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A B S T R A C T   

Isatin derivatives have attracted a lot of interest for their potential in the development of new anticancer drugs. A 
library of 38 isatin derivatives, created through an Ugi four-component reaction, underwent an initial screening 
in a panel of six human solid tumor cell lines. The four most active derivatives were then selected for further 
testing. These compounds showed selectivity towards the non-small cell lung cancer (NSCLC) cell line SW1573, 
whilst NSCLC A549 cells were barely affected. The combination of phenotypic assays, including wound healing, 
clonogenic and continuous live cell imaging provided a deeper understanding of the compounds’ mode of action. 
In particular, the latter demonstrated that isatin derivatives were able to induce necroptosis in SW1573 cells. The 
kinetics of cell death showed that necroptosis appeared after 2.5 h of exposure, which could be delayed to 7 h 
when co-treated with necrostatin-1. Interaction between the isatin derivatives and the KRAS G12C protein 
variant was discarded after in silico studies. Further studies are warranted to identify the cellular target 
responsible for the observed selectivity among cell lines.   

1. Introduction 

Isatin (1H-indole-2,3-dione, Fig. 1) is a natural compound first iso
lated from the fruits of Couroupita guianensis, but it is found in other 
plants worldwide, including Isatis tinctoria, Melochia tomentosa, and 
Boronia koniamboensis [1]. In humans, isatin is produced as a metabolite 
of tryptophan or epinephrine (adrenaline). Endogenous isatin inhibits 
monoamine oxidase (MAO), with preferential binding to MAO-B isoform 
[2]. Chemically, isatin can be synthesized in a straightforward manner, 
which has encouraged medicinal chemists to prepare a myriad of de
rivatives in the search for novel compounds with pharmacological ap
plications. Several isatin-based molecules behave as tyrosine kinase 
receptor inhibitors (iRTK). The kinase targeting effect is mainly pro
duced due to the indolic nature of these molecules, which resembles the 

natural substrate of kinases (i.e. ATP). In fact, several studies showed 
preclinical evidence of antiproliferative activity of isatin derivatives 
through the interaction with other kinases. Thus, isatin derivatives 
exhibit anticancer, antitubercular, antimalarial, antifungal, antibacte
rial, anticonvulsant, and antiviral properties, among others [3,4]. In the 
field of cancer therapy, there has been a substantial amount of research 
dedicated to the study of isatin derivatives [5]. As a result of these ef
forts, isatin derivatives (Fig. 1) sunitinib and toceranib are currently 
approved for the treatment of various cancer types, whereas semaxanib, 
orantinib, nintedanib, and esperidin are undergoing clinical trials [6]. 

Recently, we explored the antiproliferative activity of a small library 
of 38 isatin derivatives prepared by an Ugi four-component reaction [7]. 
The biological screening against a panel of six human solid tumor cell 
lines (A549, HBL-100, HeLa, SH-SY5Y, T-47D and WiDr) revealed that 
the majority of the compounds display antiproliferative activity in the 
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low and sub-micromolar range. Analysis of the GI50 values provided 
information on the structural requirements involved in tumor cell 
growth inhibition. From this initial test, a subset of four compounds 

(1–4, Fig. 2) was selected for further mechanistic studies. The struc
ture–activity relationship (SAR) study revealed that critical factors for 
activity were the presence of a halomethylene group and the function
alization on the benzene ring with halogen (1 and 3) or alkyl (2) groups. 

During the course of those investigations, we found very strong 
growth inhibition at the nanomolar range against the non-small cell lung 
cancer (NSCLC) cell line SW1573. This was an unexpected result 
considering that the GI50 values for such compounds against the NSCLC 
cell line A549 were in the range 1.0–2.2 µM [7]. Therefore, we turned 
our attention to get a deeper understanding of the sensitivity of SW1573 
cells to this particular family of compounds. Indeed, it was observed that 
sensitivity to the Ugi products varied strongly between cell lines. This 
variability provides an opportunity to identify compounds with specific 
selectivity towards a particular phenotypic feature of a tumor. 

In this work, we describe the extensive molecular pharmacological 
profiling carried out on a subset of the isatin derivatives (1–4) that led to 
the identification of necroptosis as the mode of selective cell killing in 
specific NSCLC cells. 

2. Materials and methods 

2.1. Isatin derivatives 

The synthesis and characterization of isatin derivatives 1–4 was re
ported earlier [7]. 

2.2. Cell lines 

The human solid tumor cell lines used in this study were the non- 
small cell lung cancer SW1573, A549, H23, the pancreatic cancer MIA 
PaCa-2, and the colon cancer LS174T. Cell lines were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA). The cell lines 
were tested for their authentication by PCR profiling using short tandem 
repeats, which was performed by BaseClear (Leiden, The Netherlands). 
The maintenance of cell cultures was in 60 mm Petri dishes in a hu
midified air incubator (37 ◦C, 5 % CO2, 95 % humidity). The cell culture 
medium used was RPMI 1640 supplemented with 5 % heat inactivated 
FCS, 2 mM L-glutamine, 100 U/mL penicillin and 0.1 mg/mL strepto
mycin. Cell cultures were passaged biweekly using 0.05 % trypsin and 
maintained at low passage. Single cell suspensions were counted using 
Moxi Z automated cell counter. 

