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Abstract 

Periodontitis and caries ar e dri v en by complex interactions between the oral microbiome and host factors, i.e. inflammation and 

dietar y sugars, r especti v el y. Animal models hav e been instrumental in our mechanistic understanding of these oral diseases, although 

no single model can faithfully reproduce all aspects of a given human disease. This re vie w discusses e vidence that the utility of an 

animal model lies in its capacity to address a specific hypothesis and, therefore, different aspects of a disease can be investigated 

using distinct and complementary models. As in vitro systems cannot r e plicate the complexity of in vivo host–microbe interactions and 

human resear c h is typicall y corr elati v e, model organisms—their limitations notwithstanding—r emain essential in pr oving causality, 
identifying therapeutic targets, and evaluating the safety and efficacy of nov el tr eatments. To achiev e br oader and dee per insights 
into oral disease pathogenesis, animal model-deri v ed findings can be synthesized with data from in vitro and clinical research. In the 
absence of better mechanistic alternatives, dismissal of animal models on fidelity issues would impede further pr ogr ess to understand 

and treat oral disease. 

Ke yw ords: animal models, oral microbiome, periodontitis, dental caries, therapeutic targets, dysbiosis 
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Introduction 

In the context of genetics and environmental exposures of the 
host, the oral microbiome contributes considerably to oral and 

systemic health and disease (Barros and Offenbacher 2009 , Gomez 
et al. 2017 , Hajishengallis and Lamont 2021 ). Despite the de- 
v elopment of high-thr oughput omics tec hnologies (genomics,
epigenomics , metagenomics , transcriptomics , proteomics , and 

metabolomics) and their application in human disease r esearc h,
model organisms remain valuable, if not essential, to understand- 
ing the human condition. Studies in human populations and in 

in vitro cell systems alone, e v en when complemented with com- 
puter modeling, are unlikely to obviate the need for animal ex- 
perimentation to identify potential mechanisms that underpin 

d ysbiosis, d ysfunction, and disease or maintain homeostasis and 

health. This is in part because human studies are mostly correl- 
ative and do not typically address cause-and-effect relationships. 
Whereas the testing of new drugs in interventional human studies 
can address causality, this normally cannot occur before support- 
iv e e vidence on efficacy is obtained from studies in model organ- 
isms (Hajishengallis et al. 2015 , Nadeau and Auwerx 2019 ). More- 
ov er, e v en if human r esearc h could become sufficient by itself 
to enable deep understanding of human biology, animal studies 
would still be necessary to provide preliminary information on the 
safety of candidate ther a peutic compounds (Gr av es et al. 2008 ). In 
vitro reductionist systems, even when combining microbial and 

host components, do not curr entl y possess adequate complex- 
ity to mimic the cr oss-inter actions of host tissues and recruited 

immune cells with polymicrobial communities. Of course, recent 
advances in 3D microfluidic systems (tissue-and organ-on-a-chip 

models) hold significant promise for the future, especially if they 
could functionall y integr ate in a single platform multiple tissues 
(or organs) including immune cells (Sung et al. 2019 , Schmidt et 
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l. 2020 , Leung et al. 2022 ). Ne v ertheless, infections induce com-
lex and dynamic pr ocesses, suc h as emer genc y my elopoiesis,
nd stimulate communication between challenged tissues and or- 
ans, including those involved in the production and expansion of
iffer ent imm une linea ges, suc h as the bone marr ow and l ymph
odes . T hese aspects will be difficult to be modeled sufficiently
 v en by the most sophisticated in vitro systems. Ne v ertheless, ex-
eriments in animal models have limitations with regard to hu-
an physiological r ele v ance, and hence m ust be complemented

y human studies for v alidation. Figur e 1 depicts the utility and
dv anta ges of animal model organisms in comparison to in vitro
odels and human studies. 
The utility of validated animal models (Box 1) in microbe-

riv en or al diseases became e vident decades a go and some
xamples are given here. In pioneering studies in hamsters and
ther rodents in the 1950s, Keyes and Fitzgerald demonstrated 

hat dental caries is mediated and transmitted (to other hosts)
y bacteria. T hey, moreo ver, dissected the role of the implicated
acteria (str eptococci) fr om that of genetics and diet (Keyes
959 , Fitzger ald and K eyes 1960 ) (Fig. 2 ). Ir onicall y, K eyes and
itzgerald did not realize that the cariogenic stre ptococci the y
ad been investigating were similar to a species isolated in 1924

