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Abstract: The reproductive lifespan in humans is regulated by a delicate cyclical balance between
follicular recruitment and atresia in the ovary. The majority of the small antral follicles present in the
ovary are progressively lost through atresia without reaching dominance, but this process remains
largely underexplored. In our study, we investigated the characteristics of atretic small antral follicles
and proposed a classification system based on molecular changes observed in granulosa cells, theca
cells, and extracellular matrix deposition. Our findings revealed that atresia spreads in the follicle
with wave-like dynamics, initiating away from the cumulus granulosa cells. We also observed an
enrichment of CD68+ macrophages in the antrum during the progression of follicular atresia. This
work not only provides criteria for classifying three stages of follicular atresia in small antral follicles
in the human ovary but also serves as a foundation for understanding follicular degeneration and
ultimately preventing or treating premature ovarian failure. Understanding follicular remodeling in
the ovary could provide a means to increase the number of usable follicles and delay the depletion of
the follicular reserve, increasing the reproductive lifespan.

Keywords: human ovary; small antral follicle; follicular atresia; classification criteria; macrophage

1. Introduction

The human ovary is a dynamic endocrine and exocrine organ that undergoes pro-
found changes during the menstrual cycle. In addition to the cyclic secretion of female
reproductive hormones such as estrogen and progesterone, the ovary houses the entire
reserve of follicles and associated somatic niche that leads to the cyclic release of mature
oocytes [1].

Most follicles in the adult human ovary are dormant primordial follicles, composed
of one oocyte surrounded by a single layer of flat granulosa cells and separated from the
ovarian stromal compartment by a collagen-rich basement membrane. In addition, a group
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of small antral follicles of <5 millimeters (mm) in diameter can be distinguished in the adult
ovary at various stages of atresia (or degeneration) [1–4].

Different stages of follicular atresia have been described for several farm animals,
such as ungulates, and small mammals, such as rodents [3,5–8]. However, the duration
of the phases of the menstrual/oestrous cycle and associated ovarian phases (luteal and
follicular) is species-specific; hence, it remains unclear how similar the process of atresia is
between different mammalian species [9,10]. Most studies portray atresia of antral follicles
in the human ovary as a complex process that involves the initial death of granulosa cells,
characterized by the presence of pyknotic nuclei, followed by their detachment into the
antrum [5,11,12]. The association between granulosa cell death and follicular atresia has
prompted extensive investigations into the mechanism underlying granulosa cell death,
in particular via apoptosis, which results in fragmentation of genomic DNA [13,14]. In
addition to granulosa cell death, theca cell death during follicular atresia has been reported
in various species, such as bovine [15], rabbit [16], and rat [17]. In contrast to the obvious
apoptosis in oocytes in atretic unilaminar and preantral follicles, the oocyte within an atretic
antral follicle appears to retain a normal morphology for a period of time [18].

The dynamic behavior of theca cells and granulosa cells during human follicular
atresia remains poorly characterized and would benefit from further understanding and
classification. In the present study, we aimed to provide a comprehensive examination of
the morphological characteristics of different atretic follicles in the human ovary, along
with an analysis of molecular changes occurring in the different types of follicular cells,
including granulosa and theca cells, as well as extracellular matrix proteins and CD68+
macrophages during atresia. Based on our findings, we established robust classification
criteria to distinguish three levels of atresia in human small antral follicles.

2. Results
2.1. Characterization of Granulosa Cells in Type 1 Atretic Follicles in Adult Ovaries

Healthy small antral follicles presented different cell types, including the oocyte, two
types of granulosa cells (mural and cumulus), and a collagen-rich basement separating
the follicle from the stromal compartment [19] (Figure 1A). The stromal compartment, in
particular in the vicinity of the follicular basement membrane, is a complex and dynamic
mixture of cells, collectively known as theca cells, that change identity as the follicle grows,
together with macrophages and vasculature [20]. The theca cells develop to form a layer of
fibroblast-like external theca cells and a layer of internal theca cells that can be divided into
steroidogenic (STAR+) and non-steroidogenic (STAR−) theca cells [21,22] (Figure 1A).

Representing the earliest stage of atresia, in type 1 atretic small antral follicles mural
granulosa cells were still observed covering the entire inner perimeter of the basement
membrane, but the granulosa cells in contact with the basement membrane became more
columnar. In addition, the inner mural granulosa cells started to detach to the follicular fluid
and showed pyknotic nuclei. The basement membrane thickened and the internal theca
cells started to round up and showed an increased (hyaline) cytoplasmic area (Figure 1B).