2.3. Cell migration studies 

To obtain confluent monolayers of A549 cells onto 24-well plates, 
the cell seeding density was 10,000 cells per well. A wound was made 
using a sterile scratch tool to each well. Next, cells were washed with 
PBS to remove the debris produced by the manipulation. Then, new 
medium with or without compounds 1–4 was added. Two doses were 
selected, a low (equivalent to the GI50) and a high dose (5X GI50). 

The wound closure was monitored by phase-contrast microscopy and 
photographed at the start of the experiment (t0) and after 6 h of exposure 

List of abbreviations 

ATCC American type culture collection 
ATP Adenosine triphosphate 
EHT Extended Hückel Theory 
FCS Fetal calf serum 
GI50 50 % growth inhibition 
iRTK Tyrosine kinase receptor inhibitors 
MAO Monoamine oxidase 
MOE Molecular Operating Environment 
NSCLC Non-small cell lung cancer 
PBS Phosphate buffer saline 
PCR Polymerase chain reaction 
PDB Protein data bank 
SAR Structure-activity relationship  

Fig. 1. Chemical structure of isatin and its clinically relevant anticancer 
derivatives. 

Fig. 2. Structure of isatin derivatives 1–4 and their antiproliferative potency (GI50 range, µM) against the human solid tumor cell lines A549, HBL-100, HeLa, SH- 
SY5Y, T-47D and WiDr [7]. 

A. Puerta et al.                                                                                                                                                                                                                                  



Biochemical Pharmacology 222 (2024) 116059

3

(t6). Pictures of the plates were taken using the Universal Grab 6.3 
software (DCILabs) from a computer connected to a Leica microscope 
with a JAI TMC-1327 camera. 

The percentage of migration was calculated using the following 
equation: 

% Migration = 100 x (Wound area at t0 – Wound area at t6) / (Wound 
area at t0). 

2.4. Clonogenic assay 

SW1573 cells were seeded onto 6 well plates at a density of 450 cells/ 
well and allowed to attach to the well surface. Then, two doses of the 
selected isatin derivatives were added (10 and 50 nM) to the respective 
wells. After 30 min of exposure, the growth medium was replaced with 
drug-free medium and the cells were placed in the incubator for 7 days, 
checking every day the level of humidity. Cells were fixed with methanol 
and stained using crystal violet (0.5 % w/v in deionized water), 
removing the excess rinsing carefully with water. Colonies were counted 
using AutoCellSeg, a free software implemented in MatLab that allows 
automatic segmentation of the colonies [8]. 

2.5. In silico studies 

Interactions of KRAS with the isatin derivatives 1–3 were analyzed 
by computational docking using Molecular Operating Environment 
(MOE) software (Chemical Computing Group ULC, Montreal, Canada). 
The crystallographic three-dimensional structure of the human KRAS 
G12C covalently bound to AMG 510 was obtained from PDB (6OIM). 
The protein was prepared using Amber10 force field with EHT param
eters, R-field solvation model, dielectric constant of 1 for the protein 
inside and 80 for outside. Ligand structures were drawn in MOE soft
ware, and their energies were minimized using Amber10 force field with 
EHT parameters for small molecules, using as stop criterion an RMS 
gradient lower than 0.01 kcal/mol/Å. For the docking calculation, since 
catalytic waters participate in the intrinsic hydrolysis of GTP and sup
port a simultaneous triple proton step, only those molecules dictating 
more than 5 Å from the ligand were eliminated. Covalent docking was 
performed using the Covalent Docking tool in MOE selecting Michael 
Addition. The grid was defined around the refined structure by centering 
on the crystallized ligand, Cys12 was set as the reactive residue and the 
reaction. Triangle Matcher algorithm with the London dG scoring 
scheme was employed. In the refinement stage we kept the receptor rigid 
and used the GBVI/WSA dG scoring scheme. 

2.6. Label-free continuous live cell imaging 

A549 and SW1573 cells were seeded onto 35 mm high glass-bottom 
µ-dish (IBIDI, Germany) at a density of 80,000 cells/dish. After 24 h, 
growth medium was replaced for RPMI 1640 phenol red-free medium 
and cells were treated with 100 nM of the selected isatins for 15 h, Using 
the CX-A label-free cell imaging system (Nanolive S.A., Switzerland) the 
status of the cell population was recorded every 5 min. The initial field of 
observation was selected considering a homogeneous distribution of 
cells, and the field view was 236 µm x 236 µm. After acquisition, images 
were processed using Eve segmentation and analysis software (Nanolive 
S.A., Switzerland) to evaluate cell content and morphology parameters 
(Eve Analytics) as well as the mode of cell death induced (Live Cell 
Death Assay, LCDA). The measurements were obtained for each indi
vidual in the population at each time point for every treatment. 

