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Abstract

Sebaceous glands consist of epithelial cells, known as sebocytes, that undergo differentiation
to deliver the components of sebum into the sebaceous duct and eventually to the hair
and skin surface. The final step of the terminal differentiation program is called holocrine
secretion because the entire cell content is converted into sebum. Holocrine secretion is a
mode of programmed cell death, which involves the degradation of the nucleus and other
organelles and the rupture of the cell membrane. Here, we review the current knowledge
of differentiation-associated death of sebocytes and discuss open questions regarding its
mechanism and functions. In vivo studies have provided evidence for degradation of
nuclear and mitochondrial DNA by lysosomal deoxribonuclease 2 (DNase 2), indicating
a key role of lysosomes in holocrine secretion. We discuss the influence of tight junctions
on the spatial localization of holocrine secretion within glands, the regulation of holocrine
cell death by autophagy and potential mediators of membrane lysis. Further studies of
holocrine secretion are needed to fully uncover its molecular control and to determine
potential clinical implications.

Keywords: skin; sebaceous gland; programmed cell death; holocrine secretion; exocrine
gland; deoxyribonuclease; epithelial cell; keratinocyte; lysosome; autophagy

1. Introduction: Cell Death in the Skin
The skin consists of an epithelial compartment, the dermis and the hypodermis.

Epithelial cells form the epidermis, hair, nails and glands, such as eccrine and apocrine
sweat glands, and sebaceous glands. The latter are mostly associated with hair follicles,
forming the so-called pilosebaceous unit, but there are also sebaceous glands independent
from hairs, such as Meibomian glands at the eyelid [1]. The function of sebaceous glands is
the production of sebum, an oily secretion important for the maintenance and defense of
normal hair and skin surfaces [2–6]. In addition, specialized sebaceous glands contribute
to the stabilization of the tear film (depending on Meibomian glands) and to pheromone-
based communication (depending on preputial glands). The pathophysiological relevance
of sebaceous glands for benign and malignant tumors [7–10], acne [11–14], inflammatory
skin diseases [15,16] and skin care [5,17] makes them important subjects of biomedical
research projects.

The epidermis and the skin appendages are not static tissue structures but undergo
continuous or periodic (in the case of hair) renewal. This epithelial turnover and damaging
effects from the environment lead to significant rates of cell death in the skin [18]. Cell
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death is induced by exogenous and endogenous stimuli in the skin. Ultraviolet radiation
and other types of physical stress, noxious chemicals and infections by bacteria and viruses
can cause cell death. Both programmed cell death in the form of apoptosis, pyroptosis
and necroptosis, and uncontrolled cell death in the form of necrosis occur in the skin.
Endogenous triggers of cell death are important for embryonic development and cell differ-
entiation. The latter term refers to the step-wise conversion of a proliferating, functionally
less specialized cell into a mature cell adapted to a specific function. The barrier function of
the epidermis depends partly on the extensive cross-linking of intracellular proteins, which
is incompatible with cell survival [19,20]. Likewise, the growth of hair and nails requires
the cornification of their constituent keratinocytes, also referred to as trichocytes and ony-
chocytes, respectively, resulting in dead but stable and functional structures [21]. In the
sebaceous glands, epithelial cells must die to form sebum through holocrine secretion [22],
as will be discussed in detail below. To avoid the impression that all types of epithelial
differentiation lead to cell death, we point to differentiated sweat gland secretory cells,
which are fully functional when they are alive, and exhibit slow turnover [23]. However,
some skin epithelial cells undergo programmed cell death to fulfill their function [24].
While cell death by cornification, also called “corneoptosis”, has been covered in previous
reviews [19,20], holocrine secretion has not been comprehensively discussed as a mode of
cell death, although the importance of cell death for the execution of holocrine secretion
was highlighted by recent papers [24,25]. The aim of the present paper is to summarize
what is known about the process of holocrine cell death in sebaceous glands and to discuss
existing gaps of knowledge pertaining to its mechanism, regulation and function.

Holocrine secretion was not discussed in the recommendations published by the
Nomenclature Committee on Cell Death (NCCD) [26]. The NCCD suggested “to keep PCD
(programmed cell death) and terminal differentiation conceptually well discriminated from
each other. Indeed, dead cells are disposed of (and hence cease to have a function) in the
course of PCD. Conversely, when terminal differentiation involves cellular demise, as in
the case of cornification, dead cells become integral part of a tissue (and hence mediate a
specific physiological function)” [26]. Here, we will use the term “cell death” to simply refer
to the “end of life of a cell” without a “conceptual” exception for terminal differentiation.
Holocrine secretion involves cellular demise, and cells do not “become integral part of
a tissue.”

2. Sebaceous Glands: Structure and Functions
Sebaceous glands are built by epithelial cells known as sebocytes [27–29]. How-

ever, Langerhans cells and non-melanogenic melanocytes are present within sebaceous
glands [30,31]. Although the biological roles of sebocytes are mainly determined by their
autonomous differentiation, interactions with other cell types in their environment are also
important. For example, sebocytes were shown to promote the differentiation of T helper
17 cells [32] and to communicate with innate lymphoid cells [33] and nerves [34]. Recently,
the outer sebaceous duct was reported to have the highest prevalence of CD8+ resident
memory T cells across all skin niches, possibly contributing to the inflammatory memory
of atopic dermatitis and psoriasis [35].

Sebaceous glands consist of acini in which sebocytes proliferate within the basal layer
and differentiate upon detachment from the basement membrane (Figure 1). Terminal
differentiation of sebocytes culminates in programmed cell death, known as holocrine
secretion, to produce sebum. The latter leaves the gland through the sebaceous duct, which
is formed by epithelial cells undergoing a distinct differentiation program [36–38]. Most
sebaceous glands are associated with hair follicles, and sebum enters the hair canal, from
where it is distributed onto the hair and skin surface. Special types of these glands, such
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as preputial glands and Meibomian glands, are not physically linked to hair. In line with
the specialized functions, the secretions of preputial glands and Meibomian glands have
unique molecular compositions [39,40]. Nevertheless, according to current knowledge, the
basic regulation of cell differentiation and holocrine secretion is conserved in specialized
sebaceous glands, so that they can be used as models for the study of basic principles of
sebocyte differentiation in vivo.