The most prominent difference between type 1 atretic follicles and healthy follicles was
the degeneration of the mural granulosa cells (Figure 1C). The mural granulosa cells staring
from the opposite side to the cumulus region showed increased apoptosis, as evidenced
by a strong TUNEL signal in clusters of cells in the antrum and granulosa cells expressing
cleaved Caspase3 (cCASP3) in adult cis females (Figure 1C,D) and trans masculine small
antral follicles (Figure S1A). Moreover, decreased proliferation was evidenced by lower
numbers of mural granulosa cells and theca cells that were positive for MKI67 (or mKi67)
in adult cis females (Figure 1D) and trans masculine small antral follicles (Figure S1A). In
type 1 atretic follicles, the mural granulosa cells also showed a pronounced downregulation
of cell-cell adhesion molecule Cadherin 1 (CDH1) and lower expression of several markers
of granulosa cells, such as aromatase CYP19A1 responsible for the conversion of androgens
to estrogens [23], anti-Müllerian hormone (AMH) [24], and androgen receptor (AR) [25] in
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adult cis female (Figure 2A) and trans masculine small antral follicles (Figure S1A). The
pronounced downregulation of CYP19A1 suggested compromised estrogen synthesis.
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Figure 1. Follicular cell types in healthy small antral follicles and type 1 atretic follicles. (A) Overview
of the main follicular cell types, such as granulosa cells (GC) and theca cells (TC), and the follicular
structure of healthy small antral follicles. Yellow dashed line in the magnified hematoxylin-eosin-
stained inset (i) depicts the basement membrane. (B) Overview of the main follicular cell types and
structures in type 1 atretic follicles. In the magnified hematoxylin-eosin-stained inset: yellow arrow
points to a TC with hyaline area; green asterisks in the antral cavity mark GC showing pyknotic
nuclei; and yellow dashed line marks the basement membrane. (C) Immunofluorescence for cCASP3
and TUNEL in type 1 atretic follicle from cis female donors. Yellow arrows indicate the boundary of
apoptotic mural GC. White dashed line depicts the basement membrane. (D) Immunofluorescence
for cCASP3, TUNEL and MKI67 in healthy small antral follicles and type 1 atretic follicles from cis
female donors. White dashed line depicts the basement membrane.

2.2. Dynamics in the Theca Cell Layer and Oocyte in Type 1 Atretic Follicles in Adult Ovaries

We observed morphologically comparable oocytes in type 1 and healthy follicles
(Figure 2B). However, both theca cell layers (interna and externa) showed considerable
differences between healthy and type 1 atretic follicles. We observed a decreased expression
of STAR in the steroidogenic internal theca cells (iTC) as well as a decrease in ACTA2 (or
smooth muscle actin alpha 2) in the external theca cells (eTC) in type 1 atretic follicles in
adult cis females (Figure 2C) and trans masculine small antral follicles (Figure S1B). A
decrease in STAR expression suggested a decreased production of androgens [26]. Interest-
ingly, the levels of glutathione S-transferase alpha 1 (GSTA1), another enzyme involved
in steroidogenesis [27], expressed in mural granulosa cells, and steroidogenic iTC [21]
remained similar between healthy and type 1 atretic follicles in adult cis female (Figure 2C)
and trans masculine small antral follicles (Figure S1B).
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tween granulosa cells (GC) and internal theca cells (iTC); blue dashed line depicts the border be-
tween iTC and external theca cells (eTC). (D) Immunofluorescence for CD68 and COLIV in healthy 
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Figure 2. Granulosa and theca cells in healthy small antral follicles and type 1 atretic follicles from
cis female donors. (A) Immunofluorescence for CYP19A1, AMH, AR, and CDH1 in healthy small
antral follicles and type 1 atretic follicles from cis female donors. White dashed line depicts the
basement membrane. (B) Histological sections (hematoxylin-eosin-stained) of adult ovaries from
trans masculine donors depicting a healthy small antral follicle and type 1 atretic follicle containing
the oocyte (yellow arrow), magnified in the top-right part. (C) Immunofluorescence for STAR and
ACTA2 (top panels) and STAR and GSTA1 (bottom panels) in healthy small antral follicles and type 1
atretic follicles from cis female donors. White dashed line depicts the basement membrane between
granulosa cells (GC) and internal theca cells (iTC); blue dashed line depicts the border between
iTC and external theca cells (eTC). (D) Immunofluorescence for CD68 and COLIV in healthy small
antral follicles and type 1 atretic follicles from cis female donors. Yellow arrow points to CD68+
macrophages. White dashed line depicts the basement membrane.

