the effect 
of C36. 

The MCF-7 line was chosen for further testing because the effect of 
C36-induced oxidative stress was more pronounced in this cell line. To 
confirm these results, we conducted an experiment using DCF-DA dye in 
the MCF-7 cell line. Cells were treated with the same concentration of 
C36, both with and without 2 mM NAC. The cultures were observed 
after 1 h of treatment (Fig. 4A). Cells treated with C36 and NAC were 
barely stained compared to those treated in the absence of NAC, indi
cating that the ROS concentration in the latter sample was much higher. 

Furthermore, we performed a flow cytometry assay using DCF-DA to 
evaluate how oxidative stress affected C36 in MCF-7 cell cultures after 
1 h of treatment (Fig. 4B). MCF-7 cells were incubated with and without 
C36 (control), and some cultures were treated with H2O2 to serve as 
positive controls. 

Our results confirmed that oxidative stress was involved in the 
mechanism of action of C36 against these cells. Fig. 4B shows that the 
highest value of mean fluorescence intensity (MFI) belonged to MCF-7 
cells treated with C36, reaching 109.0 %, while in the positive con
trol, the MFI value was 52.7 %, and in the control, it was only 16.4 %. 

All these data affirm that the cytotoxic activity of C36 diminishes 

significantly in the presence of the antioxidant in MCF-7 cells. This 
demonstrates that oxidative stress is a factor in the mechanism of action 
of C36, similar to other antitumor molecules such as paclitaxel and 
elesclomol, among others, as reported recently [3,40]. Some studies 
indicate that the consumption of antioxidant-rich supplements and 
foods might not be advisable during chemotherapy treatment, and 
published clinical trial results in this respect have been contentious 
[41–46]. 

Intracellular oxidative stress damages both nuclear and mitochon
drial DNA, proteins, and membranes. One result of this damage is the 
modification of DNA bases, such as the oxidation of deoxyguanosine, 
forming 8-hydroxy-2′-deoxyguanosine (8-OHdG). This is considered a 
biomarker for evaluating oxidative stress [47,48]. To determine 
whether our compound induced cellular DNA damage, MCF-7 cells were 
seeded and either treated or not (control) with C36 at the IC50 con
centration for 6 h. All cultures were then stained with anti-8-OHdG and 
DAPI and observed under fluorescence microscopy (Fig. 5). 

2.3. Autophagy assay 

Autophagy is a process in which lysosomes merge with autophagic 
vesicles, leading to the degradation of their contents. Apoptosis and 
autophagy can mutually enhance or inhibit each other to execute 
alternative functions within the cell [49,50]. 

To assess whether the activity of C36 was related to autophagy, we 
tested its effect on MCF-7 cells, with and without the autophagy in
hibitors chloroquine (CQ) and 3-methyladenine (3-MA). According to 
our results, 3-MA and CQ did not significantly affect the action of C36, 
which was capable of reducing cell viability in 24 h to below 20 %, with 
IC50 concentration, both in the presence and absence of inhibitors. 
Therefore, it appears that autophagy is not relevant to the mechanism by 
which C36 exerts its cytotoxicity against MCF-7 cells (data not shown). 
In addition, to corroborate the results with inhibitors, both treated and 
untreated cells with C36 were stained with acridine orange (AO) and 
examined by confocal microscopy (Fig. 6). 

After 24 h of induction at IC50 and 2xIC50 concentrations, green color 
was observed both in the cytoplasm and in the nuclear components of 
both treated and untreated cells. Some orange-reddish-colored vesicles 
were also observed, although no differences were found among the 
cultures. The literature suggests that with compounds that induce 
autophagy, the quantity of orange vesicles increases proportionally to 
the dose of the compound [51]. Hence, considering all these results, 
autophagy is not a mechanism through which C36 influences MCF-7 Fig. 2. Effect of compounds C15, C16, C27 and C36 on the viability of PBMCs.  

Fig. 3. Viability of MCF-7, T-84 and A-549 cells treated with C36 with or 
without NAC cotreatment. All cell lines were induced for 72 h at concentrations 
equivalent to 0.5x, 1x or 2x IC50 of C36, with and without 2 mM NAC. The 
histogram displays the means ± SD of six measurements. IC50: Inhibitory con
centration 50. 
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cells. 

2.4. Cell cycle analysis 

Numerous antitumor agents exhibit an inhibitory effect on tumor 
development blocking the cell cycle, inducing apoptosis, or having a 
combined effect on both processes [52–55]. We decided to study 
whether C36 was capable of blocking the progression of the cell cycle, as 
occurs with many natural compounds [56–58]. We carried out this study 
in three tumor lines: MCF-7, A-549 and T-84. 

In MCF-7 cells treated with C36, the Sub-G1 fraction progressively 
increased with increasing compound concentration compared with 
control cells after 12 h of induction (Table 1). After 48 h, we observed an 
increase in this cell population, even with a dose of 0.5xIC50. Therefore, 
the Sub-G1 fraction significantly increased in a concentration-responsive 
manner. The highest percentages of this population (90 % and 86.7 %) 

were reached at 2xIC50 after 24 and 48 h, respectively. Moreover, this 
Sub-G1 increase was accompanied by a concomitant decrease in the 
percentages of G0-G1 and S phases compared to the control, especially at 
IC50 and 2xIC50 concentrations, after 24 and 48 h of treatment. 
Regarding the G2-M phase, this fraction decreased, reaching 1–1.5 %, 
when cells were incubated with 2xIC50 concentration after 24 and 48 h 
of induction. 

