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A B S T R A C T   

A total of twenty-five novel carboxylic acid, methylester, methylamide or cyano nonsteroidal anti-inflammatory 
drug (NSAID) derivatives incorporating Se in the chemical form of selenoester were reported. Twenty Se-NSAID 
analogs exhibited an increase in cytotoxic potency compared with parent NSAID scaffolds (aspirin, salicylic acid, 
naproxen, indomethacin and ketoprofen). Top five analogs were selected to further study their cytotoxicity in a 
larger panel of cancer cells and were also submitted to the DTP program of the NCI’s panel of 60 cancer cell lines. 
Compounds 4a and 4d stood out with IC50 values below 10 μM in several cancer cells along with a selectivity 
index higher than 5 in breast cancer cells. Remarkably, analog 4d was found to inhibit cell growth notably in two 
breast cancer cell lines by inducing apoptosis, and to be metabolized to release the parent NSAID along with the 
Se fragment. Taken together, our results show that Se-NSAID analog 4d could be a potential chemotherapeutic 
drug for breast cancer.   

1. Introduction 

Inflammation is highly related to cancer and plays a key role in the 
development and progression of the disease. Thus, targeting inflam
mation could be a suitable strategy for the prevention and treatment of 
cancer [1]. In this context, although nonsteroidal anti-inflammatory 
drugs (NSAIDs) have been traditionally known for their analgesic, 
anti-inflammatory and antipyretic effects [2], in recent years several 
epidemiological, preclinical, and clinical studies support their chemo
preventive and chemotherapeutic potential use for cancer treatment 
[3–17]. Remarkably, numerous systematic reviews and meta-analyses to 
date suggest that NSAIDs could be associated with a reduced risk of 
breast cancer, particularly aspirin (ASA) [18–25]. Recently, ASA was 
shown to have a potential preventive effect especially in hormone re
ceptor positive tumors or in situ breast tumors in postmenopausal 

women [8,21]. Likewise, another recent meta-analysis revealed that 
ASA administration might reduce the risk of breast cancer specific death, 
all-cause mortality, and the risk of recurrence and metastasis [22]. 
Another clinical trial further reported the regular use of ASA for 
reducing the risk of breast cancer [26], and furthermore, a study sug
gested that the reduction in risk of breast cancer occurred with a low 
dose of ASA among women with the hormone receptor-positive/human 
epidermal growth factor receptor 2 (HER2)-negative subtype [27]. 
NSAID use was also associated with a decreased risk of invasive breast 
cancer in menopausal hormonal therapy users [28]. 

The primary mechanism of action responsible for the therapeutic 
activity of NSAIDs is the inhibition of cyclooxygenase-1 and -2 (COX-1 
and -2) and the suppression of prostaglandin synthesis [29]. Interest
ingly, overexpression of COX-2 has been detected in ~40% of cases of 
human breast carcinoma as well as in preinvasive ductal carcinoma in 
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situ lesions [30]. In addition, numerous evidences revealed that NSAIDs 
could also exert their chemotherapeutic activity through 
COX-independent mechanisms, such as increasing the expression of 
caspase-3 by the downregulation of AP-2α [31]; regulation of the Wnt 
pathway [32,33]; induction of apoptosis [34,35]; inhibition of human 
high-mobility group A2 (HMGA2) [36] and mammalian 
neuraminidase-1 (Neu-1) [37]; induction of endoplasmic reticulum 
stress to activate death receptor signaling and BID protein [38]; and 
regulation of autophagy [39], among others. Furthermore, several ef
forts have been made to modify NSAID scaffolds to minimize the side 
effects related to COX inhibition such as gastrointestinal [40] and car
diovascular [41] risks associated with their prolonged use, as well as to 
develop more effective analogs with new mechanisms of action. In this 
regard, hydrogen sulfide- (HS) and nitric oxide- (NO) releasing NSAIDs, 
formed from the combination of these reactive species with NSAIDs, 
showed a significant reduction of gastric side effects, along with greater 
antiproliferative effects [42]. The diethylphosphate analogs of nitrate 
NO-NSAIDs, named phospho-NSAIDs, have also been widely studied and 
characterized, and have been found to have preclinical chemothera
peutic effect [43]. For instance, HS-ASA suppressed the growth of es
trogen receptor negative breast cancer cells by inducing G0/G1 arrest 
and apoptosis, downregulating the expression of nuclear factor-kappaB 
(NF-κB) and the thioredoxin reductase (TrxR) activity, and increasing 
the levels of reactive oxygen species (ROS) [44]. Another ASA deriva
tive, NO-ASA, showed growth inhibition both in vitro and in vivo asso
ciated with the inhibition of the NF-κB signaling pathway in the same 
type of cells [45]. Likewise, phosphosulindac (OXT-328) induced 
apoptosis and reduced cell proliferation by suppressing the Wnt/β-ca
tenin signaling in breast cancer stem cells [46]. 

Another appealing strategy to develop new analogs is the inclusion of 
selenium (Se) in the structure of NSAIDs. The anticancer properties of 
Se, mainly at supranutritional levels of supplementation, have been 
widely reported [47]. Besides, Se supplementation alongside traditional 
therapies was found to increase the efficacy of anticancer drugs, limit 
the associated side effects and improve the general conditions of the 
patients [47]. Furthermore, compounds containing Se have been 
demonstrated to exert potent anticancer activity in several xenograft 

models [48–50]. Selenocompounds display their anticancer activity 
mainly through the regulation of oxidative stress, involvement in 
angiogenesis [51] and induction of apoptosis [52]. In addition, seleno
compounds have been proven to have a potential synergistic effect in 
combination with other chemotherapeutic agents [53,54] including 
NSAIDs [55]. 

The efficacy of selenocompounds as anticancer drugs is correlated 
with the dose, the metabolic routes involved and the chemical form of Se 
[52]. Thus, in recent years the development of new NSAID analogs based 
on the combination of NSAID and Se entities through different Se 
functionalities have attracted great attention (Fig. 1). In this context, a 
glutathione conjugate of celecoxib (selenocoxib-1-GSH, Fig. 1) showed 
potent tumor growth inhibition associated with the suppression of 
COX-2 and PI3K/AKT signaling pathways [56]. The development of 
Se-NSAID analogs bearing selenocyanates and trifluoromethyl selenides 
attached through an amide group has also been studied. Interestingly, 
Se-aspirin (Fig. 1) analog was found to be > 10 times more potent than 
5-FU in colorectal cells [57]. Other Se-aspirin derivatives with a longer 
elongation of the chain (Fig. 1) were also explored, displaying potent 
cytotoxic activity and inducing apoptosis in breast cancer cells [58]. 
Se-Flurbiprofen (Fig. 1) was an ester-linked Se-NSAID analog later re
ported that showed great cytotoxic activity and down-regulated the 
expression of Bcl-2 and up-regulated IL-2 and caspase-8 activity [59]. A 
Se-sulindac derivative (Fig. 1) stood out among a methylseleno-NSAID 
series with impressive cytotoxic activity and a unique therapeutic pro
file [60]. Remarkably, a selenazolidine derivative of ASA, namely AS-10 
(Fig. 1), was recently found to induce caspase-mediated apoptosis, and 
decrease the cytokine tumor necrosis factor-alpha (TNF-α)-stimulated 
NF-κB nuclear translocation, the DNA binding activity and the degra
dation of cytosolic inhibition of κB protein [61]. 

Furthermore, over the last decade, our research group has also re
ported the synthesis and biological evaluation of selenoester derivatives 
with anticancer effects [62–64]. Continuing with this effort, and taking 
into account the abovementioned chemotherapeutic activity of NSAIDs, 
the promising anticancer profile of Se compounds and the reported 
literature that corroborate the chemical modification of NSAID scaffolds 
to afford more potent anticancer drugs, we report in the present work a 

Fig. 1. Chemical structures of some NSAID derivatives containing Se.  
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novel series of selenoester-NSAID hybrid analogs. The rationale of this 
design resides in the possible hydrolysis of the selenoester group 
modulated with the incorporation of different functional groups 
attached to the Se atom of the selenoester, thus releasing active 
fragments. 

We describe the synthesis of twenty-five new Se-NSAID compounds, 
along with the evaluation of their cytotoxic activity in a panel of cancer 
cell lines. The selectivity of the new compounds has also been assessed. 
The most active and selective compounds 4a, 4b, 4d, 3e and 4e have 
been evaluated against other cancer cells and submitted to the National 
Cancer Institute’s (NCI) Developmental Therapeutics Program (DTP) for 
cytotoxicity screening. The anticancer effect of compounds 4a and 4d 
has been further examined in two breast cancer cell lines. Compound 4d 
was also subjected to a metabolite study. To our knowledge, this is the 
first study that reports the effect of different substituents in selenoester- 
modified NSAID derivatives. 

2. Results and discussion 

2.1. Structural design 

In recent years, NSAIDs have attracted interest for their efficacy in 
preventing and treating cancer at different stages of the disease pro
gression, and their anticancer activity has been widely reported [60]. 
Besides, several compounds bearing Se have shown their effect as che
mopreventive and chemotherapeutic agents in preclinical models [65]. 
Taking into account all of the abovementioned facts, we hypothesized 
that the combination of NSAIDs and selenoester scaffold in the same 
molecule could lead to novel Se-NSAID analogs with increased anti
tumor efficacy as compared to their parent NSAIDs. The selenoester 
scaffold is modulated by the inclusion of different functional groups in 
the moiety bound to the Se atom of the selenoester, which might be 
easily hydrolyzed due to its analogy with an ester bond. Thus, a total of 
25 new selenocompounds were obtained comprising selenoesters 
decorated either with carboxylic functionalities in the form of acids, 
esters and amides, or with nitrile groups in hydrocarbon chains of 
different elongation, according to the general structure shown in Fig. 2. 
These functionalities have been chosen to investigate the effect of the 
substitution of the carboxylic groups and to explore whether the length 
of the aliphatic chain is an important feature for biological activity. Five 
NSAIDs were selected to encompass a variety of chemical structures, 
such as salicylates (ASA and salicylic acid, Salic) and arylpropionic 
(naproxen, Nap and ketoprofen, Ket) and acetic (indomethacin, Ind) 
acid derivatives. The anticancer activity of these NSAID scaffolds has 
been demonstrated in several previous studies [57–61]. 

2.2. Chemistry 

The synthesis of the novel Se derivatives of ASA (1), Nap (3), Ind (4) 
and Ket (5) were carried out by first reacting the corresponding NSAID 
acyl chloride with an aqueous solution of sodium hydrogen selenide 
(NaHSe), as it has been previously reported with slight modifications 
[62], followed by the reaction in situ of the resulting Se-NSAID sodium 
salt with different alkyl bromides. Additionally, the reaction of the 
aspirinyl chloride (1) with NaHSe and the corresponding bromides also 
yielded the salicylic derivatives 2a-e as byproducts due to the hydro
lyzation of the acetyl group in the ASA scaffold, and so these compounds 
were obtained with poor yields (<15% in all cases) in comparison with 
the rest of the series. The synthesis strategies of these derivatives are 
outlined in Scheme 1. All the compounds were purified by silica gel 
column chromatography or flash chromatography with a gradient of 
hexane and ethyl acetate as eluent. 

For compounds 1-5c, the starting bromide was not commercially 
available and had to be synthesized. As shown in Scheme 1B, 2-bromo- 
N-methylacetamide was obtained by treating a solution of methylamine 
in methylene chloride with bromoacetyl chloride in the presence of 
potassium carbonate. The precipitation of white crystals was observed 
after removing the solvent in vacuo. The 2-bromo-N-methylacetamide 
was obtained with a 40% yield and used without further purification 
for the synthesis of Se-NSAID derivatives 1-5c. 

