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Abstract

It has been previously shown that the cytokine interleukin 33 is required for two processes, i.e., autophagic digestion of granulosa cells and
recruitment of macrophages into atretic follicles, for full disposal of atretic follicles. Now, this study shows that activation of interleukin 33-
suppression of tumorigenicity 2–Nuclear Factor KB (NFκB) axis in granulosa in early atretic follicles may regulate those two events. Injection
of human chorionic gonadotropin has been shown to induce a transient peak of interleukin 33 expression with synchronized atresia. In this
model, interleukin 33-independent expression of suppression of tumorigenicity 2 in granulosa cells was detected in early atretic follicles before
macrophage invasion. The activation of NFκB pathway in ovaries was further demonstrated in vivo in Tg mice with luciferase-reporter for NFκB
activation; the activation was microscopically localized to granulosa cells in early atretic follicles. Importantly, antibody blockage of interleukin
33 or interleukin 33 Knock-out (KO) (Il33−/−) not only inhibited NFκB activity in ovaries, but it also altered expression of two key genes, i.e.,
reduction in proinflammatory interleukin6 (IL6) expression, and a surge of potential autophagy-inhibitory mammalian target of rapamycin (mTOR)
expression in atretic follicles. By contrast, apoptosis and other genes, such as interleukin1β (IL1β) were not affected. In conclusion, in parallel to
apoptosis, atresia signals also trigger activation of the interleukin 33-suppression of tumorigenicity 2–NFκB pathway in granulosa, which leads
to (1) down-regulated expression of mTOR that is a negative regulator of autophagy and (2) up-regulated expression of proinflammatory IL6.

Summary Sentence
Interleukin 33–suppression of tumorigenicity 2–NFκB axis is activated in granulosa cells of early atretic follicles to downregulate mTOR, which,
in turn, intensifies autophagic digestion of atretic follicles for self-disposal.

Graphical Abstract
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Introduction

Follicular atresia is a complex, hormonally controlled process
that is initiated with apoptosis in oocytes and granulosa cells
[1]. Oocytes develop within ovarian follicles, but the majority
will be eliminated through atresia, with only one dominant
follicle selected for ovulation in mono-ovulatory species, or
a cohort in poly-ovulatory species. It is important to fully
dispose of those dying and unnecessary follicles. Autophagy
allows elimination of a large number of cells in a process
involving extensive tissue destruction [2], and its involve-
ment in disposal of atretic follicles has been suggested [3–
7]. A previous study has demonstrated that autophagy is a
major mechanism for disposal of atretic follicles in parallel
to apoptosis in mice [8]. This was achieved by observing an
increase LC3II/LC3I ratio and autophagosomes within the
granulosa cells of early atretic follicles. LC3 (microtubule-
associated proteins 1A/1B light chain 3B) is a central protein in
the autophagy pathway with two forms LC3I and LC3II. The
transformation of LC3I to LC3II is critical for the formation
of autophagosomes, and thus, an increase LC3II/LC3I ratio is
a reliable measurement for autophagy activity [9]. This obser-
vation was further corroborated by the direct detection of
the unique, two-layer structure of autophagosomes within the
cytoplasm of granulosa cells in atretic follicles using electron
microscopy [8, 10]. Involvement of autophagy in atresia was
also reported by a recent study in rats [11]. In addition, a
previous study has also detected two subsets of macrophages,
i.e., IA/IE+ and CD68+ that invade atretic follicles at early
and after middle stage, respectively, possibly to clean up the
remnants from autophagic digestion [8, 12].

Our previous study has determined that cytokine inter-
leukin 33 (IL33) is critical for the above two events, i.e.,
autophagy and macrophage invasion for disposal of atretic
follicles. IL33 is a member of the IL1 cytokine family [13]. It
is first stored in the nuclei, and a cytokine domain of 20kd is
released after cleavage [14]. Protein suppression of tumori-
genicity 2 (ST2) pairs with IL1-receptor-accessary-protein
(IL1RAP, a common co-receptor for all IL1 cytokines) to form
the receptor for IL33, which triggers the NFκB transcription
pathway [15]. Beyond its roles in immune regulation, previous
studies have shown its unique role in tissue homeostasis [8,
16–18]. Through comparison between WT and Il33−/− mice,
it was demonstrated that IL33 orchestrates the two processes
for full disposal of atretic follicles. Thus, Il33−/− ovaries
show a lack of autophagy in granulosa cells and absence
of macrophages in atretic follicles [8]. Although apoptosis
occurs normally in Il33−/− ovaries, atretic follicles collapse,
leading to accumulation of massive disintegrated cells and
tissues, which produce lipofuscins and other reactive oxidative
species (ROS). Those toxic substances, in turn, diffuse into
surrounding normal follicles. Consequently, Il33−/− female
mice show significantly shrunken oocyte reservoirs at their
reproductive peak, and have a greatly shortened reproductive
life [8]. It was concluded that IL33 is critical for the above two
events, i.e., autophagy and macrophage invasion for disposal
of atretic follicles.