Macrophages are known to play a phagocytotic role by removing cell debris after
apoptosis [28], hence we also investigated the presence of CD68+ macrophages in type 1
atretic follicles. In contrast to healthy follicles that did not contain CD68+ macrophages
within the theca cell layers, we observed that CD68+ macrophages were recruited to the
iTC of type 1 atretic follicles in adult cis female (Figure 2D) and trans masculine small
antral follicles (Figure S1C). In areas with a non-continuous COLIV+ basement membrane
containing a reduced number of attached mural granulosa cells in type 1 atretic follicles,
CD68+ macrophages were observed in the antral cavity (Figure S1C).

2.3. ACTA2+ Fibroblast-like Cells Coat the Antrum in Type 2 Atretic Follicles in Adult Ovaries

In type 2 atretic follicles, the basement membrane either included the area of cumulus
cells still loosely attached (type 2a) or contained no granulosa cells attached (type 2b)
(Figure 3A), depending on how the tissue is sectioned. We classified these two subtypes of
type 2 atretic follicles based on the presence of the cumulus area, while the mural granulosa
cells were present in both subtypes. Due to this morphological feature, type 2a atretic
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follicles appear strongly asymmetrical, as the granulosa cells in the inner perimeter of the
basement membrane are progressively replaced by a few layers of flat fibroblast-like cells
in the region away from the cumulus area (Figure 3A).
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Figure 3. Type 2 atretic follicles in human ovaries. (A) Overview of the main follicle-associated cell
types, including granulosa cells (GC) and theca cells (TC), and the structure of type 2 (2a and 2b)
atretic follicles. In the magnified hematoxylin-eosin-stained areas: yellow arrow points to a TC with
hyaline area; green asterisk in antral cavity marks GC showing pyknotic nuclei; and yellow dashed
line marks the basement membrane. (B) Immunofluorescence for MKI67, CYP19A1, AR, AMH,
CDH1, and type 2a atretic follicles from cis female donors. White dashed line depicts the basement
membrane. (C) Immunofluorescence staining for STAR and ACTA2 (left panels) and STAR and
GSTA1 (right panels) in type 2 atretic follicles from cis female donors. In the magnified areas: yellow
arrow points to the transition between ACTA2+ and ACTA2-areas bordering the antral cavity; white
dashed line depicts the basement membrane; blue dashed line depicts the border between internal
theca cells (iTCs) and external theca cells (eTC). (D) Immunofluorescence for CD68 and COLIV in
healthy small antral follicles and type 2 atretic follicles from cis female donors. Yellow arrows point
to CD68+ macrophages. White dashed line depicts the basement membrane.

The granulosa cells in type 2 atretic follicles continued to degenerate, as indicated by
TUNEL and cCASP3 in adult cis female (Figure 3B) and trans masculine small antral follicles
(Figure S2A). The granulosa cells also showed loss of CYP19A1 and CDH1, while retaining
low levels of AR, AMH, and MKI67 in adult cis females (Figure 3B) and trans masculine
small antral follicles (Figure S2B), comparable to those observed in type 1 atretic follicles.
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Notably, in the part of the follicle without cumulus granulosa cells, the flat fibroblast-
like cells in the inner perimeter of the basement membrane were strongly positive for
ACTA2 in adult cis female (Figure 3C) and trans masculine small antral follicles (Figure S2C).
In addition, a sharp border was present between flat ACTA2+-positive cells and the
granulosa cells at the basement membrane bordering the antral cavity (yellow arrows
in Figures 3C and S2C). The steroidogenic iTC expressed GSTA1 throughout the entire
follicular perimeter, but STAR expression was significantly decreased in the iTC in the
part of the follicle where the granulosa cells were replaced by the flat ACTA2+ cells
(Figures 3C and S2C). In type 2 atretic follicles, we detected a higher abundance of CD68+
macrophages in the antral cavity in the proximity of the flat (COLIV-rich) fibroblast-like
cells (Figures 3B and S2C).

2.4. In Type 3 Atretic Follicles the Antral Cavity Filled and the Oocyte Degenerated

In type 3 atretic follicles, the antral cavity of the degenerating small antral follicle was
progressively filled with a mesh of flat fibroblast-like cells. From single paraffin sections,
it was difficult to determine whether the antral cavity was completely filled; therefore,
we differentiated between two subtypes of type 3 atretic follicles: type 3a showed strong
asymmetry and a visible antral cavity partially filled by multiple layers of a loose mesh of
connective tissue, whereas in type 3b atretic follicles, the connective tissue filled the entire
antral cavity (Figure 4A). In type 3 follicles, the basement membrane continued to thicken
but was often interrupted in one large area (Figure 4A).