2.7. Fluorescence labelling in continuous live cell imaging 

Bis-Benzimide H33342 trihydrochloride (Hoechst 33342) was used 
to stain nuclear compartments in live cells. Cells were seeded as previ
ously described in section 2.6 and Hoechst 33342 staining was per
formed before the treatment was added. Briefly, 1:2000 dilution in RPMI 

was performed from a stock of 10 mg/mL (deionized water). Cells were 
incubated for 10 min in dark conditions, medium was removed and cells 
washed once with PBS with Ca2+ and Mg2+. Whilst label-free imaging 
was performed following aforementioned conditions, fluorescence 
signal was recorded every 20 cycles using the DAPI-UV filter. Time of 
exposure and signal amplification were selected empirically before 
recording. 

2.8. DAPI staining 

A549 and SW1573 cells were seeded onto 6-well plates containing 
sterile coverslips at the bottom in a density of 100,000 cells/well. After 
24 h, compounds were added at 50 nM and incubated for 18 h. Cells 
were fixed with 4 % PFA (PBS) for 10 min at RT and then washed in 50 
mM NH4Cl for 10 min to reduce PFA background. After rinsed with PBS, 
0.1 % Triton solution was added during 10 min to permeabilize cells to 
DAPI and subsequently rinsed with PBS. Staining was performed using 
DAPI solution (1 µg/mL in methanol) for 10 min in absence of light. 
After rinsing with PBS, coverslips were mounted on a microscopy slide 
over a drop of mowiol mounting medium and sealed using nail polish to 
avoid loss of volume. Random fields of observation were imaged using 
20X and 40X magnifiers in a LEICA DM 4000B microscope (Leica 
Microsystems) with the A excitation filter (BP 340/380 nm). 

2.9. Propidium iodide staining 

Necrosis was evaluated using propidium iodide (PI) staining. 
SW1573 cells were seeded onto a 96 well dark-wall clear-bottom plates 
at a density of 10,000 cells/well and incubated for 24 h. Then, cells were 
exposed to two concentrations (50 and 100 nM) of the isatin derivatives. 
After 4 h, medium was removed carefully and cells were incubated with 
PI solution (5 µg/mL in PBS) for 10 min in dark conditions. Fluorescence 
signal of PI was measured using Varioskan Lux Multimode plate reader 
at 538/617 nm excitation/emission wavelength. 

2.10. Statistics 

Data are presented as mean values ± standard deviation in at least 
three independent experiments. Statistical analysis was performed 
through Microsoft Excel, using two-tailed Student’s t-test to generate p 
values. Significance was considered when p < 0.05. 

3. Results 

3.1. Effects on cell migration 

Chemical compounds based on an isatin scaffold behave as modu
lators of the migratory activity in cancer cells, reducing their motility 
through their interaction with MMP-2 and MMP-9 [9,10]. In order to 
investigate if isatins 1–4 were able to modify cell migration, we con
ducted a wound healing assay. Accordingly, A549 was the cell line 
selected for this test due to its migration rate. Moreover, its ability to 
form a homogenous confluent monolayer enables us to study the uni
directional movement of the cells, becoming an exceptional model for 
this kind of assay [11]. 

The test revealed that all the compounds were able to reduce the 
ability of the wound to close after 6 h of exposure when using a dose five 
times its GI50 (5X GI50) (Fig. 3). In the case of the selected isatins, their 
high potency limited the exposure time to 6 h in order to avoid cytotoxic 
effects during the assay. If the compounds induce cell death, the wound 
generated will remain open, creating a false positive outcome. The 
halogen-phenyl isatins 1 and 3 showed the best results in terms of 
reduction of cell migration, diminishing the wound closure in 39 % and 
38 %, respectively. Untreated cells (control) were able to close the 
discontinuity by 61 %. Isatins 2 and 4 also reduced the migration of cells 
in a significant manner although at a lower level (49 % and 46 %, 
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respectively). The antimigratory activity was dependent on drug con
centration since the effect is barely produced when cells were exposed to 
the GI50 dose. These results are in line with previous studies in other cell 
models with halogenated isatin derivatives at similar concentration 
range [12]. 

3.2. Effects on cell lines with diverse KRAS status 

One of the differences reported in the literature between A549 and 
SW1573 cell lines is their KRAS status. Although this was not the main 
goal of this study, we wondered if the observed differences in sensitivity 
related to KRAS status could provide some hints for further investigating 
the mode of action (MoA) of the compounds. A549 presents a missense 
mutation at codon 12 of the oncogene that substitutes a glycine for a 
serine (G12S) [13], whilst SW1573 harbors a missense substitution of a 
glycine for a cysteine (G12C) [14]. In our cell bank, another two KRAS 
G12C cell lines were available. NSCLC cell line H23 was included in the 
pool of assays. This cell line, besides the KRAS G12C mutation, also 
harbors an endogenous missense mutation –M246I– in p53 that alters it 
function and fails to induce apoptosis [15]. The KRAS G12C PDAC cell 
line MIA PaCa-2 was also selected [16]. Finally, the panel was 
completed with the colon cancer cell line LS174T, which is reported to 
have the KRAS mutation G12D [17]. Table 1 shows the effects on cell 
growth (expressed as GI50) after 48 h of exposure. Overall, the four 
compounds were markedly less active against A549 and LS174T cells, 
with GI50 values in the range of 1.0–2.2 µM. In H23 cells, the most potent 
compound was 3 displaying a GI50 value below 100 nM. Notably, the 
compounds were more active against the G12C cell lines, with GI50 
values in the low nanomolar range. Derivatives 1 and 3 exert an anti
proliferative activity in the same order of magnitude in SW1573 and 
MIA PaCa-2 cells with a slight loss of potency for compound 2. Hence, 
the KRAS status seemed relevant, although not sufficient to explain the 
potency of the isatin derivatives. At this point, isatin 4 was discarded 

from further assays. This decision was consistent with the existing SAR 
highlighting the relevance of the halomethylene group while extending 
the SAR to the functionalization on the benzene ring with halogens (Br 
in isatin 1, and I in isatin 3). 

