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INTRODUCTION

Obesity leads to chronic systemic inflammation, a process
mostly promoted by the continuous expansion of adipose tissue
(Hotamisligil and Erbay, 2008; Odegaard and Chawla, 2008).
Importantly, obesity is strongly linked to reproductive failure and
infertility in women (Chu et al., 2007). The ovaries of mice fed a
high-fat diet (HFD) show increased apoptosis and fewer mature
oocytes (Jungheim et al., 2010). Furthermore, we have recently
identified a striking link between maternal body weight in diet-
induced obese (DIO) mice and global gene expression in cumulus
cells (Wołodko et al., 2020). Other readouts of ovarian failure
during maternal obesity comprise lipotoxicity, endoplasmic
reticulum (ER) stress, and mitochondrial dysfunction (Wu
et al., 2010). Ultimately, impaired ovarian function in obese
mothers determines poor oocyte quality and abnormal embryo
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ob/ob, which are obese and lack leptin, denoting once more the
important link between NLRP3 and leptin activity.

MATERIALS AND METHODS

Animals and Protocols
Breeding pairs were purchased from Jackson Laboratories (Bar
Harbor, ME, United States). Female C57BL/6J (B6) mice (8-
week old) and B6.Cg-Lepob/J (ob/ob) were housed in the Animal
Facility of Institute of Animal Reproduction and Food Research,
Polish Academy of Sciences in Olsztyn. Mice were housed with
free access to food and water for the duration of the study
(humidity 50 � 10%; 23
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inhibitors (Pierce Phosphatase Inhibitor Mini Tablets 88667;
Thermo Fisher Scientific) and incubating on ice for 1 h. After
centrifugation (20,000 � g, 15 min, 4�C), the supernatants
were collected, and protein concentration was determined
with the Smith et al. (1985) copper/bicinchoninic assay
[Copper (II) Sulfate, C2284; Sigma and Bicinchoninic Acid
Solution, B9643; Sigma Aldrich]. Samples were run (40 mg
of protein) on 10–18% polyacrylamide gels. After transfer,
the membranes were blocked in PBS solution containing
3% powdered milk for 1 h. Immunoblotting was performed
using the primary antibodies NLRP3 (AG-20B-0014-C100;
Adipogen), CASP1 (ab108362; Abcam), IL-18 (ab71495; Abcam),
b-actin (A2228; Sigma Aldrich) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, ab9485; Abcam) on nitrocellulose
(10600009; GE Healthcare Life Science) or polyvinylidene
fluoride (PVDF) membrane (IPVH00010; Merck Millipore).
Primary antibodies were incubated overnight at 4�C. The
following day, proteins were detected by incubating the
membranes with polyclonal anti-mouse horseradish peroxidase
(HRP)-conjugated secondary (1:10,000, 31430; Thermo Fisher
Scientific), polyclonal anti-rabbit HRP-conjugated secondary
(1:20,000, 31460; Thermo Fisher Scientific), polyclonal anti-
mouse alkaline phosphatase-conjugated secondary (1:10,000,
31321; Thermo Fisher Scientific), and polyclonal anti-rabbit
alkaline phosphatase-conjugated secondary (1:10,000, A3687;
Sigma Aldrich) antibodies, for 1.5 h in the chemiluminescence
method or 2.5 h in the colorimetric method at RT. All antibody
specifications are summarized in Table 1. Immunocomplexes
were visualized subsequently using chemiluminescence detection
reagent (SuperSignal West Femto kit, 34095; Thermo Fisher
Scientific) or chromogenic substrate NBT/BCIP diluted 1:50
(11681451001; Roche) in alkaline phosphate buffer. Band density
for each of the target protein was normalized against b-actin
for NLRP3 and IL-18, while GAPDH was used for CASP1 as
a reference protein. Finally, bands were quantified using the

TABLE 1 | Specification of antibodies used for Western blotting.

