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In�ammasome targeting for periodontitis prevention is sex 
dependent
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In�ammasome initiates in�ammation via the maturation of interleukin-1 beta (IL-1�). 
Periodontitis is a prevalent, male-biased disease characterized by in�ammation-driven 
bone loss, yet the mechanism(s) of this sex bias is unknown. �is study explored whether 
enhanced in�ammasome represents a causal mechanism for this bias. Analyses of three 
separate human studies (>6,200 samples) show that males have signi�cantly higher IL-1� 
in the gingival crevicular �uid than females during health and periodontitis. �is pattern 
is experimentally reproduced with di�erent versions of the ligature-induced periodontitis 
mouse model where males show greater IL-1�  secretion than females. �e in�ammasome 
drives bone resorption in males but not females as revealed by analyses of in�ammas-
ome gene-deletion mice. Pharmacologic treatment with a caspase-1/4 inhibitor reduces 
in�ammatory cell in�ltration, dampens osteoclastogenesis signaling (via the receptor 
activator of nuclear factor-kappa B pathway), and prevents bone resorption in males but 
not females during experimental periodontitis. While ovariectomized females show no 
change in their nonresponsiveness to caspase-1/4 inhibition, orchiectomized males no 
longer respond to the inhibition, suggesting the importance of an intact male reproduc-
tive system in the mediation of this inhibition. �us, our study identi�es in�ammasome 
activation as causal for male-biased experimental periodontitis and supports sex-strati�ed 
studies to foster future advancement of in�ammasome therapeutics in periodontics.

�L�Q�5�D�P�P�D�V�R�P�H�D�_�D�E�R�Q�H���U�H�V�R�U�S�W�L�R�Q�D�_�D�S�H�U�L�R�G�R�Q�W�D�O���G�L�V�H�D�V�H�V�D�_�D�L�Q�W�H�U�O�H�X�N�L�Q-�����E�H�W�D�D�_�D�V�H�[���G�L�•�H�U�H�Q�F�H

 Periodontal disease is a prevalent chronic disease worldwide that a�ects half of the 
American population and is characterized by sex-dependent di�erences in clinical disease 
presentation ( 1   – 3 ). It is an in�ammatory disorder of the tissues supporting the tooth with 
systemic implications ( 4 ,  5 ). A major form of tooth loss, periodontitis, results from sus-
tained gingival in�ammation (gingivitis) in susceptible individuals ( 6 ,  7 ). Periodontal 
disease is more prevalent ( 8 ) and severe in males ( 1 ,  2 ). �is male bias is attributed to 
preventive health behaviors (e.g., regular dental care, smoking status), which are modi�able 
( 9       – 13 ). �e direct impact of biological sex in periodontal disease development and 
response to therapeutics are currently unknown. Importantly, the mechanism accounting 
for this di�erence is also unclear.

 �ere are several immune and in�ammatory diseases known to develop with a sex bias 
( 14 ,  15 ). �ese sex-based variations in the incidence and susceptibility to malignancies 
are largely impacted by disparities in the immunological response between females and 
males ( 15 ). With periodontal disease being sex biased and known to advance by upregu-
lation and persistence of numerous in�ammatory mediators in the gingival lesion, it is 
important to examine whether sex-biased cytokines contribute to the distinct bone resorp-
tive phenotype that develops in females and males.

 �e presence of proin�ammatory cytokine interleukin-1 beta (IL-1�) in the periodon-
tium is associated with periodontal in�ammation ( 16   – 18 ). IL-1� is a sex-biased, innate 
immune mediator that can both initiate and promote in�ammation ( 19 ). Because IL-1� 
is highly in�ammatory, its production is tightly controlled by the host via the in�ammas-
ome, which is a multiprotein complex composed of a sensor/receptor molecule, an adapter 
molecule (apoptotic speck-containing protein, ASC), and the pro-protease, pro-caspase-1 
( 20 ,  21 ). In�ammasome assembly leads to caspase-1 activation, which then cleaves 
pro-IL-1�, IL-18, and gasdermin D (GSDMD) into their mature forms. �is ability of 
in�ammasomes to produce IL-1� has led to the exploration of in�ammasome targeting 
as a therapeutic approach for a range of in�ammatory conditions ( 22     – 25 ).
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 �e goal of this study is to investigate in�ammasome as a mech-
anism that contributes to the sex bias of periodontitis. Here, we 
analyzed three cohorts of human samples and found that the 
in�ammasome-derived cytokine IL-1� presents as male biased 
within periodontal tissue/�uid. To investigate a causal link of the 
in�ammasome to a sex-biased nature of human disease, we 
employed both genetic and pharmaceutical approaches in the 
ligature-induced periodontitis mouse model. Investigation of 
genetically modi�ed mice uncovered that IL-1� is a driver of per-
iodontitis only in males. �is destructive role of IL-1� exclusively 
in males is reproduced upon deletion of in�ammasome compo-
nent caspase. �e sex-speci�c role of the in�ammasome in bone 
resorption presented therapeutic implications. While periodontitis 
is suppressed in male mice treated with the caspase-1/4 
(caspase-1/11 in mice) inhibitor VX-765, bone resorption remains 
una�ected in VX-765-treated females. Together, our studies 
uncover that sex di�erence in in�ammasome activation and 
dependency represent one mechanism for a sex-biased nature of 
bone resorption in the periodontium and identify a sex-speci�c 
therapeutic to prevent experimental periodontitis. 