The structures of all the compounds were confirmed by high- 
resolution mass spectrometry (HRMS) and by 1H, 13C and 77Se nuclear 
magnetic resonance (NMR), as described in the Experimental Section. 
Inspection of 1H NMR spectra of the compounds revealed the presence of 
two microsatellites reflecting the coupling of 77Se with 1H in the signal 
belonging to the methylene group directly attached to the Se atom. 
Interestingly, in the cases of the arylpropionic acid derivatives (Nap 3 
and Ket 5) this interaction is also observed in an additional split of this 
signal with variable coupling constant values (JSe-H = 2.5–12 Hz) as a 
consequence of this coupling between atoms. Regarding 13C NMR, the 
peak most shifted downfield corresponds to the signal belonging to the 
carbonyl group of the selenoester bond (Se–C––O) in all the compounds 
regardless of the presence of other carbonyl groups in their structures, 
with an overall chemical shift between 187.5 and 203.3 ppm. Carbonyl 
of the ASA analogs 1a-e appeared at the lowest range 187.5–192.9 ppm, 
whereas the same peak in the structural analogs of Salic derivatives 2a-e 
showed signals in the range of the rest of the Se-NSAID compounds, with 
an interval of 192.9–198.9 ppm. Se-NSAID compounds modulated with 
a carboxylic derivative in the form of acids, esters or amides also showed 
characteristic peaks of each series. The peak belonging to the carbonyl of 
the acid derivatives 1-5a appeared at ~175 ppm, whereas the corre
sponding peak of the carbonyl in the cases of the ester (1-5b) or amide 
(1-5c) series was shifted upfield to ~170 ppm as a consequence of the 

Fig. 2. General structure of the new Se-NSAID derivatives.  
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substituents of the carboxylic group. Minimal differences can also be 
found in the nitrile (CN) groups of series 1-5d and 1-5e. When the nitrile 
group is linked to the Se atom through a single methylene group (1-5d), 
the corresponding signal appeared at ~117 ppm, but this same group 
attached with a longer elongation of the chain (1-5e) appeared slightly 
shifted downfield at ~119 ppm. Concerning 77Se NMR, overall the Se 
signal for the selenoesters appeared as one sharp peak in the range of 
536–636 ppm. Among them, the signal of the 1-5d series with only a 
methylene group between the nitrile and the Se atom was the most 
downfield shifted, appearing in the range of 582–636 ppm. Compounds 
of series 1-5b and 1-5e showed the same chemical shift for the Se peak 
despite the different substituents of the selenoester group, the NSAID 
involved being the only cause for the displacement of the signals. 
Likewise, when comparing the chemical shifts of the Se peak among the 
different NSAIDs within the same series, ASA (1a-e) and Ind (4a-e) 
derivatives tended to have the Se signal shifted downfield (581–636 
ppm) with practically no differences between them with respect to the 
other NSAID derivatives. Interestingly, the salicylic acid analogs 2a-e 
showed the opposite behavior, by showing the lowest range among the 
series with Se peaks in the interval of 536–582 ppm. 77Se spectra of the 
arylpropionic acid derivatives of Nap (3a-e) and Ket (5a-e) revealed 
average chemical shifts of the Se signal (561–612 ppm), with no sig
nificant differences between them just as in the case of the Se-NSAID 
compounds of ASA (1a-e) and Ind (4a-e), probably due to the similar 
chemical environment for the Se atom in both the NSAIDs. 

2.3. Evaluation of the antiproliferative activities of the novel Se-NSAID 
derivatives 

To determine the effect of the new Se-NSAID compounds on cell 
viability, we first screened the 25 derivatives against a panel of four 
different cancer cell lines: HTB-54 (human lung carcinoma), DU-145 
(human prostate carcinoma), HT-29 (human colon carcinoma) and 
MCF-7 (human breast carcinoma) using the 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously 
described [66]. These four cell lines were treated for 48 h with each 
compound at two concentrations (10 and 50 μM). As shown in Fig. S1A, 
the Se-NSAID derivatives containing a nitrile moiety with either one 
(1-5d) or two (1-5e) methylene groups displayed a potent cell growth 
inhibition and even cell death at 10 μM in every cancer cell line tested. 
Compounds with an ester group attached to the selenoester (series b) 
exhibited the highest activity among the carboxylic derivatives, with a 
cell growth below 20% in the four lines tested. On the contrary, the 
substitution with a methylamide group (1-5c) led to a significant loss in 
the antiproliferative activity when compared to the other series derived 
from carboxylic moieties (1-5a and 1-5b). The presence of the acid 
group also led to less active compounds, since only compound 4a 
derived from Ind showed cell growth below 50% in at least three of the 
cell lines tested. Interestingly, as reported in Fig. S1B, at 50 μM con
centration, almost all the compounds led to cell death. The compounds 
that showed cell growth inhibition above 60% in the cell lines tested at 
the lowest concentration were selected to further investigate the cyto
toxicity at seven concentrations between 0.5 and 100 μM. Thus, all the 

Scheme 1. Syntheses of the Se-NSAID compounds and the 2-bromo-N-methylacetamide for 1-5c derivatives. Reagents and conditions: (i) H2O, room temperature; 
(ii) THF/H2O, 15 min, room temperature; (iii) ClCOCOCl, CH2Cl2, 12 h, room temperature; (iv) ClCOCOCl, CH2Cl2/N,N-DMF, 12 h, room temperature; (v) 
BrCH2COOH, BrCH2COOCH3, BrCH2CONHCH3, BrCH2CN or BrCH2CH2CN, THF/H2O, 1 h, room temperature; (vi) NH2CH3, K2CO3, CH2Cl2, room temperature, 4 h. 
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compounds from series d and e, along with Ind derivative from a car
boxylic acid 4a and the compounds from series b with a methylester 
moiety were evaluated in the four cell lines described before. The rest of 
the compounds from series a were also examined in the two cell lines for 
which they showed better activity. The corresponding parent NSAIDs 
(ASA, Salic, Nap, Ind and Ket) were tested as well for comparison. Since 
the lack of selectivity toward cancer cells is associated with unwanted 
side effects, the Se-NSAID derivatives were also evaluated in mammary 
gland (184B5) and bronchial epithelium (BEAS-2B) nonmalignant cell 
lines and the selectivity indexes (SI) were determined as the ratio of the 
IC50 values obtained for the nonmalignant cells and the homolog cancer 
cells. The calculated IC50 and SI values for these compounds are shown 
in Table 1. The GI50, TGI and LD50 values were also determined and are 
included in Table S1. 

The selected cancer cell lines displayed different sensitivity profiles, 
the breast cancer cells MCF-7 being less sensitive to the compounds than 
the rest of the cancer cell lines, as presented in Table 1. In this context, 
only compound 4a showed an IC50 value in the low micromolar range. 
On the contrary, Se-NSAID derivatives exhibited moderate to high 
antiproliferative activities in general with IC50 values in the low 
micromolar range in lung (HTB-54), prostate (DU-145) and colon (HT- 
29) cancer cells. As presented in Table 1, the introduction of the sele
noester moiety in the structure of NSAIDs led to far more potent analogs 
when compared to the parent drug. However, the enhancement 
observed is not only the result of incorporating Se in this chemical form 
into the NSAID, but a combination of the presence of different moieties 
attached to the selenoester group is also determinant for the anti
proliferative activity. In this context, compounds 1-5d and 1-5e showed 
the highest activity with outstanding IC50 values in the low micromolar 
range below 10 μM in three of the four cancer cell lines, indicating that 
the inclusion of the nitrile group might be optimal for the anti
proliferative activity. The combination of selenoester with methylester 
in derivatives 1-5b also led to a more potent activity profile when 
compared to acid derivatives (1-5a). 

As reported in Table 1, several compounds with potent anti
proliferative activity also showed poor selectivity, with cytotoxicity 
towards nonmalignant cells (184B5 and BEAS-2B). However, Ind 

derivatives 4a and 4d displayed fair SI values higher than 5-fold in 
breast cells. Interestingly, another Ind derivative 4b, was the most se
lective compound of series b. As for the lung cells, compounds 3e and 4e 
were also slightly more selective towards cancer cells than their coun
terparts. Besides, these five compounds inhibited cell growth without 
leading to cell death in breast nonmalignant cells (Table S1). Taken all 
these results together, four Ind derivatives (4a, 4b, 4d and 4e) and one 
Nap derivative (3e) were selected as the lead compounds of each series 
for further studying their cytotoxicity in other breast and lung cancer 
cell lines. The cytotoxicity of the five compounds was therefore evalu
ated in two breast cancer cells (T-47D and MDA-MB-231) and/or two 
lung cancer cells (H1299 and A549) depending on the selectivity by 
which they were chosen. These results are expressed as IC50 values and 
are summarized in Table 2 collectively with the results already shown 
for HTB-54, MCF-7, 184B5 and BEAS-2B cells for clarity. GI50, TGI and 
LD50 values were also calculated and are included in Table S2. Dose- 
response curves obtained for the five compounds in all the cancer cell 
lines tested are shown in Fig. 3. 

Overall, the selected compounds showed consistency with the pre
vious results displayed for these cancer cells. Interestingly, compound 
4d showed great activity with an IC50 value below 10 μM in triple- 
negative breast cells (MDA-MB-231) while being non-toxic to nonma
lignant cells (184B5). Two compounds of the series formed with the 
nitrile group attached to the selenoester through a longer hydrocarbon 
chain (series e) had been chosen for their high activity and moderate 
selectivity, this being the only series with more than one lead com
pound, and so both showed potent activity in H1299 cells. Interestingly, 
compound 3e showed no activity in the other lung cell line tested 
(A549), suggesting a selectivity for certain cancer cells. 

An overview analysis of the IC50 values summarized in Tables 1 and 2 
revealed some structure-activity relationships that can be implied: (1) 
the Se atom incorporated in the form of selenoester into NSAID de
rivatives is a valid approach to obtain potent cytotoxic compounds; (2) 
the presence of an amide moiety in the carboxylic-derived selenoesters 
resulted in inactive compounds; (3) the introduction of a nitrile group 
led to the most active derivatives but with scarce selectivity regardless 
the elongation of the hydrocarbon chain, 4d being the only exception as 

Table 1 
IC50 values (in μM) for the Se-NSAID analogs and the parent NSAIDs in HTB-54, DU-145, HT-29, MCF-7, 184B5 and BEAS-2B cell lines, and selectivity indexes.  

Compounds Cell line 

HTB-54 DU-145 HT-29 MCF-7 184B5 SIa BEAS-2B SIb 

1a 48.3 ± 0.5 n.d.c n.d. >100 >100 >1.0 10.5 ± 0.1 0.2 
2a 49.9 ± 6.9 n.d. n.d. >100 >100 >1.0 14.4 ± 4.8 0.3 
3a 49.6 ± 9.8 n.d. n.d. >100 >100 >1.0 16.7 ± 10.1 0.3 
4a 12.0 ± 4.7 25.7 ± 5.3 12.6 ± 4.1 10.7 ± 2.1 >100 >9.3 12.9 ± 6.3 1.1 
5a 54.8 ± 5.9 n.d. n.d. >100 34.8 ± 16.3 >0.3 49.3 ± 0.3 0.9 
1b 12.5 ± 2.9 11.3 ± 2.4 11.6 ± 2.5 24.2 ± 7.5 10.0 ± 0.1 0.4 7.5 ± 0.3 0.6 
2b 15.2 ± 3.0 11.9 ± 2.6 13.1 ± 3.2 31.1 ± 4.0 9.2 ± 0.4 0.3 6.4 ± 0.3 0.4 
3b 20.2 ± 5.8 15.5 ± 5.8 15.6 ± 6.1 65.6 ± 13.5 22.0 ± 7.4 0.3 9.7 ± 0.1 0.5 
4b 15.1 ± 2.6 9.4 ± 0.9 11.8 ± 3.9 29.8 ± 13.7 50.5 ± 2.9 1.7 9.7 ± 0.3 0.6 
5b 29.8 ± 5.8 10.4 ± 1.4 10.5 ± 1.5 37.5 ± 11.8 7.7 ± 1.8 0.2 9.2 ± 0.6 0.3 
1d 8.1 ± 1.7 7.5 ± 1.6 7.5 ± 1.6 15.9 ± 6.7 6.2 ± 0.4 0.4 4.9 ± 0.0 0.6 
2d 8.6 ± 1.4 4.9 ± 1.5 4.9 ± 1.6 22.5 ± 4.1 7.8 ± 0.5 0.3 5.1 ± 0.0 0.6 
3d 8.5 ± 1.3 7.3 ± 1.8 7.0 ± 1.6 21.2 ± 3.3 11.6 ± 2.1 0.5 6.3 ± 0.2 0.7 
4d 9.5 ± 0.8 8.1 ± 1.6 8.0 ± 1.6 18.8 ± 7.1 >100 >5.3 7.0 ± 1.0 0.7 
5d 9.5 ± 0.1 7.2 ± 1.4 7.2 ± 1.7 21.0 ± 7.8 12.5 ± 2.1 0.6 6.6 ± 0.2 0.7 
1e 7.8 ± 1.7 6.3 ± 1.2 7.4 ± 1.2 34.7 ± 12.5 4.9 ± 1.6 0.1 5.0 ± 0.0 0.6 
2e 6.2 ± 1.7 7.1 ± 2.0 7.2 ± 2.0 62.2 ± 14.9 3.5 ± 0.6 0.1 5.1 ± 0.1 0.8 
3e 4.2 ± 1.7 9.0 ± 1.1 8.7 ± 0.6 51.7 ± 9.3 9.9 ± 1.2 0.2 9.3 ± 0.1 2.2 
4e 6.9 ± 3.2 7.7 ± 0.5 7.6 ± 0.5 30.4 ± 7.7 6.0 ± 2.4 0.2 9.3 ± 0.1 1.3 
5e 6.4 ± 1.2 7.8 ± 3.0 7.8 ± 3.1 65.2 ± 14.5 8.1 ± 2.0 0.1 6.5 ± 1.2 1.0 
ASA >100 >100 >100 >100 n.d. – n.d. – 
Salic >100 >100 >100 >100 n.d. – n.d. – 
Nap >100 >100 >100 >100 n.d. – n.d. – 
Ind >100 >100 >100 >100 n.d. – n.d. – 
Ket >100 >100 >100 >100 n.d. – n.d. – 

IC50 values are presented as the mean ± SD of at least three independent experiments determined by the MTT assay. aSI calculated in breast cells as IC50 (184B5)/IC50 
(MCF-7). bSI calculated in lung cells as IC50 (BEAS-2B)/IC50 (HTB-54). cExperiment not done. 
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it stood out with a good selectivity towards breast cancer cells while 
evincing potent cytotoxicity; (4) NSAID Ind yielded the best NSAID 
derivatives in terms of activity and selectivity, as four of the five selected 
lead compounds were based on an Ind core. 

