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A B S T R A C T

Programmed cell death plays a crucial role during tissue turnover in all animal species, and it is also essential 
during regeneration, serving as a key signalling mechanism to promote tissue repair and regrowth. In freshwater 
planarians, remarkable regenerative abilities are supported by neoblasts, a population of adult stem cells, which 
enable high somatic cell turnover. Cell death in planarians occurs continuously during regeneration and adult 
homeostasis, underscoring its critical role in tissue remodeling and repair. However, the exact mechanisms 
regulating cell death in these organisms remain elusive. In contrast, Drosophila melanogaster serves as a powerful 
model for studying programmed cell death in development, metamorphosis, and adult tissue maintenance, 
leveraging advanced genetic tools and visualization techniques. In Drosophila, cell death sculpts tissues, elimi
nates larval structures during metamorphosis, and supports homeostasis in adulthood. Despite limited regen
erative capacity compared to planarians, Drosophila provides unique insights into cell death’s regulatory 
mechanisms. Comparative analysis of these two systems highlights both conserved and divergent roles of pro
grammed cell death in tissue renewal and regeneration. This review synthesizes the latest knowledge of pro
grammed cell death in planarians and Drosophila, aiming to illuminate shared principles and system-specific 
adaptations, with relevance to tissue repair across biological systems.

1. Introduction

Programmed cell death plays a crucial role during tissue turnover in 
all animal species, and it is also essential during regeneration, serving as 
a key signalling mechanism to promote tissue repair and regrowth. 
Apoptosis is a form of programmed cell death essential for maintaining 
tissue health and regeneration by systematically dismantling damaged 
or unnecessary cells while avoiding harm to neighboring tissues. This 
process ensures proper development, eliminates potentially harmful 
cells, and contributes to tissue remodeling. In addition to apoptosis, 
other forms of cell death, such as autophagy-dependent cell death, 
support regeneration and homeostasis by clearing cellular debris and 
recycling components for energy and repair. With ongoing research, 
scientists continue to uncover new types of cell death, revealing a 
complex landscape of mechanisms that contribute to cellular balance 
and organismal health.

In this study we compare cell death processes occurring in two 

animal species that show essentially different live cycle and regenerative 
abilities, such as planarians and Drosophila. Freshwater planarians show 
a striking plasticity in their adult stage. They are able to regenerate any 
body part, including an entire head, within just a few days. They also 
continuously adjust their body size in response to nutritional availability 
[1–3]. These abilities rely on the presence of an abundant population of 
adult stem cells, known as neoblasts, which are distributed throughout 
the planarian body and can replace any cell type. Neoblasts are the only 
proliferative cell type in planarians and are responsible for giving rise to 
all the various cell types within the planarian body [4,5]. As a result, 
planarians experience a high rate of somatic cell turnover throughout 
their life, offering a unique opportunity to study the mechanisms and 
regulation of cell turnover in adult tissues. There are evidences that cell 
death is present during the entire regeneration process indicating its 
continuous role in tissue remodeling and repair [6–8]. Regeneration and 
tissue homeostasis rely on a delicate balance between cell proliferation 
and cell death, but, despite conservation of molecular pathways, 
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mechanisms responsible for cell death in planarians have remained 
elusive [9].

Drosophila melanogaster does not possess the extensive regenerative 
abilities observed in some other species, but certain developing and 
adult tissues are capable of regeneration [10]. Drosophila is also a 
valuable model due to its powerful genetic tools, well-understood 
developmental biology and the ability to visualize cell death at spe
cific lifecycle stages, advantages not yet possible in planarians [10,11]. 
In Drosophila, cell death is essential for development, metamorphosis, 

and maintaining adulthood homeostasis. During development, pro
grammed cell death removes unnecessary or misplaced cells, shaping 
tissues and organ structures. In metamorphosis, apoptosis and auto
phagy eliminate larval tissues that are not retained in the adult, making 
room for new structures. After metamorphosis, cell death in specific 
tissues, like the brain and muscles, helps complete maturation [12]. In 
adulthood, cell death is limited to tissue maintenance rather than 
large-scale remodeling.