Figure 1. Structure of a sebaceous gland associated with a hair follicle, forming the pilosebaceous
unit. Important elements are labeled. Sites of terminal differentiation of epithelial cells are indicated
by thick arrows and the positions of holocrine secretion and disintegration of the inner rooth sheath
are indicated by asterisks. Sebocyte differentiation is depicted on the right, with cells represented
by squares, nuclei by grey ovals, and lipid droplets by circles. This figure is adapted from a paper
recently published by us under a Creative Commons CC-BY 4.0 license (open access) license [41].

Sebum composition differs among species of mammals [6,42]. To some extent, these
differences represent adaptations of sebaceous glands to different environments and intra-
species communication. Sebaceous glands have degenerated in several phylogenetic
lineages of mammals including cetaceans, the hippopotamus, rhinos, elephants, sirenians
and the naked mole rat [42–44].

The functions of sebum include the protection of the hair coat against water, the
improvement of the barrier function of the skin, and the defense against microbes. In
the case of the meibomian gland, the sebum (also called meibum) helps to maintain
the tear film of the eye. The physical barrier-related functions of the sebum depend
almost entirely on the high lipid content. The synthesis and interactions of sebum lipids
have been reviewed extensively [17,22,45–47]. Lauric acid, which is one of several free
fatty acids of human sebum, exhibits antibacterial activity against Gram-positive bacteria
such as Cutibacterium acnes, previously known as Propionibacterium acnes [48]. Free fatty
acids induce the production of antimicrobial proteins such as beta-defensins [49] and
cathelicidin [50], but they inhibit the antimicrobial protein RNase 7 [51]. Another type of
antibacterial components of sebum are histones such as histone H4 and possibly histone-
derived peptides [52,53]. Interestingly, histones are able to bind to lipid droplets, from
which they are released upon exposure to bacterial lipopolysaccharide or lipoteichoic
acid [54]. However, it has not been determined yet whether histones interact with lipid
droplets in sebocytes or in sebum. Taken together, the functions of sebum are determined
not only by lipids but also by other cell components released by holocrine cell death.

Research on sebaceous glands depends on several complementary approaches. His-
tological and ultrastructural studies of sebaceous glands in human clinical samples and
samples from various other species have revealed essential basic insights. Targeted gene
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deletion methods have enabled mechanistic studies of gene functions in sebaceous glands
of the mouse [55–57]. Appropriate protocols for the study of mouse sebaceous glands have
been published [58]. In vitro, sebocyte cell lines are important research tools [59]. Most
recently, three-dimensional models of sebaceous glands [60–63] have allowed reseachers to
replicate critical sebocyte differentiation steps in vitro.

3. Differentiation of Sebocytes
The transcriptional regulation of early development and differentiation events of

sebaceous glands has been extensively investigated [9,64–69]. Recent studies have also
provided an overview of the later differentiation steps in sebaceous glands including the
production of lipid droplets, which is arguably the main feature of sebocyte differenti-
ation [14,70–75]. Lipid-binding proteins and enzymes of the lipid metabolism, such as
acyl-CoA wax alcohol acyltransferase 1 (AWAT1), elongation of very long-chain fatty acids
3 (ELOVL3), ELOVL4, fatty acid desaturase 1 (FADS1), FADS2, and perilipin-2 (PLIN2)
are useful differentiation markers of sebocytes. Notably, the cells of the sebaceous duct
undergo a specific differentiation program that does not lead to holocrine secretion [38,40].

Keratins are major markers of skin epithelial cells including those of the sebaceous
glands [71]. Different from epidermal keratinocytes, sebocytes express Krt7 and Krt79.
The latter is one of the keratins characterized most recently. Keratin Krt79 is specifically
expressed in the infundibulum of the hair follicle, the sebaceous duct and the sebaceous
gland [57,76]. When sebaceous gland cells of the basal layer start differentiation, the
expression is shifted from Krt5 to Krt79 [57]. Krt79 heterodimerizes with Krt14 in sebocytes,
and deletion of Krt79 leads to destabilization of Krt14. Krt79-deficient mice lost meibomian
glands in the eyelid, and the loss of lipid-dependent lubrication affected the corneal surface,
whereas the growth and cycling of hair was not defective [57].

The keratin intermediate filament networks of neighboring sebocytes are connected
by desmosomes. In addition, gap junctions and tight junctions (TJs) are present between
sebocytes [77,78]. Desmosomes increase in number during sebocyte differentiation [79],
and functional TJs locate to a single layer of differentiated sebocytes (see Section 4 for
details). Together, intracellular and intercellular proteins contribute to control of sebaceous
gland structure and cell turnover.

4. Holocrine Secretion: Mechanism and Regulation
4.1. Spatial Control of Holocrine Secretion

As the last step of terminal differentiation of sebocytes, the spatial localization of
holocrine secretion is tightly controlled. It depends on preceding intracellular remodeling
during differentiation and on conditions outside of the cell or at the surface of the cell.
Although the initiation of holocrine secretion is not fully understood, recent evidence shows
that it occurs outside the TJ barrier of sebaceous glands [80] (Figure 2). In this study, TJ
formation was demonstrated in a three-dimensional sebaceous gland model consisting of
immortalized human sebocytes and in murine sebaceous glands in vivo [80]. The deletion
of the TJ protein claudin-1 severely disturbed holocrine secretion in a mouse model [80].
The TJ barrier of induced skin-specific claudin 1 (Cldn1) conditional knockout mice was
leaky in a lanthanum permeation assay assessed under the electron microscope, and the
degradation of the plasma membrane and the nucleus of terminally differentiated sebocytes
was incomplete, leading to the aberrant accumulation of sebocyte remnants in sebaceous
ducts. Notably, the diffusion of proteins was not possible in the absence of claudin-1,
suggesting that remaining junctions positive for ZO-1 maintain part of the functions of
TJs, which is comparable to the phenotype of claudin-1 knockout in the interfollicular
epidermis [81]. Recently, the expression of claudin-1 was reported to be decreased in acne
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vulgaris [82]. The potential impact of this decrease on the regulation of holocrine secretion
remains to be investigated.