This study is designed to further elucidate how IL33 regu-
lates autophagy and macrophage invasion during atresia, with
a focus on activation of the IL33–ST2-NFkB axis in atretic
follicles. First, it is important to note, regulation of autophagy
is mainly through cellular protein modification or signal

transduction pathways, e.g., mTOR, but less dependent on up-
regulation of expression of autophagy related genes, such as
Atgs [19–21]. mTOR is particular interesting, as it is not only a
potential regulator for autophagy, but also cross-talks with the
NFκB pathway [22–27]. Secondly, a previous study has shown
a surge of IL33 expression in ovaries post-equine chorionic
gonadotropin (eCG)/human chorionic gonadotropin (hCG)
treatment, which is associated with a wave of atresia after 13 h
[16]. Another study has revealed silencing of NFκB activity in
ovulating follicles, and thus, NFκB activity after hCG injection
was unlikely related to ovulation [28]. Treatment of hCG
associated surge of IL33 provides an opportunity to examine
the IL33–ST2–NFκB axis and its possible roles in atresia.
Third, apoptosis is well recognized as the first sign of atresia.
It has been shown that the invasion of IA/IE+ macrophages
into atretic follicles shortly after apoptosis. Thus, apoptosis
and IA/IE+ macrophage invasion are used as markers to
distinguish those early atretic follicles for examination of the
NFκB pathway.

Materials and methods

Mice and their treatment

The C57BL/6 (B6) mice were purchased from Harlan (Indi-
anapolis, IN, USA). Il33tm1(KOMP)Vlcg (Il33−/−) mice were
created from ES cell clone 12663E-H2 (Regeneron Phar-
maceuticals, Rensselaer, NY, USA) and introduced into live
mice by the KOMP Repository and the Mouse Biology Pro-
gram (www.mousebiology.org) at the University of California
Davis. Il33−/− and their Il33+/− and WT littermates were
identified through genotyping as described previously [8].
Tg(NFkB-RE-Luc) mice, which carry a transgene containing six
NFκB-responsive elements (RE) from the CMVα (immediate
early) promoter placed upstream of a basal SV40 promoter,
and a modified firefly luciferase cDNA, were obtained from
Taconic BioSciences (Rensselaer, NY, USA). The mice were
maintained in the animal facility at The University of Texas
Health Science Center at Houston and allowed to acclimate
for a minimum of 7 days. All animal procedures in this study
were approved by the institutional animal welfare committee.
Ovaries were harvested and fixed in 2% paraformaldehyde
or snap-frozen in liquid nitrogen. In some cases, ovaries were
used for isolation of total RNA (Ambion, Austin TX, USA).
For eCG/hCG injection, the animals were injected with eCG
(Sigma, St. Louis, MO, USA) at 5 IU/mouse intraperitoneally
(i.p.), followed by i.p. injection of hCG, 5 IU/mouse (Sigma,
St. Louis, MO, USA) 48 h later. Mice were sampled at 9 h or at
designated times. For injection of neutralizing IL33 antibody
(rat monoclonal antibody, R&D), each mouse (8 weeks old)
was injected through a tail i.v. at a dose of 0.1 mg/mouse 24 h
before eCG/hCG treatment [20]. A control group of mice were
injected with rat IgG as isotype controls.

Whole body scanning and microscopic localization
of luciferase-mediated bioluminescence

The Tg(NFkB-RE-Luc) female mice (8–10 weeks) were treated
by eCG/hCG, or randomly selected. Four age-matched
male Tg(NFkB-RE-Luc) mice and three B6 female mice were
used as controls. Mice were i.p. injected with D-luciferin
(10 μg/g bodyweight, PerkinElmer, Waltham, MA, USA). Mice
were scanned by IVIS® Spectrum In Vivo Imaging System
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(PerkinElmer) for the whole-body luminescent density 10–
15 min after injection. In a separate experiment, five treated
Tg(NFkB-RE-Luc) female mice were euthanized at 9 h after hCG
injection, and their ovaries snap frozen in liquid nitrogen. Ten
micrometer frozen sections were cut for microscopic detection
of luminescence. Briefly, after mounting on slides, 10 μL of
D-luciferin from a Luciferase Assay System kit (Promega,
Madison, WI, USA) was added to the section and equilibrated
for 2 min according to manufacturer’s protocol; the slide was
then sealed with a 0.1 mm space between slide and cover.
Selected areas of the section were first imaged (phase contrast
image, x200), followed by luminescence image exposure in
darkness for 30 s. In some cases, the sections were stained by
multi-color immunofluorescence using antibody to luciferase
in combination with anti-ZP3 antibody.

