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Abstract

Fluorescein isothiocyanate-conjugated Annexin V in combination with propidium iodide (PI) labelling is a widely used
flow cytometric assay for quantifying apoptotic and necrotic cells in anticancer studies. However, increasing evidence
suggests that double-positive cells, or the Annexin V*/PI* fraction, may represent not only late apoptosis but also different
modalities of regulated cell death, including necroptosis, pyroptosis, ferroptosis, and cuproptosis. By collating findings
from preclinical studies across different cancer cells, this review highlights the need for consensus in interpreting Annexin
V*/PI* populations. In the absence of molecular and/or microscopy data, this fraction is more appropriately classified as
undergoing ‘late-stage cell death’. In short, establishing standardised interpretive criteria is crucial to enhance understand-
ing, facilitate cross-study comparability, and improve the translational relevance of anticancer research.
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Introduction

Cancer, one of the major non-communicable diseases,
is fundamentally characterised by deregulated apoptotic
mechanisms and the uncontrolled proliferation of trans-
formed cells. Although numerous mechanisms contribute
to therapeutic resistance, evasion of cell death remains
a central challenge in cancer treatment. Accordingly, the
development and evaluation of agents capable of effectively
triggering cell death, particularly through apoptosis, remains
an active area of investigation. Apoptosis is an essential cel-
lular process in mammalian systems, serving to eliminate
transformed, damaged, infected, or dysfunctional cells, and
plays a crucial role in post-embryonic development, adult
tissue homeostasis, and the aetiology of multiple human
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disorders [1]. The term ‘apoptosis’, the first defined form
of regulated cell death, was coined by Kerr et al. in 1972,
marking the starting point in modern cell death research.
However, studies on cell death can be traced back to the
1800s, with notable contributions from several pioneers
in biomedical literature. In 1842, German anatomist Carl
Vogt first proposed the concept of spontaneous cell death;
in 1882, the Russian biologist Elie Metchnikoff described
phagocytic cells engulfing dying cells; and in 1964, Lock-
shin and Williams introduced the term ‘programmed cell
death’ [2—4]. In 2012, the Nomenclature Committee on Cell
Death suggested the term ‘regulated cell death’ to indicate
cases in which the initiation or execution is mediated by
specific molecular machinery and can be inhibited by tar-
geted pharmacological and/or genetic interventions. Mean-
while, the adjective ‘programmed’ refers to cell death that
occurs in physiological contexts, such as during embryonic/
post-embryonic development and tissue homeostasis, irre-
spective of the modality by which it is executed [5].
Fluorescein isothiocyanate (FITC)-conjugated Annexin
V and propidium iodide (PI) co-labelling are commonly
used to detect and quantify apoptotic and necrotic cells
using flow cytometry in anticancer studies. Whilst Annexin
V primarily marks apoptotic cells, double-labelling with
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Annexin V and PI (Annexin V*/PI") indicates compromised
nuclear and plasma membranes in damaged or dead cells
[6-8], often classified as late apoptosis [9—13] or apoptosis
in general (in combination with Annexin V*/PI") [14-16].
Nevertheless, accumulating evidence suggests that the
Annexin V*/PI* fraction may not represent the sole popula-
tion of apoptotic cells. For example, under mild constant
electrostimulation-induced pyroptosis in MCF7 breast can-
cer cells, indicated by an increased Annexin V*/PI* fraction,
the expression of both apoptosis- and pyroptosis-related
genes was markedly elevated. Meanwhile, most genes
associated with necrosis, necroptosis, and ferroptosis were
downregulated, although a few were upregulated [17]. Co-
treatment of SW620 colorectal cancer cells with cisplatin
and quinoline-Val-Asp-difluorophenoxymethyl  ketone
(Q-VD-OPh), a pan-caspase inhibitor, still produced sig-
nificant differences in Annexin V*/PI* relative to untreated
control or Q-VD-OPh alone [18]. Benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethylketone (z-VAD-FMK), a
pan-caspase inhibitor, was reported to inhibit flubendazole-
induced apoptosis and pyroptosis in U87 and U251 glio-
blastoma (GBM) cells. Flow cytometry showed negligible
differences in the Annexin V-positive (*) and Annexin V*/
PI" fractions compared with either the negative control
or z-VAD-FMK alone [19]. In light of such findings, this
review summarises the cell death modalities associated with
the Annexin V*/PI" fraction in preclinical anticancer studies
and underscores the need for consensus in its interpretation.

Overview of flow cytometry

Flow cytometry is a rapid, reliable, and reproducible laser-
based technique. It enables the detection of the plasma
membrane, cytoplasmic, and nuclear antigens by labelling
cells or particles with fluorochrome-conjugated antibodies
or fluorescent dyes that specifically bind to components of
interest [20]. The pioneering use of fluorescence detection
to study biological molecules and processes is attributed to
Gregorio Weber, a biochemist whose groundbreaking con-
tributions in the 1940s and 1950s [21, 22]. In the late 1960s,
Herzenberg and his colleagues adapted Fulwyler’s design
to develop an instrument capable of separating biological
cells suspended in a conducting medium based on the pres-
ence or absence of fluorescently labelled molecules. This
innovation marked the advent of the fluorescence-activated
cell sorter (FACS). The licensing of Herzenberg’s design by
Becton Dickinson—which holds the trademark for the term
‘FACS’—revolutionised cell sorting through flow cytom-
etry technology [23-25].

In the early 1970s, Becton Dickinson Immunocytometry
Systems introduced the first commercial FACS machines
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[25]. The main principle of flow cytometry is the interaction
of fluorescent particles with a laser beam, resulting in light
scattering and fluorescence emission [20]. The technique
involves passing a single-file stream of cells or particles in
suspension through a laser beam to measure their physical
(i.e., optical) and chemical (e.g., antigen expression) fea-
tures. As cells pass through the laser light, they absorb,
refract (i.e., scatter), and emit light that is subsequently cap-
tured by an array of detectors. Forward scatter (FSC), the
amount of light each cell scatters in the forward direction,
reflects both the size and refractive index of the cell. Side
scatter (SSC) indicates cell complexity, such as the presence
of organelles, granules, and other intracellular features that
cause light diffraction to the side [26].