Figure 2. Holocrine secretion occurs at the end of sebocyte differentiation within sebaceous glands.
Cells are indicated with black lines representing the cell membranes for a part of the gland. Nuclei are
depicted as grey ovals. Lipid droplets are indicated by circles. Other cell components released from
dying cells are depicted as blue dots. The positions of the basement membrane and tight junctions
are indicated by grey continuous and red discontinuous lines, respectively. TJ, tight junction.

4.2. Intracellular Initiation of Holocrine Secretion: Roles of Lysosomes

The initiation of sebocyte programmed cell death is only partly understood at present.
Apoptotic mechanisms and lysosome-dependent processes have been discussed as alterna-
tive initiators of cell death in sebaceous glands. Soon after the characterization of terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive DNA fragmen-
tation as a basic feature of apoptosis, the detection of DNA fragments was regarded a
sign of apoptotic or apoptosis-like cell death in the differentiated compartments of the
sebaceous gland, the hair follicle and the epidermis [83–85]. Moreover, the differentiation
of sebocytes leads to features of apoptosis in vitro [86]. However, nuclear DNA breakdown
is a feature shared by many modes of cell death, and further research showed that sebocyte
terminal differentiation is mechanistically different from apoptosis in vivo. Interestingly,
the so-called “cell death inducing DNA fragmentation factor A (DFFA)-like effector A”
(CIDEA) is highly expressed in sebocytes. CIDEA is anchored in the phospholipid layer of
lipid droplets [87] and controls lipid storage and secretion in sebaceous glands [88], but this
role is not related to apoptosis. The prototypic executioner of apoptotic cell death, caspase-3,
is not involved in differentiation-associated death of sebocytes but even plays a role in
sebocyte proliferation by cleaving α-catenin to activate YAP-dependent signaling [89].

Similar to holocrine secretion, cornification of keratinocytes was previously discussed
as a subtype of apoptosis. However, caspase-14, a well-established marker of epidermal
keratinocyte differentiation, does not function as an apoptotic protease [18]. In early stud-
ies, caspase-14 was detected also in sebaceous glands [90,91], but later scRNA-seq studies,
which are not affected by potential cross-reactivity of probes, indicate that the expres-
sion level of caspase-14 is minimal in sebocytes [72,92], supporting the clear distinction
between sebocyte and interfollicular keratinocyte differentiation. Proteases other than
caspase-14 and protease inhibitors contribute to the control of terminal differentiation
of sebocytes and can be detected in the sebum [93–95]. However, their specific roles in
sebocyte differentiation remain to be determined.
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Lysosome-dependent cell death is initiated by lysosomal membrane permeabilization
(LMP), which leads to the release of lysosomal proteases and other enzymes into the
cytoplasm [26]. Lysosomes contribute to skin epithelial cell differentiation [96,97], and
some evidence argues for a specific role in sebocytes [98]. Ultrastructural studies have
shown that lysosomes are abundant in sebocytes [99–102]. The lysosomal membrane
protein LAMP1 is readily detectable in basal and intermediate differentiated sebocytes, but
it disappears in terminally differentiated sebocytes [56]. Targeted gene deletion studies
revealed that the lysosomal enzyme DNase 2 degrades nuclear and mitochondrial DNA in
sebaceous glands [56], indicating that DNase 2 is released from lysosomes (Figure 3). A
role of uptake of DNA into lysosomes and intra-lysosomal activity of DNase 2 in the course
of nucleophagy [103] or mitophagy can be excluded because LAMP1-positive lysosomes
disappear before nuclear DNA is degraded, and suppression of autophagy by deletion of
Atg7 does not abrogate DNA breakdown [56]. Thus, alterations of lysosomes—probably in
the form of membrane disintegration—occur in the course of holocrine secretion, and at
least one lysosomal enzyme (DNase 2) contributes actively to holocrine secretion-associated
cell death.

Figure 3. Intracellular events leading to sebocyte death in the course of holocrine secretion. The
schematic diagram summarizes both processes that have been validated by targeted gene deletion
studies in vivo (blue lines and fonts) and processes that are discussed as hypotheses in the main text
(red fonts). Autophagy was shown to suppress premature DNA degradation in sebocytes, and the
removal of damaged lysosomes was proposed but not confirmed as the underlying mechanism. A
question mark indicates that the mechanism of initiating cell death is not known. The sequence of
events leading from intact organelles to fragments and degradation products is depicted from the
bottom to the top. Lipid droplets and several other subcellular structures are not shown for simplicity.

4.3. Breakdown of Mitochondria and Other Cytoplasmic Organelles

In addition to lysosomes (see above), mitochondria, the endoplasmic reticulum, the
Golgi apparatus, and peroxisomes are present in viable sebocytes [104]. Ultrastructural
studies have shown degenerating organelles in sebaceous glands [102,105]. Autophagy
is active in sebaceous glands (see Section 4.6) and likely contributes to the degradation
of organelles [41,102,105]. The comparative investigation of wildtype mice and mice
lacking DNase 2 in epithelial cells has revealed that mitochondrial DNA is at least partially
degraded by DNase 2 [56]. It has not been determined yet whether this degradation
occurs in lysosomes upon autophagy of mitochondria (mitophagy) or in the cytoplasm
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upon disruption of lysosomal and mitochondrial membranes. In the latter scenario, which
appears more likely considering the points discussed in Sections 4.4 and 4.6, the cytoplasmic
pH needs to drop sufficiently to allow catalytic activity of DNase 2 [56]. The pore-forming
protein gasdermin A (GSDMA), which is abundant in sebaceous glands [106], preferentially
targets mitochondrial membranes [107], suggesting that GSDMA is candidate effector of
mitochondrial breakdown during holocrine secretion.

Interestingly, targeted elimination of mitochondria affects sebaceous glands in several
ways, which are only partly linked to terminal sebocyte differentiation, namely alterations
in the expression of stem cell markers, senescence markers and lipogenesis genes, the
aberrant accumulation of lipids, inflammation and defects in the delivery of sebum to
the skin surface [108]. Further studies involving the blockade of mitochondrial proteins
or putative regulators of mitochondrial degradation are needed to clarify the roles and
dynamics of mitochondria in sebaceous glands.