Results

Periodontal Bone Resorption Is Sex Dependent in a Mouse 
Model.  Human periodontitis is more severe in males, but the 
mechanism is unknown. Here, we evaluated the impact of the sex 
of the host in periodontitis using the ligature-induced periodontitis 
at landmark timepoints (timeline and representative images in 
Fig.�1 A and B). Alveolar bone levels are assessed by measuring 
the distance between the cemento–enamel junction (CEJ) and 
the alveolar bone crest (ABC) using �CT analysis (landmarks 
presented in Fig.�1C). Two di�erent measurements are presented: 
1) the linear measure between the CEJ-ABC, referred to the bone 
levels before and after the ligature placement with larger positive 
numbers re�ecting less supportive bone, and 2) the total amount 
of bone that is resorbed as a result of experimental periodontitis, 
referred to as the bone loss. Linear measurements of bone loss 
show the severity of the bone resorption and is calculated by the 
di�erence between the bone levels at 9 d post–ligature placement 
and the mean baseline levels before the ligature placement. �ese 
two measurements show that male mice induced for periodontitis 
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have signi�cantly increased bone levels (Fig.� 1D) and greater 
bone loss (severity) at 9 d (Fig.�1E) compared to females. Linear 
measurements were con�rmed to appropriately capture localized 
bone resorption upon its comparison with bone volume/tissue 
volume percentage (r2 = 0.96, SI Appendix, Fig.�S1 A–D). Because 
the common form of periodontitis in humans is characterized 
by chronic in�ammation, we assessed whether the male bias in 
periodontitis that we identi�ed at 9 d (Fig.�1 D and E) was also 
present during established chronic disease. Using the “classic” 
version of ligature-induced periodontitis (26) (SI  Appendix, 
Fig.�S1E), we found that bone resorption remained signi�cantly 
more severe in males compared to female mice after 3-wk of 
periodontitis progression (SI Appendix, Fig.�S1 F and G). Next, we 
assessed the landmark timepoints of ligature-induced periodontitis 
for in�ammatory cell in�ltration, which is a main source of IL-1� 
and other in�ammatory cytokines that promote bone resorption. 
�e in�ux of myeloperoxidase (MPO+) expressing cells, which 
are predominantly neutrophils/macrophages, is apparent at 3 d 
of periodontitis in both sexes. �e number of cells decreases as 
periodontitis progresses in females by 9 d, while the number of 
in�ammatory cells is sustained through 9 d in the male lesions 
(Fig.�1F). �is distinct pattern of cell in�ltration, which is a source 
of IL-1� , suggests that sex di�erences in bone loss may be a�ected 
from distinctions in the amount of IL-1� present in the lesion.

�7�K�H�� �–�Q�5�D�P�P�D�V�R�P�H�� �6�X�S�S�R�U�W�V�� �6�H�[�� �'�L�•�H�U�H�Q�F�H�V�� �L�Q�� �3�H�U�L�R�G�R�Q�W�L�W�L�V��
�'�H�Y�H�O�R�S�P�H�Q�W�� To examine the mechanism of this sex-biased bone 
resorption (Fig.�1 D and E), we investigated the in�ammasome and 
its product IL-1� in�vivo. �e presence of IL-1� in the ligature-
induced periodontitis model was con�rmed to be localized in 
the gingiva adjacent to the resorbing alveolar bone (Fig.�2A). To 
assess sex di�erences of IL-1� during di�erent immune phases of 
periodontitis, we assessed the murine periodontium within hours 

of disease development and prior to bone loss. Il1b expression is 
augmented by 6 h of periodontitis induction in both males and 
females (Fig.�2B), a timepoint in which in�ammasome activation 
is also observed in�vitro (27). Notably, statistically signi�cant sex 
di�erences in Il1b expression in the gingiva are observed as early 
as 24 h post–disease induction (Fig.�2B). �is male bias in Il1b 
expression within the periodontal lesion is persistent during an 
extended period chronic stage of periodontitis (3-wk timepoint; 
SI  Appendix, Fig.� S1H). To assess whether these in� vivo sex-
dependent discrepancies in the magnitude of Il1b expression 
could be impacted by the ability of individual cells to secrete 
IL-1�, we tested in�ammasome activation ex�vivo with cultures 
of elicited macrophages. Male-derived macrophages secrete 
greater amounts of IL-1� upon NLRP3 (nigericin) and AIM2 
[poly(dA:dT)] in�ammasome activation compared to females 
(Fig.�2C), which supports that sex di�erences in IL-1� secretion 
via the in�ammasome exist at a cellular level.

 To further investigate whether the in�ammasome is causal for 
the sex di�erences in periodontitis, we assessed the magnitude of 
alveolar bone resorption using genetically modi�ed mice. Il1b−/−  , 
﻿ICE−/−   (caspase 1  and 11  gene deletion mice), and Asc−/−   male 
mice have signi�cantly decreased periodontal bone destruction 
compared to WT ( Fig. 2D  ). In female mice, however, periodontal 
bone resorption remains una�ected by IL-1�  deletion, while 
﻿ICE−/−   and Asc−/−  female mice have increased periodontitis severity 
( Fig. 2D  ). Direct comparison between males and females for the 
three KO mice con�rmed di�erences in in�ammasome activation 
between the sexes leading to di�erential bone resorption 
(SI Appendix, Fig. S2A﻿ ). Under baseline condition, Il1b−/−  male 
mice present less bone loss compared to WT controls ( Fig. 2E  ), 
suggesting that IL-1�  may also impact the dynamics of the 
healthy periodontium in males. �is opposing function of the 
in�ammasome between the sexes in periodontal disease remains 
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P���1���������������Q�V�����Q�R���V�L�J�Q�L�4�F�D�Q�F�H������C�����(�/�–�6�$���R�I���–�/-������I�U�R�P���S�H�U�L�W�R�Q�H�D�O-
�H�O�L�F�L�W�H�G���P�D�F�U�R�S�K�D�J�H�V���L�V�R�O�D�W�H�G���I�U�R�P���P�D�O�H���D�Q�G���I�H�P�D�O�H���P�L�F�H�����–�Q�5�D�P�P�D�V�R�P�H���D�F�W�L�Y�L�W�\���Z�D�V���S�U�L�P�H�G���L�Q�b�Y�L�W�U�R���Z�L�W�K���S�R�O�\���G�$���G�7�����D�Q�G���Q�L�J�H�U�L�F�L�Q�����0�X�O�W�L�S�O�H��t���W�H�V�W�V�����
P���1��������������
�4�X�D�Q�W�L�4�F�D�W�L�R�Q���R�I���E�R�Q�H���O�H�Y�H�O�V���H�Y�D�O�X�D�W�H�G���E�\��µ�&�7���L�Q���:�7����Il1b�+���+����ICE�+���+�����D�Q�G��Asc�+��-�+���P�L�F�H����D�����D�W�������G���D�Q�G����E�����D�W���E�D�V�H�O�L�Q�H���D�I�W�H�U���O�L�J�D�W�X�U�H-�L�Q�G�X�F�H�G���S�H�U�L�R�G�R�Q�W�L�W�L�V�����2�Q�H-�Z�D�\��
�$�1�2�9�$���Z�L�W�K���'�X�Q�Q�H�W�W���V���S�R�V�W���K�R�F���W�H�V�W�����
P���1���������������
�
P���1���������������
�
�
P���1�����������������Q�V�����Q�R���V�L�J�Q�L�4�F�D�Q�F�H�����'�D�W�D���D�U�H���U�H�S�U�H�V�H�Q�W�H�G���D�V���P�H�D�Q���s���6�(�0�����(�D�F�K���V�\�P�E�R�O���L�V���D���V�H�S�D�U�D�W�H���D�Q�L�P�D�O��D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 4

7.
6.