In A-549 cells treated with C36, the percentage of the Sub-G1 fraction 
increased, reaching 40.6 % after 48 h of induction at 2xIC50. The per
centages of the other cell cycle phases decreased after 24 and 48 h of 
induction with IC50 and 2xIC50 of C36. Similarly, in the T-84 line, the 
most notable data in the Sub-G1 fraction were after 48 h, at 2xIC50 
reaching 57.3 %, and the rest of the phases decreased significantly 
compared to their controls after 24 h of induction at 2xIC50. 

Our results showed that in all three cell lines, the Sub-G1 phase 
increased as the dose of C36 and induction time increased, with the 
MCF-7 line being the most relevant case. These findings suggest DNA 
degradation, induction of apoptosis and necrosis processes when cells 
are treated with C36 at the IC50 dose or greater for at least 24 h. 

2.5. Apoptosis assays 

Programmed cell death can occur mainly through two processes: 
apoptosis and autophagy. Apoptosis is typified by a succession of 
morphological transformations, including DNA fragmentation, cell 
contraction, and the generation of apoptotic bodies that are rapidly 
phagocytosed by other cells. Autophagy, on the other hand, is charac
terized by the emergence of autophagosomes that envelop the cytoplasm 
and cytosolic structures such as mitochondria and endoplasmic reticu
lum [59,60]. 

In our study, cultures of MCF-7 cells were induced with two different 
concentrations of C36 for 48 h. Using flow cytometry in a viability assay 
with annexin V-FITC, we determined whether the expanded Sub-G1 cell 
fraction was a result of induced apoptosis (Fig. 7). Exposure to C36 
decreased the cell viability from 86.3 % (control group) to 45.4 %. This 
reduction was correlated with an increase in the percentage of apoptotic 
cells, from 11.6 % in the control group to 49.6 % in samples treated with 
C36, with early apoptosis constituting the highest percentage (45 %). 
Tumor cells are known to manifest escalated levels of oxidative stress 
compared with normal cells. Excessive ROS and resulting oxidative 

Fig. 4. Analysis of ROS production in MCF-7 cells after 1 h of treatment with C36. (A) Micrograph comparison of MCF-7 cells treated with C36 at the IC50 con
centration and stained with DCF fluorescence. Bright field micrographs show treated MCF-7 cells either with 2 mM NAC (A1) or without NAC (A3). Micrographs 
display treated MCF-7 cells either with 2 mM NAC (A2) or without 2 mM NAC (A4). All images were obtained using a fluorescence microscope at 100x magnification. 
Scale bar represents 60 µm. (B) Cytogram comparing intracellular ROS production, as represented by the MFI, in MCF-7 cells. Cells were stained with DCF-DA and 
either left untreated (control), treated with C36, or treated with a positive control (H2O2). 

Fig. 5. Immunofluorescence staining of 8-OHdG in MCF-7 cells treated with 
C36. Top, untreated MCF-7 cells cultured for 6 h (control). Bottom, MCF-7 cells 
treated with C36 at the IC50 concentration (treated) for 6 h. The color blue 
(DAPI) represents cell nuclei, and the color green (8-OHdG) represents cells that 
have suffered DNA damage. All images were obtained using a fluorescence 
microscope at 10x magnification. Scale bar represents 250 µm. 
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stress are linked to metabolic changes related to oncogenic trans
formation and play a central role in apoptosis-induced cell death [61, 
62]. 

Consequently, tumor cells may be particularly sensitive to agents 
that either significantly elevate ROS levels or impair the cell ability to 
neutralize ROS [63]. Apoptosis, or programmed cell death, is driven by a 
class of proteases called caspases. These enzymes initiate signaling 
cascades that culminate in DNA fragmentation and microtubule 
disruption [64,65]. 

The data suggest that C36 affects MCF-7 cells by generating oxida
tive stress and inducing apoptosis. This mechanism mirrors that of other 
reported molecules, such as certain merosquiterpenoids [66], super
cinnamaldehyde (SCA) compounds [67], some chromenopyr
azolediones [68] and acetylsalicylic acid [69,70]. Apoptosis can occur 
through either the extrinsic or intrinsic pathway. The extrinsic pathway 
is activated by a death receptor, leading to caspase 8 activation, which is 
subsequently followed by caspase 3 activation. The intrinsic pathway is 

activated by cellular stress signals that originate in the mitochondria and 
are regulated by Bcl-2 family proteins. These proteins can either pro
mote or inhibit apoptosis, such as Bax and Bcl-2, respectively [8,71,72]. 
In MCF-7 cells induced with C36, there was a notable increase in Bax 
protein expression at 3 h, particularly at 2xIC50, but this expression 
decreased at 6 h. Conversely, the Bcl-2 protein expression decreased 
over the 6 h postinduction (Fig. 8A). 

The caspase family proteins include initiators such as caspases 8, 10, 
2, and 9, and later effectors like caspases 3, 6, and 7 [73,74]. Notably, 
MCF-7 cells are reported to lack expression of caspase 3 [75]. It is hy
pothesized that these cells induce apoptosis through a sequential acti
vation of caspases 9, 7, and 6 [76]. 