The role of cell death in regeneration and tissue turnover extends 

Fig. 1. Regeneration in planarian and Drosophila. A. Planarians can regenerate almost any part of their bodies. The illustration follows the regeneration process of 
a trunk fragment (the double-arrows display the two levels of amputation). A wound-localized increase in cell death at 4hR and a systemic increase at 72 hR is 
observed. A generalized increase in mitosis at 6hR (first mitotic peak) and a wound-localized increase at 48–72 hR (second mitotic peak) are observed. hpa, hours 
post-amputation; ph, pharynx. B. The Drosophila life-cycle is illustrated. While Drosophila itself lacks the ability to regenerate, imaginal discs taken from third-instar 
larvae can regenerate completely and are commonly utilized in regeneration studies. Researchers typically employ two primary methods to induce damage: genetic 
ablation and microsurgery with transplantation. Panel B was created in BioRender. Gonzalez Estevez, C. (2024) https://BioRender.com/d80t268.
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beyond planarians and Drosophila and has been well-documented in 
other sources, which we recommend to the reader. For example, similar 
mechanisms are observed in other organisms, such as zebrafish [13], 
Hydra [14], Xenopus tadpoles [15] or some mammalian organs, 
including skin, gut, kidney, and muscle [16]. Also, much information of 
cell death processes and regeneration is available for other insect orders 
such as Lepidoptera, Orthoptera, and Coleoptera [17].

This review explores the types of cell death involved in cell renewal 
and regeneration in planarians and Drosophila, highlighting the simi
larities and differences in their roles. It also examines the signalling 
pathways that play a key role, such as the JNK and PI3K/Akt pathways, 
both of which are shared between these two species. Our goal is to 
provide an overview of the current understanding of this process, 
highlighting key topics from these two model systems and considering 
their potential implications for other organisms and tissues.

2. Cell death during regeneration

2.1. Cell death as an inducer of regeneration

Planarians exhibit an astonishing capacity for rapid regeneration. 
Following amputation, planarians can regrow lost body parts in just 10 
days (Fig. 1A). This regeneration relies on the formation of new tissue, 
known as the blastema. As the blastema expands, it establishes the 
identity and position of new structures, and cells within the blastema 
differentiate into specific types. Meanwhile, existing tissues undergo 
remodeling and reshaping. This coordinated effort ensures that all organ 
systems are restored to their proper proportions and symmetry. Within 
about two weeks, the planarian emerges not only fully regenerated but 
also perfectly scaled to its new size (reviewed in [1,18,19]).

In planarians, amputation triggers two waves of cell death (described 
by TUNEL staining and cleaved-caspase-3 detection), an early and 
localized response near the wound site that peaks 1–4 h after injury and 
a late and systemic response that peaks at 3 days after amputation [6,7]
(Fig. 1A). The second response varies in magnitude influenced by two 
key factors, the extent of the amputation and the specific type of frag
ment under examination; it is particularly pronounced in smaller frag
ments that miss multiple tissues and need to regenerate more complex 
structures, such as the head or the pharynx. It has been shown that the 
location of the amputation along the planarian body significantly im
pacts the rate of cell death in the pharynx, even though this organ was 
not directly affected by the cut [7]. This finding suggests that the 
widespread increase in cell death observed around 3 days 
post-amputation is linked to the process of tissue remodeling. This sys
temic response highlights the intricate and coordinated nature of 
planarian regeneration, where localized injury triggers body-wide 
changes to facilitate the reconstruction and rescaling of the organism. 
The number of dying cells during both the early and late waves of cell 
death after amputation remains unchanged even after irradiation, a 
process known to eliminate all stem cells (neoblasts) in planarians [7]. 
This suggests that these cell death responses occur predominantly in 
differentiated cells, and their initiation does not require stem cells. In 
planarians, evidence suggests that autophagy-dependent cell death also 
plays a role in regeneration, particularly in tissue remodeling [6,20–22], 
indicating that the cell death processes involve at least two distinct 
mechanisms: one primarily apoptotic and the other dependent on 
autophagy [23].

Several signalling pathways with a role in regeneration and cell 
death in Drosophila, as presented below, have been involved in the 
activation of the cell death response in planarians, although only the 
broad effects—such as whether these pathways inhibit or induce cell 
death—are known. The specific details of these mechanisms, including 
the exact cell types undergoing death in most cases, remain unclear. One 
such pathway is the JNK signalling pathway, which is involved in cell 
differentiation, proliferation and its function as a pro-apoptotic factor is 
evolutionary conserved [24]. In planarians it is described to be 

important for the induction of cell death in both regenerative and 
remodeling responses [25]. The Hippo signalling pathway and its 
effector Yki also play crucial roles in regulating apoptosis in other or
ganisms [26]. During planarian regeneration and tissue remodeling, 
inhibition of Yki results in decreased cell death, which negatively im
pacts the regenerative process and proper organ scaling [27]. Several 
other factors contribute to the regulation of cell death during planarian 
regeneration. For example, inhibition of PARylation, a widespread 
post-translational modification at DNA lesions, by PARP-3 RNAi reduces 
the initial wave of cell death response in anterior wounds and impairs 
anterior blastema formation [28]. Also, molecular chaperones and 
chaperonins, which play an important role in cytoprotection and 
anti-apoptosis in many organisms [29], seem to be important in stem 
cells to inhibit cell death and to protect them from ER stress during the 
regenerative responses [30–32].