12
0.

19
9 

on
 N

ov
em

be
r 

26
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

47
.6

.1
20

.1
99

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2507092122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507092122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507092122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507092122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507092122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507092122#supplementary-materials


�����R�I�������K�K�E�K�W�W�S�V�������G�R�L���R�U�J�������������������S�Q�D�V����������������������� �S�Q�D�V���R�U�J

unde�ned but is supported by less explored functions of the 
in�ammasome, such as a protective role in the gut ( 28 ,  29 ). Sex 
di�erences were restricted to the bone phenotype, as tooth size 
was not impacted by the tested genetic deletions (SI Appendix, 
Fig. S2 B  and C ).

 Next, we assessed interspecies similarities of the cellular expression 
of IL-1�  within the gingival tissues of humans and mice. We ana-
lyzed publicly available single-cell datasets from previous studies: 
the Human Single Cell (HSC) dataset ( 30 ,  31 ) and the Murine 
Single Cell (MSC) dataset ( 32 ). �ese datasets do not permit sex 
strati�cation. Analysis of the HSC dataset shows that, within the 
four major cell groups (SI Appendix, Fig. S3A﻿ ), myeloid cells are the 
primary sources of Il1B  (SI Appendix, Fig. S3B﻿ ) and include den-
dritic cells, monocytes, and neutrophils (SI Appendix, Fig. S3C﻿ ). In 
agreement, the MSC dataset supports that IL-1�  is predominantly 
produced by myeloid cells (SI Appendix, Fig. S3D﻿ ), regardless of the 
fact that many other cell types have the ability to secrete IL-1�  ( 19 ).

 We next assessed the levels and tissue distribution of IL-1�  and 
other in�ammasome components in biobanked gingival samples 
from systemically healthy individuals without periodontal disease 
[In�ammasome (INFL) study; n = 11; demographics in SI Appendix, 
Table S1  and  Fig. 3 A  and B  ]. �is tissue biobank is suitable for the 
assessment of biological sex di�erences in the gingiva because it 
derives from subjects with a strict medical eligibility criterion that 
excludes donors with periodontitis risk factors (e.g., smoking, dia-
betes) and other conditions known to in�uence in�ammation (e.g., 
pregnancy, gross decays). As expected, due to the frequent host–
microbial interactions within the gingiva, an in�ammatory in�ltrate 
is present within the gingival stroma of individuals with healthy/mild 
gingivitis and without the presence of periodontitis ( Fig. 3C  ). In 
support of the murine Il1b  sex di�erences prior to bone loss ( Fig. 2B  ), 
human gingival tissues from young-to-middle aged adults with no 
periodontal disease also present sex distinctions in higher levels of 
IL-1�  in males ( Fig. 3 D –F  ). Sex-based disparities in IL-1�  are local-
ized to the gingival stroma ( Fig. 3F  ) and are not associated with 
distinctions in the levels of either in�ammasome components 
caspase-1 ( Fig. 3 G  and H  ) and ASC ( Fig. 3 I  and J  ), suggesting that 
the IL-1�  sex bias is unlikely to result from greater cellular production 
of these two in�ammasome components. ASC shows an overlap with 
IL-1�  within cells of the in�ammatory in�ltrate of the gingival 
stroma (SI Appendix, Fig. S3F﻿ ), supporting that IL-1�  is processed 
via the in�ammasome in the human gingiva. Additional analysis 
showed that hematopoietic CD45+ cells are among the immune 
in�ltrating cells localized with IL-1�  in the gingival stroma ( Fig. 3K  ).        

 To examine the consistency of sex di�erences in IL-1� among 
human periodontal patients, we analyzed data from two additional 
clinical studies with diverse periodontal conditions and age range 
compared to the INFL study (SI Appendix, Table S1 ). IL-1�  levels 
were assessed in the gingival crevicular �uid (GCF), which is a 
neutrophil-rich physiological �uid that originates from gingival 
blood vessels. �e smaller clinical study included subjects with 
mild-moderate periodontal disease [Periodontal In�ammation 
(PI) study; n = 24; demographics in SI Appendix, Table S2 ;  Fig. 4 
﻿A  and B  ]. We found that the GCF from male individuals with 
periodontitis has more than double the amount of IL-1� com-
pared to females ( Fig. 4C  ), which supports that the impact of sex 
on IL-1� dynamics extends beyond healthy periodontal tissues 
described earlier ( Fig. 3E  ). Next, we analyzed data from the much 
larger Dental Atherosclerosis Risk in Community (ARIC) cohort, 
which includes systemically compromised older adults (~60 y old) 
with a high periodontal disease prevalence (81%) ( 33 ). �e anal-
ysis of GCF samples from >6,000 ( Fig. 4D  ) revealed that IL-1� 
levels in males are signi�cantly greater than females across all per-
iodontal stages (n = 6,207;  Fig. 4E  ; demographics in SI Appendix, 

Table S3 ). �is sex-based distinction of IL-1�  also held true when 
considering only severe periodontitis cases ( Fig. 4F  ); thus, we 
found that sex di�erences in IL-1� exist across di�erent stages of 
periodontal health and disease.        