Antibody name and
specificity

Company, Cat No., RRID No. Antibody
dilution

Mouse monoclonal against
NLR family pyrin
domain-containing 3 (NLRP3)

AdipoGen Cat# AG-20B-0014,
RRID:AB_2490202

1:1,000

Rabbit monoclonal against
caspase 1 (CASP1)

Abcam Cat# ab108362,
RRID:AB_10858984

1:1,000

Rabbit polyclonal against
interleukin-18 (IL-18)

Abcam Cat# ab71495,
RRID:AB_1209302

1:250

Mouse monoclonal against
b-actin

Sigma-Aldrich Cat# A2228,
RRID:AB_476697

1:10,000

Rabbit polyclonal against
glyceraldehyde 3-phosphate
dehydrogenase (GAPDH)

Abcam Cat# ab9485,
RRID:AB_307275

1:2,500

Goat anti-mouse IgG (HCL)
secondary antibody, HRP

Thermo Fisher Scientific Cat#
31430, RRID:AB_228307

1:1,000

Goat anti-rabbit IgG (HCL)
secondary antibody, HRP

Thermo Fisher Scientific Cat#
31460, RRID:AB_228341

1:20,000

Goat anti-mouse IgG (HCL)
secondary antibody, AP

Thermo Fisher Scientific Cat#
31321, RRID:AB_10959407

1:1.000

ChemiDoc or VersaDoc MP 4000 imaging system (Bio-Rad).
Quantitative measurements of blot intensity were performed
using ImageLab software.

Total RNA Isolation and cDNA Synthesis
Total RNA was extracted from whole ovary and 10 mg of
liver, using TRI reagent (T9424; Sigma Aldrich) following the
instructions of the manufacturer. RNA samples were stored
at �80�C. Concentration and quality of RNA was determined
spectrophotometrically, and the ratio of absorbance at 260 and
280 (A260=280) was analyzed confirming good RNA quality.
Subsequently, 2 mg of RNA was reverse transcribed into cDNA
using Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(K1642; Thermo Fisher Scientific) (Galvão et al., 2012).

Real-Time PCR
Real-time PCR assays were performed in a 7900 Real-time System
(Applied Biosystems), using a default thermocycler program for
all genes: a 10-min preincubation at 95�C was followed by 45
cycles of 15 s at 95�C and 1 min at 60�C. A further dissociation
step (15 s at 95�C, 15 s at 60�C, and 15 s at 95�C) ensured the
presence of a single product. Ribosomal protein L37 (Rpl37) was
chosen as a housekeeping gene and quantified in each real-time
assay together with the target gene. Based on gene sequences
in GenBank (National Center for Biotechnology Information),
the primers for Nlrp3, Casp1, Il-1b, Il-18, Asc, Il-10, and Tnf,
which sequences are presented in Table 2, were designed using
Primer Express 3.0 software (Applied Biosystems). All reactions
were carried out in duplicates in 384-well plate (4309849; Applied
Biosystems) in 12 ml of total solution volume (Galvão et al., 2014).
The data were analyzed using the real-time PCR Miner algorithm
(Zhao and Fernald, 2005).

Enzyme-Linked Immunosorbent Assay
Immunoassay
The concentrations of IL-1b in tissue extracts of ovaries and
livers were determined using an IL-1 beta Pro-form Mouse
Uncoated ELISA kit (88-8014-22; Thermo Fisher Scientific)
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TABLE 2 | Specific primers used for quantitative real-time PCR.

Gene name Gene symbol GenBank accession No. Sequences 50–30 Length (base pairs)

NLR family pyrin domain-containing 3 Nlrp3 NM_145827.4 F: TGGATGGGTTTGCTGGGATA
R: TGCTTGGATGCTCCTTGACC

190

Caspase 1 Casp1 NM_009807.2 F: CATGCCGTGGAGAGAAACAA
R: GGTGTTGAAGAGCAGAAAGCAA

151

Interleukin-1b IL-1b NM_008361.4 F: TTGACGGACCCCAAAAGATG
R: GCTTCTCCACAGCCACAATGA