Antibodies

The antibodies from BD Biosciences (San Jose, CA, USA)
include biotin labeled anti-mouse IA/IE (rat IgG2a, 2G9)
and Alexa-488-labeled anti-mouse F4/80 (rat IgG2a, BM8).
Allophycocyanin (APC)-labeled anti-mouse ST2 mAb were
obtained from Biolegend (San Diego, CA, USA). Biotinylated
anti-mouse IL33 antibody and rat anti-mouse IL33 mAb
(neutralizing) were from R&D System (Minneapolis, MN,
USA) or ProSci (Charleston, SC, USA). Goat anti-luciferase
polyclonal antibody was from ThermoFisher (Waltham,
MA, USA), and purified anti-ZP3 (IE-10) mAb from Sigma-
Aldrich (St. Louis, MO, USA). Secondary reagents Alexa-
555, Alexa-594 and Alexa-647-labeled (Life Technologies,
Carlsbad, CA, USA) and PE labeled (BD Biosciences)
streptavidin were used to visualize biotin labeled Abs. Biot-
in/avidin and anti-mouse CD16/32 mAb (D34-485, BD Bio-
sciences) were used for blocking non-specific binding. Various
immunoglobulin isotypes used as negative controls were from
BD Biosciences.

Immunofluorescence and quantitation of cells on
sections

Ovaries, fixed or non-fixed depending on activity of the
antibodies to be used, were used for 3 μm cryosections. Prior
to staining, all sections were blocked in 3% BSA with mAb
to CD16/32. For multi-color staining, antibodies which were
directly conjugated to a fluorescent dye were used. If biotin
labeled antibodies were used, this antibody was used for the
first staining after blocking with a biotin and avidin blocking
kit from Vector BioLab (Philadelphia, PA, USA). Fluorescent
dye-labeled streptavidin was then used as secondary reagent.
Due to general high autofluorescence background in ovaries,
we used APC labeled antibodies for staining ST2 and mTOR,
because the APC emission peak is close to near infrared
where ovaries do not emit autofluorescence. We designated
purple color for APC. In each case, staining included an Ig
isotype control. The sections were observed by a fluorescent
microscope (Nikon Eclipse Ni, Tokyo, Japan) or a confocal
microscope (Nikon Eclipse Ti), and digital images were cap-
tured and analyzed with NIS Elements 3.2 from Nikon. For
quantitation of ST2+ cells, consecutive images were captured
with a Nikon Instruments Eclipse 80i with motorized stage,
and combined to a single image of the entire section at x200.
On captured images, each follicle was outlined and total gran-
ulosa cells and those of ST2+ were counted and calculated as
% of ST2+ cells (i.e., ST2+ granulosa/total granulosa x100).

ST2+ cells in interstitial tissue with area 50 × 50 μm2 were
also counted.

Classification of early atretic follicles

We have previously shown that autophagy and macrophage
invasion occur at early stages of atresia. Classification of
early atretic follicles was established by using a combi-
nation of two markers, i.e., TUNEL in oocytes/granulosa,
and IA/IE+ macrophage invasion of follicles: (1) normal,
TUNEL−IA/IE−; (2) early stage, TUNEL+IA/IE−; and (3)
early-middle stage, TUNEL−IA/IE+ [8, 16]. Immunofluores-
cent TUNEL was performed with a kit (In Situ Cell Death
Detection Kit, Fluorescein Roche, Nutley, NJ, USA), and was
co-stained with other markers. For the best morphology of
atretic follicles, TUNEL was also performed by immunohisto-
chemistry (IHC) on one of serial sections to match with other
immunofluorescent markers. Immunofluorescence on zona
pellucida (ZP) was sometime used as an additional marker.

Detection of genome wide gene expression in
ovaries post eCG/hCG treatment

After treatment with eCG/hCG, ovaries from three mice were
harvested at each time point (i.e., 0, 6, 9, 13 h). One was imme-
diately used for isolation of total ovarian RNA, and 300 ng
were used for amplification and purification with Illumina
TotalPrep RNA Amplification Kit (Illumina, San Diego, CA,
USA) following kit instructions. After quality testing, the sam-
ples were submitted to the DNA Microarray Core facility at
The University of Texas Health Science Center at Houston for
detection of genome wide gene expression patterns following
a published method [16] utilizing Illumina Sentrix Beadchip
Array Mouse Ref8_v2 arrays. After hybridization, the arrays
were scanned with BeadArray Reader (Illumina). Data were
first analyzed with GenomeStudio software (Illumina) for
reliability and consistence. Analysis showed that three samples
at each time point clustered closely together, demonstrating
the reliability of the data. Expression levels for each gene were
calculated into geometry means of fluorescent signal intensity
with a standard software.