 To further investigate sex-based di�erences in IL-1� secretion 
at the cellular level in humans, we tested primary neutrophils 
in vitro, as these cells are an important source of IL-1� within the 
periodontium [Neutrophil (NEUT) study (n = 30,  Fig. 4G  )]. 
Ex vivo neutrophils from human males secrete threefold to four-
fold higher IL-1� compared to females after stimulation with the 
periodontitis-inducing factor, lipopolysaccharide (LPS) ( Fig. 4H  ). 
�ese results support sex di�erences in the in�ammasome pro-
cessing of IL-1� at the cellular level in humans.  

Caspase-1/4 Targeting with VX -765 Is a Sex-�6�S�H�F�L�4�F���7�K�H�U�D�S�H�X�W�L�F��
for Periodontitis Prevention.  To assess whether IL-1�  modulation 
has a therapeutic value on the sex-dependent role of the 
in�ammasome in periodontitis, we treated mice with the caspase 
inhibitor, VX-765, during experimental periodontitis development. 
�is chemical inhibits caspase 1 and caspase 4 (caspase 11 in 
mice), which impedes the activation of the in�ammasome and 
secretion of IL-1�. Based on previous studies (24, 34, 35), two 
di�erent dosages of VX-765 (10 mg/kg and 100 mg/kg) were 
tested in the present study. Only male mice show a statistically 
signi�cant reduction of 30% bone resorption upon treatment 
with VX-765 (100 mg/kg) while bone resorption in females 
remains una�ected by this treatment (Fig.�5A and SI Appendix, 
Fig.�S4A). Ovariectomized females remain unresponsive to VX-
765 treatment (Fig.�5B), indicating that this lack of therapeutic 
response is unlikely attributed to ovaries-dependent hormones 
or functions. By contrast, the protective e�ect of VX-765 is 
dependent on the presence of the male testicles, as orchiectomized 
males developed periodontitis that is unresponsive to VX-765 
(Fig.�5C). Interestingly, orchiectomy in male mice did not a�ect 
the development of periodontitis nor the bone phenotype in 
the healthy periodontium (Fig.�5C and SI Appendix, Fig.�S4B), 
indicating that male-related hormones a�ect the alveolar bone 
resorption in�vivo only in the context of VX-765 therapeutics. 
An ex� vivo experiment with murine macrophages derived 
from unmodi�ed females (no surgery for gonad removal) or 
orchiectomized male mice showed that physiological levels of 
the major testis-derived hormone testosterone have no impact 
on the IL-1� processing by activation of AIM2 and NLRP3 
in�ammasomes (SI Appendix, Fig.�S4C). Additional analysis of 
unmodi�ed (mice that did not have the orchiectomy surgical 
procedure) male WT mice shows that the sustained numbers of 
MPO+ cells previously identi�ed in the periodontal lesion at 3 to 
9 d (Fig.�1F) are signi�cantly decreased upon treatment of males 
with VX-765 (Fig.�5 D and E). In females, VX-765 treatment 
paradoxically increases the number of in�ltrating neutrophils/
macrophages (Fig.� 5 D and E). Treatment with VX-765 did 
not induce changes in the systemic immune composition of the 
whole blood of neither females nor males (SI Appendix, Fig.�S5), 
suggesting that the e�ect of the drug was localized to the signaling 
within the developing periodontal lesion.

 �e impact of VX- 765 in the in�ammatory cell recruitment into 
a diseased lesion ( Fig. 5E  ) is supported by other studies ( 29 ) and 
indicates that the in�ammasome is a powerful therapeutic target 
to block the sustained in�ammation of males. IL-1�  sustains 
in�ammation by induction of its own expression as well as other 
genes, thus serving as a positive-feedback loop that ampli�es the 
IL-1�  response ( 20 ,  21 ). �erefore, inhibition of IL-1�  maturation 
via the in�ammasome may, in turn, reduce IL-1� , thus diminishing 
a source of sustained in�ammation. Indeed, male mice treated with D
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VX-765 have decreased Il1b  expression ( Fig. 5F  ) and IL-1�  cytokine 
levels ( Fig. 5 G  and H  ) within the lesion at day 3 of periodontitis 
compared to untreated controls. While ASC remained stable during 
periodontitis, caspase-1 decreased at the 9 d timepoint ( Fig. 5 I  and 
﻿J  ). In females, however, IL-1�  level at day 3 is low and either 
increases or remains unaltered by VX-765 ( Fig. 5 F –H  ). �ese 

results indicate that caspase 1/4 is a therapeutic target for IL-1� 
modulation to treat periodontitis only in male mice.

 As IL-1�  is a strong stimulator of bone resorption, we exam-
ined sex di�erences upon VX-765 treatment via the receptor 
activator of nuclear factor (NF�)-B (RANK) signaling, which is 
a major pathway for bone resorption ( 36 ,  37 ). We assessed the 