It is noteworthy that apoptotic cells often display
decreased FSC and increased SSC [6, 7, 27-30]. For exam-
ple, the low FSC/high SSC subpopulation was Annexin
V*, whereas Namalwa Burkitt lymphoma cells with high
FSC/low SSC were Annexin V-negative (7). This shift in
the FACS profile, observed only after 54 h, was consistent
with the increased fractions of Annexin V* and Annexin
V+/ethidium bromide* cells, as well as nuclear condensa-
tion detected by Giemsa staining [6]. In addition, cell debris
resulting from the disintegration of dying cells cannot be
captured by FACS analysis, a limitation that can be cir-
cumvented by incorporating CountBright absolute counting
beads [31].

Overview of the FITC-Annexin V/PI cell death assay

Phosphatidylserine (PS)-affinity assays with Annexin V
enable the rapid, simple, and sensitive detection of apoptotic
cells in suspension. PS externalisation on the outer mem-
brane surface is a commonly used indicator of early apopto-
sis across diverse cell types and stimuli [32]. In contrast, PI,
a deoxyribonucleic acid (DNA)-intercalating fluorochrome
and analogue of ethidium bromide, is valued for its ease of
use and high specificity for non-viable cells (damaged and
dead cells). Intact plasma membranes exclude PI, and laser-
excited fluorescence is detected only in the nuclei of dead
cells [33, 34].

Annexin V, formerly named placental protein 4, was first
reported by Inaba et al. [35] following its isolation from
human placenta. In a separate study, Reutelingsperger et al.
[36] isolated it from the umbilical cord by virtue of its anti-
coagulant activity and termed it vascular-anticoagulant-a.
The subsequent cloning and sequencing of human Annexin
V complementary DNA revealed its homology with the
Annexin protein family, leading to its current designation
[32].

Koopman et al. [6] pioneered the use of FITC-labelled
Annexin V in flow cytometry to detect apoptotic cells
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through binding to PS exposed on the plasma membrane. In
the study, Annexin V* staining (green fluorescence) served
as a specific marker for the early phase of apoptosis, charac-
terised by intact cell membranes. At later stages of apopto-
sis, when membrane damage occurred, apoptotic cells were
double-stained with Annexin V and ethidium bromide (a
non-vital DNA stain) [6]. Notably, chromatin and nuclear
condensation coincided with PS externalisation in apoptotic
cells and preceded membrane damage, i.e., loss of plasma
membrane integrity [6, 37]. In contrast, normal nuclear
morphology was observed in Annexin V™ cells [37].

Meanwhile, Crissman and Steinkamp introduced PI as
a safer alternative to ethidium bromide in the quantitative
DNA staining of mammalian cells using flow microfluo-
rometry, an early version of single-cell analysis by laser-
excited fluorescence detection [38]. Krishan later developed
a method using PI dissolved in isotonic saline, suitable for
quantifying dead cells in a population, whilst a hypotonic PI
solution leads to membrane destruction and rapid staining
of nuclear DNA [34]. Further optimisation of PI labelling
for nuclear DNA analysis revealed that the red fluorescence
intensity of PI-DNA binding is influenced by sodium chlo-
ride concentration, whilst specificity is enhanced by enzy-
matic removal of ribonucleic acid [39—41].

It is noteworthy that Annexin V/PI fractions during
camptothecin-induced apoptosis in Jurkat cells demonstrate
a temporal progression. At 0 h, levels are negligible, with
Annexin V*/PI" detected at 4 h and Annexin V*/PI* at 22
h, which continues to increase at 48, 72, and 168 h [42].
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Another time-course study revealed a highly consistent
apoptotic index in Jurkat cells across Annexin V staining,
nuclear morphology, PhiPhiLux caspase-3 activity, and ter-
minal deoxynucleotidyl transferase dUTP nick end label-
ling (TUNEL), compared with Ramos Burkitt lymphoma
and COLO205 colorectal [43]. In human lymphocytes
undergoing radiation-induced apoptosis for 48 h, apoptotic
cells measured by the comet assay closely match the sum
of Annexin V**/PI" and Annexin V*/PI* populations, with a
near-perfect correlation ( = 0.992, slope = 0.97, and inter-
cept = 1.5) [7]. In a separate investigation, the Annexin V*/
PI" population comprised a mixture of apoptotic and necrotic
comets [44]. The Annexin V*/PI' has, in certain publica-
tions, been labelled as “dead cells” [37, 45], “late apoptotic/
secondary necrotic” [46], “necrotic” [47, 48], “late apop-
tosis and necrosis” [49], “late apoptosis and necrocytosis”
[50], “post-apoptotic necrotic” [51], and “programmed (sec-
ondary) necrosis” [52]. Meanwhile, Annexin V*/PI™ cells
are classified as undergoing “primary apoptosis” [53]. As
traditionally understood, the interpretation of the Annexin
V/PI assay is shown in Fig. 1.

Beyond flow cytometry, Annexin V can detect apoptosis
in adherent cells using time-lapse microscopy. Intriguingly,
this approach enables live visualisation of cell death pro-
cesses at different intervals of interest. It also captures the
temporal sequence between Annexin V and PI or SYTOX
Green staining uptake, given that membrane permeabilisa-
tion occurs relatively late during apoptosis. For example,
in HT1080 fibrosarcoma cells or L929 fibroblasts stained
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Fig. 1 Cartoon overview of FACS analysis with Annexin V-FITC
(488 nm excitation/~530 nm emission, green) and PI (535 nm exci-
tation/~617 nm emission, red) as fluorochromes. The fluorescence
emitted by each stained cell is measured, allowing for discrimination
between viable, apoptotic, and necrotic populations. In a typical quad-
rant analysis, cells are classified as a Annexin V7/PI", indicating viable

Annexin V-FITC

and undamaged cells; b Annexin V*/PI', indicating cells in the early
stages of apoptosis; ¢ Annexin V*/PI*, indicating cells in the late stages
of apoptosis where the plasma membrane integrity has been compro-
mised; and d Annexin V7/PI*, indicating necrotic cells.