Conventional or quantitative RT-PCR detection of
mRNA

Complementary DNA was synthesized using 1 μg of total
RNA through an reverse transcription (RT) reaction (RNA
PCR Core Kit, Applied Biosystems, Foster City, CA, USA).
Conventional polymerase chain reaction (PCR) was carried
out to detect mRNA (Table 1). The products were separated
by electrophoresis in 1.5% agarose gel, stained with ethidium
bromide, and visualized under UV light illumination. Digital
images were captured by an imaging analyzer (PerkinElmer,
Waltham, MA, USA). Quantitative PCR (Q-PCR) was per-
formed with a pair of primers for various genes under sim-
ilar conditions as for conventional PCR using the SYBR
Green system (SuperArray Bioscience, Frederick, MD, USA)
on iCycler-iQ thermocycler (BioRad, Hercules, CA, USA).
Relative abundance was calculated as 2�(t-t

0
) following a

published method [29]. A mouse house-keeper gene Gapdh
was used as a control.

Statistics

Unpaired t-test was used for data comparison between two
groups. One-way ANOVA with Dunnett’s post-HOC test
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Table 1. Primers, product DNA lengths, and annealing temperature for PCR on selected genes in ovaries

Gene Forward Reversed bp tanneal

St2l GATGTCCTGTGGCAGATTAACA AGCAACCTCAATCCAGAACACT 333 56
St2s GGCTCTCACTTCTTGGCTGA ACAACCAAGTAAGGAGTGTCC 260 57
1133 GCTGCGTCTGTTGACACATT GACTTGCAGGACAGGGAGAC 222 58
mTor TGTGCCAGGAACATACGACC TTGCTGCCCATCAGAGTCAG 117 57
Il6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA 141 58
Il1b TGGCTGTGGAGAAGCTGTGGC TGAGTCACAGAGGATGGGCTC 116 60
Ccl6 CACCAGTGGTGGGTGCATCAAG GTGCTTAGGCACCTCTGAACTC 106 58
Ccl9 CCCTCTCCTTCCTCATTCTTACA AGTCTTGAAAGCCCATGTGAAA 141 55
Gapdh ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA 157 58

for comparison among more than two groups (GraphPad
Prism7). P < 0.05 is considered as significant. Each group on
graphs was expressed as mean ± SD.

Results

Transient expression of IL33 receptor ST2 in
granulosa of early atretic follicles

The expression pattern of St2 (Il1rl1) and co-receptor Il1rap
was examined post-hCG injection at the mRNA level. DNA
microarray data showed that St2 mRNA in the ovaries was
elevated after hCG injection and peaked at 6 h (Figure 1A),
which was slightly delayed for approximately 3 h from the
expression peak for Il33 (Figure 1B). St2 expression gradually
dropped but was sustained at relatively high levels thereafter.
On the other hand, co-receptor Il1rap was relatively stable
during the hCG treatment period (Figure 1A). The RT-PCR
demonstrated a similar tendency (Figure 1B). St2 is expressed
in two isoforms, i.e., membrane-bound St2l and soluble St2s
due to different splicing. While ST2l serves as an IL33 receptor,
ST2S is a decoy. The RT-PCR did not detect any St2s in
ovaries. As a technical control to verify RT-PCR on St2s,
expression of St2s in a kidney sample, which is known to
express St2s, was detectable (Figure 1B). It was concluded
that ovaries expressed St2l that is a membrane-bound IL33
receptor, but not St2s that is negative regulation of IL33 as a
decoy.

Next, immunofluorescence was performed for ST2 expres-
sion at the protein level. ST2 was detected in granulosa cells
of early stage of atretic follicles that were TUNEL+ in oocyte
and granulosa (Figure 2A). Morphological observations on
these follicles with ST2 expression on granulosa also showed
signs of atresia that include abnormal ZP shrinkage and
condensed nuclei in some granulosa cells (Figure 2A). ST2
was not observed in the early-middle stage of atretic fol-
licles, i.e., with IA/IE+ macrophages (Figure 2B). ST2 was
not detected in normal follicles nor other tissue locations
(Figure 2A and B). Statistical analysis confirmed that ST2 was
significantly expressed in granulosa of early stage atretic folli-
cles, i.e., with apoptotic oocyte and granulosa (∗∗∗P < 0.001)
(Figure 2C).