In the context of regeneration, apoptotic cells are known to generate 
ROS in many organisms [33]. The ROS released by apoptotic cells can 
act as signaling molecules that affect neighboring cells and stimulate 
protective mechanisms or inflammatory responses in surrounding 
healthy cells [34]. It is also increasingly accepted that ROS-induced 
post-translational modifications in proteins play a physiological role in 
cell signalling [34]. ROS production following apoptosis has been 
extensively studied in Drosophila imaginal disc regeneration [35–41]
(Fig. 1B). When apoptosis is activated, it results in a burst of ROS that 
spreads from apoptotic cells to neighboring healthy cells. This triggers 
the activation of the MAP3 kinase ASK1, which is part of the MAPK 
pathway, subsequently activating the JNK and p38 pathways [41,42]
(Fig. 2). These kinases promote regenerative growth by acting upstream 
of Wnt signalling and IL-6 cytokines [41,43,44]. ASK1 not only facili
tates apoptosis but also functions as a survival signal, promoting 
p38-dependent regeneration [36,40]. This dual role depends on the 
nutrient-driven activation of the ROS-sensitive insulin/Pi3K/Akt 
pathway, which phosphorylates ASK1 to shift its function toward p38- 
dependent survival and growth [36] (Fig. 2). Additionally, the 
ROS-sensitive Tumor Necrosis Factor receptor (TNFR) Wengen recruits 
adaptor proteins that interact with ASK1, enhancing cell protection and 
stimulating regeneration [45]. The controlled activation of ASK1 by 
apoptosis-induced ROS generates a specific transcriptional signature 
that supports regeneration by promoting survival, proliferation, and 
differentiation of newly formed tissue [42,46–48] (Fig. 2).

In planarians, ROS also regulates the ERK/MAPK pathway (Fig. 2), 
suggesting an interconnected signalling mechanism [49]. A burst of ROS 
occurs within minutes after amputation, accompanied by a marked 
upregulation of ERK and other components of the MAPK pathway 
[50–52] (Fig. 2). However, although each wave of cell death in pla
narians is followed by a peak of proliferation [5,53,54] (Fig. 1A), it re
mains unknown whether ROS originates from apoptotic cells and 
whether ROS or cell death contribute to stem cell proliferation or early 
regenerative responses. Instead, it has been shown a role of ROS in 
regulating cell differentiation approximately 48–72 h post-amputation 
[52]. In accordance, down-regulation of mek1, a component of the 
MAPK pathway, affects only the second wave of cell death [55]. Like
wise, in agreement with a role of ROS in cell differentiation, ERK sig
nalling is involved in cell differentiation [56] and acts as an inducer of 
the second proliferative and cell death responses, which are associated 
with body remodeling [51]. As in Drosophila, the analysis of 
ROS-dependent upstream MAP3 kinases could elucidate the molecular 
mechanism that links ROS with ERK and the triggering of early regen
erative responses.

2.2. Ionizing radiation induced cell death

Ionizing radiation (IR) is commonly used to treat various human 
cancers by inducing apoptosis and cell cycle arrest. However, it also 
promotes the proliferation of surviving cells, potentially leading to 
tumor repopulation and resistance to radiation therapy.
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IR can induce cell death in insects, although the extent and mecha
nisms may vary significantly across different species, and developmental 
stages or tissues and organs. Bryant and Haynie’s 1977 seminal study on 
Drosophila revealed that X-ray irradiation induced compensatory pro
liferation in imaginal wing discs [57]. They found that even low radia
tion doses caused immediate cell death, with higher doses reducing cell 
survival significantly (40–60 %). Surviving cells, however, were stimu
lated to proliferate, restoring normal wing size and pattern despite se
vere cellular damage. This research highlighted the wing disc’s ability to 
maintain structural integrity through compensatory proliferation, of
fering insights into cellular resilience and regeneration in response to 
ionizing radiation [57].

In Drosophila, IR triggers cell death through multiple pathways, 
primarily mediated by DNA damage activating p53-dependent signal
ling. This induces pro-apoptotic genes such as reaper (rpr), head involu
tion defective (hid), and grim (reviewed in [58] that inhibit Drosophila 
inhibitor of apoptosis protein 1 (Diap1), activating caspases like Dronc, 
Drice, and Dcp1. The JNK signalling pathway also plays a crucial role in 
IR-induced cell death, with p53 necessary for JNK activation [59,60]. 
Interestingly, some wing disc regions resist IR-induced cell death due to 
anti-apoptotic microRNA bantam and receptor tyrosine kinase Tie [61]. 
Additionally, regions like the dorsal part of the future wing hinge exhibit 
intrinsic resistance to IR-induced apoptosis, possibly due to high 
Wingless (Wg) and STAT92E signalling levels [62]. This highlights the 
complex regulation of cell death in response to ionizing radiation in 
Drosophila.