Adapted from El-Hajjar et al. [20] and Khalef et al. [126].
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with Annexin V-Alexa Fluor 647 in combination with either
PI or SYTOX Green, Annexin V positivity was consis-
tently observed to precede double positivity. In contrast,
membrane permeabilisation constitutes an early event in
necrosis or necroptosis, with cells immediately becom-
ing double-positive or directly positive for PI or SYTOX
Green. Morphologically, these cells lacked blebbing and
nuclear condensation [54]. Meanwhile, a separate proto-
col described the use of Annexin V-Alexa Fluor 647 and
SYTOX Green for time-lapse imaging of pyroptosis [55].
The importance of temporal microscopy resolution in study-
ing cell death is further underscored by observations that
some apoptotic cells were Annexin V-, yet exhibited mem-
brane blebbing and nuclear condensation characteristic of
apoptosis, later progressing to secondary necrosis [56].
Correspondingly, during camptothecin-induced apoptosis in
HL60 cells, Annexin V binding occurred only after approxi-
mately 4 h, despite the apoptotic process of DNA cleavage
and subsequent cellular disintegration being already well
advanced by 3 h [29]. In studies investigating the interplay
between apoptosis and ferroptosis, cells exhibiting bleb-
bing phenotypes tended to die later than those that ruptured
following swelling [57]. In particular, microscopy-based
approaches enable the direct visualisation of apoptotic bod-
ies, which are not readily detectable by classic Annexin V/
PI flow cytometry analysis [30], but can be resolved using
specialised acquisition and gating strategies [58, 59].
Additionally, it should be noted that PS externalisation
is neither a universal event nor a unique phenomenon of
apoptosis. For example, in response to apoptotic stimuli,
limited PS exposure has been reported in T98G GBM,
Daudi Burkitt lymphoma, and D32 glioma cells. In contrast,
Annexin V binding was markedly higher in Jurkat cells
[60]. Fadeel et al. (1999) demonstrated that PS externalisa-
tion occurs downstream of caspase activation in a cell-type-
specific manner but is not an obligatory outcome of caspase
activation. Meanwhile, caspase activation and nuclear
changes are common features of apoptosis, irrespective of
cell type or stimulus. Note that PS exposure was detected
in Jurkat, CEM acute lymphoblastic leukaemia, and U937
lymphoma cells, but no changes were observed in HL60
acute myeloid leukaemia (AML), P39 myelodysplastic syn-
drome, or Raji Burkitt lymphoma [61]. On the other hand,
Raji cells treated with compound 6i (a quinoline-3-carbox-
amide analogue) for 24 h showed a significant increase in
the combined Annexin V* and Annexin V*/PI* fractions.
This was further supported by fluorescence microscopy
and the elevated expression of apoptosis-related proteins,
including caspase-3 and — 9, as well as cytochrome c [62].
PS exposure has also been reported in oncotic (early pri-
mary necrosis) JB6 cells, a subline of the Jurkat E human
T-cell lymphoma. Notably, Annexin V*/PI" staining was
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observed by fluorescence microscopy and ultrastructural
analysis using pre-embedding immunogold labelling and
transmission electron microscopy (TEM) revealed PS at the
outer leaflet of the intact plasma membrane, which retained
its trilamellar structure [63].

Literature retrieval

Articles were retrieved from the ScienceDirect, Scopus,
and Google Scholar databases to assess the types of can-
cer cell death linked to Annexin V*/PI". The search strategy
employed the following terms combined with appropriate
Boolean operators (AND/OR): “anticancer”, “cytotoxic-
ity”, “antitumour”, “cell death”, “cancer cells”, “apop-
tosis”, “necroptosis”, “pyroptosis”, “ferroptosis”, and
“cuproptosis”. English-language publications from 2015
onwards were reviewed, accessible either as open access
or through institutional subscriptions, with priority given to
the most recent articles. Since the initial search predomi-
nantly retrieved studies on bioactive compounds or phy-
tocompounds, additional searches were conducted for the
known anticancer drugs, such as temozolomide (TMZ)
and cisplatin, as well as for the five most common cancer
types in males (lung, prostate, colorectum, stomach, and
liver) and females (breast, lung, colorectum, cervix uteri,
and thyroid) [64]. Further articles were incorporated in light
of the author’s ongoing related research. Collectively, Table
1 includes only anticancer studies that reported flow cyto-
metric quadrant data demonstrating an increased Annexin
V*/PI" fraction relative to untreated or vehicle controls.
These studies also provided gene and/or protein expression
analyses, with or without microscopy-based assays and cell
death discrimination using pharmacological inhibitors and/
or molecular inhibition via gene knockdown. Note that pri-
ority is given to protein expression data, unless only gene
expression information was available. As a complement,
Table 2 provides an overview of studies using qualitative
methods in cell death detection. In contrast to Table 1, the
studies in Table 2 were primarily microscopy-based analy-
ses, performed either with or without Annexin V/PI staining
and/or molecular assays. It aims to provide additional infor-
mation on the types of cell death identified across different
anticancer studies.

To find out whether the same phenomenon occurs in
normal human cells exhibiting Annexin V*/PI*, relevant
literature was identified through searches in the Scopus
and Google Scholar databases. The search was conducted
without year preference using multiple keyword combina-
tions, including but not limited to: “Annexin V and PI”,
“cell death”, AND/OR “normal cells”. In addition to the
initial database search, SpringerLink was also examined for
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Table 1 Summary of selected anticancer studies with increased Annexin V*/PI* fraction