4.4. Breakdown of the Nucleus and Degradation of DNA During Holocrine Secretion

The mechanism of DNA degradation in sebocytes was systematically investigated
by comparing the fate of endogenous DNA in wildtype mice and mice lacking DNase
1, DNase1-like 2 or DNase 2 [56]. DNA degradation was impaired upon the deletion of
Dnase2a specifically in skin epithelial cells including sebocytes. As DNase 2 is located
to lysosomes, it is remarkable that the lysosomal membrane protein LAMP1 disappears
in sebocytes that undergo DNA degradation. This coincidence is compatible with a loss
of lysosomal integrity and the release of DNase 2 [56]. The suppression of autophagy
in epithelial cells leads to the premature degradation of the nucleus during sebocyte
differentiation. The co-deletion of both DNase 2 and the autophagy regulator Atg7 resulted
in retention of nuclear DNA, similar to the result of DNase 2 deletion alone [56]. Thus,
autophagy is not required for nuclear DNA degradation whereas DNase 2 is essential for
complete DNA degradation during holocrine secretion.

When DNA degradation was impaired by the deletion of DNase 2, DNA was increased
in the sebum. By contrast, uric acid, which is produced from free nucleotides, was de-
creased, suggesting that the nucleotide pool of differentiated sebocytes is supplied by DNA
breakdown and supports the formation of uric acid [56]. DNase 2 is secreted as part of the
sebum and remains active on the skin surface. Indeed, DNase 2 is the main DNA-degrading
enzyme on the skin surface, with sebum and cornifying epidermal keratinocytes being the
sources of this enzyme [109].

DNase 2 cooperates with other DNases during holocrine secretion. DNase1L2 is a
likely contributor to sebocyte DNA degradation, because it is highly abundant in sebaceous
glands [72]. In epithelial cells of the epidermis, cooperation of DNase1L2 and DNase 2 has
been experimentally confirmed [110]. Like other members of the DNase 1 family, DNase1L2
generates DNA fragments with free 3′-OH ends, and such DNA ends are detectable by the
TUNEL reaction in sebocytes undergoing holocrine secretion. However, TUNEL-positivity
is not abrogated by the deletion of DNase1L2 in mice, suggesting that an additional enzyme
DNA-degrading enzyme is active in sebaceous glands [56].

4.5. Rupture of Membranes During Holocrine Secretion

One of the characteristic features of holocrine secretion is the rupture of the cell
membrane. Accordingly, the central portion of the sebaceous gland is often referred to
as the “necrotic zone”. Research of the past twenty years has shown that, besides the
exogenous destruction of a cell during classical necrosis, several pathways of intrinsically
controlled necrosis exist, known as necroptosis and pyroptosis [26,111]. The molecular
mechanisms of pore formation in these cell death modes are also candidate mechanisms
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for the rupture of the cell membrane during holocrine secretion. Here, we provide a
brief overview on candidate pore-forming proteins, but it is important to note that the
mechanism of membrane rupture during holocrine secretion has not been established yet,
and an uncharacterized mechanism may operate independently of the candidate proteins
in sebaceous glands.

During necroptosis and pyroptosis, mixed lineage kinase domain-like pseudokinase
(MLKL) and gasdermins, respectively, form holes in the cell membrane [112]. The for-
mation of these pores is followed by extensive rupturing of the membrane by ninjurin
(NINJ1) [113–116]. Gasdermins are also able to permeabilize the mitochondrial mem-
brane [106,117]. The autophagy-related protein ATG9A appears to counteract some of the
pore-forming processes in the plasma membrane [118].

Preliminary evidence suggests that members of the aforementioned families of gas-
dermin and ninjurin proteins are expressed in sebocytes, whereas the expression levels
of MLKL are low [72,74]. GSDMA is predominantly expressed in epithelial cells of the
skin and its expression is upregulated during cell differentiation [106]. GSDMA was
demonstrated to be cleaved by bacterial proteases leading to pyroptosis in the course of
anti-bacterial defense [119,120]. Nevertheless, an additional role of GSDMA in epithelial
cell differentiation is conceivable. Mutations of Gsdma3, one of three GSDMA paralogs
in the mouse, cause defects of sebaceous glands and hair follicles [121–123]. However,
knockout of all three GSDMA paralogs did not lead to an obvious skin phenotype in
mice [124], suggesting that the phenotype of Gsdma3 mutants [121] may be due to gain of
function. A detailed investigation of sebaceous glands of GSDMA-deficient mice has not
been published yet.

Besides GSDMA, also ninjurin (NINJ1) is expressed in differentiated sebocytes [74].
The protein levels of NINJ1 are higher in the skin than in all other organs except the ileum,
and by immunohistochemistry it was detected in sebocytes [125]. Upregulation of NINJ1
in response to X-irradiation of keratinocytes was reported [126], but the function of NINJ1
in skin epithelial cells and particularly sebocytes has not been tested yet.

4.6. Roles of Autophagy in Sebocyte Differentiation and the Control of Holocrine Secretion

Autophagy is an intracellular degradation mechanism that is active during the dif-
ferentiation of skin epithelial cells [41,102,103]. Although autophagy contributes to some
forms of cell death [126,127], it is not considered a mechanism of cell death on its own [26].
In sebaceous glands, holocrine secretion is preceded by active autophagy which affects
the composition of the sebum [102,128–130]. Suppression of autophagy results in a seba-
ceous gland phenotype that can be recognized by regular histology. Autophagy-related
gene knockouts in mouse models have shown that autophagy-deficient sebocytes undergo
premature loss of the nucleus and the entire differentiated compartment of the sebaceous
glands becomes more eosinophilic in hematoxylin-eosin staining [56,128]. Both phenomena
are blocked by the co-deletion of the lysosomal enzyme DNase 2, suggesting that au-
tophagy extends the survival of sebocytes during differentiation, while DNase 2-mediated
DNA degradation influences, by an unknown mechanism, the affinities of sebaceous gland
structures to eosin and hematoxylin. We have proposed that autophagy eliminates dam-
aged lysosomes through lysophagy [131,132] in normal sebaceous glands, whereas lack of
autophagy-dependent quality controls allows defective lysosomes to trigger premature cell
death [56].