2.4. NCI-60 analysis of the selected compounds 

To further explore the cytotoxicity of these compounds, Se-NSAID 
derivatives 4a, 4b, 4d, 3e and 4e were submitted to the NCI’s DTP for 
testing in a panel of 60 human cancer cell lines [67]. Thus, 4a [NSC: 
829493], 4b [NSC: 829494], 4d [NSC: 829495], 3e [NSC: 832803] and 
4e [NSC: 829496] were screened at one dose (10 μM) for 48 h of 
treatment. The results of this initial screening are displayed in 
Figs. S2–S6. Compound 4a showed highly selective cytostatic activity in 
non-small cell lung and central nervous system (CNS) cancer cells, with a 
growth percent (GP) lower than 6% and 12% in NCI–H460 cells and 
SF-295, respectively. Interestingly, among all the breast cancer cells 
tested, this compound proved to be more active in the MCF-7 cell line 
(Fig. S2), in concordance with our in-house results. As shown in Fig. S3, 
compound 4b demonstrated potent and selective cytotoxic activity in 
leukemia (HL-60(TB) cell line, GP value of-20.85%), melanoma (LOX 
IMVI cell line, GP value of − 54.94%) and breast cancer (MDA-MB-468, 
GP value of − 18.36%); these 3 cell lines being the only ones among their 

respective types that were highly sensitive to this derivative. Compound 
4b was also selectively cytostatic in CNS (SF-295), ovarian 
(NCI/ADR-RES) and renal (UO-31) cancers, with GP values around 9%. 
Compound 4d showed potent anticancer activity in most NCI-60 cell 
lines, displaying overall a GP mean value of 8.01% (Fig. S4). The cyto
toxic activity of this compound was remarkably potent and selective 
towards only a cell line in leukemia (HL-60(TB) cell line, GP value of 
− 14.03%), melanoma (LOX IMVI cell line, GP value of − 35.77%), 
non-small cell lung (NCI–H522 cell line, GP value of − 51.25%), colon 
(HCT-116 cell line, GP value of − 46.72%) and breast cancers 
(MDA-MB-468 cell line, GP value of − 43.15%). Interestingly, com
pounds 4b and 4d displayed a similar biological profile with selectivity 
towards the same cell lines tested within the same cancer type, although 
4d showed higher cytotoxicity overall. On the contrary, compound 3e 
proved to be the most cytotoxic of all the compounds submitted, with a 
GP mean value of − 47.69% (Fig. S5). Surprisingly, 3e was also selective 
towards the same leukemia cells as the previous compounds (HL-60(TB) 
cell line, GP value of − 42.46%) but displayed poor selectivity in the rest 
of the cancer types. In this context, 3e was highly active in all the 
non-small cell lung (with GP values between − 95.58 and − 21.58%) and 
CNS cancers (GP values between − 95.33 and − 45.81%), as well as in all 
the melanoma cell lines (GP values between − 76.89 and − 37.92%). 
Besides, compound 3e was also found to be cytotoxic in almost every cell 

Table 2 
IC50 values (in μM) of 4a, 4b, 4d, 3e and 4e derivatives in breast and lung cell lines.  

Comp. Breast cell lines Lung cell lines 

MCF-7 T-47D MDA-MB-231 184B5 HTB-54 H1299 A549 BEAS-2B 

4a 10.7 ± 2.1 35.1 ± 6.5 31.8 ± 15.2 >100 12.0 ± 4.7 n.d.a n.d. 12.9 ± 6.3 
4b 29.8 ± 13.7 23.7 ± 2.8 24.3 ± 3.1 50.5 ± 2.9 15.1 ± 2.6 n.d. n.d. 9.7 ± 0.3 
4d 18.8 ± 7.1 18.2 ± 1.6 6.3 ± 1.3 >100 9.5 ± 0.8 n.d. n.d. 7.0 ± 1.0 
3e 51.7 ± 9.3 16.8 ± 3.2 22.9 ± 3.1 9.9 ± 1.2 4.2 ± 1.7 4.9 ± 0.2 >100 9.3 ± 0.1 
4e 30.4 ± 7.7 22.0 ± 6.0 24.7 ± 4.3 6.0 ± 2.4 6.9 ± 3.2 10.4 ± 3.5 24.2 ± 1.3 9.3 ± 0.1  

a Experiment not done. 

Fig. 3. Se-NSAID derivatives reduced cell viability in several cancer cell lines. Cancer cell lines were treated with seven increasing concentrations of the compounds 
for 48 h and the cell viability was measured by the MTT assay. (A) Dose-response curves of compound 4a. (B) Dose-response curves of compound 4b. (C) Dose- 
response curves of compound 4d. (D) Dose-response curves of compound 3e. (E) Dose-response curves of compound 4e. Calculated IC50 values are shown in Ta
bles 1 and 2 GI50, TGI and LD50 values are included in Tables S1 and S2. 
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line of ovarian (GP values < − 40% in some cell lines) and renal cancers 
(GP values below − 50% in seven out of eight cell lines tested), and 
induced cell death particularly in MDA-MB-231 (GP value of − 59.86%) 
and MDA-MB-468 (GP value of − 56.61%) breast cancer cells. As shown 
in Fig. S6, compound 4e was also highly effective against several cell 
lines, with a GP mean value of − 14.56% overall. Analog 4e was 
remarkably potent in leukemia (HL-60(HB) cell line, GP value of 
− 43.78%), melanoma (SK-MEL-5 cell line, GP value of − 73.44%), colon 
(HCT-15 and HT29 cell lines, GP values of − 64.70 and − 31.21%, 
respectively), ovarian (IGROV1 and OVCAR-3 cell lines, GP values of 
− 55.56 and − 30.69%, respectively) renal (SN12C and TK-10 cell lines, 
GP values of − 82.55 and − 74.74%, respectively) and breast cancers 
(BT-549 and MDA-MB-468 cell lines, GP value of − 59.78 and − 35.98%, 
respectively). Interestingly, this compound was cytotoxic in almost 
every CNS cancer cell line tested (with GP values between − 82.91 and 
− 30.01%), and even in the only cell line in which this compound was 
not so active (U251), the GP value was still very low (1.11%). Com
pound 4e also displayed potent activity in non-small cell lung cancer, 
with GP values in the range of − 82.46% to − 48.14% in four of the cell 
lines tested. Since the only difference in the structure of compounds 4d 
and 4e is the elongation of the hydrocarbon chain attached to the 
selenoester and linked to the nitrile group, it could be hypothesized that 
a longer chain could lead to a compound with more potent cytotoxic 
activity, but with less selectivity towards cancer cell lines. 

Taking into account the selectivity and anticancer activity displayed 
by the lead compounds both in the NCI’s panel of 60 cell lines and in our 
experiments, Se-NSAID derivatives 4a and 4d were selected for further 
biological studies due to their activity in breast cancer cells, with IC50 
values of 10.7 μM in MCF-7 cells and 6.3 μM in MDA-MB-231 cells 
respectively (Table 2). Furthermore, 4a and 4d also showed the best 
selectivity among all the compounds tested in breast cells (Table 1). 

2.5. Solubility and stability studies of selected Se-NSAID derivatives 

A preliminary study of the physico-chemical properties of 4a, 4b, 4d, 
3e, and 4e was also performed. Since the solubility in aqueous medium 
is a key factor in the pharmacological performance and bioavailability of 
a compound, this feature was determined for selected selenoderivatives 
based on their biological activity. Thus, the corresponding water solu
bility parameter (logSm) was obtained by both in silico and in vitro 
methods and is shown in Table 3 for compounds 4a and 4d. The solu
bility of compounds 4b, 3e and 4e was also calculated and included in 
the Supplementary data (Table S4). Likewise, the acid dissociation 
constant (pKa) and the lipid/water partition coefficient (ClogP) values 
were calculated with the ChemDraw software and are also included in 
Table 3 and S4. 

Overall, all the Se-NSAID derivatives showed moderately low solu
bility, as in the case of other selenocompounds reported in the literature 
[68]. In general, the same tendency could be observed for the logSm 
values calculated with the computational programs SwissADME and 
OSIRIS. Hence, the solubility calculated in silico predicted that the 
Nap-derived compound 3e would display the highest solubility among 

the Se-NSAID derivatives (Table S4). However, the experimental solu
bility values revealed that the Ind-derived 4a with a carboxylic acid was 
the most soluble compound, followed by derivative 4d (Table 3). 
Notably, the presence of an additional nitrile group in the aliphatic 
chain attached to the selenoester group yielded compounds with the 
lowest logSm values (3e and 4e) experimentally. The low solubility 
showed by compound 4e in the experimental method was in concor
dance with the predicted value in silico (Table S4). The lipophilic 
behavior of the Se-NSAID derivatives was also confirmed by the ClogP 
obtained (Table 3 and S4). Likewise, although all the values determined 
were lower than 5, compound 3e showed the lowest ClogP value (3.42, 
Table S4), as in the case of the logSm also calculated in silico. Due to the 
presence of a carboxylic acid group, 4a was the only derivative among 
the selected compounds which presented a pKa value (Table 3). 

The fact that the Se-NSAID derivatives could undergo hydrolysis was 
considered in the design of the new selenocompounds. Thus, the 
possible hydrolysis of derivatives 4a and 4d were further explored, as 
shown in Fig. 4. Although both derivatives showed a similar profile at 
short times, the exposure to a 10% of D2O for longer times revealed that 
compound 4a was hydrolyzed to a greater extent than compound 4d. 
Nevertheless, at the end of the experiment derivatives 4a and 4d pre
sented a 60% and 50% of hydrolysis, respectively. 

Furthermore, the stability of compounds 4a and 4d was also assessed 
in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). The 
results are outlined in Table 4 expressed as the relative difference (RD) 
calculated by high-performance liquid chromatography (HPLC). 

Remarkably, both compounds underwent a significant hydrolysis 
under these conditions, confirming that they could be susceptible of 
being modified by proteolytic enzymes. This effect was more pro
nounced in SGF at pH 1.2 for compound 4a, which could be additionally 
affected by the acidic medium due to the presence of its carboxylic acid 
group. On the contrary, compound 4d was more stable in SGF (Table 4), 
although an immediate hydrolysis was observed for this derivative in SIF 
at pH 6.8. Importantly, a RD value higher than 5% denotes a significant 
degradation and potential instability in the gastrointestinal tract [69], 
thus suggesting that these compounds would not be suitable for oral 
administration. 

2.6. Compounds 4a and 4d inhibited the cell viability of breast cancer 
cells 

To further support the antiproliferative results obtained with the 
MTT assay (Table 1–2 and Fig. 3), we performed the trypan blue dye 
exclusion assay [70] in MCF-7 and MDA-MB-231 cells with compounds 

Table 3 
Aqueous solubility, ClogP and pKa values of selected Se-NSAID derivatives 
determined with computational and experimental methods.  

Compound Experimental 
aqueous 
solubillity 

Aqueous solubility 
calculated in silico 

ClogP 
(ChemDraw) 

pKa 

(ChemDraw) 

[g/L] logSm
a logSm 

(SwissADME) 

logSm 

(OSIRIS) 

4a 0.011 − 4.65 − 5.10 − 4.85 4.64 4.22 
4d 0.009 − 4.70 − 5.18 − 5.52 4.38 N/Ab  

a logSm: calculated based on solubility Sm (mol/L). 
b N/A: not applicable. 