Considering this and based on our Bcl-2 and Bax results, we exam
ined the levels of caspase 9 in MCF-7 cells, given its significance as a key 
initiator of the intrinsic pathway. After induction with the IC50 of C36, 
cleaved caspase 9 bands were observed at both 3 and 6 h (Fig. 8B). These 
findings suggest that C36 promotes apoptosis in MCF-7 cells via its 

Fig. 6. MCF-7 cells stained with AO after 24 h of induction with vehicle (left; control), IC50 C36 (center) or 2xIC50 C36 (right). Orange vesicles stained with AO 
represent autophagy. All images were obtained using a confocal microscope at 40x magnification. Abbreviations: AO: acridine orange. Scale bar represents 20 µm. 

Table 1 
Effects of varying C36 concentrations (0.5x, 1x or 2x IC50) on the cell cycle of MCF-7, A-549, and T-84 cells after 12, 24, and 48 h of induction.    

MCF-7a A-549a T-84a 

Treatment SubG1 
(%) 

G0-G1 
(%) 

S (%) G2-M 
(%) 

SubG1 
(%) 

G0-G1 
(%) 

S (%) G2-M 
(%) 

SubG1 
(%) 

G0-G1 
(%) 

S (%) G2-M 
(%) 

12 h Control 5.94 
± 0.9 

78.94 
± 2.1 

6.63 
± 1.4 

8.49 
± 0.9 

1.51 
± 0.1 

71.88 
± 1.8 

12.00 
± 0.5 

14.61 
± 1.3 

2.13 
± 0.6 

72.70 
± 0.3 

14.20 
± 0.3 

10.97 
± 0.2 

0.5x 4.27 
± 0.1 

77.97 
± 0.5 

6.55 
± 1.1 

11.20 
± 0.7* 

1.71 
± 0.1* 

75.63 
± 0.1* 

9.56 
± 0.1* 

13.10 
± 0.1 

1.78 
± 0.1 

75.34 
± 0.8* 

11.54 
± 0.4* 

11.34 
± 1.2 

1x 12.41 
± 0.6* 

66.39 
± 0.6* 

6.68 
± 0.5 

14.52 
± 0.4* 

2.30 
± 0.2* 

72.05 
± 0.6* 

9.85 
± 0.6* 

15.80 
± 1.1* 

2.34 
± 0.1 

75.83 
± 0.4* 

10.61 
± 0.6* 

11.22 
± 0.4 

2x 60.62 
± 4.2* 

28.50 
± 2.8* 

5.53 
± 0.6 

5.55 
± 1.0* 

4.72 
± 0.3* 

68.95 
± 0.5* 

8.87 
± 0.2* 

17.45 
± 1.0* 

2.63 
± 0.1 

73.53 
± 0.6 

10.85 
± 0.3* 

12.99 
± 0.7* 

24 h Control 5.76 
± 0.3 

58.37 
± 1.6 

27.08 
± 2.2 

8.79 
± 2.0 

2.04 
± 1.0 

65.79 
± 1.0 

12.97 
± 0.8 

19.19 
± 0.8 

1.28 
± 0.1 

68.89 
± 0.5 

14.65 
± 0.3 

14.18 
± 0.7 

0.5x 6.49 
± 1.2 

71.02 
± 1.6* 

16.37 
± 1.7* 

6.11 
± 1.8* 

1.27 
± 0.1* 

74.68 
± 1.3 

10.44 
± 0.7 

13.60 
± 0.5* 

1.27 
± 0.1 

70.52 
± 1.4* 

13.97 
± 0.6 

14.24 
± 0.6 

1x 43.04 
± 0.9* 

42.03 
± 1.2* 

8.07 
± 0.5* 

6.86 
± 0.8 

3.95 
± 0.4* 

77.79 
± 0.1* 

7.92 
± 0.8* 

10.34 
± 0.5* 

1.94 
± 0.2 

72.89 
± 0.6* 

12.32 
± 0.3* 

12.86 
± 0.7* 

2x 90.58 
± 0.1* 

6.78 
± 0.4* 

1.53 
± 0.4* 

1.12 
± 0.1* 

16.14 
± 0.8* 

61.15 
± 1.3* 

7.48 
± 0.2* 

15.23 
± 0.7* 

16.64 
± 1.0* 

61.42 
± 0.5* 

9.90 
± 0.4* 

12.04 
± 0.3* 

48 h Control 3.45 
± 0.7 

61.87 
± 2.8 

25.57 
± 1.7 

9.11 
± 1.6 

1.41 
± 0.1 

78.78 
± 0.8 

7.61 
± 0.5 

12.20 
± 0.3 

1.84 
± 0.1 

79.95 
± 0.3 

7.69 
± 0.4 

10.52 
± 0.5 

0.5x 4.81 
± 0.6* 

71.96 
± 1.4* 

18.00 
± 1.4* 

5.23 
± 0.5* 

2.09 
± 0.1 

79.80 
± 0.8 

7.46 
± 0.1 

10.64 
± 1.1* 

2.76 
± 0.1 

79.42 
± 0.3 

7.74 
± 0.3 

10.08 
± 0.5 

1x 51.11 
± 0.7* 

30.92 
± 0.3* 

8.47 
± 1.2* 

9.49 
± 0.6 

6.12 
± 0.1* 

77.52 
± 0.5* 

7.55 
± 0.1 

8.81 
± 0.5* 

3.99 
± 0.2 

79.19 
± 0.5 

7.57 
± 0.4 

9.25 
± 0.2* 

2x 86.71 
± 1.8* 

8.72 
± 1.5* 

3.04 
± 0.7* 

1.54 
± 0.1* 

40.64 
± 0.1* 

47.39 
± 0.3* 

3.78 
± 0.4* 

8.19 
± 0.1* 

57.34 
± 3.0* 

31.70 
± 1.5* 

6.39 
± 1.1* 

4.56 
± 0.4*  

a Data are means ± SD of three independent determinations. 
* Indicates a significant difference from the control group, with a p value of < 0.05. 
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intrinsic pathway. This mechanism is similar to those exhibited by other 
compounds evaluated for their effect on breast tumor cells [76–79]. 
Furthermore, a study involving resveratrol revealed that the mito
chondrial caspase-9 pathway was the primary apoptotic pathway 
implicated in MCF-7 cells [80]. 

2.6. In vivo toxicity assay 

To evaluate the toxicity of C36, we conducted an in vivo assay in 
mice, considering changes in body weights, and performed hematolog
ical, biochemical, and histopathological analyses following treatment 
with the compound. The control group was administered solely with the 
vehicle, 0.5 % methylcellulose (MC), while the other four groups of 