An alternative mechanism by which autophagy-related proteins such as ATG5 can
contribute to the quality control of lysosomes depends on “conjugation of ATG8s to single
membranes” (CASM) [133]. This process is triggered by the release of calcium ions and
causes the recruitment of endosomal sorting complex required for transport (ESCRT),
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leading to the repair of damaged lysosomal membranes [134]. The potential roles of CASM
in the sebaceous glands remain to be investigated.

Recently, autophagy-related 9A (ATG9A) was shown to support lysosomal repair in
cooperation with ADP ribosylation factor interacting protein 2 (ARFIP2) through lipid trans-
fer [135]. ATG9A also facilitates the closure of autophagosomes, enables lipid mobilization
from lipid droplets and protects the plasma membrane from permeabilization [117,136,137].
Interestingly, an incompletely characterized paralog of ATG9, ATG9B is predominantly
expressed in the skin and skin appendages including the sebaceous gland [74], suggesting
that its role in sebaceous glands is a worthwhile topic of future research.

5. Differentiation-Associated Cell Death in the Inner Root Sheath:
Impact on Sebum Composition

In sebaceous glands associated with hair follicles, sebum is excreted through the
sebaceous duct into the hair canal. At this point, it mixes with the debris of epithelial cells
undergoing programmed cell death in the inner root sheath (IRS) and the companion layer
of the hair follicle. The IRS consists of three concentric layers, namely IRS cuticle, Huxley’s
layer and Henle’s layer. The companion layer surrounds the Henle’s layer and is considered
part of the outer root sheath (ORS) in most publications, whereas some papers assign it to
the IRS. The IRS supports the morphogenesis of the hair shaft and its cellular components
must disintegrate to allow the hair shaft to emerge from the skin surface [138,139]. The
differentiation-associated death of IRS and companion layer cells occurs at different levels
of the hair follicle, and the resulting debris fuses with the holocrine secretion products of
sebocytes [140].

The modes of cell death in the IRS and companion layer are only partially character-
ized. The deletion of DNase1L2 led to the aberrant retention of nuclear DNA in the IRS
cuticle [56], whereas nuclear DNA degradation in the isthmus of the follicle was blocked
by the deletion of DNase 2 [56]. According to histological studies, the epithelial cells of
the isthmus may be derived from the ORS and possibly represent terminally differentiated
cells of the companion layer [140–142]. The programmed death of IRS and companion
layer cells shares several features with holocrine secretion in the sebaceous glands. For
mechanistic comparisons, focused studies on this often neglected part of the pilosebaceous
unit are needed.

6. Holocrine Cell Death in Normal and Diseased Skin: Potential
Dermatological Implications

Cell death is an essential step of the secretion of sebum from normal sebaceous glands.
The potential dysregulation in diseases has not been explored in detail yet. Here, we discuss
changes of cell death in sebaceous gland abnormalities and effects of holocrine cell death
on sebum properties important for the etiology of skin diseases.

Acne is associated with defects in epithelial cell differentiation in the upper piloseba-
ceous unit [11,12,143,144]. The aberrant accumulation of cornified cells in the infundibulum
leads to the formation of comedones, which contain DNA diffusely labeled on histological
sections [14]. The dysfunction of degradative processes during holocrine secretion may
contribute to the initiation and the progression of the disease.

The degradation of cell components is critical for the establishment of the physico-
chemical properties of the sebum and important for its interactions with bacteria. The
breakdown of DNA decreases viscosity of liquids. Extracellular DNA released from skin
cells is able to form complexes with antimicrobial peptides, leading to a decrease in their
antibacterial and antiviral activity [145]. DNA is also a component of biofilms, and endoge-
nous enzymes such as DNase1L2, which is highly expressed in the sebaceous gland [146],
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suppress biofilm formation [147]. Importantly, biofilm formation involving extracellular
DNA is implicated in the pathogenesis by Cutibacterium acnes [148]. Yet, the contributions
of host DNA and DNases to acne are not known at present.

The differentiation-associated breakdown of intracellular material may be a strategy
to eradicate infectious material (viruses, endogenous retroviral elements, intracellular
bacteria), but it may also be utilized by infectious agents for their spread [149]. Sebaceous
glands have been identified as sites of bacterial and viral replication [150,151]. However,
the role of holocrine secretion in the control of infections remains to be investigated.

DNase2-mediated degradation of nuclear DNA during terminal sebocyte differenti-
ation leads to the generation and release of uric acid as a component of the sebum [56].
Since uric acid has been reported to function as a potent antioxidant and radical scav-
enger [152,153], programmed DNA degradation in sebocytes contributes to the mainte-
nance of redox homeostasis at the skin surface. The breakdown of nucleic acids and proteins
and the subsequent reactions provide a broad spectrum of metabolites, some of which are
nutrients for the skin microbiome. Three genes implicated in the metabolism and transport
of iron, namely HMOX1, SLC40A1 and HEPHL1 [154], are upregulated in differentiated
sebocytes (SEB3 cell population) [72], suggesting that iron may be recycled prior to se-
bocyte programmed cell death. Autophagy, which has been discussed as a regulator of
intracellular remodeling during sebocyte differentiation (Section 4.6), also affects the cellu-
lar metabolism and itself responds to both endogenous and exogenous stimuli [155–157].
The pathophysiological implications of holocrine secretion and the preceding metabolic
processes are still emerging.

7. Conclusions and Perspectives
In conclusion, holocrine secretion is a mode of programmed cell death that is essential

for the function of sebaceous glands. Mechanistically, holocrine death involves lysosomal
enzymatic activity and rupture of the cell membrane. Although regulatory roles of au-
tophagy and specific steps in DNA degradation during terminal differentiation of sebocytes
have been characterized, many aspects of this important process remain to be determined.