144

Interleukin-18 Il-18 NM_008360.2 F: GAAGAAAATGGAGACCTGGAATCA
R: TCTGGGGTTCACTGGCACTT

157

Apoptosis-associated speck-like
protein-containing A CARD

Asc NM_023258.4 F: GCTTAGAGACATGGGCTTACAGGA
R: CCAGCACTCCGTCCACTTCT

179

Interleukin-10 Il-10 NM_010548.2 F: CCTGGGTGAGAAGCTGAAGAC
R: CTGCTCCACTGCCTTGCTCT

91

Tumor necrosis factor Tnf NM_001278601.1 F: GCCACCACGCTCTTCTGTCT
R: TGAGGGTCTGGGCCATAGAA

106

Ribosomal protein
L37

Rpl37 NM_026069.3 F: CTGGTCGGATGAGGCACCTA
R: AAGAACTGGATGCTGCGACA

108

Statistical Analysis and Data
Presentation
Statistical analyses were performed using the GraphPad Prism
Software (Version 9.01, GraphPad Software, Inc.; La Jolla, CA,
United States). Sample normal distribution was determined using
the D’Agostino–Pearson omnibus test. Mann–Whitney test,
simple t-test, or multiple unpaired t-test were used to analyze the
data, and statistical significance was calculated with Bonferroni–
Sidak corrections for multiple comparison, depending on the
experiment (details in figure legend). Results were presented as
means with standard deviation. Differences between means for
all tests were considered statistically significant if p < 0.05.

RESULTS

NOD-Like Receptor Protein 3
Inflammasome Components Expression
Change in the Ovary of Cyclic Mice
We first sought to characterize the expression of NLRP3-induced
inflammasome components in the ovaries of mice throughout
the estrous cycle. Fifteen female 8-week-old C57BL/6 (B6) mice
were treated with hormones in order to synchronize the estrous
cycle (Figure 1A). Ovaries were collected in the E and D stage
and further processed for mRNA or protein expression analysis,
respectively. Real-time PCR analysis (n = 6–7/group) revealed
increased levels of Casp1, Il-1b, and Il-18 mRNA in the D stage
(Figure 1B, p < 0.05). Moreover, Western blotting (n = 7–
8/group) revealed increased NLRP3 protein expression in D
(Figure 1C,
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FIGURE 1 | Characterization of NOD-like receptor protein 3 (NLRP3) expression in the ovary of cyclic mice. (A) Experimental design: estrous cycle synchronization
with equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG) as previously described (Hasegawa et al., 2016). Ovaries were collected from
animals in the estrus (E) or diestrus (D) stage of the cycle. Quantification of mRNA levels of (B) Nlrp3, caspase-1 (Casp1), interleukin-1b (Il-1b), and interleukin-18
(Il-18) by real-time PCR. Abundance of (C) NLRP3, (D) pro CASP1 p45, (E) CASP1 p20, (F) pro IL-18 p24, and (G) IL-18 p18 protein during (E,D) measured by
Western blotting analysis. Data were normalized to ribosomal protein L37 (Rpl37) mRNA expression and b-actin of or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) protein expression. Bars represent mean � SEM. Statistical analysis between groups was carried out using Mann–Whitney. Number of samples: n = 6–7
for real-time PCR analysis and n = 7–8 immunoblots. Asterisks indicate significant differences (�p < 0.05; ��p < 0.01). Representative immunohistochemistry (IHC)
staining (n = 2–3) of NLRP3 protein during follicular development in the mouse ovary. Positive staining in brown, counterstaining with hematoxylin. (H,J) Negative
control incubated with secondary antibody. Localization of NLRP3 in (I) whole ovary of 16 weeks (wk) mice fed chow diet (CD), (K) primary follicles of 16- week CD
mice, (L) secondary follicles of 16- week high-fat diet (HFD) mice, and (M) preantral follicles of 16- week CD mice. Staining was detected in granulosa (GC) and
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FIGURE 2 | Diet-induced obesity (DIO) changes NLRP3 expression in the ovary. (A) Experimental design: Mice were fed either chow diet (CD) or high-fat diet (HFD)
for 4 or 16 weeks (wk) and ovaries were collected during the diestrus stage. Quantification of (B) Nlrp3, Casp1, Il-1b, and Il-18 mRNA by real-time PCR. Abundance
of (C) NLRP3, (D) pro CASP1 p45, (E) CASP1 p20, (F) pro IL-18 p24, (G)
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TABLE 3 | Body weight measurement of three mouse models.