Activation of NFκB pathway in granulosa of atretic
follicles

To further determine whether ST2 on granulosa of atretic
follicles triggered the NFκB transcription pathway in early
atretic follicles, Tg(NFkB-RE-Luc) mice, in which activation of
the NFκB pathway can be detected by transgenic luciferase
reporter mediated bioluminescence, were utilized. First, whole

body scanning of mice after injection of D-luciferin revealed
bioluminescence of various intensities in both ovarian areas
(designated as ROI1 and ROI2, and indicated by white
arrows in Figure 3A) in randomly selected five females of
8–10 weeks of age. By contrast, there was no biolumines-
cence in the same area in any of four age-matched males
(Figure 3A and B). On the other hand, similar bioluminescent
patterns/density were observed in both genders in neutral
region, e.g., thymic area (ROI3, indicated by red arrows in
Figure 3A). Thus, detected bioluminescence in females was
most likely emitted from ovaries. Since ST2 expression peaked
after 6 h post-hCG injection, three Tg mice at 9 h after
hCG injection were examined. Their ovaries showed signifi-
cantly higher bioluminescent densities than those of randomly
selected mice (Figure 3B).

Next, it was examined whether this NFκB activation was
occurring in atretic follicles. For this, a unique method was
developed for microscopic localization of bioluminescence
using non-fixed thick frozen (10 μm) sections to preserve
luciferase activity. On three ovaries of Tg(NFkB-RE-Luc) mice
at 9 h post-hCG injection, bioluminescence was localized
to granulosa cells of follicles at early stage of atresia with
TUNEL+ oocyte/granulosa (Figure 3C); a total nine atretic
follicles in those ovaries were observed. Bioluminescence was
not detected in any normal follicles (n = 9) (Figure 3C). To
further confirm the above results, immunofluorescence was
performed to localize luciferase protein in combination with
other markers, i.e., ZP and TUNEL (Figure 3D). It was again
shown that luciferase activity was located in the cytoplasm
of granulosa cells of early atretic follicles with TUNEL+
granulosa/oocyte (Figure 3D), in agreement of bioluminescent
detection of NFκB activity (Figure 3C). Luciferase was not
detected in normal follicles (Figure 3D). It was therefore con-
cluded that NFκB activation is occurring in granulosa cells at
early stage of atresia.

Expression of inflammatory and autophagy
associated molecules in ovaries post-hCG injection

Next, it was investigated what were potential target genes
for activated NFκB transcription pathway in atretic follicles
post-hCG injection. Two categories of molecules were focused
on that were associated with: (1) macrophage trafficking or
migration, i.e., inflammatory molecules including cytokines,
chemokines, and adhesion molecules; and (2) autophago-
some and autophagy regulation. Through analyses on global
gene expression DNA microarray data from ovaries 0, 6, 9,
13 h post-hCG injection (n = 3 per time point), those genes
can be classified into four expression patterns: (1) expres-
sion fluctuated together with IL33 expression, (2) expression
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Figure 1. Expression of Il33 and its receptor St2 post eCG/hCG treatment. (A) DNA Microarray assay shows up-regulation of St2 (Il1rl1) expression
post-hCG injection, while expression of co-receptor Il1rap (IL1R accessary protein) remains unchanged; n = 3, gene expression levels are shown as
fluorescent signal intensity; P-values for each time point compared to 0 h (one-way ANOVA with Dunnett’s post-HOC test) are indicated. (B) RT-PCR on
ovarian Il33 and St2 expression post-hCG injection reveals upregulation of St2l (membrane-bound form); note that St2s (soluble form) is not detectable
in ovaries; a kidney tissue serves as positive control for PCR as it expresses both St2l and St2s. Three of six samples/time point are shown.

delayed from IL33 expression, (3) stable expression without
significant changes, and (4) expression reduced. The results
are summarized in Figure 4. Pattern 1 includes inflammatory
cytokines Il1b, Il11, and Bcl3 (a NFκB regulator/modulator),
which peaked at 6 h post-hCG injection (Figure 4A). Pattern
2 includes inflammatory cytokine Il6, chemokines Ccl6 and
Ccl9, and adhesion molecule Icam1, whose expression grad-
ually plateaued around 9 h (red lines in Figure 4A and B).
Pattern 3 includes many inflammatory molecules and those
involved in autophagosome formation, such as Lc3 and Atgs,
whose expression was stable (Figure 4A–C). Pattern 4 had
only one gene, mTor. Its expression rapidly reduced after
6 h to a low level (red line in Figure 4C). Obviously, stable
expression of genes in Pattern 3 imply that they are not likely
to be the targets of the NFκB pathway.