C57BL/6 mice received increasing doses of C36 (1.75, 5.5, 17.5, or 
55 mg/kg) over a 22-day study period. All mice were weighed twice 
weekly. 

Generally, all mouse groups demonstrated a consistent gain in body 
weight from the beginning to the end of the study period (Table 2). No 
differences were observed between the weights of the five groups on 
either day 1 (P = 0.541) or day 22 (P = 0.096). Both initial and final 
body weights on day 1 and day 22, respectively, did not show significant 
differences among the five groups, and the final weight percentages 
relative to controls were comparable across all groups. Our results 
indicated no variation in body weight among the animals throughout the 
study. Furthermore, C36 treatment was not associated with any 
behavioral alterations, diarrheal episodes, or other adverse effects. 

Hematological analyses were conducted using blood samples ob
tained after the 22-day treatment. The results demonstrated normal 
levels of leukocytes, red blood cells and hemoglobin compared to those 
in the control group (Table 3). Furthermore, conditions such as anemia, 
leukopenia, thrombocytopenia, or pancytopenia were not detected in 
mice receiving C36. 

In the course of this investigation, we carried out biochemical 

assessments examining glucose and total protein concentrations in the 
blood following treatment with the aim of gauging the general health 
status of the mice. Neither glucose nor total protein levels showed 
substantial variations across the different groups (Table 4). 

Urea and creatinine served as markers of renal function in our study. 
Urea is a metabolic product, whereas creatinine is related to the 
degradation of muscle tissue. Elevation in either of these markers can 
hint at renal dysfunction, with urea reflecting an acute condition and 
creatinine indicating a chronic state. Nevertheless, our study revealed 
no marked differences in the levels of either marker across the groups, 
thereby suggesting that C36 did not induce renal toxicity (Table 4). 

Bilirubin, a compound employed by the liver for the synthesis of bile, 
is typically present in trace amounts in the blood. Following treatment, 
no variations were discerned in total bilirubin levels. Similarly, the 

Fig. 7. Annexin V-FITC/PI Staining for Apoptosis and Viability Assessment. 
Flow cytometric analysis was performed on MCF-7 cells treated with or without 
C36 for 48 h. A) Cytograms depicting untreated (control, left) and C36-treated 
(right) MCF-7 cell cultures. This experiment was independently replicated three 
times, all leading to similar results. B) Histograms displaying the proportion of 
viable, necrotic and apoptotic MCF-7 cells after 48 h, highlighting the differ
ences between the control group and cells exposed to C36 at the IC50 
concentration. 

Fig. 8. Immunoblot evaluation of apoptosis markers. A) Expression of Bax and 
Bcl-2 in MCF-7 cells, uninduced (control; C) and induced with C36 at IC50 and 
2xIC50 concentrations for 3 and 6 h. B) Expression of cleaved caspase 9 in MCF- 
7 cells, uninduced (control; C) and induced with C36 at IC50 concentrations for 
3 and 6 h. Densitometry values (blue numbers) represent fold change (F.C.) of 
the relative protein expression compared to control. 

Table 2 
Comparative body weights of untreated (control) and C36-treated C57BL/6 
mice.    

MBW (g) Final Weight 
Relative to Controls 
(%) Concentration (mg/kg 

body weight) 
Survival Initial Final 

0 (Control) 2/2 16.8 
± 0.9 

18.3 
± 1.1  

100.0 

1.75 (Group 1) 2/2 18.2 
± 2.0 

20.3 
± 1.3  

110.9 

5.5 (Group 2) 2/2 18.3 
± 0.9 

19.9 
± 1.0  

108.7 

17.5 (Group 3) 2/2 18.0 
± 0.8 

19.2 
± 1.0  

104.9 

55 (Group 4) 2/2 17.1 
± 0.8 

19.3 
± 1.0  

105.5  
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quantities of alanine transaminase, an enzyme predominantly found in 
liver cells that typically sees a surge in blood concentration subsequent 
to liver cell injury or necrosis, showed no marked differences in the 
treated groups compared to the control. These observations collectively 
suggest that C36 did not induce significant liver toxicity (Table 4). 