3.3. In silico studies 

Encouraged by the previous results, we decided to run in silico ex
periments to check for a hypothetical interaction between the drug 
candidates 1–3 and protein KRAS G12C. In the catalytic activity 
mechanism of KRAS, water molecules participate directly in the con
version of GTP to GDP. During the hydrolysis, a molecule of water acts as 
a nucleophile whilst another molecule adopts an assistant role for a 
proton transference. When the GTP is bound to Tyr32, the nucleophilic 
attack on the γ-phosphate of the nucleotide leads to a proton shuffle, 
released by the catalytic water. The assistant nucleophilic water mole
cule is activated by Gln61, protonates the oxygen of γ-phosphate, 
forming the resultant GDP and H2PO4

– [18]. More importantly, when the 
G12C mutation is present, the side chain of the substituent Cys displaces 

Fig. 3. A: Representative images of the wound closure assay after 6 h of exposure. A549 cells were exposed to isatins 1–4 at two doses, GI50 and 5X GI50. Gemcitabine 
(GEM) at 5X GI50 was used as reference. B: Percentage of wound closure compared to untreated control. Wound area was measured at 0 and 6 h. Error bars: SD after 
at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 vs. untreated cells (Ctrl). 

Table 1 
Antiproliferative activity (GI50, nM) of isatins 1–4 against cell lines with diverse 
KRAS status.   

Isatin derivative 

Cell line 1 2 3 4 

A549 1311 ± 261 1004 ± 378 1038 ± 192 2185 ± 315 
H23 299 ± 36 174 ± 67 17 ± 4.3 160 ± 62 
SW1573 2.3 ± 0.2 3.3 ± 1.2 2.0 ± 0.4 14 ± 6.3 
MIA PaCa-2 3.8 ± 1.3 13 ± 2.6 1.9 ± 0.6 24 ± 3.1 
LS174T 1793 ± 139 1751 ± 198 1567 ± 285 15807 ± 4154 

Values represent mean ± standard deviation of at least three independent 
experiments. 
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Gln61, inducing extra exposure of the binding pocket toward the solvent 
(cytoplasm). Through this change, catalytic water molecules get desta
bilized and the GTP hydrolysis is slightly affected negatively [19]. 
Because of this, water molecules surrounding the active site –at a dis
tance of less than 5 Å– were kept during the simulations. 

For the in silico studies, the crystal structure of the KRAS G12C 
variant bound to the approved drug sotorasib was obtained from PDB 
(6OIM). The mechanism of interaction between the protein and the 
potential ligands was set previously based on the crystal ligand used as a 
model. Sotorasib directly interacts with KRAS G12C in its inactive state, 
forming a covalent bond with the mutated Cys12 through the acryl
amide group [20]. The ability of sotorasib to bind to the inactive state of 
KRAS is possible because of the G12C mutation present. In contrast, the 
other mutant variants in the presence of sotorasib keep the GTPase ac
tivity of KRAS similar to the wild type [21]. Hence, sotorasib is inef
fective against other KRAS isoforms as noted previously. Adagrasib 
–another drug approved for clinical use– forms the same crucial covalent 
bond through an acrylamide moiety with C12 of the mutated KRAS [22]. 
Similarly, several KRAS G12C targeting compounds validated in pre
clinical models have shown this covalent union [23]. 

Considering this, it was concluded that a Michael addition should be 
the preferred type of covalent binding reaction to take place. This 
approach was validated through the calculation of the binding energy of 
the co-crystallized ligand, resulting in good RMSD and docking score 
values. However, none of the isatin derived compounds 1–3 were suit
able for this type of interaction with the protein due to structural re
quirements. Michael addition needs the presence of α,β-unsaturated 
carbonyl to take place, a functional group not present in the isatin li
brary evaluated. By contrast, due to the presence of halogens in the 
selected isatins, a nucleophilic substitution was selected as the type of 
reaction to simulate. Although a few compounds from the library were 
docked, none of the selected ones was suitable for this type of reaction. 
In light of these results, a direct interaction with KRAS G12C following 
this binding approach was discarded. Thus, we moved our attention to 
evaluate the differential response of A549 and SW1573 cells toward 
isatins 1–3. 