Fig. 4. Hydrolysis study of compounds 4a and 4d calculated by q-1H NMR 
spectra analysis of each compound dissolved in a DMSO‑d6 solution containing 
10% D2O for 48 h. 
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4a and 4d. Cells were treated with three concentrations of each com
pound (5, 10 and 25 μM) and the population of alive cells after treatment 
was calculated at two different time points (24 and 48 h). As shown in 
Fig. 5, the inhibition of cell viability was time- and dose-dependent for 
both the compounds in the two cell lines tested. In MCF-7 cells, at 24 h 
(Fig. 5A) compound 4a showed no difference with respect to the cells 
treated with vehicle (DMSO) at 5 μM, but a higher concentration of 
compound reduced the viability of the cells significantly. This difference 
was evinced at 48 h too (Fig. 5B). Interestingly, at 10 and 25 μM there 
were less than 50% of alive cells at 48 h treatment with this compound, 
even in MDA-MB-231 cells (Fig. 5B,D). Nevertheless, compound 4d was 
significantly more cytotoxic than 4a in both the cell lines at the same 
concentrations even at 24 h, this effect being not significant only at 
lower concentrations (5 and 10 μM) in the shortest period of time 
(Fig. 5A,C). Furthermore, these differences in the activity increased with 
a longer treatment duration (Fig. 5B,D). Compound 4d was found to be 
cytotoxic even at the lowest concentration tested (5 μM) in both the cell 
lines at 48 h, and at 25 μM there were almost no alive cells in both the 
cell lines at this time point (Fig. 5B,D). In addition, a high concentration 
(25 μM) of this compound proved to be cytotoxic even at 24 h with less 
than 40% of remaining alive cells in both cell lines (Fig. 5A,C). In 
concordance with our previous results obtained with the MTT assay, 
MDA-MB-231 cells were also more sensitive to compound 4d after 48 h 

of treatment, the population of alive cells being highly compromised at 
the three concentrations tested (Fig. 5D). 

2.7. Compounds 4a and 4d induced apoptosis in breast cancer cells 

The cell viability assays performed evinced that compounds 4a and 
4d displayed antiproliferative activity. To further confirm if these 
compounds could induce cell death through apoptosis, we performed 
the Annexin V & Dead Cell assay. Annexin V is routinely used to detect 
apoptosis due to its affinity for phosphatidylserine (PS) residues exposed 
in the surface of the cells during early apoptosis [71]. In addition, 7-AAD 
is used to exclude late apoptotic and dead cells, because only those cells 
which have their membrane permeability compromised could be stained 
by this marker [72]. Furthermore, it is well-known that sequential 
activation of caspases is essential for triggering apoptosis [73]. Execu
tioner caspases such as caspase-3 and caspase-7 cleave many different 
structural and regulatory proteins that shut down the functions of the 
cell and thus become hallmarks of apoptosis [74]. Therefore, to confirm 
the results obtained with the Annexin V & Dead Cell assay, the activation 
of executioner caspases-3 and -7 was also studied using the Caspase 3/7 
assay. Herein, a reagent with a DNA binding dye linked to a peptide 
substrate DEVD is released after caspase cleavage in apoptotic cells, thus 
staining those cells with caspase 3/7 activity. Likewise, this assay also 
included the dead cell marker 7-AAD. 

Hence, MCF-7 and MDA-MB-231 cells were treated either with 
compound 4a or 4d for 24 h at different concentrations and results were 
obtained following the manufacturer’s protocol. Both assays led to four 
different populations of cells: healthy cells (Annexin V, Caspase 3/7 and 
7-AAD negative (lower left quadrant)); early apoptotic cells (both 
Annexin V and Caspase 3/7 positive and 7-AAD negative (lower right 
quadrant)); late apoptotic or dead cells (Annexin V, Caspase 3/7 and 7- 
AAD positive (upper right quadrant)); and necrotic cells (both Annexin 
V and Caspase 3/7 negative and 7-AAD positive (upper left quadrant)). 
Results obtained in the MCF-7 cell line are presented in Fig. 6, while the 
results in the MDA-MB-231 cell line are included in Fig. 7. In addition, a 
quantitative comparison of the difference in the cell population induced 
by each compound is shown in Fig. 6C,D and Fig. 7C,D. Besides, since 
MCF-7 cells do not express caspase-3 [75], the data assessed in this cell 
line is only referred as caspase-7. 

In general, cells treated with vehicle (DMSO) were located mainly in 
the lower left quadrant, while the treatment with either compound 4a or 
4d induced a shift from healthy cells towards an apoptotic state. This 
shift was almost the same for both concentrations of compound 4a in 

Table 4 
Stability of lead compounds 4a and 4d in SGF (pH 1.2, pepsin 3.2 mg/mL) and in 
SIF (pH 6.8, pancreatin 10 mg/mL) expressed as the percentage of RD values.  

Time point 
(min) 

4a 4d 

SGF SIF SGF SIF 

0 Immediate 
hydrolysis 

– – Immediate 
hydrolysis 5 68.18 ±

6.88 
1.72 ±
2.24 

15  73.21 ±
0.42 

3.63 ±
1.17  

30  59.36 ±
1.16 

43.39 ±
14.46  

60  61.59 ±
2.74 

33.31 ±
1.46  

120  63.73 ±
0.19 

33.08 ±
0.15  

240 n.d.a 67.56 ±
6.87 

n.d.  

RD values are presented as the mean ± SD of two independent experiments. 
aExperiment not done. 

Fig. 5. Effect of compounds 4a and 4d on the inhibition of cell viability. (A) Percentage of alive MCF-7 cells after 24 h of treatment. (B) Percentage of alive MCF-7 
cells after 48 h of treatment. (C) Percentage of alive MDA-MB-231 cells after 24 h of treatment. (D) Percentage of alive MDA-MB-231 cells after 48 h of treatment. 
Data are expressed as the mean ± SEM of three independent experiments. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 when comparing compounds. 
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MCF-7 cells in the Annexin V assay (Fig. 6A), in which the population of 
viable cells was decreased to ~70% while the percentage of late 
apoptotic or dead cells was consequently increased with respect to the 
control (Fig. 6A,C). Considering the Caspase 3/7 assay (Fig. 6B,D), there 
was a slight increase in the population of dead cells, although almost no 
effect was observed compared to the control at these concentrations of 
compound 4a. On the contrary, compound 4d induced apoptosis in 
MCF-7 cells in a dose-dependent manner (Fig. 6), in concordance with 
the results obtained from the cell viability assays. At 10 μM, the popu
lation of healthy cells in the Annexin V assay decreased to ~70%, this 
being the same effect as with compound 4a at a double concentration, 
but with a slightly higher percentage of cells in an early apoptotic state 
(Fig. 6A,C). Thus, 4d induced apoptosis more effectively than compound 
4a in MCF-7 cells, presenting a similar profile of cell population but at a 
lower dose (Fig. 6A,C). At 20 μM, the population of viable cells treated 
with 4d dropped to ~50%, while more than 45% of cells were detected 
to be apoptotic. Besides, only a slight percentage of cells were necrotic, 
as there were almost no cells located in the upper left quadrant (Fig. 6A). 
This pattern was even more marked in the Caspase 3/7 assay (Fig. 6B,D), 
given that although at 10 μM there were more healthy cells than in the 
Annexin V assay at the same concentration, at 20 μM this population 
decreased to less than 35%, most of the cells being in an apoptotic or 
dead state (>60%), and only a few cells appeared in the upper left 

quadrant with 7-AAD positive and caspase-7 negative (Fig. 6B). 
MDA-MB-231 cells were treated with a single concentration of 

compound 4a or 4d according to their values of IC50 (30 and 6.5 μM, 
respectively). As it was expected due to the previous results obtained 
from the MTT and the trypan blue dye exclusion assays, in MDA-MB- 
231 cells the compounds followed a similar pattern, compound 4d being 
more active overall (Fig. 7). Similar to as observed in the case of MCF-7 
cells, compound 4a was found to induce more apoptosis in the Annexin 
V assay, and so the population of healthy cells was lower at the con
centration used than in the Caspase 3/7 assay, although in both the 
experiments the cells shifted mainly to a necrotic state with either 
Annexin V or caspase-3/7 activity negative and 7-AAD positive (Fig. 7). 
This effect was higher in the Annexin V assay (Fig. 7A,C), with almost 
22% of the cell population in the upper left quadrant and only ~5% of 
apoptotic cells. Interestingly, compound 4d induced even more popu
lation of necrotic cells, with almost 30% of cells in the upper left 
quadrant despite being used at nearly 5-fold lower concentration than 
4a. As shown in Fig. 7B,D, this tendency was also maintained in the 
Caspase 3/7 assay, the percentage of cells with an increase in the caspase 
3/7 activity being also enhanced after the treatment with compound 4d 
in a more pronounced manner as compared to 4a. 

Considering all these results in both the cell lines, our data confirmed 
that compounds 4a and 4d induced apoptosis in breast cancer cells. As 

Fig. 6. Compounds 4a and 4d induced apoptotic cell death in MCF-7 cells. (A) Cells were treated with two concentrations of 4a or 4d for 24 h and examined on a 
Muse™ automated cell analyzer with the Annexin V & Dead Cell apoptosis assay. (B) Analogous independent experiment performed with the Caspase 3/7 apoptosis 
assay. (C,D) Quantification of the cell population with the Annexin V & Dead Cell and Caspase 3/7 assays, respectively. Data are presented as the mean ± SEM of 
three independent experiments. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 when comparing control and compounds. ####p < 0.0001, ##p < 0.01 when 
comparing compounds. 
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shown in Figs. 6 and 7, compound 4d proved to be a potent apoptosis 
inducer as demonstrated by the presence of PS residues and caspase 3/7 
activity enhancement, and displayed greater activity than 4a in the two 
cancer cell lines tested. 

2.8. Compound 4d was metabolized in vitro by human S9 fractions 

The prediction of the hepatic metabolism of a new therapeutic drug 
is essential because a biotransformation may generate active, non-active 
or toxic metabolites that could affect important features such as efficacy 
and toxicity [76]. Thus, as a first approach to evaluate the metabolic 
profile, lead compound 4d was incubated in vitro with human S9 frac
tions for 60 or 120 min in a buffer solution containing NADPH, and the 
reaction mixtures were analyzed by HPLC with MS-TOF. 

As shown in Fig. 8, metabolites derived from compound 4d are 
formed after 120 min, proving the moderate stability of the lead com
pound. Inspection of the mass spectrometric analysis of the metabolized 
compound 4d revealed that the major metabolic route could possibly be 

the hydrolysis of the selenoester bond, thus releasing Ind as the base 
peak with the highest area among all the signals (Fig. 8A). Interestingly, 
a metabolite bearing Se could be identified by mass spectrometry with 
an exact mass of 123.9671 (labeled as Metabolite 1 in Fig. 8) that could 
correspond to the negatively charged Se fragment separated from the 
Ind scaffold. As in the case of some of the other metabolites identified, 
the reduction of the nitrile group to a primary amine was also considered 
for this fragment. The rest of the metabolites determined could be 
related to those of typical metabolic processes of the NSAID alone 
(Fig. 8B). Hence, some of these metabolites contained Se, and although 
they were formed in lower amount than those formed by selenoester 
cleavage, they might also be responsible for the biological activity 
exhibited. These preliminary results could suggest that the rationale of 
our design based on the liability of the selenoester bond due to its 
analogy to an ester bond is a valid approach to obtain modified-Se- 
NSAIDs that could enable the release of the parent NSAID along with 
active Se species. Whether a particular metabolic pathway or all the 
above factors together contribute to the efficacy of compound 4d, 

Fig. 7. Compounds 4a and 4d induced apoptotic cell death in MDA-MB-231 cells. (A) Cells were treated either with 30 μM of 4a or 6.5 μM of 4d for 24 h and 
examined on a Muse™ automated cell analyzer with the Annexin V & Dead Cell apoptosis assay. (B) Analogous independent experiment performed with the Caspase 
3/7 apoptosis assay. (C,D) Quantification of the cell population with the Annexin V & Dead Cell and Caspase 3/7 assays, respectively. Data are presented as the mean 
± SEM of three independent experiments. ****p < 0.0001, ***p < 0.001, *p < 0.05 when comparing control and compounds. ####p < 0.0001, ##p < 0.01 when 
comparing compounds. 
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remain to be proven in future studies. 