Fig. 3.   �+�X�P�D�Q���J�L�Q�J�L�Y�D�O���W�L�V�V�X�H�V���I�U�R�P���P�D�O�H�V���H�[�K�L�E�L�W���J�U�H�D�W�H�U���–�/-��� ���S�U�R�W�H�L�Q���D�E�X�Q�G�D�Q�F�H���Z�L�W�K�L�Q���F�H�O�O�V���S�U�H�V�H�Q�W���L�Q���W�K�H���J�L�Q�J�L�Y�D�O���V�W�U�R�P�D������A�����:�R�U�N�5�R�Z���R�I���W�K�H���–�Q�5�D�P�P�D�V�R�P�H��
�6�W�X�G�\�����–�1�)�/�����Q��� ��������������B�����+�X�P�D�Q���F�O�L�Q�L�F�D�O���E�L�R�S�V�\���F�R�O�O�H�F�W�L�R�Q���Z�R�U�N�5�R�Z���L�P�P�H�G�L�D�W�H���S�R�V�W�R�S�H�U�D�W�L�Y�H���E�X�F�F�D�O���Y�L�H�Z���I�U�R�P���W�K�H���V�X�U�J�L�F�D�O���V�L�W�H���R�I���D���E�L�R�S�V�\���D�Q�G���I�U�H�V�K�O�\���L�V�R�O�D�W�H�G��
�J�L�Q�J�L�Y�D�O���E�L�R�S�V�\�����D�Q�G���E�X�F�F�D�O���Y�L�H�Z���I�U�R�P���W�K�H���V�X�U�J�L�F�D�O���V�L�W�H���D�W���������G���S�R�V�W�E�L�R�S�V�\�����3�0����� ���V�H�F�R�Q�G���S�U�H�P�R�O�D�U���W�R�R�W�K�����0����� ���4�U�V�W���P�R�O�D�U���W�R�R�W�K������C�����+�	�(���K�L�V�W�R�O�R�J�L�F�D�O���4�G�X�F�L�D�O��
�I�U�D�P�H���I�U�R�P���D���K�X�P�D�Q���J�L�Q�J�L�Y�D�O���E�L�R�S�V�\�����������™���P�D�J�Q�L�4�F�D�W�L�R�Q�������6�P�D�O�O�H�U���E�O�D�F�N���D�U�U�R�Z�V���L�Q�G�L�F�D�W�H���L�Q�5�D�P�P�D�W�R�U�\���L�Q�4�O�W�U�D�W�L�R�Q���L�Q���S�U�R�[�L�P�L�W�\���Z�L�W�K���W�K�H���S�H�U�L�R�G�R�Q�W�D�O���V�X�O�F�X�V�����7�K�H��
�E�L�J�J�H�U���E�O�D�F�N���D�U�U�R�Z���L�Q�G�L�F�D�W�H�V���W�K�H���S�H�U�L�R�G�R�Q�W�D�O���V�X�O�F�X�V������D�����1�H�J�D�W�L�Y�H�����Q�R���S�U�L�P�D�U�\���D�Q�W�L�E�R�G�\�����F�R�Q�W�U�R�O���R�I���K�X�P�D�Q���J�L�Q�J�L�Y�D�O���W�L�V�V�X�H�������™���P�D�J�Q�L�4�F�D�W�L�R�Q�������–�+�&���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H��
�L�P�D�J�H�V���R�I���K�X�P�D�Q���J�L�Q�J�L�Y�D�O���V�D�P�S�O�H�V���V�W�D�L�Q�L�Q�J���D�Q�G���–�P�D�J�H�-���T�X�D�Q�W�L�4�F�D�W�L�R�Q���R�I���W�K�H���L�P�P�X�Q�R�K�L�V�W�R�F�K�H�P�L�F�D�O���V�L�J�Q�D�O���L�Q���W�K�H���Z�K�R�O�H���W�L�V�V�X�H�����H�S�L�W�K�H�O�L�X�P�����D�Q�G���J�L�Q�J�L�Y�D�O���V�W�U�R�P�D��
�I�R�U����E���D�Q�G��F�����L�Q�5�D�P�P�D�V�R�P�H-�G�H�U�L�Y�H�G���F�\�W�R�N�L�Q�H���–�/-������D�Q�G���L�Q�5�D�P�P�D�V�R�P�H���F�R�P�S�R�Q�H�Q�W�V����G���D�Q�G��H�����&�D�V�S�D�V�H-�����D�Q�G����I���D�Q�G��J�����$�6�&�����8�Q�S�D�L�U�H�G��t���W�H�V�W�����
P���1���������������Q�V�����Q�R��
�V�L�J�Q�L�4�F�D�Q�F�H������K�����–�P�P�X�Q�R�5�X�R�U�H�V�F�H�Q�F�H���H�Y�L�G�H�Q�F�L�Q�J���W�K�H���F�R�O�R�F�D�O�L�]�D�W�L�R�Q���R�I���–�/-������D�Q�G���&�'���������F�H�O�O�V���L�Q���W�K�H���J�L�Q�J�L�Y�D�O���W�L�V�V�X�H���I�U�R�P���D�Q���L�Q�G�L�Y�L�G�X�D�O���Z�L�W�K�R�X�W���S�H�U�L�R�G�R�Q�W�D�O���G�L�V�H�D�V�H����
�5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���+�	�(-�V�W�D�L�Q�H�G���P�L�F�U�R�V�F�R�S�L�F���L�P�D�J�H���V�K�R�Z�L�Q�J���H�S�L�W�K�H�O�L�D�O�����H�S�L�����D�Q�G���V�W�U�R�P�D�O���W�U�D�Q�V�L�W�L�R�Q�D�O���D�U�H�D���L�Q���W�K�H���S�H�U�L�R�G�R�Q�W�D�O���W�L�V�V�X�H���D�W�������������™���P�D�J�Q�L�4�F�D�W�L�R�Q���D�Q�G����������
�����™���P�D�J�Q�L�4�F�D�W�L�R�Q�����5�H�J�L�R�Q���R�I���L�Q�W�H�U�H�V�W�����5�2�–�����L�V���R�X�W�O�L�Q�H�G�������������–�P�P�X�Q�R�5�X�R�U�H�V�F�H�Q�F�H���D�W�������™���P�D�J�Q�L�4�F�D�W�L�R�Q���D�Q�G���������������™���P�D�J�Q�L�4�F�D�W�L�R�Q�����&�'����+�–�/���+���G�R�X�E�O�H-�V�W�D�L�Q�H�G���F�H�O�O�V��
���V�R�O�L�G���Z�K�L�W�H���D�U�U�R�Z�V���������������–�Q�G�L�Y�L�G�X�D�O���L�P�P�X�Q�R�5�X�R�U�H�V�F�H�Q�F�H���F�K�D�Q�Q�H�O�V�����'�$�3�–�����E�O�X�H�������&�'���������\�H�O�O�R�Z�������–�/-��������F�\�D�Q�������D�Q�G���R�Y�H�U�O�D�\���R�I���W�K�H���F�R�P�E�L�Q�H�G���F�K�D�Q�Q�H�O�V���Z�L�W�K�L�Q���W�K�H���5�2�–��
�D�W�������™���P�D�J�Q�L�4�F�D�W�L�R�Q�����]�R�R�P�H�G���L�P�D�J�H�V����
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master regulatory triad of osteoclastogenesis: RANK, its ligand 
RANKL (activator of the RANK signaling pathway), and its 
decoy receptor osteoprotegerin (OPG) that negatively controls 
osteoclastogenesis by binding to RANKL and impeding RANK 
signaling ( 37 ,  38 ). �ese three mediators are a key regulatory 
axis of bone resorption, and importantly, the balance (ratio) of 
these three mediators re�ect pathologic bone damage ( 37 ,  39 ). 
Consistent with the lack of response to VX-765 in preventing 
female bone resorption ( Fig. 5A  ), there are no changes in the 
absolute levels ( Fig. 6A  ) and ratios ( Fig. 6B  ) of these three oste-
oclastogenesis signals in the gingiva of female mice upon treat-
ment with VX-765. Contrary to this, VX-765-treated males have 
a signi�cant decrease in the absolute levels of the bone loss 
inducer RANKL  and an increase in the levels of OPG  (negative 
regulator of osteoclastogenesis signaling via the RANK pathway) 
at day 3 ( Fig. 6C  ). �ese absolute changes result in a decrease 
of both RANKL:RANK and RANKL:OPG ratios at 3 d of per-
iodontitis in males treated with VX-765 ( Fig. 6D  ), indicating 
that VX-765 prevents the male bone resorption by inhibiting 
activation of the RANK signaling pathway ( 37 ). Other osteo-
clastogenesis signaling molecules evaluated were not a�ected by 
treatment with VX-765 and include osteoclast stimulatory trans-
membrane protein (OC-STAMP), osteoclast-associated receptor 
(OSCAR), and acid phosphatase 5 tartrate resistant (Acp5/TRAP)  
(SI Appendix, Fig. S6 A –C ). Additionally, bone resorption activ-
ity is observed in both females and males with periodontitis at 