The following unresolved questions should be addressed: 1. How do lysosomes
contribute to sebocyte cell death? The activity labeling of lysosomal enzymes such as acid
phosphatase [158] can be used to localize intact lysosomes in sebaceous glands and to
infer their rupture by the loss of labeling. Immunolocalization of lysosomal proteins is an
approach to test the hypothesis of their release into the cytoplasm. Targeted deletions of
genes for lysosomal enzymes such as cathepsins in mouse models appears to be a promising
approach for deciphering the molecular mechanisms of lysosome-dependent degradation
in sebocytes. 2. How is the rupture of membranes controlled during holocrine secretion?
The deletion of candidate pore proteins, such as GSDMA and ninjurin, in sebocytes of
mice and in sebaceous gland models in vitro can be used to determine their roles. 3. Are
desmosomes actively degraded to detach cell remnants during holocrine secretion? This
question may be addressed by the deletion of candidate proteases or by applying protease
inhibitors of different specificity in sebaceous gland models, followed by the study of cell
fragments at sites of holocrine secretion. It will also be interesting to investigate potential
aberrations of this process in diseases of sebaceous glands. Addressing these and other
open questions will define the molecular control of programmed cell death in holocrine
glands with potential implications for skin care and the dermatological management of
highly prevalent skin diseases.

Author Contributions: Conceptualization, L.E., S.S. and H.F.; writing—original draft preparation,
L.E.; writing—review and editing, L.E., H.F. and S.S. All authors have read and agreed to the
published version of the manuscript.

https://doi.org/10.3390/cells15121058

https://doi.org/10.3390/cells15121058


Cells 2026, 15, 1058 11 of 17

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: We thank Erwin Tschachler for his contributions to the research on mechanisms
of cell death in the skin.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Liu, Y.; Butovich, I.A.; Garreis, F.; Zahn, I.; Scholz, M.; Gaffling, S.; Jabari, S.; Dietrich, J.; Paulsen, F. Comparative Characterization

of Human Meibomian Glands, Free Sebaceous Glands, and Hair-Associated Sebaceous Glands Based on Biomarkers, Analysis of
Secretion Composition, and Gland Morphology. Int. J. Mol. Sci. 2024, 25, 3109. [CrossRef]

2. Niemann, C.; Horsley, V. Development and homeostasis of the sebaceous gland. Semin. Cell Dev. Biol. 2012, 23, 928–936. [CrossRef]
3. Ford, N.C.; Benedeck, R.E.; Mattoon, M.T.; Peterson, J.K.; Mesler, A.L.; Veniaminova, N.A.; Gardon, D.J.; Tsai, S.Y.; Uchida, Y.;

Wong, S.Y. Hair follicles modulate skin barrier function. Cell Rep. 2024, 43, 114347. [CrossRef]
4. Elias, P.M.; Wakefield, J. The sebaceous gland revisited: Friend and adversary. SKINdeep 2025, 1, e166714. [CrossRef]
5. Li, D.; Zhou, Z.; Yang, X.; Zhang, Q.; Xu, J.; Zouboulis, C.C.; Xiang, Q.; Zhang, S. A Comprehensive Review: The Bidirectional

Role of Sebum in Skin Health. Bioengineering 2025, 12, 1333. [CrossRef]
6. Pfannkuche, H.; Maus, J.; Engel, K.M.; Schiller, J.; Schneider, M.R. Decoding sebaceous gland functions and diseases: Insights

from domestic animals. Vet. Res. Commun. 2026, 50, 197. [CrossRef] [PubMed]
7. Takeda, H.; Lyle, S.; Lazar, A.J.; Zouboulis, C.C.; Smyth, I.; Watt, F.M. Human sebaceous tumors harbor inactivating mutations in

LEF1. Nat. Med. 2006, 12, 395–397. [CrossRef] [PubMed]
8. North, J.P.; Golovato, J.; Vaske, C.J.; Sanborn, J.Z.; Nguyen, A.; Wu, W.; Goode, B.; Stevers, M.; McMullen, K.; Perez White, B.E.;

et al. Cell of origin and mutation pattern define three clinically distinct classes of sebaceous carcinoma. Nat. Commun. 2018,
9, 1894. [CrossRef]

9. Oulès, B.; Rognoni, E.; Hoste, E.; Goss, G.; Fiehler, R.; Natsuga, K.; Quist, S.; Mentink, R.; Donati, G.; Watt, F.M. Mutant Lef1
controls Gata6 in sebaceous gland development and cancer. EMBO J. 2019, 38, e100526. [CrossRef]

10. Owen, J.L.; Kibbi, N.; Worley, B.; Kelm, R.C.; Wang, J.V.; Barker, C.A.; Behshad, R.; Bichakjian, C.K.; Bolotin, D.; Bordeaux, J.S.;
et al. Sebaceous carcinoma: Evidence-based clinical practice guidelines. Lancet Oncol. 2019, 20, e699–e714. [CrossRef]

11. Williams, H.C.; Dellavalle, R.P.; Garner, S. Acne vulgaris. Lancet 2012, 379, 361–372. [CrossRef]
12. Clayton, R.W.; Göbel, K.; Niessen, C.M.; Paus, R.; van Steensel, M.A.M.; Lim, X. Homeostasis of the sebaceous gland and

mechanisms of acne pathogenesis. Br. J. Dermatol. 2019, 181, 677–690. [CrossRef]
13. Mosca, S.; Ottaviani, M.; Briganti, S.; Di Nardo, A.; Flori, E. The Sebaceous Gland: A Key Player in the Balance Between

Homeostasis and Inflammatory Skin Diseases. Cells 2025, 14, 747. [CrossRef]
14. Durgin, J.S.; Veniaminova, N.A.; Huyge, T.J.; Tsai, S.Y.; Fox, J.; Cai, Y.; Sarkar, M.K.; Tsoi, L.C.; Gudjonsson, J.E.; Wong, S.Y. Spatial

transcriptomics identifies differentiation, lipid metabolism, and retinoid pathway alterations in acne vulgaris. JCI Insight 2026,
11, e198021. [CrossRef]

15. Shi, V.Y.; Leo, M.; Hassoun, L.; Chahal, D.S.; Maibach, H.I.; Sivamani, R.K. Role of sebaceous glands in inflammatory dermatoses.
J. Am. Acad. Dermatol. 2015, 73, 856–863. [CrossRef] [PubMed]