In a pioneering work, Barden and Baetjer [63] found that IR disrupts 
the regenerative capacity of planarians by inducing cell death in stem 
cells, leading to their elimination at lethal doses (30 Gy or higher). 
Despite sublethal doses (20 Gy or lower) causing also a rapid decline in 
the majority of stem cells, a subset manages to survive and repopulate 
the organism, allowing some planarians to recover [64]. The mecha
nisms behind stem cell survival and repopulation after sublethal IR 
remain unclear, as does the reason for some stem cells’ resistance to 
apoptosis. These studies parallel the previously discussed IR experi
ments in Drosophila wing imaginal discs, where surviving cells were 
induced to proliferate. In planarians, however, cell death influences 
stem cells differently—not by triggering their proliferation, as in 
Drosophila, but by increasing the number of stem cells that persist after 
IR [65]. When irradiated planarians are decapitated shortly after IR 
exposure, a typical cell death burst occurs at the wound site, retaining 
neoblasts in an ERK-dependent manner. This suggests that ERK, and 
possibly also ROS, are important regulators of stem cells very early 
post-amputation. The bigger the amputated piece, the higher the cell 
death burst and the number of persistent neoblasts. The extent of cell 

death correlates with the number of retained neoblasts, meaning that 
the amount of retained stem cells is related to the strength of the cell 
death burst [65]. Indeed, the apoptosis induced by cycloheximide 
treatment in adult unirradiated planarians increases the number of 
retained neoblasts. The study concluded that the cell death induced by 
injury -which happens in differentiated cells- can delay the IR induced 
cell death of stem cells by preventing stem cells from entering mitosis, 
presumably to enable DNA damage repair and survival.

Planarian stem cells continuously cycle during normal homeostasis 
and regeneration, exhibiting remarkable functionality and resilience. 
They are often considered "immortal". They have a low incidence of 
spontaneous tumor formation, although tumors can be induced through 
chemical treatments or by inhibiting tumor suppressors [66–69]. 
Nevertheless, planarians, like other organisms, face environmental 
challenges that increase mutation risks with each cell division. Their 
apparent immortality might be attributed to enhanced DNA repair 
mechanisms, as happens with some long-lived animals [70] and/or 
efficient removal of damaged cells. Despite having conserved DNA 
Damage Response (DDR) pathways [71], RNA interference (RNAi) tar
geting components of homologous recombination (HR) (atr, atm, brca2, 
rad51, and fancJ) and non-homologous end-joining (NHEJ) (parp1, 
parp2, and parp3) pathways generally do not affect planarian regener
ation or homeostasis, with the exception of rad51, suggesting redun
dancy or lack of necessity in these contexts [72,73]. However, under 
sub-lethal IR, RNAi of ATM, ATR, and MRN complex components al
lows stem cells to persist and successfully regenerate. Those cells can 
proceed into the S and G2 phase of the cell cycle, re-enter the cell cycle 
and successfully induce regeneration and repair [74]. While ATM pro
motes HR-mediated repair in Drosophila and mammals, its down
regulation in planarians appears to facilitate stem cell recovery through 
HR-mediated repair. This suggests that, in planarians, eliminating 
damaged stem cells may be a more efficient strategy than attempting 
their repair [74], highlighting species-specific differences in DNA 
damage response mechanisms.

In summary, IR induces apoptosis through complex pathways and 
mechanisms. While IR effectively triggers apoptosis, it also activates 
survival mechanisms, particularly in certain cell populations, compli
cating therapeutic outcomes. Understanding these pathways is crucial 
for improving cancer radiotherapy and radiation protection. The intri
cate balance between apoptotic and survival signals underscores the 
sophisticated cellular responses to radiation damage, offering insights 
into potential therapeutic targets and regenerative processes and high
lighting the value of Drosophila and planarians.