Despite the relatively small sample size for each group, the results 
from the analysis presented in Tables 2, 3, and 4 were pivotal for our 
toxicity study. They provided us with the capacity to identify any po
tential hematological and biochemical changes in the mice subjected to 
C36 treatment, should they exist. 

We conducted a histological study to compare liver samples from the 
control group mice to those treated with the maximum administered 
dose of C36 (55 mg/Kg). From a pathological standpoint, neither ab
normalities nor histopathological changes (hepatocyte degeneration, fat 
accumulation or nuclear alterations) were observed under a microscopic 
examination. 

Minimal hepatocyte ballooning was detected in the samples from 

treated mice, a phenomenon that has been observed in other studies 
without resulting in liver toxicity [81–83]. Collectively, these histolog
ical findings suggest that C36 treatment did not induce significant toxic 
effects in the liver, an inference supported by the blood analysis data 
that demonstrated normal total bilirubin and alanine aminotransferase 
levels (Fig. 9). The findings in this section point to a high level of 
tolerance to C36. 

2.7. In vivo tumor assay 

The promising outcomes from the in vitro and in vivo toxicity tests 
prompted us to further explore the impact of C36 on tumor development 
in vivo. For this study, we selected the E0771 cell line due to its similar 
characteristics to the MCF-7 line used in our previous in vitro experi
ments, where the IC50 value of C36 was 1.8 µM in MCF-7 cells [5]. The 
E0771 line, originally derived from a breast tumor in a C57BL/6 mouse, 
facilitates the formation of rapidly growing tumors in 
immune-competent mice of the same strain. This syngeneic allograft 
model involving C57BL/6 mice and E0771 cells offers a more clinically 
relevant scenario for translational studies. Furthermore, in alignment 
with the 3Rs principles, we used a minimally sufficient sample size for 
this study to allow for the detection of any potential in vivo antitumor 
effects of C36 [84]. Prior to this in vivo investigation, we assessed the 
cytotoxicity of C36 in E0771 cells and determined an IC50 value of 
1.39 µM. 

An exponentially growing suspension of E0771 cells (1 ×106 cells) 
was injected into the subcutaneous tissue in the right flank of each an
imal to induce tumor growth [66]. When tumors became palpable (day 

Table 3 
Hematological Impact of C36. Comparative hemogram results from untreated 
and C36-treated C57BL/6 mice, presented at the endpoint of the 22-day 
experimental period.  

Parameters Control 
(vehicle) 

Group 1 
(1.75 mg/ 
kg) 

Group 2 
(5.5 mg/ 
kg) 

Group 3 
(17.5 mg/ 
kg) 

Group 4 
(55 mg/ 
kg) 

WBC (103/ 
µl) 

5.0 ± 0.6 5.4 ± 1.6 5.0 ± 0.6 5.3 ± 1.0 5.7 ± 0.6 

RBC (106/ 
µl) 

8.9 ± 0.2 8.7 ± 0.4 8.8 ± 1.0 9.2 ± 0.0 8.7 ± 0.3 

HGB (g/dL) 13.8 
± 0.4 

7.1 ± 9.5 14.0 
± 0.0 

14.7 ± 0.0 13.9 
± 0.6 

HCT (%) 41.6 
± 1.8 

40.9 ± 0.5 40.6 
± 1.0 

42.4 ± 1.0 40.7 
± 2.0 

PLT (103/ 
µl) 

531.5 
± 116.7 

516.0 
± 9.9 

657.5 
± 51.6 

583.0 
± 58.0 

664.5 
± 67.2 

MCV (fL) 46.4 
± 0.6 

47.0 ± 1.6 46.1 
± 0.3 

46.3 ± 0.1 47.1 
± 1.3 

MCH (pg) 15.4 
± 0.0 

16.1 ± 1.0 15.9 
± 0.1 

16.0 ± 1.0 16.1 
± 0.3 

MCHC (g/ 
dL) 

33.1 
± 0.3 

34.3 ± 1.1 34.4 
± 1.0 

34.6 ± 1.0 34.3 
± 0.1 

MPV (fL) 5.8 ± 0.3 5.9 ± 0.1 5.6 ± 1.0 6.1 ± 0.6 6.0 ± 0.1 
RDW (%) 13.8 

± 0.3 
14.5 ± 1.0 14.1 

± 0.1 
13.8 ± 0.8 14.3 

± 0.3 
PCT (%) 0.3 ± 1.0 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.2 0.4 ± 0.0 
LYM (%) 95.4 

± 1.2 
94.0 ± 1.4 95.5 

± 2.0 
95.0 ± 0.1 94.0 

± 1.0 
MON (%) 0.2 ± 1.0 0.3 ± 1.0 0.1 ± 1.0 0.2 ± 0.0 0.3 ± 0.1 
NEU (%) 3.9 ± 0.8 5.1 ± 1.2 3.9 ± 2.0 4.4 ± 0.3 5.1 ± 0.7 
EOS (%) 0.1 ± 0.2 0.2 ± 0.0 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.2 
BAS (%) 0.2 ± 1.0 0.2 ± 0.1 0.3 ± 0.2 0.2 ± 0.0 0.3 ± 0.2 

Data are presented as the mean ± S.D. Abbreviations: WBC, white blood cells 
(103/µl); RBC, red blood cells (106/microliter); HGB, hemoglobin; HCT, he
matocrit; PLT, platelets; MCV, mean corpuscular volume; MCH, mean corpus
cular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MPV, 
mean platelet volume; RDW, red cell distribution width; PCT; LYM, lympho
cytes; MON, monocytes; NEU, neutrophils; EOS, eosinophils; BAS, basophils. 