3 d by increased expression of OC-STAMP  (SI Appendix, 
Fig. S6A﻿ ), a promoter of osteoclast di�erentiation that is induced 
by the RANKL signaling pathway ( 40 ). Serum levels of TRAcP 
(Tartrate-Resistant Acid Phosphatase)5b, a systemic marker for 
bone turnover, remained unaltered in both sexes regardless of 
the treatment with VX-765 (SI Appendix, Fig. S6D﻿ ), supporting 
that the major impact of the drug in the bone metabolism is 
restricted to the in�amed tooth-associated lesion. In agreement 
with our previous report ( 41 ), high numbers of osteoclasts are 
observed at 3 d within the alveolar bone of both sexes by TRAP 
staining (SI Appendix, Fig. S6 E  and F ). VX-765 treatment did 
not signi�cantly impact the number of TRAP+ cells during per-
iodontitis (SI Appendix, Fig. S6 E  and F ). While TRAP staining 
highlights the presence of osteoclasts, cathepsin K+ detects the 
presence of active osteoclasts as it is a critical protease for the 
degradation of collagen after mineral dissolution ( 36 ,  42 ). 
Importantly, in agreement with the sex-based therapeutic impact 
of VX-765 on the osteoclastogenesis signaling ( Fig. 6 A –D  ), only 
males treated with VX-765 have decreased numbers of cathepsin 
K+ cells (active osteoclasts) in the periodontal lesions ( Fig. 6 E  
and F  ), whereas there was no signi�cant change in females 
treated with VX-765 ( Fig. 6 E  and F  ). �ese �ndings show that 
caspase-1 therapeutic modulation decreases IL-1�  processing via 
in�ammasome, which consequently dampens the RANK sign-
aling pathway of osteoclastogenesis, and further decreases oste-
oclast cathepsin K activity in the periodontal lesion of male mice 

Fig. 4.   �&�R�P�S�D�U�D�W�L�Y�H���–�/-������H�[�S�U�H�V�V�L�R�Q���L�Q���Q�H�X�W�U�R�S�K�L�O�V���D�Q�G���J�L�Q�J�L�Y�D�O���5�X�L�G���E�\���V�H�[���D�F�U�R�V�V���G�L�•�H�U�H�Q�W���V�W�X�G�\���S�R�S�X�O�D�W�L�R�Q�V������A�����3�H�U�L�R�G�R�Q�W�D�O���–�Q�5�D�P�P�D�W�L�R�Q���V�W�X�G�\���Z�R�U�N�5�R�Z��
���Q��� ��������������B�����*�&�)���V�D�P�S�O�H���F�R�O�O�H�F�W�L�R�Q���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���D�Q�G����C�����V�H�[-�V�W�U�D�W�L�4�H�G���D�Q�D�O�\�V�L�V���R�I���–�/-������E�\���(�/�–�6�$���G�H�U�L�Y�H�G���I�U�R�P���W�K�H���*�&�)���R�I���L�Q�G�L�Y�L�G�X�D�O�V���Z�L�W�K���S�H�U�L�R�G�R�Q�W�D�O���G�L�V�H�D�V�H����
�8�Q�S�D�L�U�H�G��t�� �W�H�V�W���� �
P�� �1�������������� ��D���� �:�R�U�N�5�R�Z���I�R�U���D�Q�D�O�\�V�L�V���R�I�� �'�H�Q�W�D�O���$�W�K�H�U�R�V�F�O�H�U�R�V�L�V���5�L�V�N���L�Q���&�R�P�P�X�Q�L�W�L�H�V���V�W�X�G�\�� ���'�$�5�–�&���� �Q��� �� ���������������� ��E���� �6�H�[-�V�W�U�D�W�L�4�H�G���D�Q�D�O�\�V�L�V���R�I�� �–�/-
������O�H�Y�H�O�V�����(�/�–�6�$�����L�Q���W�K�H���*�&�)���R�I���L�Q�G�L�Y�L�G�X�D�O�V���F�O�D�V�V�L�4�H�G���X�Q�G�H�U���D�O�O���S�H�U�L�R�G�R�Q�W�D�O���G�L�V�H�D�V�H���V�W�D�J�H�V���F�R�P�E�L�Q�H�G���D�Q�G���W�K�H����F�����P�R�V�W���V�H�Y�H�U�H���V�W�D�J�H�����6�W�D�J�H���–�9�����R�Q�O�\����Right�������–�/-��� 
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�H�U�H���H�[�S�U�H�V�V�H�G���D�V���W�K�H���D�Y�H�U�D�J�H���R�I���D�O�O���������V�D�P�S�O�H�G���V�L�W�H�V���I�R�U���H�D�F�K���L�Q�G�L�Y�L�G�X�D�O�����8�Q�S�D�L�U�H�G��t���W�H�V�W�����
P��������������������G�����:�R�U�N�5�R�Z���D�Q�G���V�D�P�S�O�H���F�R�O�O�H�F�W�L�R�Q���R�Y�H�U�Y�L�H�Z��
�I�R�U���W�K�H���1�H�X�W�U�R�S�K�L�O�����1�(�8�7�����6�W�X�G�\���L�Q���K�X�P�D�Q���S�D�U�W�L�F�L�S�D�Q�W�V�����Q��� ��������������H�����(�/�–�6�$-�E�D�V�H�G���T�X�D�Q�W�L�4�F�D�W�L�R�Q���R�I���–�/-������O�H�Y�H�O�V���L�Q���K�X�P�D�Q-�G�H�U�L�Y�H�G���S�U�L�P�D�U�\���Q�H�X�W�U�R�S�K�L�O�V�����&�'�����E������
�&�'�����E�������F�R�P�S�D�U�L�Q�J���V�H�[�H�V�����E�R�W�K���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���/�3�6���V�W�L�P�X�O�D�W�L�R�Q�����6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���W�Z�R-�Z�D�\���$�1�2�9�$���Z�L�W�K���"�L�G�£�N���S�R�V�W���K�R�F���W�H�V�W�����
P�������������������'�D�W�D��
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only. Together, our studies support that the in�ammasome is a 
biological driver of a sex bias in dental bone resorption, which 
may have future therapeutic implications in human periodon-
tal disease.           