Fig. 2. Main signalling pathways involved in cell death and cell survival/proliferation in planarians and Drosophila. The scheme focuses in the signalling 
molecules presented in this review. The ROS-MAPK-JNK pathway and the AKT axis appear as conserved signals promoting cell death in planarians and Drosophila. 
The arrows do not necessarily indicate direct relationships.
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3. Cell death in adult tissues

3.1. Cell death during planarian adult homeostasis

Planarians are very plastic organisms that constantly adjust their 
body size depending on food availability [2]. Under nutrient restriction 
conditions they degrow by reducing their overall mass and when food is 
plentiful, they regrow again (Fig. 3A). It is known that the decrease in 
size is not due to changes in cell size, but rather to cell number [75–77]. 
This reduction in cell number during nutrient restriction is linked to an 
increase in TUNEL-positive cells among differentiated cells [7] and 
possibly among some stem and progenitor cells, since basal levels of 
stem cell death have been reported in homeostatic planarians [65,78, 
79].

The type of cell death observed during planarian degrowth likely 
involves a combination of apoptosis and autophagy-dependent cell 
death. Autophagy-dependent cell death has been observed in starved 
planarians, including in the gonads of starved sexual planarians, which 
regress during starvation [6,20,23]. This process is thought to help fuel 
the remaining cells in the planarian body, facilitating survival during 
nutrient scarcity [2].

The balance between cell proliferation and death is crucial for 
planarian growth and de-growth, and several signalling pathways are 
implicated in maintaining it. For instance, in starved jnk RNAi planar
ians, there are fewer TUNEL-positive cells compared to controls, indi
cating reduced cell death and inability to remodel during degrowth 
[25]. This suggests that JNK-dependent apoptotic cell death is essential 
for maintaining a balance between cell proliferation and death, ensuring 
proper tissue renewal and remodeling to maintain proportionate body 
size (Fig. 2).

Mammalian target of rapamycin (mTOR) regulates cell proliferation, 
autophagy, and apoptosis in response to nutrient availability [80]. In 
planarians, inhibiting mTOR in nutrient-rich conditions leads to 
increased cell death (TUNEL-positive cells) without compensatory stem 
cell proliferation [81,82] (Fig. 2). This suggests that tor RNAi planarian 
cells are not able to sense their nutritional status, leading to shrinkage 
and death. The tor RNAi phenotype is replicated by raptor RNAi or 

rapamycin treatment, which means that it is the TORC1 complex but not 
TORC2 the one implicated in cell balance regulation in planarians [66, 
81,82].

The Akt-mTOR pathway plays a crucial role in planarian growth 
regulation. On the one hand, Akt activates mTOR in nutrient-rich en
vironments [83]. In this context akt RNAi decreases stem cells and in
creases cell death, similar to tor RNAi. Activation of the insulin receptor 
by nutrients also triggers Akt-dependent phosphorylation of FoxO, and 
its retention in the cytoplasm. On the other hand, during starvation, 
unphosphorylated FoxO enters the nucleus, regulating energy, stress, 
proliferation, and cell death [84]. There is a single ortholog of foxO, 
which is also regulated by Akt, and has a conserved role as pro-apoptotic 
signal in planarians [85] (Fig. 2). Its inhibition causes unpigmented 
zones and accumulation of disorganized epidermal cells, suggesting that 
the proper activation of cell death is crucial for maintaining the differ
entiated fate. This is the same result observed after inhibition of the 
Hippo pathway in planarians [69]. The Hippo pathway controls cell 
proliferation, differentiation and cell death in response to mechanical 
stimulus and its dysregulation is a hallmark of solid tumors [86]. Inhi
bition of hippo during homeostatic cell renewal in starved planarians 
produces overgrowths and the appearance of undifferentiated regions, 
similar to the ones observed in foxO RNAi animals [69]. In planarians, 
Hippo is required to maintain the differentiated state, and its dysregu
lation leads to aberrant dedifferentiation, which is coupled by a decrease 
in apoptosis and thus the inability to eliminate damaged cells [69]. It is 
interesting to compare the hippo and foxO RNAi phenotypes with the 
previously presented jnk RNAi phenotype. In both cases there is a 
decrease in apoptosis. While in jnk RNAi animals it leads to the inability 
to remodel and to an increase in cell density, in hippo or foxO RNAi 
animals it leads to a tumoral-like process. This result agrees with the 
current view in the field of cancer, in which oncogenic mutations are not 
enough to lead to tumorigenesis but they require further environmental 
alterations to become malignant.