The connective tissue filling the antral cavity showed strong expression of ACTA2 and
COLIV, while their expression is downregulated upon closure in adult cis female (Figure 4B)
and trans masculine small antral follicles (Figure S3A). Moreover, the surrounding steroido-
genic iTC continued to express GSTA1 in adult cis females (Figure 4B) and trans masculine
small antral follicles (Figure S3A). The CD68+ macrophages appeared to be retained within
the connective tissue in type 3 atretic follicles in adult cis females (Figure 4B) and trans
masculine small antral follicles (Figure S3A).

In contrast to type 2 atretic follicles that seemed to retain the oocyte, the oocyte in type
3 atretic follicles appeared degenerated, and in type 3b atretic follicles, an empty acellular
structure, possibly the remaining of the zona pellucida, was visible (Figure 4C).

2.5. Quantification of Atretic Human Small Antral Follicles

Similar to the atretic small antral follicles observed in the ovaries of adult cis females
(n = 6 donors) and trans masculine donors (n = 27) (Table S1), we also confirmed the
presence of three morphologically distinguishable types of atretic small antral follicles in
the ovary of a cis female carrying a BRCA1 mutation (Figure S3B). In that ovary, follicular
degeneration was also more pronounced in the region distal to the cumulus granulosa in
type 2a atretic follicles (Figure S3B).

Access to relatively large histological sections of ovaries from trans masculine donors
(n = 6) and the cis female carrying a BRCA1 mutation (n = 1) (Figure 5A,B), compared with
the isolated follicles of cis female donors undergoing fertility preservation (Figure 5C),
allowed us to perform quantification of small antral follicles undergoing atresia (Figure 5D).
The quantification revealed that the majority (about 80%) of the small antral follicles present
in the ovaries analyzed (n = 7) were undergoing atresia, and from those, most were type 3b
atretic follicles (Figure 5D).

2.6. Morphological and Molecular Characteristics of Atretic Small Antral Follicles

Overall, the morphological changes observed during atresia of human small antral folli-
cles showed similarities with those reported in mammals, such as bovine [5,29], caprine [30],
rat [6], mouse [31], and guinea pig [8] (Table S2).

Based on our analysis, we summarized characteristics to differentiate small antral
follicles in different stages of atresia (Table 1). Healthy follicles had a well-defined layer of
mural granulosa cells (average 4.2 cell layer thick) with a low apoptotic index (1.1%) and a
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high mitotic index (31.5%), surrounded by an intact basement membrane and an iTC layer
of ellipsoidal-shaped cells with an average of 1.9 cell layer thick. Type 1 atretic follicles
contained a thinner mural granulosa cell layer (average 3.4 cell layer thick), with a higher
apoptotic index (21.9%) and a lower mitotic index (14.4%), but a thicker iTC layer with
round hyaline cells (average 3.7 cell layer thick). Type 2 atretic follicles were characterized
by an irregular and thinner mural granulosa cell layer with a high apoptotic index ranging
from 17.3–78.6% and a low mitotic index ranging between 4.6% and 0%, and the basement
membrane was not intact. Type 3 atretic follicles no longer contain an oocyte, and the
follicular cavity is filled with connective tissue. In addition to morphological parameters,
the expression level of specific markers used to visualize specific cell types in the follicle
can also be used to differentiate small antral follicles in different stages of atresia (Table 2).
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Figure 4. Type 3 atretic follicles in human ovaries. (A) Overview of the main follicle-associated cell
types, such as granulosa cells (GC) and theca cells (TC), and follicular structure in type 3 (3a and
3b) atretic follicles from adult ovaries. In the magnified hematoxylin-eosin-stained areas: yellow
dashed line marks the place of the basement membrane; yellow asterisks mark the place where
the basement membrane was ruptured; and black arrow points to the remnant of the antral cavity.
(B) Immunofluorescence for CD68, COLIV, ACTA2, STAR, and GSTA1 in type 3 atretic follicles from
cis female donors. White dashed line marks the basement membrane. Yellow asterisks mark the place
where the basement membrane was ruptured. (C) Histological sections (haematoxylin-eosin-stained)
of adult ovaries depicting type 2 and type 3 atretic follicles containing the oocyte or oocyte remnants
(yellow arrow), magnified in the top part.
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Figure 5. Quantification of healthy and atretic small antral follicles. (A) Overview of haematoxylin-
eosin-stained ovarian piece from a trans masculine donor. The labels correspond to distinct follicles.
(B) Overview of haematoxylin-eosin-stained ovarian piece from a BRCA1-carrier cis female donor.
The labels correspond to distinct follicles. (C) Overview of haematoxylin-eosin-stained ovarian
fragment from a cis female donor. The labels correspond to distinct follicles. (D) Quantification of
atresia in small antral follicles in ovaries of several trans masculine donors (D) separately and pooled
(tOVA) as well as in ovaries of one cis female BRCA1-carrier donor (cOVA).