3.4. Effects on reproductive viability 

The clonogenic assay is a versatile and frequently used tool to 
quantify reproductive cell survival in vitro. To assess this effect clono
genic assays were performed in the most sensitive cell line, i.e. SW1573. 
The results are shown in Fig. 4. Two doses were selected –low 10 nM, 
high 50 nM– to assess dose dependency. The exposure time to isatin 
derivatives (1–3) was set to 30 min, after which time, cells were 
refreshed with drug-free medium. After 8 days of incubation, wells 
exposed to the high dose did not show formation of cell aggregates 
whilst a considerable number of colonies were observed in untreated 
controls. Treatment with a lower dose also reduced the number of col
onies although not so drastically. Interestingly, differences were 
observed between the compounds. Isatins 1 and 3 were able to reduce 
the number of colonies with statistical significance, especially 1, whilst 2 
only produce a slight decrease. These results demonstrate that a short 
exposure time to the compounds is enough to produce a significant effect 
even if the drugs are removed from the medium. With only 30 min of 
incubation, the effect observed suggest that the compound absorption is 
rapid and that either the effects exerted by the compounds in such a 
short period of time are sufficient to produce the antiproliferative effect 
or that the drug is maintained inside the cells even when the medium is 
replaced. This test also pointed out that the functionalization on the 
benzene ring with halogen (1 and 3) gave the best results. 

3.5. Getting insight on the mode of cell death 

Continuous live cell imaging allows to analyze the potency of the 
compounds and their predominant mode of death, in addition to the 
kinetics of cell death. In this test, A549 (Supplementary Video S1) and 
SW1573 (Supplementary Video S2) cells were exposed to 100 nM of the 
selected isatins for 20 h, recording at intervals of 5 min. In A549 cells, 
compounds 2 and 3 induced notorious cell death after 15 h of exposure 
with less than 20 % and 40 % of the population affected, respectively 
(Fig. 5A), whilst isatin 1 did not induce cell killing. When the same 
conditions were applied to SW1573 cells, all the population was dead 
before 5 h of exposure (Fig. 5B). The predominant death phenotype 
resembled necrosis, with cells increasing their volume drastically, 
showing circled nucleus and loss of plasma membrane. 

Fig. 4. Clonogenic assay performed on SW1573. Cells were exposed to two different doses of the compounds for 30 min and placed in the incubator for 8 days. A: 
Representatives images of the colony formation under each treatment. B: Average number of colonies growth in the samples treated with 10 nM of each compound 
expressed as relative to the number of colonies in the untreated samples. Error bars: SD after 3 independent experiments. *p < 0.05; **p < 0.01 vs untreated 
cells (control). 
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After the segmentation analysis, the LCDA allowed to study the ki
netics of cell death in A549 and SW1573 cells (Fig. 6). In all cases, cell 
death occurred via necrosis. However, the kinetics and the affected cell 
population was different between cell lines and treatments. Thus, ne
crosis in A549 cells started around 4 h after exposure to 2 and 3. 
Noteworthy, 1 did not induce cell death in A549 cells (Fig. 6A-B). In 
contrast, SW1573 cells were very sensitive to all the isatin derivatives. 
Necrosis started almost at the onset of the exposure and affected nearly 
100 % of the cell population (Fig. 6C-D). The induction of cell death in 
such an extensive way at short times of exposure indicates that the 
modifications produced in cells do not require prolonged incubation 
with the compounds. This observation is consistent with the results 
obtained with the clonogenic assay (Fig. 4). 

Furthermore, necrosis was supported by the metrics provided by the 
system after segmentation analysis (Fig. 7). Thus, treated cells showed 

an overall reduction of cell area compared to untreated control. This 
effect was particularly notorious for 2 and 3 at the onset of incubation 
and being stable for the rest of the observation period (Fig. 7A). This 
reflects the speed of the morphological effects produced, which started 
with cell swelling but rapidly produced diminishing of cell area due to 
cell death. Concomitantly, the drastic decrease of dry mass in treated 
cells as opposed to the untreated samples that exhibited minimal 
changes over time, indicates the release of cell content to the extracel
lular medium due to the disruption of the cell membrane, a character
istic feature of necrotic cell death (Fig. 7B). 

Shape, form factor and compactness are parameters that quantify the 
loss of cell polarity under treatment. Form factor measures the circu
larity of the segmented object, representing a perfect circle with a value 
of 1 (Fig. 7C), and depicts how all three treatments induced an increase 
in form factor as a consequence of cell swelling and rounding. The 

Fig. 5. Representative snapshots of A549 (A) and SW1573 (B) cells exposed to 100 nM of the selected isatins 1–3 for 15 h. Red arrows indicate the presence of cells 
undergoing necrotic death. Scale bar 30 µm. 
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subsequent decrease occurred due to the loss of cell structure during 
necrosis progression, whilst the control group remained within the same 
range due to the maintenance of the cell shape. A similar effect was 
observed in the evolution of compactness, which estimates a filled circle 
with a value of 1 and considers irregular objects or those containing 
holes with values > 1. Higher values were observed in cells without 
treatment due to the epithelial morphology of SW1573 cells (Fig. 7D). 
The decrease observed during the first hours of exposure to the isatins 
1–3 could be attributed to the previously mentioned necrotic cell 
rounding, as well as the slight increase response to the cell content 
leakage. 