The last mechanism described in planarians to control cellular bal
ance in response to nutrients is a planarian-specific gene family, con
sisting of de novo and taxonomically restricted genes called blitzschnell 
(bls) [87]. During homeostasis, bls silencing promotes an increase in cell 

Fig. 3. Homeostasis in adult planarian and Drosophila. A. Planarians grow and degrow continuously depending on food availability. After feeding planarians 
grow. Mitoses increase 3–8 h post-feeding and go back to baseline levels around 7 days post-feeding. During starvation planarians degrow by increasing cell death. B. 
Illustration of adult Drosophila displaying tissues with high turnover: in orange the midgut, in violet the ovary and in yellow the heart and hematopoietic hubs of the 
open circulatory system (the hemocoel is in grey). The grey arrows display cellular details on those organs indicating cell death events in brown. In the midgut 
epithelial cells, adjustment of differentiated cell production is regulated by intestinal progenitor cell apoptosis (apoptotic enteroblast; a_eb). Enterocytes undergo 
apoptosis (a_ec) as part of the normal cell turnover (the arrow indicates turnover). Enterocytes can also undergo erebosis (erebotic enterocytes; e_ec). eb, enteroblast; 
ec, enterocyte; ee, enteroendocrine cell; isc, intestinal stem cell; cm, circular visceral muscle; lm, longitudinal visceral muscle. In the hemocytes, pro-hemocytes, 
plasmatocytes and lamellocytes can undergo apoptosis and crystal cells can undergo autophagy-dependent cell death. In the ovariole, cell death occurs at stage 1 
at the germarium as a combination of apoptosis and autophagic cell death, at stage 3 apoptosis occurs in superfluous polar cells. From stages 2–8 apoptosis can occur 
in stalk cells. At stage 8 the whole egg chamber can be destroyed if the conditions are not adequate. During stage 10, nurse cells undergo phagocytic-dependent cell 
death and during stage 14, the nurse cell remnants are removed. Panel B was created in BioRender. Gonzalez Estevez, C. (2024) https://BioRender.com/h84f518.
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number by reducing apoptosis and enhancing mitosis under both 
nutrient-rich and starved conditions. In nutrient-rich environments, this 
results in a larger body size, whereas in starved planarians, body size 
remains unchanged, leading instead to localized overgrowths. bls 
expression depends on the insulin/Akt/mTOR pathway, being upregu
lated during starvation and down-regulated after feeding (Fig. 2). 
Overall, it was suggested that the bls family evolved in planarians as a 
mechanism to restrict cell number in fluctuating nutrient environments.

3.2. Cell death in Drosophila high-turnover tissues

In contrast to the embryonic and larval-pupal stages, where pro
grammed cell death refines and removes obsolete tissues to make way 
for adult structures [88], in adult Drosophila, cell death is less wide
spread, but vital for maintaining high-turnover cell populations such as 
the germline, hemocytes, and the gut (Fig. 3B).

In the germline, cell death is crucial for oocyte development, 
ensuring that only viable cells contribute to maturation [89] (Fig. 3B). 
During embryogenesis, primordial germ cells undergo programmed cell 
death, while adult germline cells follow varied pathways depending on 
their role in oogenesis. At mid-oogenesis, germline cells are sensitive to 
nutrient levels and may undergo apoptosis during nutrient scarcity [88, 
90], acting as a checkpoint for viable oocyte development and ulti
mately conserving resources for future reproduction. In later oogenesis 
stages, nurse cells are eliminated through a non-apoptotic process, 
transferring nutrients to the developing oocyte. Thus, by releasing their 
cytoplasmic contents, these nurse cells transfer nutrients and resources 
to the developing oocyte. This tightly regulated process is essential for 
reproductive success [88,89], and misregulation can lead to reduced 
fertility or tumorigenesis.

Similarly, cell death in Drosophila hemocytes plays a crucial role in 
maintaining immune homeostasis and overall health [91] (Fig. 3B). As 
the primary immune cells, hemocytes respond to environmental 
stressors and DNA damage. Their regulated elimination through 
apoptosis prevents the accumulation of dysfunctional cells that could 
compromise tissue integrity. Hemocytes cell death is influenced by 
multiple signalling pathways, including the RTK/RAS network and 
Notch signalling (Fig. 2), which dictate whether a hemocyte undergoes 
apoptosis or survives based on situational needs [92,93]. Notch activa
tion in circulating hemocytes was found to induce caspase-independent 
and non-autophagic cell death [93]. Interestingly, apoptotic hemocytes 
do more than simply exit the immune system; they can actively signal to 
other immune cells, thereby modulating immune responses during in
fections or oxidative stress [94]. This dual role as both active defenders 
and regulatory elements, illustrates the adaptability of Drosophila he
mocytes in maintaining organismal health.