Table 1. Morphological characteristics of atretic small antral follicles.

Tissue Features of
Small Antral Follicles

Healthy Type 1
Type 2 Type 3

Type 2a Type 2b Type 3a Type 3b

Follicle

total number of
follicles analysed 47 59 49 72 51 225

shape of follicle round/ellipsoid round/ellipsoid ellipsoid/irregular ellipsoid/irregular irregular irregular

size of follicle ±
SD (cm)

(size range)

2.2 ± 1.3
(0.8–5.0)

2.0 ± 0.8
(0.9–4.3)

1.6 ± 0.7
(0.5–3.6)

1.2 ± 0.7
(0.15–2.7)

0.5 ± 0.4
(0.08–2.1)

0.2 ± 0.1
(0.02–0.25)
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Table 1. Cont.

Tissue Features of
Small Antral Follicles

Healthy Type 1 Type 2 Type 3

Type 2a Type 2b Type 3a Type 3b

Mural
Granulosa

Cells
(mGC)

number of mGC
layers ± SD

(number range)

4.2 ± 1.1
(2–10)

3.4 ± 1.1
(1–9)

2.2 ± 0.9
(0–8) 0 0 0

thickness of
mGC ± SD (µm)

(size range)

32.5 ± 12.0
(10.0–91.1)

25.5 ± 10.4
(4.0–89.0)

16.5 ± 7.2
(0.0–75.0) 0 0 0

shape of mGC in
contact with BM round round/columnar columnar/flat n/a n/a n/a

apoptotic index
(% TUNEL+
mGCs) ± SD
(index range)

1.1 ± 1.5
(0.0–3.9)

21.9 ± 10.1
(6.0–32.7)

17.3 ± 10.6
(6.0–38.0)

78.6 ± 5.9 (in
cavity)

(75.0–81.8)
0 0

mitotic index (%
MIK67+ mGCs)

± SD
(index range)

31.5 ± 3.9
(26.6–40)

14.4 ± 6.8
(7.3–25)

4.6 ± 2.0
(2.3–6.7) 0 0 0

Basement
Membrane

(BM)

BM integrity intact intact not intact not intact ECM
deposition

ECM
deposition

thickness of BM + + ++ ++ +++ +++

Internal
Theca

Cells (iTC)

number of
(GSTA1+) iTC
layers ± SD

(number range)

1.9 ± 0.6
(1–4)

3.7 ± 1.5
(1–7)

4.8 ± 1.4
(2–10)

3.3 ± 1.1
(2–8)

2.5 ± 0.6
(2–5)

1.4 ± 1.3
(0–4)

thickness of
(GSTA1+) iTC ±

SD (µm)
(size range)

16.1 ± 6.0
(8.0–32.9)

34.2 ± 13.6
(8.0–75.1)

39.3 ± 16.8
(15.0–91.9)

27.9 ± 8.7
(15.0–62.3)

24.9 ± 5.0
(18.5–40.8)

12.8 ± 11.6
(0–5)

shape of iTC ellipsoid round
(hyaline) round (hyaline) round (hyaline) elongated elongated

orientation of
(GSTA1+) iTC
relative to BM

parallel parallel parallel parallel perpendicular perpendicular

Macrophages accumulation ovarian stroma iTC layer follicular cavity follicular cavity

connective
tissue in
follicular

cavity

connective
tissue in
follicular

cavity

Oocyte

shape of zona
pellucida round round round/irregular round/irregular irregular irregular

presence
of oocyte yes yes yes yes no no

Abbreviations: ECM, extra cellular matrix; SD, standard deviation; mm, micrometer; +++, high expression; ++,
moderate expression; +, low expression.

Table 2. Expression levels of markers of interest in specific cell types in atretic small antral follicles.

Cell Type Markers Used Healthy Type 1
Type 2 Type 3a

Type 2a Type 2b Type 3a Type 3b

Mural Granulosa
Cells (mGC)

MKI67 +++ + +/− − − −
cCASP3 − ++ ++ ++ (in cavity) − −
TUNEL − ++ ++ ++ (in cavity) − −

CYP19A1 +++ + − − − −
AMH +++ + +/− − − −

AR ++ ++ +/− − − −
CDH1 +++ + − − − −
GSTA1 ++ ++ +/− − − −
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Table 2. Cont.