3. Conclusions 

In conclusion, the incorporation of Se into traditional NSAIDs led to 
potent analogs with anticancer activity. Among the 25 novel Se-NSAID 
derivatives synthesized in this work, compounds 4a and 4d stood out 
as the most selective compounds towards breast cancer. The selected 
derivatives were found to have low aqueous solubility and relatively 
high lipophilicity. The compounds were also susceptible of being hy
drolyzed to a different extent after the exposure to aqueous and simu
lated gastric and intestinal media. Compounds 4a and 4d inhibited the 
proliferation of cancer cells as confirmed by the MTT and the trypan blue 
dye exclusion assays. Besides, compound 4d showed low IC50 values and 
was found to be more potent than 4a in almost every cell line tested. The 
better cytotoxicity profile of this compound was also supported by the 
results obtained in NCI’s panel of 60 cancer cell lines. Furthermore, 4d 
inhibited the growth of breast cancer cells by inducing apoptosis, 
evinced by caspase-3/7 activity and the presence of PS on the outer 
membrane of tumorigenic cells. Additionally, the formation of metab
olites of this compound in human S9 fractions revealed the cleavage of 
the selenoester bond, thus releasing the parent Ind. Other possible me
tabolites containing Se that could contribute to the anticancer activity 
observed were also suggested after mass spectrometric analysis. Overall, 
4d was identified as a potential Se-containing anticancer compound 
with an appealing chemotherapeutic profile. The work presented here 
warrants future studies to further assess the in vivo efficacy, toxicity, and 
a more detailed characterization of the mechanism of action of this 
compound in breast cancer models. 

4. Experimental section 

4.1. Chemistry 

Reagents, starting materials and solvents were purchased from 
commercial suppliers and used as received without further purification. 
Reaction courses were monitored by thin-layer chromatography (TLC) 
on precoated silica gel 60 F254 aluminum sheets (Merck, Darmstadt, 
Germany) and the spots were visualized under UV light. The crude re
action products were purified by silica gel column chromatography 
using silica gel 60 Å (0.040–0.063 mm, Merck, Darmstadt, Germany) or 
by flash chromatography, using hexane/ethyl acetate as the elution 
solvent in both cases. HRMS was performed on a Micromass Q-TOF mass 
spectrometer. 1H-, 13C and 77Se-NMR spectra were recorded on a Bruker 
Avance Neo 400 MHz operating at 400, 100 and 76 MHz respectively, 
using CDCl3 as solvent and TMS as the internal standard. Chemical shifts 

are reported in δ values (ppm) and coupling constants (J) values are 
reported in hertz (Hz). Melting points (mp) were determined with a 
Mettler FP82+FP80 apparatus (Greifensee, Switzerland). The purity of 
key compounds was determined by reverse phase HPLC. All compounds 
are >95% pure by HPLC analysis. The purity was determined by HP 
series 1100 HPLC, with a binary pump and a photodiode array detector 
(DAD), using Bondclone C18 (300 mm × 3.90 mm, 10 μm) column, 
mobile phase A = H2O, mobile phase B = acetonitrile; flow rate 1 mL/ 
min. The column was eluted with H2O: acetonitrile (4:1) to (0:1) for 25 
min. The injection volume was 10 μL (1 mg/mL acetonitrile solution) 
and DAD monitoring was at 258 nm. 

4.1.1. Synthesis of 2-bromo-N-methylacetamide 
To a mixture of methylamine (0.5 g, 1 mmol) and K2CO3 (2.2 g, 1 

mmol) in methylene chloride (20 mL), bromoacetyl chloride (2.5 g, 1 
mmol) was added. The reaction mixture was stirred at room temperature 
for 4 h and then filtered off. The filtrate was concentrated in vacuo to 
afford the desired product. Yield: 40%. 1H NMR (400 MHz, CDCl3): δ 
2.87 (d, J = 4.9 Hz, 3H, NCH3); 3.88 (s, CH2, 2H); 6.54 (s, NH, 1H). 13C 
NMR (100 MHz, CDCl3): δ 27.1 (NCH3), 29.3 (CH2), 166.1 (NH–C––O). 

4.1.2. General procedure for the preparation of the selenoester derivatives 
NSAID acyl chloride (2 mmol) and THF (5 mL) were added to a water 

solution of sodium hydrogen selenide (2 mmol) formed in situ following 
the procedure reported by Sanmartin et al. [62]. The mixture was stirred 
at room temperature for 15 min and then the corresponding halide (2 
mmol) was added to the reaction. After 1 h, the reaction mixture was 
extracted with methylene chloride (3 x 20 mL) and washed with water 
(2 x 30 mL). The organic layers were dried with anhydrous sodium 
sulfate and concentrated in vacuo. The crude product of the reaction was 
purified using silica gel chromatography or by flash chromatography 
with a hexane/ethyl acetate gradient. In the case of the NSAIDs Ind (4) 
and Ket (5), the synthesis of the corresponding acyl chloride reagent was 
necessary prior to the formation of the selenoester derivative. These 
compounds were obtained by the reaction of the carboxylic acid reagent 
(2 mmol) with oxalyl chloride (6 mmol) in methylene chloride (25 mL). 
N,N-dimethylformamide (0.1 mL) was added in the case of Ket (5). The 
mixture was stirred overnight at room temperature. The resulting 
product was isolated by the rotatory evaporation of the solvent and 
washed with methylene chloride (2 x 20 mL). The acyl chlorides were 
used without further purification. 

2-((2-Acetoxybenzoyl)selenyl)acetic acid (1a). The title compound 
was synthesized from O-acetylsalicyloyl chloride, selenium, sodium 
borohydride and bromoacetic acid according to the general procedure 
described above. A pink powder was obtained. Yield: 39%; mp: 95- 
96 ◦C. 1H NMR (400 MHz, CDCl3): δ 2.38 (s, 3H, CH3); 3.80 (s, 2H, CH2); 

Fig. 8. The in vitro microsomal metabolism of compound 4d yielded Ind and Se moiety, among other metabolites related to Ind metabolism. (A) The degradation of 
compound 4d over 120 min was examined with human S9 fractions at two different time points after incubation in a buffer solution with NADPH. (B) Possible 
chemical structures identified by mass spectrometry. 

S. Ramos-Inza et al.                                                                                                                                                                                                                            



European Journal of Medicinal Chemistry 244 (2022) 114839

12

7.18 (dd, J = 8.1 and 0.9 Hz, 1H, H3); 7.36 (td, J = 7.8 and 1.1 Hz, 1H, 
H5); 7.61 (td, J = 7.8 and 1.6 Hz, 1H, H4); 7.91 (dd, J = 7.9 and 1.6 Hz, 
1H, H6). 13C NMR (100 MHz, CDCl3): δ 21.5 (CH3), 25.6 (CH2), 124.3, 
126.6, 129.8, 130.6, 134.6, 148.0 (Caryl), 169.2 (CH3–C––O), 175.4 
(OH–C––O), 189.8 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 590. HRMS 
m/z: calcd for C11H10O5Se [M + Na]+, 324.9586; found, 324.9589. 

2-((2-Hydroxybenzoyl)selenyl)acetic acid (2a). The title compound 
was synthesized from O-acetylsalicyloyl chloride, selenium, sodium 
borohydride and bromoacetic acid according to the general procedure 
described above. A white powder was obtained. Yield: 11%; mp: 117- 
118 ◦C. 1H NMR (400 MHz, CDCl3): δ 3.85 (s, 2H, CH2); 6.96 (ddd, J =
8.2, 7.3 and 1.1 Hz, 1H, H5); 7.00 (dd, J = 8.5 and 0.8 Hz, 1H, H3); 7.52 
(ddd, J = 8.6, 7.3 and 1.6 Hz, 1H, H4); 7.72 (dd, J = 8.1 and 1.5 Hz, 1H, 
H6); 10.34 (s, 1H, OH). 13C NMR (100 MHz, CDCl3): δ 24.9 (CH2), 118.5, 
120.1, 121.6, 129.9, 136.9, 158.6 (Caryl), 175.0 (OH–C––O), 197.7 
(Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 542. HRMS m/z: calcd for 
C9H8O4Se [M + Na]+, 282.9480; found, 282.9485. 

(S)-2-((2-(6-Methoxynaphthalen-2-yl)propanoyl)selenyl)acetic acid 
(3a). The title compound was synthesized from (S)-2-(6-methoxy-2- 
naphthyl)propionyl chloride, selenium, sodium borohydride and bro
moacetic acid according to the general procedure described above. A 
white powder was obtained. Yield: 9%; mp: 101-102 ◦C. 1H NMR (400 
MHz, CDCl3): δ 1.64 (d, J = 7.1 Hz, 3H, CH3); 3.55 (d, J = 11.0 Hz, 2H, 
CH2); 3.93 (s, 3H, OCH3); 4.02 (q, J = 7.1 Hz, 1H, CH); 7.13 (s, 1H, H5); 
7.17 (dd, J = 8.9 and 2.5 Hz, 1H, H7); 7.35 (dd, J = 8.5 and 1.8 Hz, 1H, 
H8); 7.71 (s, 1H, H1); 7.73 (d, J = 9.1 Hz, 2H, H3+H4). 13C NMR (100 
MHz, CDCl3): δ 17.9 (CH3), 25.2 (CH2), 55.5 (OCH3), 57.4 (CH), 105.8, 
119.5, 126.8, 127.7, 128.0, 128.9, 129.6, 133.2, 134.5, 158.2 (Caryl), 
175.4 (OH–C––O), 202.7 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 572. 
HRMS m/z: calcd for C16H16O4Se [M + Na]+, 375.0106; found, 
375.0105. 

2-((2-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetyl) 
selenyl)acetic acid (4a). The title compound was synthesized from 1-(4- 
chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid, oxalyl chlo
ride, selenium, sodium borohydride and bromoacetic acid according to 
the general procedure described above. A white powder was obtained. 
Yield: 38%; mp: 145-147 ◦C. 1H NMR (400 MHz, CDCl3): δ 2.41 (s, 3H, 
CH3); 3.59 (s, 2H, CH2–Se); 3.82 (s, 3H, OCH3); 3.91 (s, 2H, CH2); 6.70 
(dd, J = 9.0 and 2.5 Hz, 1H, H6); 6.87 (d, J = 2.5 Hz, 1H, H4); 6.90 (d, J 
= 9.0 Hz, 1H, H7); 7.49 (d, J = 8.5 Hz, 2H, H3’+H5’); 7.67 (d, J = 8.5 Hz, 
2H, H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 13.6 (CH3), 25.0 (CH2–Se), 
42.1 (CH2), 55.9 (OCH3), 100.9, 110.6, 112.4, 115.3, 129.4, 130.5, 
131.4, 133.6, 138.0, 139.8, 156.4 (Caryl), 168.4 (Ph-C––O), 175.3 
(OH–C––O), 198.9 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 591. HRMS 
m/z: calcd for C21H18ClNO5Se [M + Na]+, 501.9931; found, 501.9913. 

2-((2-(3-Benzoylphenyl)propanoyl)selenyl)acetic acid (5a). The title 
compound was synthesized from 2-(3-benzoylphenyl)propionic acid, 
oxalyl chloride, selenium, sodium borohydride and bromoacetic acid 
according to the general procedure described above. A white powder 
was obtained. Yield: 28%; mp: 59-61 ◦C. 1H NMR (400 MHz, CDCl3): δ 
1.60 (d, J = 7.1 Hz, 3H, CH3); 3.60 (d, J = 5.0 Hz, 2H, CH2); 3.99 (q, J =
7.1 Hz, 1H, CH); 7.49 (m, 3H, H3’+H4’+H5’); 7.55 (dt, J = 7.7 and 1.5 
Hz, 1H, H6); 7.60 (m, 1H, H5); 7.76 (m, 2H, H2+H4); 7.80 (m, 2H, 
H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 18.0 (CH3), 25.3 (CH2), 57.3 
(CH), 128.5, 129.0, 130.1, 130.3, 132.6, 132.8, 137.4, 138.3, 138.7 
(Caryl), 175.0 (OH–C––O), 196.4 (Ph-C––O), 201.6 (Se–C––O). 77Se NMR 
(76 MHz, CDCl3): δ 569. HRMS m/z: calcd for C18H16O4Se [M + Na]+, 
399.0106; found, 399.0106. 

Methyl-2-((2-acetoxybenzoyl)selenyl)acetate (1b). The title compound 
was synthesized from O-acetylsalicyloyl chloride, selenium, sodium 
borohydride and methyl bromoacetate according to the general pro
cedure described above. A yellow oil was obtained. Yield: 17%. 1H NMR 
(400 MHz, CDCl3): δ 2.38 (s, 3H, CH3); 3.74 (s, 3H, OCH3); 3.80 (s, 2H, 
CH2); 7.16 (dd, J = 8.1 and 1.0 Hz, 1H, H3); 7.35 (td, J = 7.7 and 1.1 Hz, 
1H, H5); 7.59 (td, J = 7.7 and 1.6 Hz, 1H, H4); 7.91 (dd, J = 7.9 and 1.6 
Hz, 1H, H6). 13C NMR (100 MHz, CDCl3): δ 21.5 (CH3), 25.9 (CH2), 52.9 

(OCH3), 124.3, 126.5, 129.8, 130.9, 134.4, 147.9 (Caryl), 169.2 
(CH3–C––O), 170.7 (CH3O–C––O), 189.6 (Se–C––O). 77Se NMR (76 
MHz, CDCl3): δ 583. HRMS m/z: calcd for C12H12O5Se [M + Na]+, 
338.9742; found, 338.9747. 