3.6. Isatin derivatives induce necrosis in SW1573 cells 

Necrosis can be triggered by several factors, among which irrepa
rable DNA damage stands out. To study DNA damage, DAPI staining was 
performed for a better observation of the nuclear affection (Fig. 8). After 
24 h of exposure to 50 nM of isatins 1–3, SW1573 cells showed a 
noticeable reduction in the area of the nucleus, along with fragmented 
nuclear material (Fig. 8B). Apoptotic phenotypes tend to increase DAPI 
fluorescence signal due to the nuclear condensation that precedes cell 
shrinkage [24]. However, the microscopical observations of isatin- 
treated SW1573 cells suggested loss of nuclear material since the 
stained objects were less compact and the fluorescence was markedly 
diminished. Measurement of the pixel intensity of each cell 

Fig. 6. Kinetics of cell death and number of necrotic cells (%) in A549 (A-B) and SW1573 (C-D) cells treated with isatins 1–3 at 100 nM for 15 h. Cells were 
monitored every 5 min. At each time point, the segmentation analysis provided the death and necrotic percentage of dead cells within the population. 

Fig. 7. Kinetics of morphological and cell content parameters of SW1573 cells untreated or treated with isatins 1–3 over 15 h of exposure. Cells were monitored 
every 5 min. At each time point, the segmentation analysis provided morphological and cell content parameters. 
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demonstrated that the DAPI signal was decreased (Fig. 8C), a charac
teristic of DNA content reduction. These could suggest that DNA damage 
and nuclear leakage could have taken place due to the action of the 
compounds. On the other hand, A549 cells treated equally did not show 

remarkable effects on nuclear alteration. 
Thereupon, necrosis was evaluated in SW1573 cells through PI up

take. In a healthy situation, PI is unable to penetrate in the cells. When 
necrosis occurs, cell membrane is disrupted, allowing this fluorescent 

Fig. 8. Study of the nuclear modifications through fluorescence staining. Representative images of A549 (A) and SW1573 (B) cells stained with DAPI after 24 h of 
exposure to 50 nM isatins 1–3. Scale bar 10 µm C: From the set of images of isatin-treated SW1573 cells, a quantification of the fluorescence signal of every single cell 
was performed and plotted as relative fluorescence units compared to control. D: Relative fluorescence units of PI staining of SW1573 cells after exposure to isatins 
1–3 for 4 h. Error bars represent standard deviation from at least three independent experiments. *** p < 0.001 vs control. 

Fig. 9. Representative images of untreated SW1573 cells (control) or exposed to 100 nM of the indicated compounds. For every condition left images represent the 
effect after 5 h of exposure. Right images are the corresponding 3D holotomographic reconstructions of selected cells from these samples. Scale bar 20 µm. 
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dye to enter in the intracellular space. Then, PI intercalates in double 
stranded DNA, producing a metachromatic shift from 493/636 nm to 
535/617 nm and increasing the quantum yield [25]. PI fluorescence was 
measured in a microplate reader in cells exposed to 50 and 100 nM of 
each three compounds for 4 h. Fluorescence signal was highly increased 
compared to untreated cells exposed to the same procedure, supporting 
the morphological changes observed in the live cell experiments 
(Fig. 8D). When comparing the two doses used it was observed that the 
increase in fluorescence in the 100 nM samples was modestly higher 
than when using the 50 nM dose. This is consonance with broad necrotic 
phenotypes observed in other experiments, which shows a slight 
dependence on the concentration of the isatin derivatives applied at this 
nanomolar range. 

Holotomographic imaging allowed a three-dimensional (3D) repre
sentation of the cellular entities, facilitating the observation of structural 
alterations. This technique confirmed the previously noted cell swelling 
and the loss of cell content after treatment with the isatin derivatives 
(Fig. 9). After 5 h of exposure, SW1573 cells presented an inflated 
morphology, with rounded nucleus and clear loss of density. Whilst the 
nucleus structure was preserved and the nucleolus is still observed in the 
untreated samples, treated cells showed clear disruption of the nuclear 
morphology and less compacted nucleolus. Moreover, limits of the nu
clear envelope were barely detected in the 3D images, similarly to the 
absence of cellular membrane. This pattern also matched the leakage of 
cellular components to the extracellular environment, the aforemen
tioned characteristic phenotype of necrotic cell death that was also 
detected by the augmented amount of cell debris in the live-cell mi
croscopy assays [26]. 

Next, we moved to observe the kinetics of nuclear changes in 
SW1573 cells using live imaging (Supplementary Videos S3). Hoechst 
33342 staining showed the similar results obtained with DAPI, i.e. loss 
of signal due to the DNA degradation and extended nuclear affectation 

(Fig. 10). The cell swelling was observed in the perinuclear space, while 
the nucleus experimented rounding of their shape and a clear size 
reduction after only 3 h of exposure. Interestingly, although the fluo
rescent signal decreased toward the end of the treatment, an increase in 
the intensity was observed around 6 h of treatment. However, no evi
dence of apoptotic bodies was observed prior to death. Subtle differ
ences were observed between the three isatin compounds, especially 
regarding the time necessary to observe the effects, but the mode of cell 
death was highly common overall. Taking all together, these results 
indicate that necrosis might be the mode of cell death induced by the 
isatin derivatives 1–3, and the loss of signal observed through endpoint 
experiments is a process that evolves during time. 