0 week 4 week 8 week 12 week 16 week

CD 17.0 ( � 0.6) g 19.7 ( � 1.0) g 20.0 ( � 0.9) g 20.9 ( � 1.0) g 22.6 ( � 2.5) g

HFD 19.4 ( � 0.8) g 24.8 ( � 2.5) g**** 29.1 ( � 3.6) g**** 33.1 ( � 4.3) g**** 37.6 ( � 3.7) g****

0 day 3 days 9 days 12 days 16 days

C 21.7 ( � 1.7) g 22.8 ( � 2.0) g 22.1 ( � 2.1) g 21.5 ( � 1.6) g 21.9 ( � 1.9) g

L 21.8 ( � 1.9) g 20.5 ( � 1.9) g 19.0 ( � 1.4) g** 18.5 ( � 1.2) g*** 19.4 ( � 1.7) g

8 week 9 week 10 week 11 week 12 week

ob/ob C/? 20.9 ( � 1.6) g 21.5 ( � 1.6) g 22.2 ( � 1.6) g 22.8 ( � 2.1) g 22.7 ( � 2.1) g

ob/ob –/– 39.8 ( � 5.4) g**** 43.1 ( � 5.0) g**** 45.0 ( � 4.7) g**** 47.4 ( � 5.7)**** 48.8 ( � 4.0) g****

DIO, Diet-induced obese; CD, mice were fed chow diet; HFD, high-fat diet (ii) pharmacologically hyperleptinemic mice were treated with saline (C) or leptin (L) for 16 days;
(iii) genetically obese mice lacking leptin (ob/ob �/�) and control group (ob/ob C/?). Values presented in grams (g) of body weight and measurements made after weeks
(wk) or days (d) within the specific protocol. Statistical analysis between groups was carried out using simple t-test. Asterisks indicate significant differences (**p < 0.01;
***p < 0.001; ****p < 0.0001).

periodically (Table 3). Ovaries from all groups were collected and
processed for mRNA and protein expression analysis. Real-time
PCR analysis (n = 6–8/group) revealed an increase in Nlrp3 and
Casp1 in 16 L, but a decrease in ob/ob �/� mice (Figure 3B,
p < 0.05). Furthermore, the mRNA of Il-1b was upregulated
in 16 L (Figure 3B, p < 0.05). Finally, the mRNA of Il-18 was
significantly downregulated in the ob/ob �/� group (Figure 3B,
p < 0.05). With regard to protein expression (n = 6–8/group), we
found that the 16 L group presented increased levels of NLRP3
(Figure 3C, p < 0.05), whereas the opposite pattern was observed
in ob/ob �/� mice, compared with control groups (Figure 3C,
p < 0.05). Accordingly, both pro-peptides CASP1 (p45) and
CASP1 (p20) showed increased levels in 16 L (Figures 3D,E;
p = 0.07 and p < 0.05, respectively); nonetheless, no significant
changes were found in the ob/ob model. Importantly, IL-1b

protein levels measured by ELISA (n = 4–5/group) were increased
in 16 L, but decreased in ob/ob �/� (Figure 3F, p < 0.05). In
this experiment, we revealed the functional link between leptin
signaling and NLRP3 inflammasome component regulation in
the ovary, with leptin treatment inducing the activation of NLRP3
and CASP1 with subsequent secretion of IL-1b. Furthermore,
we confirmed the downregulation of NLRP3 expression in the
ovaries of ob/ob�/�.