Methyl-2-((2-hydroxybenzoyl)selenyl)acetate (2b). The title com
pound was synthesized from O-acetylsalicyloyl chloride, selenium, so
dium borohydride and methyl bromoacetate according to the general 
procedure described above. An orange powder was obtained. Yield: 
10%; mp: 56-57 ◦C. 1H NMR (400 MHz, CDCl3): δ 3.76 (s, 3H, OCH3); 
3.84 (s, 2H, CH2); 6.95 (ddd, J = 8.2, 7.3 and 1.1 Hz, 1H, H5); 6.99 (dd, J 
= 8.4 and 1.0 Hz, 1H, H3); 7.51 (ddd, J = 8.6, 7.3 and 1.5 Hz, 1H, H4); 
7.73 (dd, J = 8.1 and 1.5 Hz, 1H, H6); 10.41 (s, 1H, OH). 13C NMR (100 
MHz, CDCl3): δ 25.2 (CH2), 53.1 (OCH3), 118.5, 120.1, 121.7, 129.9, 
136.7, 158.5 (Caryl), 170.4 (CH3O–C––O), 197.9 (Se–C––O). 77Se NMR 
(76 MHz, CDCl3): δ 536. HRMS m/z: calcd for C10H10O4Se [M + Na]+, 
296.9636; found, 296.9625. 

Methyl-(S)-2-((2-(6-methoxynaphthalen-2-yl)propanoyl)selenyl)ace
tate (3b). The title compound was synthesized from (S)-2-(6-methoxy-2- 
naphthyl)propionyl chloride, selenium, sodium borohydride and methyl 
bromoacetate according to the general procedure described above. A 
white powder was obtained. Yield: 55%; mp: 37-38 ◦C. 1H NMR (400 
MHz, CDCl3): δ 1.64 (d, J = 7.1 Hz, 3H, CH3); 3.56 (d, J = 12 Hz, 2H, 
CH2); 3.66 (s, 3H, OCH3); 3.92 (s, 3H, OCH3-Ph); 4.02 (q, J = 7.1 Hz, 1H, 
CH); 7.13 (s, 1H, H5); 7.17 (d, J = 8.9, 1H, H7); 7.36 (d, J = 8.2 Hz, 1H, 
H8); 7.73 (m, 3H, H1+H3+H4). 13C NMR (100 MHz, CDCl3): δ 17.9 
(CH3), 25.5 (CH2), 52.7 (OCH3), 55.5 (OCH3-Ph), 57.4 (CH), 105.8, 
119.4, 126.8, 127.6, 127.9, 129.0, 129.6, 133.4, 134.4, 158.2 (Caryl), 
170.9 (CH3O–C––O), 202.3 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 
563. HRMS m/z: calcd for C17H18O4Se [M + Na]+, 389.0262; found, 
389.0249. 

Methyl-2-((2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl) 
acetyl)selenyl)acetate (4b). The title compound was synthesized from 1- 
(4-chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid, oxalyl 
chloride, selenium, sodium borohydride and methyl bromoacetate ac
cording to the general procedure described above. A yellow powder was 
obtained. Yield: 49%; mp: 66-67 ◦C. 1H NMR (400 MHz, CDCl3): δ 2.41 
(s, 3H, CH3); 3.60 (s, 2H, CH2–Se); 3.68 (s, 3H, OCH3); 3.83 (s, 3H, 
OCH3-Ph); 3.90 (s, 2H, CH2); 6.70 (dd, J = 9.0 and 2.5 Hz, 1H, H6); 6.88 
(d, J = 2.4 Hz, 1H, H4); 6.90 (d, J = 9.1 Hz, 1H, H7); 7.49 (d, J = 8.6 Hz, 
2H, H3’+H5’); 7.68 (d, J = 8.6 Hz, 2H, H2’+H6’). 13C NMR (100 MHz, 
CDCl3): δ 13.7 (CH3), 25.3 (CH2–Se), 42.2 (CH2), 52.8 (OCH3), 55.9 
(OCH3-Ph), 101.1, 110.8, 112.3, 115.2, 129.4, 130.6, 131.0, 131.4, 
133.7, 137.9, 139.8, 156.4 (Caryl), 168.4 (Ph-C––O), 170.8 
(CH3O–C––O), 198.6 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 582. 
HRMS m/z: calcd for C22H20ClNO5Se [M + Na]+, 516.0087; found, 
516.0083. 

Methyl-2-((2-(3-benzoylphenyl)propanoyl)selenyl)acetate (5b). The 
title compound was synthesized from 2-(3-benzoylphenyl)propionic 
acid, oxalyl chloride, selenium, sodium borohydride and methyl bro
moacetate according to the general procedure described above. A yellow 
oil was obtained. Yield: 13%. 1H NMR (400 MHz, CDCl3): δ 1.59 (d, J =
7.1 Hz, 3H, CH3); 3.61 (d, J = 6.5 Hz, 2H, CH2); 3.68 (s, 3H, OCH3); 3.98 
(q, J = 7.1 Hz, 1H, CH); 7.49 (m, 3H, H3’+H4’+H5’); 7.55 (dt, J = 7.7 and 
1.5 Hz, 1H, H6); 7.60 (td, J = 7.4 and 1.3 Hz, 1H, H5); 7.75 (m, 2H, 
H2+H4); 7.81 (m, 2H, H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 18.0 
(CH3), 25.6 (CH2), 52.8 (OCH3), 57.3 (CH), 128.5, 129.0, 130.0, 130.2, 
130.3, 132.5, 132.8, 137.5, 138.2, 138.8 (Caryl), 170.7 (CH3O–C––O), 
196.4 (Ph-C––O), 201.4 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 561. 
HRMS m/z: calcd for C19H18O4Se [M + Na]+, 413.0262; found, 
413.0266. 

2-(((2-(Methylamino)-2-oxoethyl)selenyl)carbonyl)phenyl acetate (1c). 
The title compound was synthesized from O-acetylsalicyloyl chloride, 
selenium, sodium borohydride and 2-bromo-N-methylacetamide ac
cording to the general procedure described above. A white powder was 
obtained. Yield: 10%; mp: 111-112 ◦C. 1H NMR (400 MHz, CDCl3): δ 
2.37 (s, 3H, CH3); 2.81 (d, J = 4.9 Hz, 3H, NCH3); 3.62 (s, 2H, CH2); 6.24 
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(s, 1H, NH); 7.17 (dd, J = 8.1 and 1.0 Hz, 1H, H3); 7.37 (td, J = 7.7 and 
1.1 Hz, 1H, H5); 7.62 (td, J = 7.9 and 1.6 Hz, 1H, H4); 7.91 (dd, J = 7.9 
and 1.6 Hz, 1H, H6). 13C NMR (100 MHz, CDCl3): δ 21.5 (CH3), 26.9 
(CH2), 27.9 (NCH3), 124.2, 126.6, 129.7, 130.9, 134.7, 147.8 (Caryl), 
169.2 (CH3–C––O), 170.4 (NH–C––O), 192.9 (Se–C––O). 77Se NMR (76 
MHz, CDCl3): δ 606. HRMS m/z: calcd for C12H13NO4Se [M + Na]+, 
337.9902; found, 337.9907. 

Se-(2-(Methylamino)-2-oxoethyl)-2-hydroxybenzoselenoate (2c). The 
title compound was synthesized from O-acetylsalicyloyl chloride, sele
nium, sodium borohydride and 2-bromo-N-methylacetamide according 
to the general procedure described above. A yellow powder was ob
tained. Yield: 5%; mp: 87-90 ◦C. 1H NMR (400 MHz, CDCl3): δ 2.83 (d, J 
= 4.9 Hz, 3H, NCH3); 3.69 (s, 2H, CH2); 6.28 (s, 1H, NH); 6.96 (t, J = 7.7 
Hz, 1H, H5); 7.00 (d, J = 8.5 Hz, 1H, H3); 7.53 (m, 1H, H4); 7.75 (dd, J =
8.1 and 1.3 Hz, 1H, H6); 10.43 (s, 1H, OH). 13C NMR (100 MHz, CDCl3): 
δ 27.0 (CH2), 27.1 (NCH3), 118.5, 120.2, 121.8, 130.0, 137.1, 158.5 
(Caryl), 170.2 (NH–C––O), 200.5 (Se–C––O). 77Se NMR (76 MHz, CDCl3): 
δ 557. HRMS m/z: calcd for C10H11NO3Se [M + Na]+, 295.9796; found, 
295.9787. 

Se-(2-(Methylamino)-2-oxoethyl)-(S)-2-(6-methoxynaphthalen-2-yl) 
propaneselenoate (3c). The title compound was synthesized from (S)-2- 
(6-methoxy-2-naphthyl)propionyl chloride, selenium, sodium borohy
dride and 2-bromo-N-methylacetamide according to the general pro
cedure described above. A white powder was obtained. Yield: 10%; mp: 
74-76 ◦C. 1H NMR (400 MHz, CDCl3): δ 1.64 (d, J = 7.1 Hz, 3H, CH3); 
2.73 (d, J = 4.9 Hz, 3H, NCH3); 3.39 (d, J = 2.5 Hz, 2H, CH2); 3.92 (s, 
3H, OCH3); 4.05 (q, J = 7.1 Hz, 1H, CH); 6.07 (s, 1H, NH); 7.13 (s, 1H, 
H5); 7.17 (dd, J = 8.9 and 2.5 Hz, 1H, H7); 7.35 (dd, J = 8.5 and 1.9 Hz, 
1H, H8); 7.69 (s, 1H, H1); 7.73 (dd, J = 8.7 and 2.7 Hz, 2H, H3+H4). 13C 
NMR (100 MHz, CDCl3): δ 17.9 (CH3), 26.8 (CH2), 27.5 (NCH3), 55.5 
(OCH3), 57.6 (CH), 105.8, 119.5, 126.6, 127.6, 127.7, 129.0, 129.5, 
133.3, 134.4, 158.2 (Caryl), 170.5 (NH–C––O), 205.7 (Se–C––O). 77Se 
NMR (76 MHz, CDCl3): δ 583. HRMS m/z: calcd for C17H19NO3Se [M +
Na]+, 388.0422; found, 388.0443. 

Se-(2-(Methylamino)-2-oxoethyl)-2-(1-(4-chlorobenzoyl)-5-methoxy-2- 
methyl-1H-indol-3-yl)ethaneselenoate (4c). The title compound was syn
thesized from 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic 
acid, oxalyl chloride, selenium, sodium borohydride and 2-bromo-N- 
methylacetamide according to the general procedure described above. 
A white powder was obtained. Yield: 74%; mp: 98-100 ◦C. 1H NMR (400 
MHz, CDCl3): δ 2.40 (s, 3H, CH3); 2.76 (d, J = 4.9 Hz, 3H, NCH3); 3.42 (s, 
2H, CH2–Se); 3.83 (s, 3H, OCH3); 3.91 (s, 2H, CH2); 6.09 (s, 1H, NH); 
6.70 (dd, J = 9.0 and 2.5 Hz, 1H, H6); 6.86 (d, J = 2.5 Hz, 1H, H4); 6.89 
(d, J = 9.0 Hz, 1H, H7); 7.49 (d, J = 8.5 Hz, 2H, H3’+H5’); 7.67 (d, J =
8.5 Hz, 2H, H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 13.6 (CH3), 26.9 
(CH2–Se), 27.4 (NCH3), 42.5 (CH2), 55.9 (OCH3), 101.1, 110.7, 112.1, 
115.3, 129.4, 130.4, 131.0, 131.4, 133.6, 137.8, 139.8, 156.4 (Caryl), 
168.4 (Ph-C––O), 170.5 (NH–C––O), 201.9 (Se–C––O). 77Se NMR (76 
MHz, CDCl3): δ 603. HRMS m/z: calcd for C22H21ClN2O4Se [M + Na]+, 
515.0247; found, 515.0244. 