Table 4 
Influence of C36 on the clinical blood biochemistry of C57BL/6 Mice.   

Parameters Control 
(vehicle) 

Group 1 
(1.75 mg/kg) 

Group 2 
(5.5 mg/kg) 

Group 3 
(17.5 mg/kg) 

Group 4 
(55 mg/kg) 

Overall Status GLU (mg/dL) 283.2 ± 15.5 220.0 ± 32.8 201.2 ± 5.8 257.5 ± 18.4 256.3 ± 10.4 
T. PROTEIN (g/dL) 4.7 ± 0.3 5.6 ± 0.6 4.6 ± 0.5 5.1 ± 0.4 4.7 ± 0.6 

Kidney Toxicity BUN (mg/dL) 48.2 ± 7.8 42.1 ± 3.8 46.2 ± 0.3 53.0 ± 15.5 46.5 ± 3.0 
CRE (mg/dL) 0.3 ± 0.0 0.4 ± 0.0 0.3 ± 1.0 0.2 ± 0.3 0.4 ± 0.1 

Liver Toxicity T. BIL (mg/dL) 1.4 ± 0.0 2.2 ± 1.2 1.4 ± 0.0 1.4 ± 0.0 1.7 ± 0.4 
ALT (U/L) 37.3 ± 16.4 36.3 ± 15.9 26.0 ± 3.4 35.0 ± 1.8 32.0 ± 9.3 

Data are reported as the mean ± S.D. Abbreviations: GLU, glucose; T. Protein, total protein; BUN, blood urea nitrogen; CRE, creatinine; T. BIL, total bilirubin; ALT, 
alanine aminotransferase. 

Fig. 9. Histological evaluation of mouse liver sections. Bright-field optical 
microscopy images of liver sections stained with hematoxylin and eosin (H&E). 
Images A and C were derived from control group mice, while images B and D 
were obtained from mice treated with 55 mg/Kg of C36. Magnifications were 
10x (A and B) or 20x (C and D). 
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8), the mice were randomly divided into two groups of seven. Animals 
received oral treatment twice a week (on postinjection days 8, 11, 14, 
17, 21, 24, 28, and 31) with either the 1 % methylcellulose vehicle alone 
(control), or with C36 at a concentration of 55 mg/kg bw (treated). The 
study was concluded on day 33, by which time all mice in the control 
group had either succumbed or met the endpoint criterion. Notable 
differences in tumor sizes between the two groups were observed 
starting from the fifth oral administration of C36 (day 21). In the control 
group, the mean tumor size was double that of the treated group by day 
24, and this disparity grew to nearly fivefold by day 28 (Fig. 10A). 

Remarkably, by day 33, while no mice survived in the control group, 
four treated animals were still alive. A significant difference in survival 
rates was identified based on the log-rank test (Fig. 10B). These results 
compellingly demonstrate the in vivo antitumor efficacy of C36. 

3. Conclusions 

Our previous studies have highlighted the in vitro antitumor potential 
of taiwaniaquinoids. However, their mechanism of action or in vivo 
toxicity or efficacy has not been explored. In the present study, we 
selected the most potent taiwaniaquinoids against human breast, lung, 
and colon cancer cells (C15, C16, C27 and C36), with a specific focus on 
MCF-7 cells and C36, as they displayed the highest effectiveness and 
lowest toxicity against normal PBMCs. Through multiple in vitro assays, 
we demonstrated that C36 induces oxidative stress and triggers 
apoptosis via the intrinsic pathway in tumor cells. Furthermore, C36 was 
shown to inflict DNA damage and incite apoptosis in tumor cells, as 
evidenced by the detection of specific markers. The in vivo toxicity study 
revealed that C36 administration up to 55 mg/kg bw did not signifi
cantly affect body weight, behavior, blood parameters, or liver tissue in 
immunocompetent C57BL/6 mice. Remarkably, in our in vivo tumor 
model that involved C57BL/6 mice and E0771 cell allografts, C36 intake 

both suppressed tumor progression and significantly extended survival. 
While further studies are needed, our findings suggest that taiwania
quinoids, particularly C36, exhibit promising potential for cancer ther
apy given their low systemic toxicity and strong antitumor effects. This 
indicates the potential of taiwaniaquinoids, specifically C36, as 
compelling candidates for clinical trials in cancer treatment. 

4. Experimental section 

4.1. Cell lines and culture 

For the in vitro assays, we used the human breast adenocarcinoma 
line MCF-7, human lung tumor line A-549, human colorectal carcinoma 
line T-84, and the E0771 breast cancer cell line that was isolated from an 
immunocompetent C57BL/6 mouse. All cells were cultured in DMEM, 
supplemented with 10 % heat-inactivated FBS and penicillin- 
streptomycin. Cultures were kept in a humidified atmosphere of 5 % 
CO2 at 37ºC. All the necessary culture media and supplements were 
procured from Sigma-Aldrich (St. Louis, MO). 