In vitro Treatment Specified Methodologies Other/common Reference
cancer mode of cell  Western blot, RT-qPCR, Microscopy parameters
model death and/or other assays (related description
molecules)
1 ! 1 !
HepG2 Copper(Il) Schiff base  Apoptosis ~ Caspase-3 and Sub-Gl fraction, A¥Ym [72]
liver cells  complex —5 activities, ROS
and GSDME-N/
GSDME ratio
U87 and Platycodin D (triterpe- Apoptosis  Cleaved cas- BCL2 [73]
U251 noid saponin) pase-3, BAX
GBM cells
MCEF7 Berberine-zinc oxide ~ Apoptosis ~ Caspase-8 and -9 BCL2 AO/PIL: early Sub-G1 fraction, [74]
breast cells conjugated chitosan activity, BAX (bright green) ROS
NPs and late apoptosis
(orange), with
chromatin conden-
sation, membrane
blebbing, and
apoptotic bodies;
Hoechst 33,342:
intense blue
fluorescence
AGS 3-Carene (a naturally ~ Apoptosis  BAX, cytochrome BCL2 Hoechst 33,258: Sub-G1 fraction [75]
gastric and occurring bicyclic ¢, and caspase-3 irregular nuclear
H727 lung monoterpene from staining with chro-
cells Piper nigrum) matin condensa-
tion and nuclear
fragmentation
EJ138 Genistein (a Apoptosis Caspase-3 and [15]
bladder 7-hydroxyisoflavone) -9
cells
U937 Erbium oxide NPs Apoptosis  BCL2 TP53, ND3 Comet assay: DNA ROS A¥Ym [9]
lymphoma tail formation
cells
MCF7 Metformin Apoptosis BAX, TP53 BCL2 Sub-G1 fraction, [45]
breast and GSH
HepG2
liver cells
Distinct 11-keto-B-boswellic Apoptosis  Cleaved cas- BCL2 DAPI staining: Sub-Gl fraction, [76]
TP53 acid (a bioactive con- pase-3, BAKI, DNA shrinkage in  DNA
statuses: stituent of olibanum BCL-XL, and the nuclei fragmentation
HCT116 extract) BAX
(wild-
type),
HT29
(mutated),
and
SW1417
(deleted)
colorectal
cells
DOHH-2  Anlotinib Apoptosis  Cleaved cas- MCL1 yH2AX [77]
and RL pase-3 and PARP,
lymphoma BAX, BAK,
cells p-p53 (Serl5),
and p53
NB4 AML Cytarabine Apoptosis  BAX/BCL2 [16]
cells ratio, TP53, and
CDKNIA4
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Table 1 (continued)

In vitro Treatment Specified Methodologies Other/common Reference
cancer mode of cell  Western blot, RT-qPCR, Microscopy parameters
model death and/or other assays (related description
molecules)
1 ! 1 !
OVCAR-8 Carboplatin Apoptosis  Caspases 3/7, 8, [78]
ovarian and 9 activities
cells
U251 and  tdIHG co-delivers Apoptosis,  Calreticu- YH2AX, ATP, [79]
C6 GBM  TMZ and DSF, ICD lin, HMGBI, CD8* T cell
cells with oral copper CXCL10, and chemotaxis, and
supplementation CHOP mtROS
MDA- DMOCPTL (a parthe- Apoptosis, Cleaved cas- BCL2, Fe**, ROS [80]F
MB-231 nolide derivative) ferroptosis  pase-9, -3, and BCL-XL,
breast cells PARP, BAX, and and GPX4
cytochrome ¢
MDA- Stannum complex C5  Apoptosis, Cleaved cas- Phase contrast: LDH, ROS A¥Ym [81]
MB-231 pyroptosis  pase-3, IL-18, cytoplasmic swell-
breast cells IL-1B, NLRP3, ing; Hoechst33342:
and GSDME-N wrinkled nuclei;
Comet assay: DNA
tail formation
AtT20, DSF Cuproptosis DLAT oligomeri- Fe—S [82]+
GH3, and sation, HSP70 cluster
MMQ Pit- proteins,
NET cells lipoylation
of DLAT
and DLST
RMCCA-1 Kaempferol+z-VAD-  Necroptosis p-MLKL, [83]F
CCA FMK+LCL-161 (a calreticulin, and
cells cIAP1/2 inhibitor) HMGBI
H2452, Deoxypodophyllotoxin Necroptosis p-RIPKI, TEM: plasma [84]+%
H28,and  (a natural flavonolig- p-RIPK3, membrane rupture,
211H nan-derived MTA) p-MLKL, and cytoplasmic
MPM cells TNF-a translucency,
organelle swelling,
and numerous
autophagosomes
U87 GBM  Chelerythrine (a Necroptosis  Cleaved cas- ROS, mtROS ATP, [85]1%
cells benzophenanthridine pase-3 and PARP, A¥Ym
alkaloid) p-RIPK1/RIPK1,
p-RIPK3/RIPK3,
and p-MLKL/
MLKL ratios,
TNF-a
4T1 breast Sodium oxamate NPs  Pyroptosis  Cleaved cas- Phase contrast: cell ATP, LDH, and [86]
cells pase-1, calreticu- swelling with big ~ ROS
lin, GSDMD-N, bubbles
IL-1B, and
HMGBI1
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Table 1 (continued)

In vitro Treatment Specified Methodologies Other/common Reference
cancer mode of cell  Western blot, RT-qPCR, Microscopy parameters
model death and/or other assays (related description
molecules)
1 ! 1 !
U87 GBM Biomimetic cis- Pyroptosis ~ Cleaved cas- SEM: cell swelling, LDH GSH [87]
cells platin-polyphenol pase-3, calreticu- plasma membrane
nanocomplex lin, GSDME-N, bubbling, and pore
and HMGB1 formation
A549 and  EEBR (an alkaloid Pyroptosis ~ Caspase-1, IL-18, TEM: Ruptured LDH [88]+
H1299 compound) IL-1B, GSDMD- morphology;
NSCLC N, NF-«xB, and Hoechst 33,342/
cells NLRP3 PI: apoptotic and

necrotic cells

AO — Acridine orange; BCL-XL — B-cell lymphoma extra large; clAP1/2 — Cellular inhibitor of apoptosis proteins 1 and 2; CCA — Cholangio-
carcinoma; CXCL10 — C-X-C motif chemokine ligand 10; CHOP — C/EBP homologous protein; CDKNIA — Cyclin dependent kinase inhibitor
1 A; DAPI—4',6-diamidino-2-phenylindole; DSF — Disulfiram; DLST — Dihydrolipoamide S-succinyltransferase; EEBR — 9-(2-ethoxyethoxy)-
10-methoxy-5,6-dihydro- [1, 3]dioxolo[4,5-g]isoquinolino[3,2-]isoquinolin-7-ium bromide; GSH — Glutathione; GPX4 — Glutathione peroxidase
4; HSP70 — Heat shock protein 70; MCL1 -MCLI1 apoptosis regulator, BCL2 family member; MPM — Malignant pleural mesothelioma; MTA
— Microtubule-targeting agent; NSCLC — Non-small cell lung carcinoma; NLRP3 — NLR family pyrin domain-containing 3; NPs — Nanopar-
ticles; ND3 — NADH dehydrogenase subunit 3; PitNET — Pituitary neuroendocrine tumour; p-MLKL — Phosphorylated MLKL; TP53 — Tumour
protein p53 gene; tdIHG —Intranasal ion-sensitive in situ gel; p-p53 Serl5 — Phosphorylated p53 at serine-15; yYH2AX — Phosphorylated histone
variant H2AX; RT-qPCR — Reverse transcription quantitative polymerase chain reaction; SEM — Scanning electron microscopy. Symbols: 1
indicates an increase compared with the untreated or vehicle controls, whereas | represents a decrease; T marks studies employing one or more
pharmacological inhibitors of cell death, whereas { denotes molecular inhibition achieved through gene knockdown.