3.7. Isatin derivatives induce necroptosis in SW1573 cells 

Necrotic cell death has been commonly related to uncontrolled 
events and mostly triggered by non-specific harsh stimuli. However, 
many experimental evidences have shown how some forms of necrotic 
cell death can occur in a tightly regulated way [27]. Necroptosis is one of 
these modes of regulated necrotic cell death that presents phenotypic 
characteristics identical to uncontrolled necrosis, such as cell swelling or 
membrane disruption [28]. In order to evaluate if the isatin derivatives 
were inducing necroptosis, SW1573 cells were pre-incubated with 40 
µM of necrostatin-1 (Nec-1) –a known inhibitor of necroptosis [29]– for 
30 min and the isatins 1–3 were subsequently added. The effects were 
observed using live cell microscopy (Supplementary Videos S4). As 
depicted in Fig. 11, necrostatin-1 was able to prevent the occurrence of 
cell death with complete absence of any individual with the morpho
logical features observed during the treatment with the isatin de
rivatives alone for at least 7 h, whilst in the absence of necrostatin-1 
single cells with these features appeared before 2.5 h. If the induction 
of an extended effect on the population is studied the differences become 

Fig. 10. Representative images of live imaging acquisition at different time intervals of SW1573 cells treated with 100 nM of isatin derivatives 1–3 for 15 h and 
stained with Hoechst 33342. Left panels represent Hoechst fluorescence channel only, right panels are merged images with refractive index acquisitions. Scale bar 
20 µm. 
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even more pronounced. As shown before, the isatin derivatives were 
able to produce total cell death in the population after 4 h of exposure 
(Fig. 5B). Pre-incubation with the necroptosis inhibitor delayed the 
extended cell death until more than 15 h of treatment. Noteworthy, 
necroptotic cell death morphologies in both treatments (alone and in 
combination with Nec-1) were observed eventually, probably due to the 
high concentration of isatin derivatives used in the assays when 
compared to their GI50. 

After segmentation analysis, we found substantial differences when 
comparing the treatments with or without the co-incubation with Nec-1 
(Fig. 12). First, mean cell area of the population did not decrease when 
SW1573 cells were co-incubated with Nec-1 as in the isatin-only treat
ment (Fig. 5B). For instance, after 5 h, cells subjected to combination 
treatment showed an average area of 200 µm2 larger than isatin-treated 
samples. Moreover, at long term time points, only isatin 1 had similar 
values in combinatory and single treatments. A similar feature is 
observed in the evolution of mean dry mass, in which no decrease is 
observed in any of the treatments except for a subtle reduction after 15 h 
of exposure to 1. This difference illustrates the limited necroptosis 
observed in the population when co-incubated with Nec-1. In the case of 
form factor and compactness, the trends observed in the individual 
treatments were present also in the co-incubated samples but in a more 
modest way, probably due to the morphological changes were not 
extended in the population. These results suggested that the cell death 
induced by the isatin derivatives is not an indiscriminate necrosis but a 
regulated form of cell death that matches with necroptotic cell death. 

4. Discussion 

The isatin scaffold in chemical entities has been explored for 

antimigratory, antiproliferative and pro-apoptotic agents [10,12]. In 
general terms, the potency of these structures is modest, with a relatively 
high GI50 (50–200 µM). Hence, their chances to be used as antineoplastic 
drugs are reduced since the high amount of drug needed increase the 
probability of side effects due to promiscuous interactions or off-site 
targeting. We reported earlier that isatins bearing a halomethylene 
groups displayed an enhanced potency against tumor cells, achieving 
effects at the nanomolar range [7]. The activity is not only limited to 
cytotoxicity since these compounds also produced an inhibition of the 
migratory ability of NSCLC A549 cell line (Fig. 3). Moreover, more 
insight into the SAR could be established, since the halogen substituted 
compounds at the phenyl ring 1 and 3 were the ones that presented 
better results. The inclusion of halogens for more efficient activity was 
also described in the past. Structural requirements for the anti
proliferative activity of modified isatins has been well described through 
QSAR methods [30]. Different halogen substituted isatins have been 
reported as molecules with anticancer properties like histone deacety
lase inhibitors [31] or selective carbonic anhydrase inhibitors [32]. 
Sunitinib (Fig. 1) –an isatin-based compound containing a fluorine– was 
approved for clinical treatment of renal cell carcinoma during the last 
decade, although with limited efficacy [33]. 

For the set of isatin derivatives studied in this work, necrosis was the 
predominant mode of cell death with cell line specificity over two 
different NSCLC tumor cell lines. Exposure to 1–3 had a significant 
impact on SW1573 cells at a lower concentration compared to that used 
for A549 cells, where the effect was less pronounced. The discrepancy in 
the GI50 values after 48 h of exposure varied by a substantial factor, 
ranging from 300 to 500 times between the two cell lines. (Table 1). 

Our initial proposed interaction between the isatin derivatives 1–3 
and the protein variant KRAS G12C was discarded after in silico studies. 