Antibody blockage of IL33 or Il33 KO reduces NFκB
activation and alters expression of IL6 and mTOR in
ovaries

It was then investigated whether antibody blockage of IL33
or Il33 KO could inhibit activation of NFκB. If so, it could
be assumed that a gene whose expression was inhibited

or altered by IL33 blockage or IL33 gene deletion (KO)
could be a target for the NFκB transcription pathway. It
has been previously shown that IL33 antibody or IL33 KO
has no effect on ovulation [8, 16]. A recent paper reported
inactivation of NFκB in ovulating follicles [28]. Thus,
blockage of NFκB would not affect ovulation-related genes.
Three Tg(NFkB-RE-Luc) female mice were injected with anti-
IL33 neutralization antibody while another three injected with
rat IgG isotype before eCG/hCG injection. Bioluminescent
intensities in ovarian areas (ROI1/ROI2) were scanned
at 9 h post-hCG injection. Statistical analysis showed a
significant reduction of NFκB activity in ovaries (n = 2 ×
3, ∗P = 0.049, Figure 3B). In another set of experiments
using WT B6 mice with a similar protocol, it was examined
whether ST2 expression was affected by the antibody
blockage or in IL33 KO, i.e., Il33−/− mice (five mice/group).
Immunofluorescence showed that IL33 antibody blockage did
not alter expression of ST2 in granulosa cells of early atretic
follicles, and Il33−/− mice showed an identical ST2 expression
pattern (Figure 5A and B), suggesting that ST2 expression was
independent of IL33-NFκB regulation. In fact, ST2 expression
in Il33−/− mice appeared more persistent and profound than
those WT group. Expression of potential NFκB target genes
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Figure 2. ST2 expression in granulosa cells of early atretic follicles before macrophage invasion. (A) Immunofluorescence shows ST2 (purple) in an
atretic follicle at early stage, as demonstrated by apoptotic oocyte and granulosa cells on TUNEL staining on an adjacent serial section; ST2 was absent
in normal developing follicles. Nuclei were counter stained by DAPI (blue). (B) Immunofluorescence shows ST2 expression in an atretic follicle without
IA/IE+ macrophages (labeled as ST2+IA/IE−), but not in the adjacent ones with invasion of IA/IE+ macrophages (green)(labeled as ST2−IA/IE+); follicles
are outlined by white dotted lines; ZP was counter-stained as red. (C) One-way ANOVA analysis shows significantly higher ST2 expression in early atretic
follicles of TUNEL+ than those with IA/IE+ macrophages (M�); each dot represents % of ST2+ granulosa in one follicle. Follicles on sections from six
ovaries were countered for ST2+ cells. Bar units, μm.

in ovaries was investigated. These genes include Il6, Icam1,
Ccl6, Ccl9, and mTOR (red lines in Figure 4), because they
were not only related to macrophage invasion and autophagy,
but also slightly delayed from IL33 surge. Both conventional
RT-PCR and Q-PCR were performed using ovarian RNA.
Il33−/− ovaries showed >10 folds lower Il6 expression
than WT (Figure 6A and B), while their Il1b expression was
comparable. By contrast, Il33−/− ovaries showed elevated
mTor expression from 2 to >16-fold as compared to
WT (Figure 6A and B). Increased mTOR expression in the

granulosa cells in Il33−/− ovaries was also demonstratable
at the protein level by immunofluorescence (Figure 5C).
Mean fluorescent intensity of mTOR was assessed in early
atretic follicles (i.e., TUNEL+) among three groups (10
follicles from 3 individuals/group). Statistical analysis showed
significantly higher mTOR intensity in Il33−/− mice than
WT mice (Figure 5D). IL33 blockage also showed similar
but less prominent results (Figures 5 and 6). In summary, as
compared to WT mice, Il33−/− ovaries or those after IL33
blockage showed significantly reduced IL6 expression, but
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Figure 3. Activation of NFκB transcription pathway in granulosa of early atretic follicles as revealed by bioluminescence in mice with transgenic NFκB
activating element-luciferase reporter. (A) Whole-body scanning after injection with D-luciferin shows luminescence in ovaries (ROI1 and 2, white
arrows) in females, but not in similar areas of a male; note similar luminescent intensity in thymus (red arrows, ROI3) in both genders. ROI, Region of
Interest. (B) Statistical summary of luminescent intensities for paired ovaries (ROI1 and ROI2) and thymus (ROI3). Note that hCG injection increased
ovarian luminescent intensities, while IL33 antibody (α-IL33) inhibited the increase; females and males show similar intensities in thymus. Ig, IgG
isotype control. (C) Microscopic location of luminescence on frozen section reveals activation of NFκB in granulosa cells (arrows) in a TUNEL+ early
atretic follicle, but absent in a normal follicle. (D) Immunofluorescence shows luciferase (red) in granulosa of TUNEL+ early atretic follicles (AF), but not
in an adjacent normal one (F). ZP was counter stained as green. Three ovaries from hCG injected Tg mice were observed. Bar units, μm.
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Figure 4. Ovarian expression of inflammatory and autophagy-associated molecules post-hCG injection as detected by DNA microarray. Fluorescent
signal density for each gene at 0 h was defined as baseline, and expression levels for other time points are shown as fold changes relative to this
baseline. (A) Expression of cytokines and chemokines. Il33, St2, and Bcl3 (NFκB modulator) are included in each panel for comparison. (B) Expression of
adhesion molecules; (C) Expression of genes associated with autophagy. Those labeled with red line and symbols are potentially regulated by activation
of IL33–ST2–NFκB axis.