further relevant articles. With recent advances in artificial ~ hand, is not regarded as an exclusive or independent mode
intelligence tools, the free version of ChatGPT was used  of cell death, as it can occur in multiple types of regulated
to retrieve supplementary literature using the query: ‘Can  cell death, including apoptosis, cuproptosis, ferroptosis,
you help me find the article that uses Annexin V/PI stain-  necroptosis, and pyroptosis. ICD represents a form of regu-
ing in normal cells?’. However, the search yielded vary-  lated cell death that elicits an immune response through the
ing query results at different times, only three of which (  release of damage-associated molecular patterns (DAMPs)
[65—67]) were included after reviewing the full text. Over-  [3]. Several DAMPs have been mechanistically linked to
all, searches across multiple scholarly databases are recom-  the perception of regulated cell death as immunogenic,
mended for more comprehensive literature retrieval. Table  including calreticulin, adenosine triphosphate (ATP), high-
3 summarises the mechanistic interpretation of the Annexin ~ mobility group box 1 (HMGBI1), heat shock proteins, type
V/PI assay in normal cells. In all tables, blank cells indicate I interferon, cancer cell-derived nucleic acids, and annexin
that data are unavailable, and as not all data were extracted, = Al [3, 68]. In a review focused on liver injury and hepa-
further information can be found in the cited reference. tocyte death, various pro-inflammatory mediators released
from mitochondria, collectively termed mito-DAMPs,
include cytochrome c¢, mitochondrial DNA, mitochondrial
Annexin V*/PI* populations across cancer reactive oxygen species (mtROS), ATP, cardiolipin, and car-
models: evidence from preclinical studies bamoyl phosphate synthetase 1 [69].
It is worth noting that mitochondrial apoptosis and endo-
Out of 36 cancer sites, a total of 13 distinct cancer types  plasmic reticulum stress exert mutually amplifying effects
were represented in Table 1, encompassing 27 cell lines—22  on the anti-tumour immune response, resulting in the release
of human origin and five rodent. Of these, 23 were derived  of large amounts of DAMPs, leading to ICD [70]. Further-

from solid tumours and four from haematological malignan-  more, the immunogenicity of cell death was shown to rep-
cies. Across the 21 studies included, apoptosis was the most ~ resent the default outcome of apoptosis, which is actively
common form of cell death (n = 11), followed by necrop-  repressed by the same machinery. Specifically, the uncon-

tosis and pyroptosis (each n = 3), and cuproptosis (» = 1).  ventional autophagic pathway activated by BCL2 antago-
Meanwhile, apoptosis in combination with immunogenic  nist/killer (BAK) inhibits ATP release during apoptotic cell
cell death (ICD), ferroptosis, or pyroptosis was reported  death, whereas ATP functions as a molecular mediator that
only once. Of which, five emerging forms observed in anti-  induces interleukin-1 beta (IL-1B) secretion [71]. Taken
cancer studies are illustrated in Fig. 2. ICD, on the other  together, whilst potential variations due to differences in
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Table 2 Summary of selected studies that determine different cell death types using qualitative methods, substantiated with or without Annexin
V/PI and molecular assays

In vitro Treatment Specified Methodologies Other/common Refer-
cancer mode of cell parameters ence
model death Flow cytometry ~ Western blot, RT-qPCR, Microscopy 1 l
and/or other assays (related description
molecules)
1 !
MDA- Ethyl acetate ~ Apoptosis ~ Annexin V*/PI* Hoechst 33,258: ROS A¥Ym [89]
MB-231 fraction from nuclear and chromatin
breast Allium sati- condensation; AO/
cells vum L. EB: early apoptosis
was marked by nuclear
condensation with
green cytoplasm, and
late apoptosis with
orange cytoplasm
BGC-823 Naringenin Apoptosis  Annexin V*/PI* AO/EB: early apop- ROS [90]
gastric hydrazone totic cells appeared
cells derivatives green, whereas late
apoptotic cells were
orange-red, with
features such as
shrinkage, enhanced
fluorescence intensity,
chromatin condensa-
tion, and nuclear
fragmentation
PA-1 Platinum NPs  Apoptosis ~ Annexin V*/PI* AO/EB: chromatin Sub-G1 [917F
ovarian condensation; green, fraction
cells yellow, and reddish-
orange represent
viable, early apoptotic,
and late apoptotic
cells, respectively
HCTI116  Cisplatin Apoptosis, GPX TEM: mitochondria ROS GSH [92]+
colorectal ferroptosis activity are smaller, less
cells tubular, have darker
membranes, and dis-
rupted cristae
MOLM-  APR-246 Ferroptosis SLC7A11 TEM: mitochondrial ~ Lipid per- GSH [93]}
14 AML membrane rupture, oxidation,
cells reduced cristae cystine
uptake
ug7, RSL3 Ferroptosis TF, TFR, FT, GPX4 FerroOrange: LDH, [94]+
U251, FPN, and increased intracellular MDA
and U118 SIRT1 Fe?*
GBM
cells
HT29 Resveratrol Ferroptosis GPX4, TEM: mitochondrial ~ ROS, A¥Ym [95]+
colorectal SLC7A11 shrinkage, disap- MDA, and
cells pearance of cristae; Fe*
co-administration with
ferrostatin-1 reverses
the observed effects
HSC3 Acetylshiko-  Ferroptosis, Annexin V/PI*  p-RIPKI, GPX4 DAPI: nuclear ROS A¥Ym [96]1
and SCC4 nin (a naph- necroptosis p-RIPK3, and changes; TEM: HSC3
OSCC thoquinone p-MLKL cells showed mito-
cells derivative) chondrial swelling and

endoplasmic reticulum
disruption
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Table 2 (continued)