The Drosophila digestive system also serves as a key model for 
studying the balance between cell proliferation and death during ho
meostasis (Fig. 3B). Intestinal stem cells (ISC) constantly renew the gut 
epithelium by producing progenitor cells or enteroblasts, which differ
entiate respectively into the most abundant absorptive enterocytes 
(90 %) or enteroendocrine cells (10 %) [95]. The turnover rate ranges 
from 4 days to 3 weeks [96–98], influenced by environmental factors 
like pathogens and toxins. How stem cells perform and adapt to respond 
to different renewal demands is a fundamental question. To address this 
issue, a study compared ISC behavior in high and low renewal demand 
scenarios [98] where ISCs divide slowly but continually [99]. Under low 
demand, ISCs generated more progenitor cells than necessary, with the 
excess being eliminated through caspase-mediated cell death, regulated 
by signals from ISCs and the niche [98]. The survival of these progenitor 
cells is believed to be regulated by a delicate balance of life and death 
signals. ISCs emit death signals via Delta protein, activating Notch sig
nalling in the enteroblasts [98]. Conversely, survival signals in the form 
of epidermal growth factor (EGF) are provided by the surrounding niche 
or dying enterocytes [96]). This overproduction of progenitor cells may 
serve as an adaptive mechanism, enabling the gut to respond swiftly to 

environmental changes or acute damage. Another study [96] proposes a 
feedback mechanism for maintaining intestinal homeostasis, chal
lenging the idea of constitutively cycling stem cells. This mechanism 
couples enterocyte death to ISC division, resulting in a balanced 
zero-sum turnover over time. Key aspects of this feedback mechanism 
include E-cadherin (E-cad) loss in dying enterocytes, which trigger 
expression of an EGF maturation factor (rhomboid), which in turn acti
vates EGFR in nearby ISCs, providing a mitogenic signal. Inhibiting 
enterocyte apoptosis leads to fewer ISC divisions, suggesting that E-cad 
expression in healthy ECs maintains stem cell quiescence. This localized 
cell-cell communication contributes to tissue-level homeostasis by 
ensuring that ISC divisions are triggered only when necessary to replace 
dying enterocytes.

The role of apoptosis in enterocytes remains debated, with some 
studies showing fewer ISC divisions upon its inhibition—suggesting its 
involvement in tissue renewal—while others report no significant ef
fects, questioning whether aging enterocytes undergo apoptosis at all 
[96,100,101]. Notably, a novel cell death mechanism, erebosis, has been 
identified as a key player in homeostatic turnover under low renewal 
demand conditions [101]. Unlike apoptosis, erebotic cells exhibit a 
progressive degradation of organelles and proteins while maintaining 
barrier function—a feature reminiscent of keratinizing skin cells. This 
mechanism ensures tissue integrity while enabling renewal, highlighting 
its potential physiological significance. Unlike traditional cell death 
pathways, erebosis progresses through distinct stages, with nuclear 
fragmentation detectable only in late phases, and remains unaffected by 
mutations in apoptosis, autophagy, or necrosis genes [102]. Further 
research is crucial to fully uncover the regulatory mechanisms and 
physiological relevance of this emerging homeostatic cell elimination 
process.

4. Clearance of dead cells

The removal of dead cells is crucial for maintaining homeostasis. 
This process, known as efferocytosis, involves the phagocytosis of dead 
and dying cells by macrophages or other cell types [103,104]. During 
Drosophila metamorphosis, macrophages remove dying adipocytes 
[105]; also, epithelial follicular cells clear dead germline cells during 
oogenesis [106]. During Drosophila embryonic development, particu
larly in the central nervous system, apoptotic cells are cleared by 
phagocytic glia and dispersing ventral hemocytes (macrophages) [107]. 
The use of genetically encoded fluorescent reporters, such as CharON, 
has enabled real-time tracking of apoptotic cells and their clearance in 
Drosophila embryos [107]. It has been revealed that macrophages 
exhibit heterogeneity as they may have no, low (1–3 corpses), medium 
(4–6 corpses) or high (> 7 corpses) burden, ensuring rapid clearance of 
extensive apoptosis during development [107]. However, macrophages 
with high corpse burdens show impaired ability to engulf necrotic debris 
at wound sites, indicating a trade-off between developmental and in
flammatory efferocytosis. The Drosophila embryo model has demon
strated that efferocytosis is a complex process, affecting cells dying by 
different mechanisms, and different types of phagocytes, and multiple 
engulfment mechanisms [108]. This complexity ensures efficient clear
ance of corpses throughout the organism. Overall, research using 
Drosophila has significantly contributed to our understanding of effer
ocytosis, revealing its dynamic nature and importance in maintaining 
tissue homeostasis during development and in response to tissue 
damage.