16. Yin, H.; Qiu, Z.; Zhu, R.; Wang, S.; Gu, C.; Yao, X.; Li, W. Dysregulated lipidome of sebum in patients with atopic dermatitis.
Allergy 2023, 78, 1524–1537. [CrossRef] [PubMed]

17. Siqueira, R.A.G.B.; Hradkova, I.; Leite-Silva, V.R.; Andréo-Filho, N.; Lopes, P.S. Skin Lipids and Their Influence on Skin
Microbiome and Skin Care. ACS Omega 2025, 10, 28534–28546. [CrossRef]

18. Lippens, S.; Denecker, G.; Ovaere, P.; Vandenabeele, P.; Declercq, W. Death penalty for keratinocytes: Apoptosis versus
cornification. Cell Death Differ. 2005, 12, 1497–1508. [CrossRef]

19. Eckhart, L.; Lippens, S.; Tschachler, E.; Declercq, W. Cell death by cornification. Biochim. Biophys. Acta 2013, 1833, 3471–3480.
[CrossRef] [PubMed]

20. Matsui, T. Epidermal barrier development via corneoptosis: A unique form of cell death in stratum granulosum cells. J. Dev. Biol.
2023, 11, 43. [CrossRef]

21. Jones, L.A.; Harland, D.P.; Jarrold, B.B.; Connolly, J.E.; Davis, M.G. The walking dead: Sequential nuclear and organelle destruction
during hair development. Br. J. Dermatol. 2018, 178, 1341–1352. [CrossRef]

https://doi.org/10.3390/cells15121058

https://doi.org/10.3390/ijms25063109
https://doi.org/10.1016/j.semcdb.2012.08.010
https://doi.org/10.1016/j.celrep.2024.114347
https://doi.org/10.1553/skindeep.2025.166714
https://doi.org/10.3390/bioengineering12121333
https://doi.org/10.1007/s11259-026-11128-0
https://www.ncbi.nlm.nih.gov/pubmed/41824006
https://doi.org/10.1038/nm1386
https://www.ncbi.nlm.nih.gov/pubmed/16565724
https://doi.org/10.1038/s41467-018-04008-y
https://doi.org/10.15252/embj.2018100526
https://doi.org/10.1016/S1470-2045(19)30673-4
https://doi.org/10.1016/S0140-6736(11)60321-8
https://doi.org/10.1111/bjd.17981
https://doi.org/10.3390/cells14100747
https://doi.org/10.1172/jci.insight.198021
https://doi.org/10.1016/j.jaad.2015.08.015
https://www.ncbi.nlm.nih.gov/pubmed/26386632
https://doi.org/10.1111/all.15569
https://www.ncbi.nlm.nih.gov/pubmed/36308463
https://doi.org/10.1021/acsomega.4c11687
https://doi.org/10.1038/sj.cdd.4401722
https://doi.org/10.1016/j.bbamcr.2013.06.010
https://www.ncbi.nlm.nih.gov/pubmed/23792051
https://doi.org/10.3390/jdb11040043
https://doi.org/10.1111/bjd.16148
https://doi.org/10.3390/cells15121058


Cells 2026, 15, 1058 12 of 17

22. Schneider, M.R.; Paus, R. Sebocytes, multifaceted epithelial cells: Lipid production and holocrine secretion. Int. J. Biochem. Cell
Biol. 2010, 42, 181–185. [CrossRef]

23. Sukseree, S.; Bergmann, S.; Pajdzik, K.; Sipos, W.; Gruber, F.; Tschachler, E.; Eckhart, L. Suppression of epithelial autophagy
compromises the homeostasis of sweat glands during aging. J. Investig. Dermatol. 2018, 138, 2061–2063. [CrossRef]

24. Lee, Y.; Overholtzer, M. After-Death Functions of Cell Death. Yale J. Biol. Med. 2019, 92, 687–694. [PubMed]
25. Schneider, M.R. Rethinking Holocrine Secretion: Functional Logic in Lipid-Producing Epithelia. Am. J. Physiol. Cell Physiol. 2026,

330, C1647–C1650. [CrossRef] [PubMed]
26. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;

et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486–541. [CrossRef]

27. Montagna, W. An introduction to sebaceous glands. J. Investig. Dermatol. 1974, 62, 120–123. [CrossRef] [PubMed]
28. Niemann, C. Differentiation of the sebaceous gland. Dermato-Endocrinology 2009, 1, 64–67. [CrossRef]
29. Geueke, A.; Niemann, C. Stem and progenitor cells in sebaceous gland development, homeostasis and pathologies. Exp. Dermatol.

2021, 30, 588–597. [CrossRef]
30. Jang, Y.H.; Kim, S.L.; Lee, J.S.; Kwon, K.Y.; Lee, S.J.; Kim, D.W.; Lee, W.J. Possible existence of melanocytes or melanoblasts in

human sebaceous glands. Ann. Dermatol. 2014, 26, 469–473. [CrossRef]
31. Haid, B.; Schlögl, D.E.; Hermann, M.; Tripp, C.H.; Stoitzner, P.; Romani, N.; Flacher, V. Langerhans cells in the sebaceous gland of

the murine skin. Exp. Dermatol. 2015, 24, 899–901. [CrossRef]
32. Mattii, M.; Lovászi, M.; Garzorz, N.; Atenhan, A.; Quaranta, M.; Lauffer, F.; Konstantinow, A.; Küpper, M.; Zouboulis, C.C.;

Kemeny, L.; et al. Sebocytes contribute to skin inflammation by promoting the differentiation of T helper 17 cells. Br. J. Dermatol.
2018, 178, 722–730. [CrossRef]

33. Kobayashi, T.; Voisin, B.; Kim, D.Y.; Kennedy, E.A.; Jo, J.H.; Shih, H.Y.; Truong, A.; Doebel, T.; Sakamoto, K.; Cui, C.Y.; et al.
Homeostatic Control of Sebaceous Glands by Innate Lymphoid Cells Regulates Commensal Bacteria Equilibrium. Cell 2019, 176,
982–997.e16. [CrossRef] [PubMed]