Discussion

 Periodontal disease is a prevalent in�ammatory condition with tooth 
loss that is male biased in both incidence and severity, but the mech-
anism of these biases is unknown. While the biological underpin-
nings of sex di�erences in periodontal disease presentation remain 
a major challenge a male-biased pathway for periodontal bone 
resorption has never been identi�ed. With the use of several cohorts 
of periodontal patients and murine experiments, we found that 
in�ammasome-induced IL-1�  represents a sex-biased mechanism 
of in�ammation in the periodontium. We found that IL-1�  drives 
bone loss in males, but not in females with experimental periodon-
titis. Additionally, with this knowledge of the sex-dependent nature 
of periodontitis, we were able to translate this �nding to uncover a 
sex-speci�c therapeutic to inhibit periodontitis in vivo.

 Despite evidence which supports that IL-1�  is associated with 
human periodontal in�ammation ( 16   – 18 ), and experimental data 
using periodontitis murine models ( 43   – 45 ), there is no prior direct 
evidence that the IL-1�  cytokine per se drives periodontal bone 

resorption regardless of the sex of the host. Our �nding that the 
in�ammasome is a male-speci�c driver of periodontitis represents 
a valuable �nding to the �eld as it challenges the established concept 
that IL-1�  promotes in�ammation and consequently drives in�am-
matory bone resorption, regardless of sex. �us, other pathways that 
promote periodontitis must exist. Indeed, over the past 10 y, results 
from human cohorts and mechanistic studies support model(s) that 
periodontal disease develops by other biological pathways, inde-
pendent of IL-1�  ( 46   – 48 ). Our data support the notion that female 
bone resorption may be driven by other established in�ammatory 
pathways, such as in�ammatory cytokines IL-6, TNF, and IL-17 
( 48 ,  49 ), as well as other less explored pathways ( 46 ,  47 ,  50   – 52 ). It 
is also possible that sex di�erences exist at the level of osteoclas-
togenesis signaling, which is also complex and involved over 20 
genes that includes RANKL-independent pathways ( 37 ,  53 ). 
Because in�ammatory bone loss progresses through multiple events, 
it is also possible that resorption in females is dampened by enhanced 
anti-in�ammatory functions including a more e�cient cellular 
phagocytotic activity ( 54 ) and/or higher abundance of resolution 
receptors in the female periodontium ( 55 ). Our studies support 
further investigation of additional pathways driving periodontal 
bone resorption. �e use of sex strati�cation of results in future 
studies will assist with the identi�cation of biologically relevant 
pathways to prevent in�ammation and periodontitis.
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 Although numerous studies have addressed the causes of sex 
disparities in the development of in�ammatory and immune-based 
disorders, there is much less understanding about the mechanisms 
mediating sex di�erences in response to anticytokine therapeutics 
( 56 ). Due to unknown biology, inhibitors that target TNF (also 
a sex-biased, proin�ammatory cytokine and inducer of bone 
resorption) have greater e�cacy in males with either rheumatoid 
arthritis or spondyloarthritis when compared with females ( 56 ). 
We identi�ed only one study to date that reported a sex-dependent 
e�ect of a treatment that targeted IL-1� to assist with disease 
regulation ( 57 ). In that study using a murine Kawasaki disease 
model, mice were treated with IL-1Ra (IL-1 receptor antagonist, 
Anakinra). In agreement with our results on sex-speci�c therapeu-
tics ( Fig. 5A  ), male mice present a more severe disease phenotype 
of Kawasaki disease that ameliorates with IL-1-targeted therapeu-
tic, while female mice present a milder disease phenotype and fail 
to respond to IL-1Ra treatment ( 57 ). �us, our �ndings on ther-
apeutic sex di�erences support the value of sex as a biological 
variable to optimize treatment strategies for conditions in�uenced 
by IL-1 and are aligned with the concept of precision care ( 58 ).

 We recognize that there are limitations to our studies. Here, we 
found consistent sex di�erences in the levels of IL-1�  in periodontal 
tissues from humans that replicated in mice. In addition, we found 
a sex bias in periodontitis severity in mice mirroring that seen in 
humans, which supports the translational relevance of our �ndings. 
Still, we acknowledge that the ligature-induced periodontitis is an 
experimental model of disease that cannot represent all aspects of 
human periodontal disease. �e common form of human 

periodontal disease has a complex pathogenesis that is still not com-
pletely understood, which results in the development of unpredict-
able bone resorption in middle-aged adults ( 2 ). On the other hand, 
ligature-induced periodontitis is a predictable bone resorption that 
occurs in a relatively short period of time (7 to 9 d) ( 41 ,  59 ). 
Despite these discrepancies, the ligature-induced periodontitis 
mouse model is the only model that is localized within the peri-
odontium and has well-de�ned immune/in�ammatory phases that 
mimic a model of human periodontal disease progression ( 41 ,  59 ). 
Because of the immune similarities with human periodontal disease, 
the ligature-induced periodontitis mouse model is considered inval-
uable for testing the potential of candidate therapeutic compounds 
( 59 ). In fact, this periodontitis model has harnessed the develop-
ment of an IL-23-based treatment for periodontitis in humans ( 60 , 
 61 ). Our therapeutic �ndings are further validated by these prior 
studies ( 60 ,  61 ), which demonstrated comparable treatment e�cacy 
in vivo ( Fig. 5A  ). �erefore, while our �ndings cannot address all 
aspects of human disease, our �ndings support testing sex-based 
hypothesis for periodontitis development and therapeutics.