Se-(2-(Methylamino)-2-oxoethyl)-2-(3-benzoylphenyl)propane
selenoate (5c). The title compound was synthesized from 2-(3-benzoyl
phenyl)propionic acid, oxalyl chloride, selenium, sodium borohydride 
and 2-bromo-N-methylacetamide according to the general procedure 
described above. A pink powder was obtained. Yield: 20%; mp: 61- 
63 ◦C. 1H NMR (400 MHz, CDCl3): δ 1.60 (d, J = 7.1 Hz, 3H, CH3); 2.76 
(d, J = 4.9 Hz, 3H, CH3); 3.43 (s, 2H, CH2); 4.01 (q, J = 7.1 Hz, 1H, CH); 
6.08 (s, 1H, NH); 7.49 (m, 3H, H3’+H4’+H5’); 7.53 (dt, J = 7.8 and 1.4 
Hz, 1H, H6); 7.61 (t, J = 7.4 Hz, 1H, H5); 7.74 (m, 2H, H2+H4); 7.80 (m, 
2H, H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 17.9 (CH3), 26.7 (CH2), 
27.6 (NCH3), 57.3 (CH), 128.4, 128.9, 129.9, 130.1, 132.3, 132.7, 
137.3, 138.2, 138.7 (Caryl), 170.2 (NH–C––O), 196.2 (Ph-C––O), 204.7 
(Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 584. HRMS m/z: calcd for 
C19H19NO3Se [M + Na]+, 412.0422; found, 412.0437. 

2-(((Cyanomethyl)selenyl)carbonyl)phenyl acetate (1d). The title 
compound was synthesized from O-acetylsalicyloyl chloride, selenium, 

sodium borohydride and bromoacetonitrile according to the general 
procedure described above. A pink powder was obtained. Yield: 56%; 
mp: 60-61 ◦C. 1H NMR (400 MHz, CDCl3): δ 2.41 (s, 3H, CH3); 3.64 (s, 
2H, CH2); 7.21 (dd, J = 8.2 and 0.9 Hz, 1H, H3); 7.38 (td, J = 7.7 and 0.9 
Hz, 1H, H5); 7.65 (td, J = 7.8 and 1.6 Hz, 1H, H4); 7.88 (dd, J = 7.6 and 
1.6 Hz, 1H, H6). 13C NMR (100 MHz, CDCl3): δ 6.0 (CH2), 21.6 (CH3), 
117.3 (CN), 124.4, 126.7, 129.7, 129.8, 135.1, 148.4 (Caryl), 168.9 
(CH3–C––O), 187.5 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 628. 
HRMS m/z: calcd for C11H9NO3Se [M + Na]+, 305.9640; found, 
305.9644. 

Se-(Cyanomethyl)-2-hydroxybenzoselenoate (2d). The title compound 
was synthesized from O-acetylsalicyloyl chloride, selenium, sodium 
borohydride and bromoacetonitrile according to the general procedure 
described above. A yellow powder was obtained. Yield: 8%; mp: 54- 
56 ◦C. 1H NMR (400 MHz, CDCl3): δ 3.70 (s, 2H, CH2); 6.99 (t, J = 7.6 
Hz, 1H, H5); 7.03 (d, J = 8.4 Hz, 1H, H3); 7.56 (t, J = 8.5 Hz, 1H, H4); 
7.62 (dd, J = 8.1 and 1.3 Hz, 1H, H6); 10.14 (s, 1H, OH). 13C NMR (100 
MHz, CDCl3): δ 5.5 (CH2), 117.0 (CN), 118.7, 120.4, 121.1, 129.6, 
137.4, 158.7 (Caryl), 195.5 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 
582. HRMS m/z: calcd for C9H7NO2Se [M + Na]+, 263.9534; found, 
263.9538. 

Se-(Cyanomethyl)-(S)-2-(6-methoxynaphthalen-2-yl)propaneselenoate 
(3d). The title compound was synthesized from (S)-2-(6-methoxy-2- 
naphthyl)propionyl chloride, selenium, sodium borohydride and bro
moacetonitrile according to the general procedure described above. A 
white powder was obtained. Yield: 74%; mp: 73-74 ◦C. 1H NMR (400 
MHz, CDCl3): δ 1.67 (d, J = 7.2 Hz, 3H, CH3); 3.38 (d, J = 7.0 Hz, 2H, 
CH2); 3.93 (s, 3H, OCH3); 4.02 (q, J = 7.1 Hz, 1H, CH); 7.15 (d, J = 2.5 
Hz, 1H, H5); 7.20 (dd, J = 8.9 and 2.5 Hz, 1H, H7); 7.34 (dd, J = 8.5 and 
1.9 Hz, 1H, H8); 7.72 (s, 1H, H1), 7.75 (m, 2H, H3+H4). 13C NMR (100 
MHz, CDCl3): δ 5.6 (CH2), 17.6 (CH3), 55.5 (OCH3), 57.2 (CH), 105.8 
(Caryl), 117.4 (CN), 119.7, 126.8, 127.8, 128.3, 128.9, 129.6, 132.4, 
134.6, 158.4 (Caryl), 201.0 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 
612. HRMS m/z: calcd for C16H15NO2Se [M + Na]+, 356.0160; found, 
356.0163. 

Se-(Cyanomethyl)-2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H- 
indol-3-yl)ethaneselenoate (4d). The title compound was synthesized 
from 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid, 
oxalyl chloride, selenium, sodium borohydride and bromoacetonitrile 
according to the general procedure described above. A yellow powder 
was obtained. Yield: 54%; mp: 58-59 ◦C. 1H NMR (400 MHz, CDCl3): δ 
2.43 (s, 3H, CH3); 3.41 (s, 2H, CH2); 3.84 (s, 3H, OCH3); 3.93 (s, 2H, 
CH2); 6.73 (dd, J = 9.0 and 2.5 Hz, 1H, H6); 6.84 (d, J = 2.4 Hz, 1H, H4); 
6.90 (d, J = 9.0 Hz, 1H, H7); 7.50 (d, J = 8.5 Hz, 2H, H3’+H5’); 7.68 (d, J 
= 8.5 Hz, 2H, H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 5.3 (CH2–Se), 
13.6 (CH3), 41.7 (CH2), 55.9 (OCH3), 100.7, 109.7, 112.6, 115.3 (Caryl), 
117.3 (CN), 129.5, 130.3, 131.0, 131.4, 133.4, 138.6, 140.0, 156.5 
(Caryl), 168.4 (Ph-C––O), 197.7 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 
636. HRMS m/z: calcd for C21H17ClN2O3Se [M + Na]+, 482.9985; 
found, 482.9981. 

Se-(Cyanomethyl)-2-(3-benzoylphenyl)propaneselenoate (5d). The title 
compound was synthesized from 2-(3-benzoylphenyl)propionic acid, 
oxalyl chloride, selenium, sodium borohydride and bromoacetonitrile 
according to the general procedure described above. A white powder 
was obtained. Yield: 47%; mp: 60-61 ◦C. 1H NMR (400 MHz, CDCl3): δ 
1.63 (d, J = 7.2 Hz, 3H, CH3); 3.44 (d, J = 2.6 Hz, 2H, CH2); 3.99 (q, J =
7.1 Hz, 1H, CH); 7.52 (m, 4H, H6+H3’+H4’+H5’); 7.62 (t, J = 7.3 Hz, 1H, 
H5); 7.79 (m, 4H, H2+H4+H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 5.7 
(CH2), 17.7 (CH3), 57.2 (CH), 117.2 (CN), 128.6, 129.2, 130.2, 130.4, 
130.5, 132.6, 132.9, 137.3, 137.9, 138.5 (Caryl), 196.2 (Ph-C––O), 199.9 
(Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 610. HRMS m/z: calcd for 
C18H15NO2Se [M + Na]+, 380.0160; found, 380.0163. 

2-(((2-Cyanoethyl)selenyl)carbonyl)phenyl acetate (1e). The title 
compound was synthesized from O-acetylsalicyloyl chloride, selenium, 
sodium borohydride and 3-bromopropionitrile according to the general 
procedure described above. A yellow oil was obtained. Yield: 26%. 1H 
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NMR (400 MHz, CDCl3): δ 2.37 (s, 3H, CH3); 2.83 (t, J = 7.1 Hz, 2H, 
CH2–CN); 3.21 (t, J = 7.1 Hz, 2H, CH2–Se); 7.15 (d, J = 8.1 Hz, 1H, H3); 
7.36 (t, J = 7.7 Hz, 1H, H5); 7.60 (t, J = 7.9 Hz, 1H, H4); 7.89 (d, J = 7.8 
Hz, 1H, H6). 13C NMR (100 MHz, CDCl3): δ 19.4 (CH2–CN), 20.3 
(CH2–Se), 21.4 (CH3), 118.8 (CN), 124.3, 126.6, 129.9, 131.0, 134.5, 
147.6 (Caryl), 169.3 (CH3–C––O), 190.8 (Se–C––O). 77Se NMR (76 MHz, 
CDCl3): δ 585. HRMS m/z: calcd for C12H11NO3Se [M + Na]+, 319.9796; 
found, 319.9745. 

Se-(2-Cyanoethyl)2-hydroxybenzoselenoate (2e). The title compound 
was synthesized from O-acetylsalicyloyl chloride, selenium, sodium 
borohydride and 3-bromopropionitrile according to the general pro
cedure described above. A white powder was obtained. Yield: 12%; mp: 
81-83 ◦C. 1H NMR (400 MHz, CDCl3): δ 2.88 (t, J = 7.1 Hz, 2H, CH2–CN); 
3.28 (t, J = 7.1 Hz, 2H, CH2–Se); 6.97 (m, 2H, H3+H5); 7.51 (td, J = 8.3 
and 1.1 Hz, 1H, H4); 7.72 (dd, J = 8.0 and 1.1 Hz, 1H, H6); 10.43 (s, 1H, 
OH). 13C NMR (100 MHz, CDCl3): δ 19.5 (CH2–CN), 19.8 (CH2–Se), 
118.5 (Caryl), 118.6 (CN), 120.1, 121.9, 130.0, 136.9, 158.5 (Caryl), 
198.9 (Se–C––O). 77Se NMR (76 MHz, CDCl3): δ 538. HRMS m/z: calcd 
for C10H9NO2Se [M + Na]+, 277.9691; found, 277.9695. 

Se-(2-Cyanoethyl)(S)-2-(6-methoxynaphthalen-2-yl)propaneselenoate 
(3e). The title compound was synthesized from (S)-2-(6-methoxy-2- 
naphthyl)propionyl chloride, selenium, sodium borohydride and 3-bro
mopropionitrile according to the general procedure described above. A 
yellow powder was obtained. Yield: 71%; mp: 68-70 ◦C. 1H NMR (400 
MHz, CDCl3): δ 1.63 (d, J = 7.1 Hz, 3H, CH3); 2.69 (t, J = 7.1 Hz, 2H, 
CH2–CN); 2.99 (td, J = 7.2 and 3.0 Hz, 2H, CH2–Se); 3.92 (s, 3H, OCH3); 
4.02 (q, J = 7.1 Hz, 1H, CH); 7.14 (d, J = 2.4 Hz, 1H, H5); 7.17 (dd, J =
8.9 and 2.4 Hz, 1H, H7); 7.35 (dd, J = 8.5 and 1.5 Hz, 1H, H8); 7.69 (s, 
1H, H1); 7.74 (d, J = 8.7 Hz, 2H, H3+H4). 13C NMR (100 MHz, CDCl3): δ 
17.9 (CH3), 19.4 (CH2–CN), 19.7 (CH2–Se), 55.5 (OCH3), 57.9 (CH), 
105.8 (Caryl), 118.7 (CN), 119.5, 126.7, 127.6, 127.7, 129.0, 129.5, 
133.4, 134.4, 158.2 (Caryl), 203.3 (Se–C––O). 77Se NMR (76 MHz, 
CDCl3): δ 563. HRMS m/z: calcd for C17H17NO2Se [M + Na]+, 370.0317; 
found, 370.0318. 

Se-(2-Cyanoethyl)2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H- 
indol-3-yl)ethane selenoate (4e). The title compound was synthesized 
from 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid, 
oxalyl chloride, selenium, sodium borohydride and 3-bromopropioni
trile according to the general procedure described above. A white 
powder was obtained. Yield: 78%; mp: 106-108 ◦C. 1H NMR (400 MHz, 
CDCl3): δ 2.40 (s, 3H, CH3); 2.73 (t, J = 7.1 Hz, 2H, CH2–CN); 3.02 (t, J 
= 7.1 Hz, 2H, CH2–Se); 3.84 (s, 3H, OCH3); 3.90 (s, 2H, CH2); 6.71 (dd, J 
= 9.0 and 2.4 Hz, 1H, H6); 6.88 (d, J = 2.4 Hz, 1H, H4); 6.91 (d, J = 9.0 
Hz, 1H, H7); 7.49 (d, J = 8.5 Hz, 2H, H3’+H5’); 7.68 (d, J = 8.5 Hz, 2H, 
H2’+H6’). 13C NMR (100 MHz, CDCl3): δ 13.7 (CH3), 19.4 (CH2–CN), 
19.6 (CH2–Se), 42.7 (CH2), 55.9 (OCH3), 101.0, 110.8, 112.3, 115.2 
(Caryl), 118.6 (CN), 129.4, 130.5, 131.0, 131.4, 133.7, 137.7, 139.8, 
156.4 (Caryl), 168.4 (Ph-C––O), 199.5 (Se–C––O). 77Se NMR (76 MHz, 
CDCl3): δ 581. HRMS m/z: calcd for C22H19ClN2O3Se [M + Na]+, 
497.0142; found, 497.0144. 