In vitro Treatment Specified Methodologies Other/common Refer-
cancer mode of cell parameters ence
model death Flow cytometry ~ Western blot, RT-qPCR, Microscopy 1 l

and/or other assays (related description

molecules)

1 !
MDA- M@P Ferroptosis, Cleaved GPX4 AO: lysosomal ATP,LDH, GSH [97]
MB-231  under light pyroptosis caspase-1, dysfunction ROS, and
breast irradiation calreticulin, MDA
cells HMGBI,

IL-18,

IL-1B, and

GSDMD-N
HuCCT1  Plumbagin Pyroptosis Cleaved SEM: membrane pores LDH, ROS [98]
CCA cells caspase-1, (varied sizes), cell

1L-18, IL-1B, swelling and bubble

NLRP3, and

GSDMD-N
OVCAR3 CBLO137(a  Pyroptosis Cytochrome Phase-contrast micros- LDH, ROS [99]F
ovarian small-mole- ¢, cleaved copy: membrane
cells cule inhibitor) caspase-3 and ballooning; TEM: dis-

-9, GSDME-
N, and BAX

rupted cell membrane
integrity, enlarged
nucleus, decreased
nuclear content, and
lack of mitochondrial
cristae

EB — Ethidium bromide; M@P — A multifunctional pH-responsive theranostic nanoplatform, composed of aggregation-induced emission
photosensitiser MTCN-3 and immunoadjuvant Poly(I: C), encapsulated in amphiphilic polymers; FT — Ferritin; FPN — Ferroportin; MDA —
Malondialdehyde; OSCC — Oral squamous cell carcinoma; RSL3 — RAS-selective lethal compound 3; SIRT1 — Silent information regulator 1;
SLC7A11 — Solute carrier family 7 member 11; TF — Transferrin; TFR — Transferrin receptor

death stimuli and cell-intrinsic factors cannot be excluded,
increases in ROS (intracellular and mitochondrial), LDH,
and the sub-G1 fraction, as well as DNA fragmentation and
loss of mitochondrial membrane potential (A¥m), are com-
monly observed and associated with the cell death processes.
Nevertheless, these parameters do not specifically define the
mode of cell death. Tables 2 and 3 are considered as supple-
mentary information; however, those with Annexin V*/PT*
also indicate alternative cell death pathways.

Discussion and outlook

As evidenced in Table 1-3, whilst Annexin V* cells can
be considered to be undergoing apoptosis, it is clear that
Annexin V*/PI" fraction may not solely indicate the late
stages of apoptosis. On the other hand, Annexin V negativ-
ity may indicate the involvement of non-apoptotic cell death
pathways; however, this is not necessarily the case. Whilst
some studies reporting ferroptotic and pyroptotic cell death
did not assess Annexin V staining, it is important to note that
Annexin V can bind to internal PS following membrane rup-
ture, and distinct modes of regulated cell death may there-
fore exhibit Annexin V positivity. For example, ferroptosis

did not induce PS exposure on the outer leaflet of the plasma
membrane before loss of membrane integrity, resulting in
an Annexin V- and Annexin V*/7-aminoactinomycin D
(7-AAD)" profile [104]. In particular, Annexin V/PI flow
cytometry analysis alone is insufficient to define specific
regulated cell death modalities. Nevertheless, its simplicity
and quantitative output make it valuable for initial screen-
ing of the magnitude of cell death induction in experiments.

It also warrants consideration that although PI is the most
commonly used viability exclusion dye, other fluorophores
with DNA-binding properties can also be used. Examples
include 7-AAD [105], ethidium homodimer [106], and
DAPI [31, 107], which sometimes display better perfor-
mance than PI. In particular, the broad emission spectrum
of PI substantially overlaps with those of FITC and phy-
coerythrin (PE) [108], leading to bleed-through of FITC or
PE fluorescence into the PI channel or secondary excitation
of PI. On the other hand, the emission spectrum of 7-AAD
does not overlap with that of FITC. Unlike PI, 7-AAD did
not leech from permeabilised, fixed spermatozoa, with fluo-
rescence remaining stable for up to 4 h post-staining [109].
In another study, Annexin V-FITC/7-AAD was used to
detect apoptosis in lymphocyte subsets without interference
from residual erythrocytes. Notably, a comparison between

@ Springer
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Table 3 Summary of selected studies with increased Annexin V*/PI" fraction involving normal cells

Normal cell ~ Treatment Specified Methodologies

Other/common Refer-

type mode of cell  Western blot, RT-qPCR, and/or  Microscopy Remarks parameters ence
death other assays (related molecules) description
1 ! 1 !
Primary UVB Apoptosis Cleaved PARP No evi- [66]F
human irradiation dence of
dermal ferroptosis,
fibroblasts necroptosis,
parthanatos,
or AIF trans-
location
HUVEC TNF-a Apoptosis Cytochrome c, MitoTracker Red: mtROS  A¥Ym [67]
stimulation cleaved caspase-3, altered mitochon-

caspase 3/7 activ-
ity, and DNM1L

drial morphol-
ogy, with shorter
branches and
smaller networks

HUVEC Angiotensin II Apoptosis Cleaved caspase-3 BCL2 Hoechst33342: ROS, A¥Ym [100]
and —9, BAX, nuclear shrinkage/ LMP
BAD, and cyto- chromatin condensa-
chrome ¢ tion; AO/EB: live
cells (green), early
apoptosis (yel-
low), late apoptosis
(orange), and necro-
sis (red)
Primary Curcumin Apoptosis ROS A¥Ym [101]
human
gingival
fibroblasts
HUVEC Starved condi- Apoptosis Cleaved caspase-3 DAPI: nuclear [65]
tions +TNF-a fragmentation
stimulation
Primary LPS Ferroptosis, Caspase-1, cleaved GPX4, Fe2*, GSH [102]
human stimulation PANoptosis  caspase-8, cleaved SLC7411, MDA,
dental pulp GSDMD, CCL2, FTHI, and ROS
fibroblasts CCL5, IL-6, IL-18, FPNI
IL-1B, NLRP3,
p-MLKL, RIPK3,
and TNF-a
R28 retinal ~ Glutamate Necroptosis  Cleaved caspase-1, Hoechst/PI: LDH, GSH [49]t
precursor RIPK1, RIPK3, time-dependent PI ROS
cells p-MLKL, NLRP3, uptake; TEM: cell
IL-1B, TNF-a, and swelling, plasma
1L-6 membrane rupture
Primary Adenovi- Pyroptosis ~ Cleaved caspase-1, TEM: membrane Ac-YVAD- [103]+
human rus type 4 IL-18, IL-1pB, and rupture, chromatin -~ ¢cMK
gingival containing GSDMD-N margination and (caspase-1
fibroblasts full-length condensation, nuclei inhibitor)
NLRP6 and mitochondria reduced the
remain intact, but Annexin V'/
are swollen PI" fraction