Fig. 11. Representative snapshots at different time intervals of SW1573 cells treated with Nec-1 at 40 µM either alone or in combination with 100 nM of isatins 1–3 
for 20 h. Scale bar 30 µM. 
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This result might be related for two reasons. On the one hand, the 
nucleophilic substitution that should takes place between the Cys12 and 
the chloromethylene residue is not possible. On the other hand, there is 
no interaction between the isatin candidates 1–3 and the KRAS G12C 
protein. GPX4 inhibitors RSL3 and ML162 bind GPX4 covalently via the 
chloroacetamide moiety [34]. However, the amino acid residue reacting 
with the chloroacetamide fragment is selenocysteine (Sec), also known 
as the 21st amino acid. Sec has electronic properties different from Cys, 
which makes it suitable to undergo the nucleophilic substitution, sup
porting the first argument. In such case, we speculate that the significant 
sensitivity to KRAS G12C cells might be due to the interaction with 
molecular targets other than KRAS. This is supported by the anti
proliferative results observed for KRAS mutant cell lines (Table 1). 

Regarding the mode of cell death, induction of apoptosis has been 
observed in several subsets of isatin-derived compounds against 
different cell lines [35–37]. Although necrotic cell death has also been 
reported, these examples are just mainly limited to late apoptosis that 
has transitioned to necrosis as a consequence of the use of high con
centrations of the drugs [38,39]. Continuous live cell imaging allowed to 
identify necrotic phenotypes through the observation of cell swelling, 
loss of cellular membrane, leakage of cell content to the extracellular 
environment and rounded and reduced nuclear size without cell 
shrinkage. The use of fluorescent dyes confirmed some of these features. 
DAPI staining demonstrated the loss of nuclear structures and the 
reduction in DNA content, meanwhile positive PI staining marked the 
loss of membrane integrity, confirming the necrosis as the mode of cell 
death (Fig. 8). Live cell staining with Hoechst 33,342 supported these 
results, highlighting that some of these features occurred before 5 h of 
exposure (Fig. 10). The continuous observation of the cell responses to 
treatment also showed an increase of Hoechst fluorescent signal during 
cell size reduction without the presence of apoptotic phenotypes. This 

cell permeable dye binds to the adenine–thymine regions in the DNA 
minor groove. Thus, decrease of fluorescent signal could point out drug 
induced DNA damage. Indeed, the isatin derivatives 1–3 are far from 
producing a promiscuous response since it has been demonstrated that 
their potency is cell line dependent. Extensive necrotic cell death is 
induced in SW1573 cells before 5 h of exposure when using doses that 
barely affected another cell line from a related tissue (Fig. 5). 

Traditionally, the induction of necrosis by anticancer compounds has 
been considered as an undesired event in the development of new drugs 
as it is an uncontrolled way leading to cell death, generally related to 
extreme conditions that could damage healthy tissues producing 
important side effects. However, triggering a regulated form of necrosis, 
i.e. necroptosis, has been described recently as an efficient MoA of some 
new anticancer drugs [40,41]. This novel paradigm for cytotoxic in
duction opened the door for alternative ways that could overcome 
resistance. Adaptive mechanisms in the regulation of the apoptotic 
machinery have compromised the efficacy of validated drugs in the 
treatment of cancer, resulting in therapeutic resistance to pro-apoptotic 
agents [42]. Several types of tumors are able to induce the expression of 
antiapoptotic proteins such as Bcl-2, Bcl-xL and survivin whilst 
decreasing pro-apoptotic signals driven by bax, bak, bim or puma, 
among others. These mechanisms of resistance can occur both intra
cellularly and communicatively between the population, transforming 
adjacent cells through paracrine signaling [28]. Therefore, the ability to 
induce a controlled form of necrotic cell death represents a new strategy 
for cancer treatment [43]. Remarkably, the pre-incubation of SW1573 
cells with a necroptosis inhibitor reduced drastically cell death produced 
by the isatin derivatives (Fig. 11), pointing out that the necrotic phe
notypes observed are not the result of an uncontrolled event caused by 
unspecific damage but a mode of regulated cell death. It remains unclear 
whether there is a relationship or not between necroptosis observed in 

Fig. 12. Kinetics of the cell death (%) and RI-based parameters for the population of SW1573 cells preincubated with Nec-1 for 30 min and treated with the isatin 
derivatives 1–3 for 20 h. 
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SW1573 cells and the KRAS status of the cell line. In this particular 
context, the literature does not inform of necroptosis for the KRAS 
(G12C) inhibitors AMG510 (sotorasib) and MRTX849 (adagrasib). 
Taking as a whole this fact and our observations reported herein, isatin 
derivatives 1–3 are not likely to behave as KRAS substrates. In essence, 
necroptosis induced by isatin derivatives 1–3 should be studied in more 
detail to unveil the molecular target. 

5. Conclusions 

In this work, we have explored in detail the mode of action of a set of 
isatin derivatives selected from a preliminary screening of a 38 com
pound library. With the aid of phenotypic assays, we could establish 
some activity profiling of the compounds related to their pharmacody
namics with a particular focus on the kinetics of cell death. The results 
allowed us to select compound 1 as the drug lead of the series and to 
propose necroptosis as the main MoA of the compounds. The cellular 
target remains unknown and further studies will be necessary to fully 
unveil the features that confers selectivity towards specific cell lines. 
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