Leptin Promotes Changes of NOD-Like
Receptor Protein 3 Inflammasome
Components Gene Expression in
Cumulus Cells During Early Onset of
Obesity
In this experiment, we examined whether the association between
leptin signaling and NLRP3 inflammasome activation previously
observed in whole ovaries holds true at the cellular level.
We, therefore, analyzed particularly the somatic companions of
the female gamete, the CCs. We started reanalyzing the RNA
sequencing (RNA-seq) datasets from CCs from 4- and 16-week
DIO and pharmacological hyperleptinemic model (Figure 4A;
Wołodko et al., 2020). We confirmed the expression levels of
leptin and NLRP3 pathway components for 16 L and 4-week

HFD, and despite no changes in Nlrp3 in CCs after 4-week
HFD, the gene was upregulated in 16 L (Figure 4B). The
low coverage of the samples (an average of 5.5 million reads)
and the weak expression level of Nlrp3 in CCs may account
for the lack of changes in 4-week HFD. Nonetheless, the
consistent upregulation of various components of the NLRP3
inflammasome, like Nlrp3, Il-18, Casp1, Il-1b, and Asc in 16 L is
suggestive of the stimulatory effects of leptin on the expression
level and activation of NLRP3 inflammasome genes also in CCs
(Figure 4B). As previously shown, the DESeq analysis of 4-week
DIO protocol revealed 997 differentially expressed genes (DEGs)
in 4-week HFD, whereas for pharmacological hyperleptinemic
model, a total of 2,026 DEGs were found in 16 L (Wołodko
et al., 2020), in comparison with their control groups (p < 0.05;
Wołodko et al., 2020). In the present analysis, we overlapped the
DEGs from 4-week HFD and 16 L and identified seven genes
either up- or downregulated in both conditions (Figure 4C).
Subsequently, we integrated the 14 DEGs with the main
components of NLRP3 and leptin signaling pathways (Wołodko
et al., 2020), based on the correlation between their expression
levels (p > 0.90), and obtaining five clusters (Figure 4D). Of note,
one of the clusters revealed the gene interaction between Casp1,
phosphatase and tensin homolog (Pten) and signal transducer
and activator of transcription 5a (Stat5a), while others showed
a link between Socs3 and Il-1b, known as an important axis
involved in the mediation of immune response (Chaves de Souza
et al., 2013). Importantly, other genes were highlighted in the
network, as solute carrier family 22 member 15 (Slc22a15), a cell
membrane transporter and metabolic gene (Nigam, 2018), or
stress-associated endoplasmic reticulum protein 1 (Serp1) involved
in protein unfolding and stress response (Yamaguchi et al., 1999).
Indeed, metabolic performance in the preovulatory follicle is
tightly regulated and involves the crosstalk between GC and
oocyte (Figure 4D; Wołodko et al., 2021). The gene ontology
analysis for the presented network revealed three main events:
negative regulation of glucose transport, positive regulation of
cytokine biosynthesis, and response to ATP (Figure 4E, p < 0.05).
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FIGURE 5 |
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the proinflammatory mediators like Il-1b, Il-6, and Tnfa in the
ovaries of mice fed HFD for 24 week (Nteeba et al., 2013).
Hence, our results suggest the existence of alternative pathways
to NLRP3 inflammasome mediating IL-1b upregulation in mouse
ovaries at 16- week HFD (Schmidt and Lenz, 2012; Zhu
and Kanneganti, 2017;
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response (Robinson et al., 2016). On the contrary, the ovary is
not only a highly immunogenic organ constantly secreting large
amounts of cytokines and immune mediators (Piccinni et al.,
2021) but also more prone to rapidly mount a proinflammatory
response during obesity. Indeed, the inability of the ovary to
control inflammation, and the exacerbated activation of cytokine
production, certainly ascribes for the great vulnerability of the
female gamete to maternal obesity even at earlier stages of
disease progression. Thus, our results expose the increased
vulnerability of the ovaries to maternal obesity, characterized by
the development of an early inflammatory response that rapidly
affects the gamete and impairs fertilization.

In summary, our work evidences the major role of leptin
signaling on NLRP3 inflammasome activation in the ovary of
mice during early obesity. Noteworthy, failure in ovarian leptin
signaling in late obesity was associated with the repression in
NLRP3 activity, but with maintenance of inflammation and
levels of IL-1b. Moreover, NLRP3 inflammasome activation in
the ovaries after early obesity contrasted with its activation
exclusively during late obesity in the liver. Hence, the present
findings suggest a greater vulnerability of the ovary, in general,
and the gamete, in particular, to the energetic surplus during
maternal obesity.
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