AIF — Apoptosis-inducing factor; BAD — BCL2-associated agonist of cell death; CCL2/5 — C-C motif chemokine 2/5; DNMIL — Dynamin
1-like; FTH1 — Ferritin heavy chain 1; HUVEC — Human umbilical vein endothelial cells; LPS — Lipopolysaccharide; LMP — Lysosomal mem-

brane permeabilisation; UVB — Ultraviolet B

PI and 7-AAD in 25 different mononuclear cell samples
showed a strong correlation for both apoptosis (» = 0.88, P
< 0.001) and necrosis (» = 0.99, P < 0.001) [110]. In addi-
tion, one group compared Annexin V-Alexa Fluor 488/PI

@ Springer

with Annexin V-Alexa Fluor 488/TO-PRO-3 in primary
human airway epithelial cells, showing that TO-PRO-3
enables finer discrimination of cell death states than PI [30].
Alternatively, Annexin V conjugated with allophycocyanin
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Fig. 2 Schematic representation of emerging regulated cell death
mechanisms in anticancer research. a A tightly regulated process of
cellular breakdown initiated via the extrinsic pathway (death ligands
binding to death receptors) and/or the intrinsic pathway (BCL2-family
regulation of mitochondria), involving cytochrome c release and cas-
pase activation. b Triggered by copper accumulation, which results
in mitochondrial stress due to the aggregation of lipoylated mito-
chondrial enzymes and the loss of Fe—S cluster proteins. ¢ An iron-
dependent process characterised by intracellular GSH depletion and
decreased GPX4 activity, resulting in lipid peroxide accumulation
and increased ROS production. d A regulated form of necrosis trig-
gered by death receptors such as TNFR1, the RIPK1 binds to RIPK3
to form a necrosome, which activates MLKL. The oligomeric form
of MLKL is translocated from the cytosol to the plasma membrane,
leading to the formation of pores and subsequent rupture, releasing
DAMPs that promote inflammation. e Triggered by the activation of

can be used in combination with DAPI [111-113], provid-
ing better separation of emission spectra. Notwithstanding,
a double positive result with other fluorophore combina-
tions may also indicate distinct modalities of cell death. For
instance, PANoptosis was demonstrated by Annexin V-PE
and 7-AAD positivity, involving the activation of apoptosis,
necroptosis, and pyroptosis pathways [114].

Further understanding of flow cytometry-based apopto-
sis quantification, including filter selection, compensation
controls, and troubleshooting, can be found in protocol-
oriented articles [31, 115—118]. In parallel, various sources
provide methods for distinguishing between different forms
of regulated cell death, yet no ready-to-use assay can simul-
taneously identify them. One example is a protocol article
describing phase-contrast microscopy approaches used to
differentiate between apoptosis, necrosis, necroptosis, and
ferroptosis, incorporating selective inhibitors of these cell
death types [119]. Another study presents a flow cytometry
assay to detect apoptosis, necroptosis, and RIPK1-mediated

inflammasomes, cytoplasmic complexes that sense danger signals and
initiate a caspase-1-mediated cleavage of GSDMD, leading to pore
formation and the release of proinflammatory cytokines such as IL-1f
and IL-18. Abbreviations: BCL2 — BCL2 apoptosis regulator; BAX
— BCL2 associated X, apoptosis regulator; Cu** — Cupric iron; DLAT
— Dihydrolipoyl transacetylase; FADD — Fas-associated protein with
death domain; FASL — Fas ligand; FASR — Fas receptor; Fe?* — Ferrous
iron; Fe** — Ferric iron; Fe—S — Iron—sulphur; GSDMD — Gasdermin
D; GSDMD-N — N-terminal fragment of GSDMD; L — Lipoylation;
MLKL — Mixed lineage kinase domain like pseudokinase; NF-xB —
Nuclear factor kappa-light-chain-enhancer of activated B cells; P —
Phosphorylation; PARP — Poly(ADP-ribose) polymerase; ROS — Intra-
cellular ROS; RIPK1/3 — Receptor interacting serine/threonine kinase
1/3; TNF-a — Tumour necrosis factor-alpha; TNFR — Tumour necrosis
factor receptor; TNFL — TNF ligand.

Adapted from Park et al. [3].

apoptosis at once [120]. Meanwhile, various groups of sci-
entists have provided detailed coverage of the molecular
mechanisms and/or morphological characteristics of distinct
types of cell death, including [3, 68, 121-125], as well as
the advantages and limitations of different cell death assays
[126]. Notably, inhibition of necroptosis by necrostatin-1
may affect apoptosis, e.g., it suppresses etoposide-induced
caspase activation and ripoptosome formation [127]. Like-
wise, necrostatin-1 reduced IL-1B-induced cleaved cas-
pase-3 protein expression and Annexin V*/PI* fraction in
chondrocytes [128]. Necrostatin-1 also suppressed trau-
matic brain injury-induced autophagy and apoptosis in vivo
[129]. In addition, whilst z-VAD-FMK rescues only HepG2
cells from apoptosis, necrostatin-1 reverses both apoptosis
and necroptosis [130]. On the contrary, necrostatin-1 allows
discrimination between apoptotic and necroptotic cells
identified by Annexin V*/PI staining [131].