higher mTOR expression. These data suggest that IL6 and
mTOR expression are likely associated with activation of
the NFκB pathway. Although reduction in Ccl6 and Ccl9
expression in IL33 blockage or IL33−/− mice was observed,
it was not statistically significant (Figure 6B), suggesting
their complicated involvement in other ovarian physiological
events [30].

Discussion

It has been previously shown that IL33 is required for
autophagy in granulosa cells and macrophage invasion of
atretic follicles in order to seamlessly dispose of atretic
follicles with minimal remnants [8]. On the other hand,
IL33 is not required for apoptosis during atresia. It has been
shown that apoptosis alone is not sufficient for full disposal
of atretic follicles, as IL33 deficiency causes accumulation
of massive collapsing atretic follicles, which emit harmful
oxidative substances and lipofuscins. As a result, IL33
deficient mice show shrunken oocyte reservoirs and shortened
reproductive lifespan. In this study, it was further revealed
that IL33’s involvement in atresia is through activation of
the NFκB pathway in granulosa cells at an early stage of
atresia. Activation of NFκB pathway in ovaries in vivo was
first observed, and the activation was further localized to
granulosa cells in early atretic follicles in Tg mice with

luciferase-reporter for NFκB activation. Since this study
involved eCG/hCG injection, it was necessary to ask if
activated NFκB is involved in ovulation. A recent study has
shown inactivation of NFκB pathway in ovulating follicles
by progesterone receptor is necessary for successful ovulation
[28]. Furthermore, a previous study has shown that IL33
deficiency or blockage does not affect ovulation [8, 16]. Thus,
the detected NFκB activity in ovaries could therefore be
assumed to be more related to atresia than ovulation. The
results for NFκB activation in early atretic follicles were also
supported by the observation of a transient expression of
IL33 receptor ST2 in granulosa cells at early atresia at both
the RNA and protein level. Antibody blockage of IL33 or
IL33 deficiency reduced ovarian NFκB activation, but had
no effect on ST2 expression. It suggests that expression of
ST2 is independent of IL33. Taken together, it is concluded
that IL33 activates the ST2–NFκB axis in the granulosa cells
of early atretic follicles, though it has yet to be determined
which pathway, the canonical or alternative one, is activated
[31]. This conclusion is also supported by several previous
studies. Activation of NFκB in ovaries has been reported [32].
Interestingly, multiple studies have linked inactivation of the
NFκB pathway to ovarian disease, e.g., premature ovarian
failure or poly cystic ovarian syndrome [33, 34]. It will be
of interest to ask if inactivation of NFκB in ovaries may be
related to accumulation of collapsing follicles as seen in our
Il33−/− mice.
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Figure 5. Antibody IL33 blockage or IL33 KO (Il33−/−) does not affect ST2 expression but significantly increases mTOR expression in granulosa cells in
early atretic follicles. For IL33 blockage, neutralizing IL33 antibody (WT + IL33 Ab) or rat IgG (WT ) was injected before eCG/hCG treatment, and ovaries
were sampled at 9 h post-hCG injection. (A) Immunofluorescence shows nuclear IL33 (green, arrow) of thecal cells in WT and WT + IL33 Ab group,
while IL33 was absent in Il33−/− ovaries. (B) Immunofluorescence reveals ST2 (purple) expression in granulosa cells of early atretic follicle (AF) in all
three groups; note absence of ST2 in adjacent normal follicles (F ). (C) mTOR (purple) is nearly undetectable in atretic follicles (AF ) in WT ovaries. By
contrast, elevated or clustered mTOR proteins are present in atretic follicles in both WT + IL33 Ab and Il33−/− mice. (D) Statistical summary of mTOR
protein level in TUNEL+ early atretic follicles; 10 follicles from 3 ovaries from each group were analyzed by one-way ANOVA with Dunnett’s post-HOC
test; P-values with comparison to WT group are shown. mTOR level in each TUNEL+ atretic follicle was measured as mean fluorescent intensity for
mTOR staining on 2-color immunofluorescent images for mTOR (purple) and TUNEL (green) by Nikon Element, and shown as a dot. Bar units, μm.