Recent studies have highlighted the importance of phagocytes in 
clearing dead cells in planarians [109,110]. Ablation of sub-epidermal 
pigment cells by exposure to intense light produces the accumulation 
of pigment granules that are engulfed by gut phagocytes and expelled 
through the pharynx [110]. This engulfment of dead pigment cells by 
phagocytes is mediated by the conserved pathway CED-12/ELMO [111, 
112]. Nevertheless, it is not yet clear how the pigment cells travel from 
their sub-epidermal localization to the gut to be engulfed by the 
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phagocytes [110]. It remains to be determined whether this clearance 
mechanism also occurs during normal homeostatic cell renewal of 
planarian pigment cells.

In a recent study on planarians, Lee et al. [109] analyzed epidermal 
cell turnover taking advantage of some dyes that label epidermal cells. 
They showed that ventral epidermal cells have a half-life of 4.5 days, 
while dorsal cells have a half-life of 20 days. Moreover, the authors 
found that dead epidermal cells are cleared through basal extrusion and 
internalization by the phagocytes located in the gut epithelium, which 
may also serve as a means of energy recovery through self-catabolism 
[109].

The role of the planarian phagocytes to eliminate dead cells might 
explain some previous results in which defects in the regeneration and 
the maintenance of the digestive system has been associated to an in
crease of apoptotic cells in the mesenchyme. Thus, the silencing of egfr-1 
(an epidermal growth factor receptor homologue) leads to the failure of 
both regeneration and renewal of the digestive system, as gut pro
genitors fail to fully differentiate [113]. Interestingly, this phenotype 
correlates with a significant increase of TUNEL+ cells in the mesen
chyme around the gut [113]. Based on the role of the planarian gut to 
clear dead cells [109,110], it seems plausible to hypothesize that the 
increase of apoptotic cells after silencing egfr-1 could be a consequence 
of the loss of a functional gastrodermis that, consequently, might impair 
the internalization and posterior clearance of those dead cells.

Further research should investigate whether planarian phagocytes 
universally eliminate dead cells across all cell types during normal ho
meostasis and regeneration. Understanding this process could provide 
insights into how tissue homeostasis is maintained and how disruptions 
can lead to increased cell death and regeneration defects.

5. Concluding remarks

Cell death plays a crucial role in maintaining tissue homeostasis and 
during regeneration by eliminating damaged, dysfunctional, or unnec
essary cells, thereby preserving tissue integrity and facilitating repair. 
Programmed cell death also acts as a catalyst for regeneration by 
creating an environment that promotes cell renewal and proliferation. In 
homeostasis, cell death ensures a balance between cell loss and cell 
replacement, preventing excessive accumulation or depletion of cells. 
Despite significant progress, further research is needed to unravel the 
complex signalling pathways and interactions linking cell death and 
regeneration. The activation of cell death upon damage and its 
requirement for mounting the regenerative response has been reported 
in several organisms such as zebrafish, Hydra, Xenopus, and even in 
mammalian organs [13–16]. However, the mechanisms that link cell 
death with the activation of the regenerative signals are not well un
derstood, since the knowledge resulting from each model is still frag
mentary. Comparing different animals like planarians and Drosophila 
provides a novel view and highlight cellular and molecular mechanisms 
which appear conserved in the regulation of cell death, such as the 
ROS-MAPK-JNK axis, and others which are species-specific, such as BLS 
in planarians. Thus, comparative studies in different animal models can 
help uncover conserved mechanisms, essential molecular players, and 
the interplay between cell death and regenerative signalling occurring in 
all species. Understanding how different types of cell death influence 
specific regenerative contexts and how their dysregulation contributes 
to human diseases such as cancer or degenerative disorders remains a 
significant challenge. Insights from a variety of animal species display
ing different life cycles and cellular dynamics could open avenues for 
therapeutic strategies to enhance tissue repair and restore equilibrium in 
human pathological conditions.
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de Recerca de la Generalitat de Catalunya (Grant no.: 2021SGR00293 to 
MC); Consolidación Investigadora MICIU/AEI/10.13039/ 
501100011033 and European Union NextGenerationEU/PRTR (Grant 
no.: CNS2023-144759 to CGE); Ministerio de Ciencia, Innovación y 
Universidades (Grant nos.: PID2023-149733NB-I00 to TA and CGE; 
PID2021-123300NB-I00 to MC and FS; PID2021-126958NB-I00 to FC; 
PID2021-125860NB-I00 to SJA) financed by MICIU/AEI/10.13039/ 
501100011033 and by FEDER, UE.; Ministerio de Ciencia e Innovación 
(Grant nos.: PID2019-107340GB-I00 to MM; FU2020-116372GB-I00 to 
TA). CGE is a Professor Serra Húnter (Generalitat de Catalunya).

References

[1] P.W. Reddien, The cellular and molecular basis for planarian regeneration, Cell 
175 (2) (2018) 327–345.
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