Se-(2-Cyanoethyl)2-(3-benzoylphenyl)propaneselenoate (5e). The title 
compound was synthesized from 2-(3-benzoylphenyl)propionic acid, 
oxalyl chloride, selenium, sodium borohydride and 3-bromopropioni
trile according to the general procedure described above. A white 
powder was obtained. Yield: 35%; mp: 51-53 ◦C. 1H NMR (400 MHz, 
CDCl3): δ 1.59 (d, J = 7.1 Hz, 3H, CH3); 2.73 (t, J = 7.1 Hz, 2H, 
CH2–CN); 3.04 (t, J = 7.3 Hz, 2H, CH2–Se); 3.98 (q, J = 7.1 Hz, 1H, CH); 
7.51 (m, 4H, H6+H3’+H4’+H5’); 7.61 (t, J = 7.4 Hz, 1H, H5); 7.75 (m, 
2H, H2+H4); 7.81 (d, J = 7.3 Hz, 2H, H2’+H6’). 13C NMR (100 MHz, 
CDCl3): δ 18.0 (CH3), 19.4 (CH2–CN), 20.0 (CH2–Se), 57.7 (CH), 118.6 
(CN), 128.5, 129.0, 130.0, 130.1, 130.2, 132.4, 132.8, 137.4, 138.3, 
138.8 (Caryl), 196.4 (Ph-C––O), 202.5 (Se–C––O). 77Se NMR (76 MHz, 
CDCl3): δ 563. HRMS m/z: calcd for C19H17NO2Se [M + Na]+, 394.0317; 
found, 394.0367. 

4.2. Solubility and stability studies 

4.2.1. Determination of the aqueous solubility 
The solubility of selected Se-NSAID derivatives in aqueous medium 

was evaluated with both in silico and in vitro methods. The aqueous 
solubility in silico was determined with the computational programs 
SwissADME [77] and OSIRIS [78]. Experimental solubility was carried 
out by adding an excess of compound to a solution of 0.5 mL in D2O 
containing 4 mg of dimethyl sulfone as the internal standard. The sus
pension was analyzed by 1H NMR. The quantitative determination was 
based on the premise that an integrated signal is proportional to the 
molar concentration [79]. Thus, the solubility values were obtained 
considering the ratio between the area of the peaks belonging to the 
dimethyl sulfone and the methoxy group (4a and 3e), or one aryl 
hydrogen (4b, 4d, and 4e). ChemDraw software was used to determine 
the pKa and ClogP values of the selected compounds. 

4.2.2. Hydrolysis study 
A hydrolysis study was performed for compounds 4a and 4d using 

q-1H NMR. Briefly, each compound was dissolved in DMSO‑d6 con
taining 10% (v/v) of D2O, and the 1H NMR spectra were recorded at 
different time points for 48 h. The results are expressed as the percentage 
of hydrolysis and was calculated tracking the appearance of a new signal 
close to the signal corresponding to the aryl hydrogen H7 for compound 
4a, or to the methyl group for compound 4d. 

4.2.3. Stability in gastrointestinal fluids 
Simulated gastric and intestinal fluids were prepared according to 

USP specifications with either pepsin (3.2 mg/mL) or pancreatin (10 
mg/mL), respectively. Stock solutions of compounds 4a and 4d dis
solved in an organic solvent were added to preheated fluids placed in a 
37 ◦C water bath. At predetermined time points, 500 μL of sample were 
picked up and deproteinized with 500 μL of acetonitrile. Samples were 
filtered before HPLC analysis. An HPLC/UV-DAD (HP 1100, Agilent 
Technologies, Santa Clara, CA, USA) equipped with a C18 column 
(Gemini 110A, 100 × 4.6 mm, 5 μm particle size) from Phenomenex 
(Phenomenex, Torrance, CA, USA) was used. The mobile phase was a 
mixture of acetonitrile/water (50:50) flushed with a flow rate of 1 mL/ 
min. The injection volume was 50 μL for all the samples. UV-DAD 
detection was established at 254 nm. The RD was used to estimate the 
amount of degraded compound in SGF and SIF media and was calculated 
with the following formula: RD (%) = [(Ci − Cf)/Ci] × 100, wherein Ci 
and is the amount of compound at the zero-time point, and Cf is the 
amount of compound at the end of the incubation for each time point 
measured [80]. 

4.3. Biology 

4.3.1. Cell culture conditions 
The cell lines were obtained from the American Type Culture 

Collection (ATCC). All the cancer cell lines (HT-54, DU-145, HT-29, 
MCF-7, T-47D, MDA-MB-231, H1299 and A549) and the non- 
tumorigenic cells (184B5 and BEAS-2B) were maintained in RPMI 
1640 medium (Gibco), supplemented with 10% fetal bovine serum (FBS; 
Gibco) and 1% antibiotics (10.00 units/mL penicillin and 10.00 mg/mL 
streptomycin; Gibco). Cells were preserved in tissue culture flasks at 
37 ◦C and 5% CO2. Culture medium was replaced every three days. 

4.3.2. Cell viability assay 
Se-NSAID derivatives were dissolved in DMSO at a concentration of 

0.01 M and serial dilutions were prepared. The cytotoxic and anti
proliferative activities of each compound were initially tested at two 
different concentrations (10 and 50 μM) in HTB-54, DU-145, HT-29 and 
MCF-7 cells. Selected compounds were then tested at seven different 
concentrations ranging between 0.5 and 100 μM in HTB-54, DU-145, 
HT-29, MCF-7, 184B5, BEAS-2B, and additional breast (T-47D and 
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MDA-MB-231) or lung (H1299 and A549) cancer cells. A total of 1 x 104 

cells were seeded per well in 96-well plates and then treated with either 
DMSO or increasing concentrations of the corresponding Se-derivative 
for 48 h. The effect of the compounds on cell viability was determined 
by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro
mide) assay [66]. In brief, 20 μL of MTT (5 mg/mL) were added to each 
well 2.5 h prior to experiment termination. At the termination point, the 
medium was removed and the resultant formazan crystals were dis
solved in 50 μL of DMSO. Absorbance was measured at 550 nm. IC50, 
GI50, TGI and LC50 values were calculated using OriginPro 8.5.1. soft
ware by nonlinear curve fitting. Selectivity indexes were calculated as 
the ratio of the IC50 values determined for the non-malignant and the 
tumoral cells in the breast (IC50 (184B5)/IC50 (MCF-7)) and lung (IC50 
(BEAS-2B)/IC50 (HTB-54)) cell lines. Data were obtained from at least 
three independent experiments performed in triplicates. 

4.3.3. NCI-60 analysis 
Compounds 4a, 4b, 4d, 3e and 4e were submitted to the NCI’s DTP. 

The cytotoxicity profile of the selected compounds was evaluated in the 
NCI-60 human cancer cell line used to screen and identify test com
pounds that have an effect on cell proliferation [81] following the 
methodology available [82]. 

4.3.4. Trypan blue dye exclusion assay 
This method has been traditionally used for cell viability analysis 

[83]. Briefly, MCF-7 and MDA-MB-231 cells were seeded in 12-well 
plates at a density of 6 x 104 cells per well for 24 h. Then, cells were 
treated with three serial concentrations (5, 10 and 25 μM) of compounds 
4a or 4d for 24 h or 48 h. The cells were harvested after the end of the 
treatments and mixed with 1:2 volume of 0.4% Trypan Blue dye (Invi
trogen, MA, USA). Cells were loaded over the hemocytometer and 
counted separately using a bright field microscope. Live and viable cells 
were unstained and presented a clear appearance, whereas dead or 
membrane-compromised cells were stained with the dye and appeared 
blue. 

4.3.5. Apoptosis assays 
Induction of apoptosis was analyzed using Annexin V & Dead Cell 

assay kit and Caspase 3/7 assay kit (EMD Millipore, Darmstadt, Ger
many). MCF-7 and MDA-MB-231 cells were seeded in 6-well plates at a 
density of 6 x 105 cells per well and treated either with DMSO (control) 
or with different concentrations of compounds 4a and 4d and incubated 
for 24 h. At the end of the treatment, cells were collected and treated 
with the respective dyes according to the manufacturer’s protocol. For 
the Caspase 3/7 assay, cells were stained with 5 μL of Muse™ Caspase 3/ 
7 working solution and incubated at 37 ◦C for 30 min. After incubation, 
150 mL of Muse™ Caspase 7-AAD working solution was added and the 
samples were incubated for another 5 min in the dark at room temper
ature. For Annexin V assay, cells were stained with 100 μL pf Muse™ 
Annexin V & Dead Cell Reagent and incubated for 20 min at room 
temperature in the dark prior to analysis. Samples for both assays were 
further analyzed on a Muse™ Cell Analyzer (Merck Millipore, Darm
stadt, Germany) using Muse™ 1.4 software. 

4.3.6. Metabolite study 
A solution of 100 mM of compound 4d in acetonitrile was added to a 

solution of 100 mM phosphate buffer containing 0.5 mg/mL of human 
S9 fractions. The reaction mixture was pre-incubated for 5 min at 37 ◦C. 
Then the reaction was initiated with the addition of 10 μL of 20 mM 
NADPH. The control incubation was performed in the absence of mi
crosomes. The incubations were carried out for 60 or 120 min main
taining a continuous stirring. At the end of the experiment, the reaction 
was terminated by the addition of 200 μL of ethyl acetate. The reaction 
mixture was centrifuged at 3000 rpm for 5 min and supernatants were 
analyzed independently. Samples (5 μL) were separated by reverse 
phase HPLC using a Prominence 20 UFLCXR system (Shimadzu, 

Columbia, MD) with a Waters (Milford, MA) BEH C18 column (100 mm 
× 2.1 mm 1.7 μm particle size) maintained at 55 ◦C and a 20 min 
aqueous acetonitrile gradient with a flow rate of 250 μL/min. Solvent A 
was HPLC grade water with 0.1% formic acid and Solvent B was HPLC 
grade acetonitrile with 0.1% formic acid. The initial conditions were 
97% A and 3% B, increasing to 45% B at 10 min, and 75% B at 12 min 
where it was held at 75% B until 17.5 min before returning to the initial 
conditions. The eluate was delivered into a 5600 (QTOF) TripleTOF 
using a Duospray™ ion source (all Sciex, Framingham, MA). The 
capillary voltage was set at 5.5 kV in positive ion mode with a declus
tering potential of 80V. The mass spectrometer was operated with a 100 
ms TOF scan from 50 to 1000 m/z, and 16 MS/MS product ion scans 
(100 ms) per duty cycle using a collision energy of 50V with a 20V 
spread. The line slopes were determined by plotting the peak area 
against incubation time. 

4.3.7. Statistical analysis 
Data were expressed as the mean ± SD (standard deviation) and 

experiments were performed at least thrice in triplicates unless other
wise specified. Non-linear curve regression analysis calculated by Ori
ginPro 8.5.1. software was used to assess the IC50, GI50, TGI and LD50 
values. The two-way analysis of variance (ANOVA) was used to calculate 
the statistical significance of differences comparing control and com
pounds or only treatments (4a and 4d). Data were analyzed using 
GraphPad Prism version 8.0.1., and the statistically significant values (p- 
value) for ANOVA analysis were taken as ****p < 0.0001, ***p < 0.001, 
**p < 0.01 and *p < 0.05 or ####p < 0.0001 and ##p < 0.01. 
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Abbreviations 

ASA aspirin 
ATCC American Type Culture Collection 
CNS central nervous system 
COX-1 and -2 cyclooxygenase-1 and -2 
DTP Developmental Therapeutics Program 
FBS fetal bovine serum 
GP growth percent 
HER2 human epidermal growth factor receptor 2 
HMGA2 human high-mobility group A2 
HPLC high-performance liquid chromatography 
HRMS high-resolution mass spectrometry 
HS hydrogen sulfide 
Ind indomethacin 
Ket ketoprofen 
mp melting point 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 
Nap naproxen 
NCI National Cancer Institute 
Neu-1 neuraminidase-1 
NF-κB nuclear factor-kappaB 
NMR nuclear magnetic resonance 
NO nitric oxide 
NSAIDs nonsteroidal anti-inflammatory drugs 
PS phosphatidylserine 
RD relative difference 
ROS reactive oxygen species 
Salic salicylic acid 
Se selenium 
SGF simulated gastric fluid 
SI selectivity index 
SIF simulated intestinal fluid 
TLC thin-layer chromatography 
TNF-α tumor necrosis factor-alpha 
TrxR thioredoxin reductase 
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