4.2. In vitro antiproliferative assay with PBMCs 

PBMCs were obtained from peripheral blood samples from healthy 
donors that were obtained through the Biobank of the Public Health 
System of Andalusia (Spain). The cells were isolated from blood by 
density-gradient centrifugation using Histopaque-1077 (Sigma Aldrich). 
The PBMCs were cultivated in RPMI-1640 medium supplemented with 
20 % FBS, 2 mM glutamine, and penicillin-streptomycin, and were 
maintained in a humidified atmosphere of 5 % CO2 at 37ºC. To calculate 
the IC50, we seeded 5 × 104 cells in each well of 96-well plates in 
sextuplicate that were treated with the taiwaniaquinoids showing the 
highest activities in previous studies (compounds C15, C16, C27 and 
C36) at various concentrations (1–20 µM) for 72 h. Cell viability was 
assessed using the MTT assay (Sigma-Aldrich), and optical density was 
measured at 570 nm using a spectrophotometer (Multiskan EX, 
Thermo). 

4.3. Oxidative stress and DNA damage assays 

To ascertain the impact of oxidative stress on the antiproliferative 
effect of C36 on MCF-7 cells, 2 × 103 cells were seeded in sextuplicate in 
each well of a 96-well plate. Following 24 h, cells were treated with 
incrementally increasing concentrations of C36, with or without an 
antioxidant (NAC, Trolox, or BHA) added 1 h before the compound, and 
incubated for 72 h. After treatment, cells were fixed with 10 % cold 
trichloroacetic acid (4 ◦C), stained with 0.4 % sulforhodamine B in 1% 
acetic acid, and then the dye was dissolved in 10 mM Tris-base pH 10.5. 
Optical density was measured at 492 nm using a spectrophotometer 
(Multiskan EX, Thermo). IC50 values were derived from the semi
logarithmic dose-response curve by linear interpolation. Concurrently, 
intracellular ROS levels were evaluated using a FACScan flow cytometer 
(Becton Dickinson, San Jose, CA, USA), through the quantification of 
fluorescence intensity after 30 min incubation with 2′,7′-dichloro
fluorescein diacetate (DCF-DA, Sigma-Aldrich). Furthermore, MCF-7 
cells were plated in microslide-well dishes (IBIDI) with C36 at a con
centration equivalent to IC50, incubated for 1 h in the presence or 
absence of 2 mM NAC and then incubated with DCF- DA for an addi
tional 30 min. Finally, the cells were rinsed with PBS and visualized 
using fluorescence microscopy (Leica DM5500B; Leica, Germany) at 
100x magnification. 

To evaluate DNA damage, MCF-7 cells were seeded in microslide- 
well dishes (IBIDI) and incubated overnight. Subsequently, the cells 
were exposed to C36 at the IC50 concentration for 6 h. After treatment, 
the cells were fixed with 4 % paraformaldehyde in PBS for 10 min, and 
then permeabilized with 0.25 % Triton X-100 in PBS for an extra 10 min. 
After washing three times in PBS for 5 min each, the cells were 

Fig. 10. Effect of C36 on a breast cancer model involving C57BL/6 mice and 
E0771 cells: progression of breast tumor size (A) and survival curve (B). 
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incubated in 5 % BSA in PBS for 1 h and then with primary antibody 8- 
OHdG-FITC (Santa Cruz Biotechnology) at 4 ◦C overnight. The cells 
were then rinsed with PBS and incubated with the secondary antibody 
m-IgGk-BP-FITC (Santa Cruz Biotechnology) for 1 h. Finally, the cells 
were washed with PBS, stained with DAPI (1 µg/mL) for 1 min, gently 
washed with PBS, and then observed under a fluorescence microscope. 

4.4. Autophagy assays 

The effects of C36 were assessed with or without a 1-h pretreatment 
with one of the autophagy inhibitors, 3-MA or CQ. For this, we seeded 
MCF-7 cells in 96-well plates or µslide-well dishes (IBIDI). Following the 
induction period, the 96-well plates underwent cell quantification via 
sulforhodamine B staining as outlined in Section 4.3. The µslide-well 
dishes were stained with 1 μM acridine orange (Sigma-Aldrich, 
A318337) at 37 ◦C for 15 min, rinsed with distilled water, and examined 
under a fluorescence microscope to identify the presence of acidic 
intracellular compartments. 

4.5. Cell cycle and sub-G1 analysis 

To assess the impact of C36 on the cell cycle, MCF-7 cells were plated 
in 6-well plates and then cultured for 12 h in serum-free medium. After 
this period, the cells were incubated in complete medium with or 
without C36 for 12, 24, or 48 h. Following this, cultures were harvested, 
rinsed with PBS, fixed with 70 % cold ethanol, and treated with a DNA 
extraction solution (0.2 M Na2HPO4, 0.1 M citric acid) for 15 min at 
37 ◦C. The cells were subsequently centrifuged, rinsed with PBS, 
resuspended in a solution containing propidium iodide (40 μg/mL) and 
RNase (100 μg/mL), and then incubated for 30 min at 37 ◦C in the dark. 
Finally, the cells were examined using a FACScan flow cytometer. 