Cell Type Markers Used Healthy Type 1
Type 2 Type 3a

Type 2a Type 2b Type 3a Type 3b

Internal Theca
Cells (iTC)

COLIV + ++ ++ ++ ++/− −
ACTA2 − − ++/− ++ +++/+ +
STAR +++ ++ + +/− +/− +/−

GSTA1 +++ +++ +++ +++ ++ ++

External Theca
Cells (eTC) ACTA2 +++ ++ ++/+ + + +

Macrophages CD68 +/− ++ +++ +++ ++ ++

Abbreviations: +++, high expression; ++, moderate expression; +, low expression; −, no expression.

3. Discussion

The vast majority of follicles in the human ovary undergo atresia, but our understand-
ing of this process remains limited. Increasing our knowledge on the regulation of this
process could aid in the preservation of the follicular reserve and postpone exhaustion of
the ovary. In the present study, we established classification criteria for human small antral
follicle atresia based on their morphological and molecular characteristics. During the early
stages of atresia (type 1), the mural granulosa cells bordering the antral cavity become loose
and pyknotic (antral atresia). In bovine ovaries, a different type of early follicular atresia
has also been described, where the most basal granulosa cells degenerate while granulosa
cells in contact with the antral cavity remain healthy (basal atresia) [11,12], a phenomenon
not observed in our current study in humans. During the intermediate stage (type 2),
the granulosa cells detached from the basement membrane and were removed from the
follicle. In the final stage (type 3), the atretic follicles reduced in size, and fibroblast-like
cells gradually filled the narrowing antral cavities.

Granulosa cell death is a well-known process during follicular atresia of antral follicles
that occurs primarily via apoptosis [4,11,14]. Our study confirmed apoptosis (cCASP3
and TUNEL) in mural granulosa cells in type 1 atretic follicles. In addition, type 1 atretic
follicles showed a decrease in CYP19A1, AMH, AR, CDH1, and MKI67 expression in
granulosa cells with normal morphology. This suggested that using a combination of these
markers could be used to distinguish early (type 1) atretic follicles from healthy follicles.
Several studies on animals have also reported a reduced expression of the aromatase
CYP19A1 in atretic follicles [32,33]. Our findings suggested that this reduction occurred
rapidly at an early stage (type 1), indicating an early loss of estrogen synthesis in granulosa
cells. This loss hinders granulosa cell proliferation and may impair the activity of AR
and AMH in promoting antral follicular growth [24,25], ultimately contributing to its
degeneration. Additionally, reduced CDH1-mediated cell-cell adhesion and disrupted gap
junctions, observed using electron microscopy in mice [34], accounted for the detachment
of granulosa cells, causing further degeneration.

While granulosa cells have been extensively studied during ovarian follicular atresia,
the role of theca cells has received less attention. In type 1 atretic follicles, the iTC displayed
a rounder shape with large hyaline areas, which can serve as a reference feature for
identifying early follicular atresia. Furthermore, the expression of STAR, a marker of
steroidogenesis, was strongly downregulated in iTC already in type 1 atretic follicles, in
contrast with the stable expression of GSTA1 in steroidogenic iTC during atresia. Reduced
expression of STAR in steroidogenic iTC may impair the transport of cholesterol and the
downstream synthesis of testosterone [26]. Impaired cholesterol transport may lead to its
accumulation, possibly giving rise to the hyaline areas in the cell. Testosterone produced by
steroidogenic iTC can be delivered to granulosa cells to synthesize estrogen and maintain
their growth [35]. Thus, it is possible that reduced testosterone synthesis in steroidogenic
iTC may trigger or accelerate granulosa cell degeneration.

Unlike steroidogenic iTC, eTC are smooth-muscle-like cells that play an important
role in supporting the spherical shape of the growing follicle by providing extracellular
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matrix [26]. We noticed that atretic follicles tend to lose their spherical shape and collapse
during the type 2 stage, when a pronounced decrease in ACTA2 is observed in the eTC.
Indeed, since ACTA2 is positively associated with extracellular matrix production and
stiffness in several tissues [36,37], the decrease of ACTA2 in the eTC may be responsible for
the observed follicular collapse. Interestingly, a population of fibroblast-like cells expressing
relatively high levels of ACTA2 populated the inner perimeter of the basement membrane
in type 2 atretic follicles and gradually filled the antral cavity. We speculate that these cells
originate from non-steroidogenic iTC bordering the basement membrane. Our hypothesis
is supported by two observations: first, there was no evidence of iTC cell death; and
second, the ACTA2+ cells were always surrounded by a layer of GSTA1+ steroidogenic
iTC. Although the involvement of non-steroidogenic iTC in the process of atresia remains
to be determined, we demonstrate that the dynamics of ACTA2 expression are helpful
biomarkers in determining the different stages of follicular atresia.