In the second place, differences may exist between cell
types, regardless of whether they are cancerous or normal
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(cell-intrinsic factors). For example, apoptosis inhibition in
human dermal fibroblasts by Q-VD-OPh does not trigger
compensatory cell death via necroptosis or ferroptosis [66].
Mesenchymal stem cells undergo RIPK1 kinase-dependent
apoptosis in response to a single low dose of TNF. How-
ever, inhibition of caspase activity with z-VAD-FMK shifts
cell death towards necroptosis [132]. In a separate study,
necroptosis was found to be tissue- and context-specific,
with RIPK3 able to drive inflammation independently of
MLKL in certain tissues [133]. On the other hand, MLKL
sensitises human dermal fibroblasts to UVB-induced apop-
tosis, whereas RIPK3 exerts a protective effect, with no
evidence of necroptosis activation [134]. Meanwhile, in
HepG2 liver cancer cells, CBL0O137 induces both apop-
tosis and necroptosis, with apoptosis being the dominant
pathway. Notably, necroptosis inhibition with necrosulfon-
amide (MLKL inhibitor), necrostatin-1 (RIPK1 inhibitor),
or GSK872 (RIPK3 inhibitor) demonstrated no changes,
whereas caspase inhibition with z-VAD-FMK or z-IETD-
FMK (caspase-8 inhibitor) significantly reduced CBL0137-
induced cytotoxicity [S0]. Additionally, GPX4 inhibition by
(1 S, 3 R)-RSL3 induced HT1080 fibrosarcoma cell death
that is partially prevented by z-VAD-FMK and Q-VD-OPh
[57].

It is worth noting that apoptotic cells can undergo sec-
ondary necrosis if they are not efficiently scavenged by
phagocytes (e.g., macrophages), a scenario common in cell
culture settings [135]. Mechanistically, secondary necrosis
occurs downstream of the mitochondrial apoptotic path-
way and caspase-3 activation. In response to the anticancer
agent etoposide (topoisomerase II inhibitor), cells express-
ing deafness, autosomal dominant 5 (DFNAS) progressed
to secondary necrosis, but disassembled into small apop-
totic bodies when DFNAS was knocked out. Active cas-
pase-3 cleaves DFNAS at Asp270 to generate the necrotic
DFNAS-N fragment, which permeabilises the plasma mem-
brane by forming large pores, causing osmotic lysis of the
cell and releasing cellular contents, including proinflamma-
tory mediators. Time-lapse microscopy revealed membrane
blebbing that progressed to cytoplasmic swelling (bal-
looning) in DFNA5”* cells, whilst flow cytometric analy-
sis showed prominent Annexin V/PI" and Annexin V*/PI*
populations [52]. Moreover, deletion of the autophagy genes
autophagy-related 5 and beclin 1 impaired the clearance of
apoptotic cells without affecting the occurrence of apopto-
sis. In the study, autophagy-deficient embryoid body cells
exhibited almost no Annexin V staining despite caspase-3
activation, TUNEL positivity, and ultrastructural character-
istics of apoptosis [136].

Less immunogenic than necroptosis, pyroptosis, or
other regulated cell death pathways, apoptosis has histori-
cally been the preferred approach in anticancer strategies.

@ Springer

Nonetheless, it may still trigger proinflammatory signal-
ling molecules, such as IL-1, under certain conditions
[123]. Currently, other regulated cell death modalities are
being increasingly considered for their potential to suppress
tumour growth. For instance, knockdown of GPX4 by small
interfering RNA induces ferroptosis and apoptosis in breast
cancer cells [80]. Apoptosis and ferroptosis act in concert
in APR-246 (a small molecule that restores wild-type p53
function in 7P53-mutant cells)-induced killing of U937
lymphoma cells, but not of HT29 colorectal cancer cells
[137]. In a different study, phototherapy-induced pyropto-
sis and ferroptosis triggered ICD, releasing tumour antigens
that promoted RAW 264.7 cell migration [97]. Conversely,
another group reported that ferroptosis in cancer cells does
not constitute an immunogenic form of cell death, despite
the release of cytokines, chemokines, DAMPs, and inter-
ferons. Moreover, ferroptosis appears less effective at con-
trolling tumour growth than apoptosis and necroptosis, and
it diminishes the immunogenicity of apoptosis [104]. In a
murine breast cancer model, tumour cells undergo necrop-
tosis in necrotic regions, which promotes metastasis [138].

Overall, cell death is a complex biological process, and
understanding its mechanisms is fundamental to transla-
tional pharmacology. In particular, identifying the optimal
cell death modalities for different tumour types is crucial
for achieving the desired anticancer efficacy and advancing
precision oncology. However, the question remains whether
anticancer agents, alone or in combination, trigger multiple
regulated cell death pathways and whether co-activation
enhances therapeutic outcomes compared with apoptosis
alone. Notably, a 2023 review by the Nomenclature Com-
mittee on Cell Death highlighted that many studies have
yet to address the interplay between intrinsic and extrin-
sic apoptotic pathways, their overlap with other forms of
regulated cell death, or the compensatory activation of
alternative death pathways upon inhibition of apoptosis [1].
Additionally, though beyond the scope of this narrative,
flow cytometric analysis of cell death from independent
repeats (biological replicates) is reported as mean (standard
deviation) for normally distributed data. In contrast, using
the standard error of the mean reduces the apparent size of
error bars but masks the true variability [139].

Limitations

The present narrative review did not address or mechanisti-
cally link each type of cell death in detail but rather aimed
to shed light on different death modalities associated with
Annexin V*/PI" populations among distinct cancer cells, as
well as those of normal origin. Moreover, only several cell
death types are highlighted, although 17 distinct cell death
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modalities have been described [3]. Whilst this review was
limited to anticancer studies, the Annexin V/PI flow cytom-
etry assay is widely applied in studies of cell death-related
non-communicable diseases, including cardiovascular and
neurological conditions. For example, acute ischemic stroke
[140] and Alzheimer’s disease [141].

Conclusion

There is no clear consensus on the mode of cell death rep-
resented by the Annexin V*/PI* population. This fraction
cannot be assumed to reflect apoptosis alone. Follow-up
experiments, including morphological observation, analysis
of cell death-associated markers via RT-qPCR or immunob-
lotting, and/or time-lapse imaging, are necessary for reli-
able identification of apoptosis or other regulated cell death
modalities. Where feasible, inclusion of selective cell death
inhibitors can provide further insights into the underlying
mechanisms of cell death. In the absence of such support-
ing evidence, it may be appropriate to classify the Annexin
V*/PI* population as ‘late-stage cell death’. Whilst, to our
knowledge, data on normal cells are scarce, Annexin V*/PI*
staining has likewise been associated with distinct modes of
cell death.
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