4.6. Viability and apoptosis assays 

MCF-7 cultures induced or not with C36 were used to analyze cell 
viability employing the Annexin V-FITC kit (Trevigen, Gaithersburg, 
MD), according to the protocol described in [10]. Additionally, the level 
of apoptosis-related markers in cultures treated or not treated with the 
compound was assayed by western blot following the protocol described 
in [10]. In these assays, we used the primary antibodies anti-Bcl2 
(SC-56015, Santa Cruz), anti-Bax (Santa Cruz) and anti-cleaved cas
pase-9 (Cell Signaling), and the secondary antibody were m-IgG kappa 
BP-HRP (Santa Cruz) or IgG HRP-conjugate (Sigma-Aldrich). β-actin 
served as a housekeeping reference and was detected using monoclonal 
anti-β-actin-HRP (Sigma-Aldrich). 

4.7. In vivo assays 

The in vivo assays were approved by the Ethics Committee of the 
University of Granada. (Ethical consent approval Nº: 49-CEEA-OH- 
2014). The animals were housed in cages with unrestricted access to 
water and rodent laboratory chow, and were maintained under a 
controlled environment (12 h light/dark cycle, 37 ◦C, 40–70 % relative 
humidity). To determine the in vivo toxicity of C36, ten female C57BL/6 
mice weighing 25–30 g were randomly divided into five groups (n = 2). 
The control group was treated with vehicle (1 % methylcellulose solu
tion), and the other four groups were administered C36 at different 
concentrations (1.75, 5.5, 17.5 and 55 mg/Kg) seven times over the 
course of a 22-day assay. Throughout the study, mice were observed for 
signs of toxicity, including loss or changes in coat and behavior, diar
rhea, and loss of movement or weight. The mice were weighed twice 
weekly during the experimental period. 

At the end of the assay blood was drawn from each mouse, and 
plasma was extracted for the analysis of hematological and biochemical 
parameters: white blood cells, red blood cells, hemoglobin, hematocrit, 
mean corpuscular volume, mean corpuscular hemoglobin, mean 

corpuscular hemoglobin concentration, platelets, mean platelet volume, 
red cell distribution width, platelet distribution width, neutrophils, 
lymphocytes, monocytes, eosinophils, basophils, glucose, total protein, 
blood urea nitrogen, creatinine, total bilirubin and alanine amino
transferase. In addition, liver tissue was collected from each mouse, 
fixed in neutral buffered formalin, and embedded in paraffin. Five- 
micron sections were stained with hematoxylin and eosin and exam
ined by optical microscopy using a Leica DM IL LED microscope (Leica 
Microsystems S.L.U., Barcelona, Spain). 

For the in vivo tumor assay, fourteen female C57BL/6 mice weighing 
25–30 g were injected with 1 × 106 E0771 cells to induce tumors. Once 
the tumors became palpable, animals were randomly divided into two 
groups: a control group administered vehicle alone (0.5 % methylcel
lulose) and a treatment group administered 55 mg/kg bw C36. Oral 
administration and tumor measurements were conducted twice weekly. 
Tumor dimensions were measured using a digital caliper. The largest 
diameter (a) and the second largest diameter (b), perpendicular to the 
former, were recorded. Tumor volume (V, mm3) was estimated using the 
formula: V = a⋅b2⋅π/6. 

4.8. Statistical analysis 

Quantitative results are reported as the mean ± standard deviation. 
Depending on the data distribution, comparisons were made using 
either parametric (Student’s t test or ANOVA) or nonparametric (Mann- 
Whitney U test or Kruskal-Wallis H test along with Dunn’s post-hoc test) 
statistical tests. Survival probabilities were computed using the Kaplan- 
Meier method, with the significance of the results calculated using the 
log-rank test. All statistical analyses were conducted using SPSS (v. 28). 
A p value below 0.05 was deemed to represent statistical significance. 
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R. Chahboun, E. Alvarez-Manzaneda, General access to taiwaniaquinoids based on 
a hypothetical abietane C7-C8 cleavage biogenetic pathway, J. Org. Chem. 77 
(2012) 573–584, https://doi.org/10.1021/jo202163y. 

[34] Q. Yuan, Z. Liu, C. Xiong, L. Wu, J. Wang, J. Ruan, A novel, broad-spectrum 
antitumor compound containing the 1-hydroxycyclohexa-2,5-dien-4-one group: 
The disclosure of a new antitumor pharmacophore in protoapigenone 1, Bioorg. 
Med. Chem. Lett. 21 (2011) 3427–3430, https://doi.org/10.1016/j. 
bmcl.2011.03.108. 

[35] A.A. Vieira, I.R. Brandão, W.O. Valença, C.A. de Simone, B.C. Cavalcanti, C. Pessoa, 
T.R. Carneiro, A.L. Braga, E.N. da Silva, Hybrid compounds with two redox centres: 
modular synthesis of chalcogen-containing lapachones and studies on their 
antitumor activity, Eur. J. Med Chem. 101 (2015) 254–265, https://doi.org/ 
10.1016/j.ejmech.2015.06.044. 

[36] N. Bouchmaa, M. Tilaoui, Y. Boukharsa, A. Jaâfari, H.A. Mouse, My Ali Oukerrou, 
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