Immune cells are known to be involved in follicle atresia [38]. In agreement, we
observed the recruitment of CD68+ macrophages at the onset of follicular atresia (type 1)
and showed that they remained present until late atresia (type 3). In type 1 atretic folli-
cles, CD68+ macrophages were present in the iTC layer and penetrated into the antral
cavity as the COLIV+ basement membrane became discontinuous. Prior to the presence of
macrophages in the antral cavity, neighboring granulosa cells may help clear the degenerat-
ing granulosa cells, as described in rodents [34,39]. We speculate that CD68+ macrophages
entering the antral cavity exhibit phagocytic clearance functions, whereas during late atresia
they may acquire restorative functions, in line with observations of macrophages exhibiting
different phenotypes in different environments [40,41]. Further investigation is necessary
to explore the presence of additional immune cells during the process of follicular atresia
in humans.

Our study has several limitations. Our classification criteria were developed using
ovaries from both cis females (n = 7) and trans masculine donors (n = 27). The donor
population was heterogeneous regarding age, duration of hormonal treatment, and type of
hormonal treatment, but the large number of donors (n = 34) allowed us to determine and
characterize the main cell types associated with the different stages of atresia in small antral
follicles. Moreover, the ovaries analyzed from trans masculine donors and BRCA1-carrier
were intact, enabling us to observe the complete spectrum of follicles in a single histological
section and allowing robust quantification. By contrast, ovarian tissue available from
cis female donors undergoing fertility preservation was fragmented, and each fragment
typically contained just 1–2 small antral follicles (Figure 5A–C), allowing measurements
but not adequate for quantification of follicles. Our classification criteria did not take
the molecular characterization of the degenerating oocyte into account, as due to the size
difference between the oocyte and the small antral follicle, oocytes were mostly absent from
the paraffin sections analyzed. Finally, atresia also occurs in pre-antral follicles and large
antral follicles, but those were not taken into account in the present study.

In conclusion, our study proposes classification criteria for human follicular atresia
based on the morphological and molecular characteristics of the different somatic cell
types associated with the follicle (granulosa cells, theca cells, and immune cells). Our
findings not only enhance our understanding of human follicular degeneration, providing
a broader insight into the complex process of follicular atresia, but can also prove beneficial
to improve research on infertility and ovarian disorders, such as premature ovarian failure.

4. Materials and Methods
4.1. Study Population and Tissue Collection

This study included ovarian tissue from: 27 trans masculine donors who underwent
gender affirming oophorectomy at the Amsterdam University Medical Center and were on
gender-affirming hormone treatment with testosterone for at least 1 year; 1 BRCA1-carrier
cis female who underwent prophylactic oophorectomy at the Leiden University Medical
Center; and ovarian tissue from 6 cis female donors collected from rest material from
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ovarian medulla/inner cortex tissue after the ovaries, collected by elective ovariectomy,
was used for fertility preservation purposes at the Leiden University Medical Center
(Table S1). After surgery, the ovaries of trans masculine donors and the ovarian medulla
fragments of cis female donors that remained after fertility preservation procedures were
kept in ice-cold saline solution and transferred to the laboratory at Leiden University
Medical Center within 1–2 h.

4.2. Histology

Freshly collected ovaries were cut into several pieces and fixed in 4% paraformalde-
hyde (Merck, Darmstadt, Germany) in PBS overnight at 4 ◦C. The tissue pieces were washed
3 × 30 min with PBS, transferred to 70% ethanol, and embedded in paraffin using a Shan-
don Excelsior tissue processor (Thermo Fisher Scientific, Waltham, MA, USA). Following
embedding, the tissue was sectioned (5 µm) with an RM2065 microtome (Leica Instruments
GmbH, Wetzlar, Germany) and pasted onto StarFrost microscope slides (3057-1, Walde-
mar Knittel, Braunschweig, Germany). Staining with hematoxylin and eosin (H&E) was
performed on the sections using a standard protocol. In the present study, H&E staining
was performed on 69 sections from 34 donors (39 sections from 27 trans masculine donors,
3 sections from 1 BRCA1-carrier cis female donor, and 27 sections from 6 cis female donors
undergoing fertility preservation).