The current study did not intend to identify all genes
that were targets of the NFκB transcription pathway in
granulosa during atresia. However, microarray data on global
gene expression and RT-PCR suggests the likely roles of the
IL33-NFκB axis in regulation of autophagy and macrophage
recruitment during atresia. First, it was differentially identified
IL6 and mTOR whose expression were either up- or down-
regulated after antibody blockage or in Il33−/− mice. Thus,
expression of those two genes is potentially controlled
by IL33–ST2–NFκB axis. Second, many previous studies
have revealed a potential role of macrophage invasion and
autophagy in granulosa in disposal of atretic follicles. IL6, a

proinflammatory cytokine, is a known main target gene for
the NFκB pathway [35]. Expression of IL6 by follicular cells
has been also reported [36]. IL6’s role in proinflammatory
responses including macrophage recruitment is well known.
Third, this study also suggests the involvement of IL33-
NFκB axis in upregulation of autophagy in granulosa. As
discussed earlier, autophagic activity is largely regulated by
other cellular pathways. Results from this study indeed show
that expression of autophagosome-associated genes (i.e., atg7,
atg9, atg5, and LC3) did not change by IL33 blockage or in
Il33−/− ovaries. However, mTOR, a critical negative regulator
of autophagy, significantly increased in both Il33−/− ovaries



J. Wu et al., 2024, Vol. 110, No. 5 933

Figure 6. IL33 KO (Il33−/−) or antibody IL33 blockage alters ovarian expression of IL6 and mTOR. For blockage of IL33, neutralizing antibody (WT + IL33
Ab) or rat IgG (WT ) was injected before eCG/hCG treatment, and ovaries were sampled at 9 h post-hCG injection. (A) Conventional RT-PCR shows
downregulation of Il6 and upregulation of mTor in both Il33−/− and WT + IL33 Ab mice; note unchanged Il1b expression. Three of five samples/group are
shown. (B) Summary for Q-PCR on selected ovarian gene expression. Total RNA was isolated from ovaries 9 h post-hCG injection; results are expressed
as relative abundancy as compared to Gapdh of the same sample [29]. n = 5.

and after IL33 blockage, resulting in diminished autophagy
in granulosa cells [8]. One may question how inhibition of
IL33-NFκB axis would greatly upregulate mTOR expression,
as mTOR is not a known target for NFκB. Yet NFκB’s
regulation of autophagy has been well documented, especially
in disposal of large quantities of tissues [22–24]. One
way for NFκB pathway to boost autophagy is to up-
regulate expression of miRNA (e.g., miR100 and miR101),
which inhibits mTOR expression at the transcriptional or
translational level [25, 37, 38]. Autophagy activity is regulated
by cellular signaling or modification of pathways, such as
mTOR [26, 27]. Results from this study suggest that it may
also be the case for atresia. Currently, it is being investigated
whether miRNA is involved in down-regulation of mTOR in
our model. Finally, it is worthwhile to mention several studies
that link defects in autophagy to ovarian disease. mTOR has
been implicated in premature ovarian insufficiency (POI) [39].
Variant Atg7 and Atg9 are associated human POI probably
due to insufficient lysosome degradation pathway activity
[40]. Failure of autophagy in granulosa has been linked to
POI [41].

In summary, serial studies have revealed more detailed
mechanisms for atresia beyond apoptosis. It was previously
shown that apoptosis is not sufficient to fully dispose of all
dead cells from atretic follicles without any harmful wastes.
IL33-mediated disposal of those dead cells is one essential
step of atresia for keeping a healthy ovarian environment
allowing for normal function. This discovery may provide a
novel hypothesis for idiopathic POI. Mounting evidence sug-
gests the role of ROS and oxidative stress (OS) in idiopathic
POI [42–47]. For example, mutation in mitochondria may
cause elevation of ROS/OS in ovaries [48]. Abnormal aging
in ovaries increase ROSs levels [49, 50]. This study suggests
that incomplete disposal of atretic follicles may be another
potential factor for increased ROS during ovarian aging. It
was shown previously that undisposed atretic follicles col-
lapse and degrade in IL33−/− ovaries, leading to accumula-
tion of harmful substances, such as lipofuscin and ROSs [8].
Recently, it was demonstrated that those harmful substances
in Il33−/− ovaries leak to near-by developing follicles and
causes OS there (Lou et al., unpublished data). Consequently,
the IL33−/− females show shrunken oocyte reservoirs and
significantly shortened reproductive lifespan, which are the
characteristics of human POI. One of our long-term goals is
to determine if deficiency in disposal of atretic follicles is one
cause for POI in humans.
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