34. Clayton, R.W.; Langan, E.A.; Ansell, D.M.; de Vos, I.J.H.M.; Göbel, K.; Schneider, M.R.; Picardo, M.; Lim, X.; van Steensel, M.A.M.;
Paus, R. Neuroendocrinology and neurobiology of sebaceous glands. Biol. Rev. Camb. Philos. Soc. 2020, 95, 592–624. [CrossRef]

35. Steele, L.; Foster, A.R.; Roberts, K.; Admane, C.; Birk, S.; Mazin, P.V.; Akbarnejad, A.; Tudor, C.; Rumney, B.; Chan, H.M.; et al.
Hidden immune memory niches in inflammatory skin diseases. bioRxiv 2026. [CrossRef]

36. Donati, G.; Rognoni, E.; Hiratsuka, T.; Liakath-Ali, K.; Hoste, E.; Kar, G.; Kayikci, M.; Russell, R.; Kretzschmar, K.; Mulder, K.W.;
et al. Wounding induces dedifferentiation of epidermal Gata6+ cells and acquisition of stem cell properties. Nat. Cell Biol. 2017,
19, 603–613. [CrossRef]

37. Swanson, J.B.; Vagnozzi, A.N.; Veniaminova, N.A.; Wong, S.Y. Loss of Gata6 causes dilation of the hair follicle canal and sebaceous
duct. Exp. Dermatol. 2019, 28, 345–349. [CrossRef]

38. Bernabé-Rubio, M.; Ali, S.; Bhosale, P.G.; Goss, G.; Mobasseri, S.A.; Tapia-Rojo, R.; Zhu, T.; Hiratsuka, T.; Battilocchi, M.; Tomás,
I.M.; et al. Myc-dependent dedifferentiation of Gata6+ epidermal cells resembles reversal of terminal differentiation. Nat. Cell
Biol. 2023, 25, 1426–1438. [CrossRef] [PubMed]

39. Klas, K.; Copic, D.; Direder, M.; Laggner, M.; Prucksamas, P.S.; Gruber, F.; Ankersmit, H.J.; Mildner, M. Transcriptional Differences
in Lipid-Metabolizing Enzymes in Murine Sebocytes Derived from Sebaceous Glands of the Skin and Preputial Glands. Int. J.
Mol. Sci. 2021, 22, 11631. [CrossRef]

40. Gardon, D.J.; Liu, C.J.; Veniaminova, N.A.; Kaartinen, V.; Wong, S.Y. A mouse model of meibomian gland hyperkeratinization-
induced dry eye. Dev. Biol. 2026, 534, 209–214. [CrossRef] [PubMed]

41. Eckhart, L.; Gruber, F.; Sukseree, S. Autophagy-Mediated Cellular Remodeling during Terminal Differentiation of Keratinocytes
in the Epidermis and Skin Appendages. Cells 2024, 13, 1675. [CrossRef] [PubMed]

42. Vanderwolf, K.; Kyle, C.; Davy, C. A review of sebum in mammals in relation to skin diseases, skin function, and the skin
microbiome. PeerJ 2023, 11, e16680. [CrossRef]

43. Lopes-Marques, M.; Machado, A.M.; Alves, L.Q.; Fonseca, M.M.; Barbosa, S.; Sinding, M.S.; Rasmussen, M.H.; Iversen, M.R.;
Frost Bertelsen, M.; Campos, P.F.; et al. Complete Inactivation of Sebum-Producing Genes Parallels the Loss of Sebaceous Glands
in Cetacea. Mol. Biol. Evol. 2019, 36, 1270–1280. [CrossRef]

44. Springer, M.S.; Gatesy, J. Evolution of the MC5R gene in placental mammals with evidence for its inactivation in multiple lineages
that lack sebaceous glands. Mol. Phylogenet. Evol. 2018, 120, 364–374. [CrossRef]

45. Smith, K.R.; Thiboutot, D.M. Thematic review series: Skin lipids. Sebaceous gland lipids: Friend or foe? J. Lipid Res. 2008, 49,
271–281. [CrossRef]

46. Dahlhoff, M.; Camera, E.; Schäfer, M.; Emrich, D.; Riethmacher, D.; Foster, A.; Paus, R.; Schneider, M.R. Sebaceous lipids are
essential for water repulsion, protection against UVB-induced apoptosis and ocular integrity in mice. Development 2016, 143,
1823–1831. [CrossRef]

https://doi.org/10.3390/cells15121058

https://doi.org/10.1016/j.biocel.2009.11.017
https://doi.org/10.1016/j.jid.2018.03.1502
https://www.ncbi.nlm.nih.gov/pubmed/31866783
https://doi.org/10.1152/ajpcell.00191.2026
https://www.ncbi.nlm.nih.gov/pubmed/42102388
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1111/1523-1747.ep12676775
https://www.ncbi.nlm.nih.gov/pubmed/4594422
https://doi.org/10.4161/derm.1.2.8486
https://doi.org/10.1111/exd.14303
https://doi.org/10.5021/ad.2014.26.4.469
https://doi.org/10.1111/exd.12803
https://doi.org/10.1111/bjd.15879
https://doi.org/10.1016/j.cell.2018.12.031
https://www.ncbi.nlm.nih.gov/pubmed/30712873
https://doi.org/10.1111/brv.12579
https://doi.org/10.64898/2026.03.20.713219
https://doi.org/10.1038/ncb3532
https://doi.org/10.1111/exd.13757
https://doi.org/10.1038/s41556-023-01234-5
https://www.ncbi.nlm.nih.gov/pubmed/37735598
https://doi.org/10.3390/ijms222111631
https://doi.org/10.1016/j.ydbio.2026.03.010
https://www.ncbi.nlm.nih.gov/pubmed/41850650
https://doi.org/10.3390/cells13201675
https://www.ncbi.nlm.nih.gov/pubmed/39451193
https://doi.org/10.7717/peerj.16680
https://doi.org/10.1093/molbev/msz068
https://doi.org/10.1016/j.ympev.2017.12.010
https://doi.org/10.1194/jlr.R700015-JLR200
https://doi.org/10.1242/dev.132753
https://doi.org/10.3390/cells15121058


Cells 2026, 15, 1058 13 of 17
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