4.3. Immunofluorescence

Tissue sections were deparaffinized in xylene (Merck), rehydrated in ethanol using
a sequential dilution, and finally rinsed in distilled water. The sections were then treated
with Tris-EDTA buffer (10 mM Tris, 1mM EDTA solution, pH 9.0) and heated for 12 min
at 98 ◦C in a microwave (TissueWave 2 Microwave, Thermo Fisher Scientific). After
cooling down, the sections were washed with PBS (2 × 5 min) and with 0.05% Tween-20
(822184, Merck) in PBS (PBST) (5 min). To prevent non-specific binding of antibodies,
tissue sections were incubated with 1% BSA (A8022-100G, Life Technologies, Eugene, OR,
USA) in PBST (blocking solution) for 1 h at room temperature (RT), followed by overnight
incubation at 4 ◦C with primary antibodies diluted in blocking solution. The primary
antibodies used were mouse anti-CYP19A1 (1:100, sc-374176, Santa Cruz, Dallas, TX, USA),
mouse anti-AR (1:100, sc-7305, Santa Cruz), mouse anti-AMH (1:100, MCA2246T, BioRad,
Hercules, CA, USA), rabbit anti-CDH1 (1:100, CST3195S, Cell Signaling, Danvers, MA,
USA), rabbit anti-MKI67 (1:100, ab15580, Abcam, Cambridge, UK), rabbit anti-cCASP3
(Asp175) (1:100, CST9661S, Cell Signaling), rabbit anti-COLLIV (1:100, AB748, Merck),
mouse anti-CD68 (1:100, M087629-2, DAKO, Glostrup, Denmark), rabbit anti-ACTA2 (1:100,
ab5694, Abcam), mouse anti-STAR (D-2) (1:100, sc-166821, Santa Cruz), rabbit anti-GSTA1
(1:100, HPA053817, Atlas Antibodies, Bromma, Sweden). Thereafter, tissue sections were
rinsed with PBS (2 × 5 min), and PBST (5 min) and incubated with secondary antibodies
and 4′,6-diamidino-2-phenylindole (DAPI) (1:500, Life Technologies) in blocking solution
for 1 h at RT. The secondary antibodies used were Alexa Fluor 488 donkey anti-rabbit
IgG (1:500, A-21206, Life Technologies), Alexa Fluor 594 donkey anti-mouse IgG (1:500,
A-21203, Life Technologies), and Alexa Fluor 647 donkey anti-goat IgG (1:500, A-21447,
Life Technologies). For TUNEL staining, we used the In Situ Cell Death Detection Kit
(FITC) (11684817910, Roche, Mannheim, Germany) following the manufacturer’s protocol.
ProLong Gold (P36930, Life Technologies) was used for section mounting.

4.4. Imaging

The H&E-stained slides were scanned using a Panoramic 250 digital scanner (3DHIS-
TECH, Budapest, Hungary) and viewed with CaseViewer v2.4.0 (3DHISTECH, Budapest,
Hungary). The immunofluorescence-stained slides were scanned using a ZEISS Axioscan
7 digital scanner (ZEISS, Jena, Germany) and viewed with ZEN v3.3.0 (ZEISS). Confocal
fluorescence images were acquired with a TC SP8 inverted confocal microscope (Leica),
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using an ×40 oil immersion objective and LAS X v3.7.4 (Leica). Figures were assembled
using Adobe Illustrator v25.2.3 (Adobe, San Jose, CA, USA).

4.5. Follicular Measurements and Quantification

We identified 503 small antral follicles (<5 mm) in ovarian sections of 34 donors and
investigated morphological features such as the shape of the follicles, the morphology of
granulosa cells, internal theca cells and oocytes, and the integrity of the basal membrane
(Table 1). Using the built-in ruler tool in CaseViewer v2.4.0 software (3DHISTECH, Bu-
dapest, Hungary), we measured the follicle diameter, thickness, and number of cell layers
in the mural granulosa cells (averaged from the thinnest and thickest regions). We also
calculated the mitotic index (MKI67-positive cells) and apoptotic index (TUNEL-positive
cells) in three follicles (n = 3) per follicular type. We used the line tool in ZEN v3.3.0
software (Zeiss, Köln, Germany) to measure the thickness and number of cell layers in
the GSTA1+ theca cells (averaged from the thinnest and thickest regions). To quantify
the different types of atretic small antral follicles, we used six transmasculine and one
BRCA1-carrier donor, each with three randomly selected H&E-stained slides from different
parts of the ovary. Based on the morphological criteria described in this study, we counted
and classified all small antral follicles (<5 mm) in those slides into: healthy follicles, type 1
atretic follicles, type 2 (2a of 2b) atretic follicles, and type 3 (3a or 3b) atretic follicles.
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www.mdpi.com/article/10.3390/ijms242316846/s1.
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