 We would be remiss if we did not acknowledge that, despite the 
uniqueness of our �nding, our study has several unresolved questions. 
First, we do not know the reason that supports higher IL-1�  secretion 
upon in�ammasome activation in males. Our ex vivo study shows 
that this was not dependent on testosterone (SI Appendix, Fig. S4C﻿ ). 
�e higher levels of IL-1�  secretion in males may be attributed to 
various reasons including the number of in�ammatory cells in a lesion 
or the presence of the Y chromosome. While the Y chromosome was 
once considered a “genetic wasteland,” it is now known that the Y 
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chromosome has genes with unknown biological functions as well as 
genes that impact in�ammatory responses ( 62 ). Second, it remains 
unclear why the presence of male testes a�ected the e�cacy of VX-765 
therapeutics. While our results support that the preventive e�ect of 
VX-765 is unlikely to be attributed to sex di�erences in drug metab-
olism, because the sex-dependent e�ect of in�ammasome inhibition 
with VX-765 was validated in Il1b﻿-gene-de�cient mice ( Fig. 2E  ), 
sex-dependent pharmacokinetic e�ects have not been explored. Last, 
the required presence of bacteria for ligature-induced periodontitis 
development ( 63 ) indicates that the in�ammasome sex di�erences 
shown in the present study may be associated with a sex-speci�c 
microbiota. A recent meta-analysis from human data reports that 
females and males have distinct microbiota composition of dental 
plaque ( 64 ), which supports new mechanistic assessment of the role 
of bacteria as potential contributors for the male-biased bone loss. 
Future studies will foster a better understanding of the mechanisms 
that contribute to the complexity of sex-dependent in�ammatory 
responses and their subsequent impact in preventive health care.

 Together, our studies support a sex-dependent role of the in�am-
masome as an important driver of periodontal bone resorption and 
identify a sex-speci�c therapeutic to prevent alveolar bone resorp-
tion in the experimental setting. An important �nding is that phe-
notypic di�erences in in�ammasome activity were observed in 
ex vivo cells from nongingival sources; thus, this study has impli-
cations for in�ammatory conditions beyond periodontitis. Given 
that in�ammation is essential for maintaining tissue homeostasis 
in mucosal barriers, our studies provide foundational knowledge 
that females and males may bene�t from distinct therapeutics for 
periodontitis that targets the in�ammasome.  

Materials and Methods

All human experiments are derived from already completed studies either from 
analysis of existing datasets or from biobanked samples. Detailed information 
relating to all human studies, associated tissue protocols, and analysis can be 
found in SI Appendix. All animal experiments were conducted with the approval 
of the Institutional Animal Care and Use Committee (University of North Carolina). 
Mice were housed and bred at UNC-Chapel Hill. Mice of the same sex were 
randomly allocated to each experimental group. Experimental periodontitis was 
induced via the simplified ligature model as previously described (41). VX-765 
(InvivoGen, San Diego) was orally administered to mice at either 10 mg/kg or 
100 mg/kg dosages, twice daily starting at one day (−1d) prior to the ligature 
placement until the mice were killed as previously described (24, 35). Detailed 
information relating to all animal experiments, associated tissue collection proto-
cols, and analysis can be found in SI Appendix. Microcomputed tomography (� CT) 
of murine samples was done on formalin-fixed and scanned with Scanco �CT 40 
scanner (Nokomis, FL) with 18-�m resolution in all three spatial planes. Bone loss 
was measured as the distance between the cementoenamel junction and alveolar 
bone crest (CEJ-ABC) at the distal buccal root of the first molar was measured (lin-
ear measurements) as previously described by our group (41). Detailed informa-
tion relating to � CT including protocols and analysis can be found in SI Appendix. 
Immunohistochemistry (IHC) was done on murine formalin-fixed, decalcified, 
and paraffin-embedded sections in the sagittal plane. For IHC of gingival tis-
sues, samples were paraformaldehyde-fixed and paraffin-embedded. Detailed 
information relating to IHC staining, visualization, and analysis can be found in 
SI Appendix. For RNA quantitation via qPCR gingival samples were immediately 
placed in RNAlater® (Invitrogen, Waltham, MA) and kept at 4 °C overnight. RNA 
was isolated with the RNAeasy system (Qiagen, Valencia, CA). cDNA products were 

amplified with TaqMan Gene Expression PCR master mix (Applied Biosystems, 
Foster City, CA). Detailed information relating to qPCR primers, protocols, and 
analysis can be found in SI Appendix. Peritoneal macrophages of WT mice were 
collected as previously defined (65) for inflammasome activation. Cells were 
primed with LPS (200 ng/mL) for 3 h and activated by transfected with poly(dA:dT) 
or with the addition of nigericin for 6 h. Testosterone (T1500, Sigma) was added 
to cells for 18 h prior to LPS priming as indicated. Detailed information relating 
to inflammasome activation protocols and analysis can be found in SI Appendix.

Data, Materials, and Software Availability.  All study data are included in 
the article and/or SI Appendix. The publicly available human and mouse gingival 
tissue sample scRNA-Seq datasets from published studies used in our analyses 
were downloaded from the NCBI Gene Expression Omnibus (GEO) database. The 
human gingival dataset (30) was downloaded from NCBI GEO under the accession 
number GSE164241 (66). The mouse gingival dataset (32) was downloaded from 
NCBI GEO under the accession number GSE228635 (67).
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