rom human carious lesions, named Streptococcus mutans , by J.K.
larke (Tanzer 1995 ). In 1976, immunologists at the University
f Alabama at Birmingham, essentially the birthplace of the 
eld of Mucosal Imm unology, r eported that ingestion of killed S.
utans cells via the drinking water induced secretory IgA (S-IgA) 
ntibodies in saliva and milk, and conferred protection from 

ental caries in rats (Michalek et al. 1976 ). This pivotal preclinical
tudy not only provided proof-of-concept for a mucosal anticaries 
accine but laid the foundation for establishing the concept of the
ommon, yet compartmentalized, m ucosal imm une system. In 
ights r eserv ed. For permissions, please e-mail: 

https://orcid.org/0000-0001-7392-8852
mailto:geoh@upenn.edu
mailto:journals.permissions@oup.com
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Figure 1. Comparison of experimental animals vs. in vitro models and 
human studies in terms of the indicated parameters. Model organisms 
r epr esent a point on a spectrum of assay models ranging from the 
experimentall y tr actable in vitro systems, thr ough the biological 
complexity of animals , o ver to biologically relevant human studies. 
Perhaps the greatest advantage of animal model studies is their capacity 
to address mechanistic questions and test cause-and-effect 
relationships. L, low; H, high. 
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he years that followed, oral immunization of humans with mu-
ans streptococcal antigens w as sho wn to elicit specific salivary
-IgA antibodies that could inhibit oral recolonization by mutans
treptococci (Russell et al. 2004 ), while mucosal immunology
o w adays is a major field of Biomedicine and mucosal vaccines
 gainst se v er al infectious diseases ar e either alr eady licensed or
n clinical trials (Lavelle and Ward 2022 ). More than 30 years ago,
eriodontal r esearc hers sho w ed that implantation of Bacteroides
 P orph yromonas ) gingivalis into the periodontal microbiota of

onk e ys initiated periodontal disease (Holt et al. 1988 ). At the
ime, this finding was inter pr eted to suggest specific microbial
tiology of periodontitis, a concept that was superseded by the
ol ymicr obial syner gy and dysbiosis model of periodontal disease
athogenesis (Lamont et al. 2018 ). Ne v ertheless, the landmark
tudy by Holt and colleagues had sparked further interest in P. gin-
iv alis r esearc h that ov er the years contributed criticall y to what
 e kno w today about this k e ystone pathogen and its interactions
ith the host and other bacteria. Studies in animal models of
eriodontitis or dental caries sho w ed that the se v erity of induced
one loss or carious lesions, r espectiv el y, was also dependent
pon the genetic bac kgr ound of the host; mor eov er, intercr oss
reeding experiments sho w ed that susceptibility or resistance
o disease is an inherited trait (review ed b y Baker 2005 , Werneck
t al. 2010 ). Early studies on antibiotics in oral health sho w ed
hat systemic tetracyclines suppress periodontal pathogens in
umans and inhibit periodontal tissue destruction in rats (Weiner
t al. 1979 , Slots and Rosling 1983 ). Intriguingl y, mor eov er, ex-
eriments in germ-free diabetic rats sho w ed that tetracyclines
ould block abnormally elevated collagenolytic activity (Golub et
l. 1983 ). These results led to (i) the realization that tetracyclines
ould inhibit periodontal tissue breakdown through mechanisms
hat, in part, ar e independent fr om their antimicr obial effects
nd (ii) the de v elopment of ne w, tetr acycline-based drugs that
nhibit matrix metalloproteinases with applications in different
iomedical fields (Golub and Lee 2020 ). 

Box 1: 

Animal model v alida tion 

Widely accepted criteria for animal model validation include 
pr edictiv e , face , and construct validity. Although these crite- 
ria were first applied to neuro-psychiatric diseases (Willner and 
Mitchell 2002 , Nestler and Hyman 2010 ), they are both useful 
and r ele v ant to an y human disease inv estigated via model or- 
ganisms. Pr edictiv e v alidity r efers to the pr ecision in pr edicting 
whether specific treatments that work in animals can also work 
efficiently in human patients. Face validity is defined as how 

well a model mimics the disease phenotype (clinical signs and 
symptoms, hallmark features) seen in human patients. Con- 
struct v alidity r efers to the r ele v ance of the mechanisms that 
were used to induce disease in model organisms; do such mech- 
anisms reflect those that induce the human disease? In other 
w or ds, this criterion determines the r ele v ance of the etiologic 
mec hanisms that ar e used to “construct” the model. As dis- 
cussed in the main text, a single model is unlikely to replicate a 
human disease in its entirety and thus may also not satisfy all 
three criteria. Ho w ever, a combination of different but comple- 
mentary models may provide v alidity acr oss the three criteria of 
pr edictiv e , face , and construct validity. The main text contains 
se v er al examples of pr edictiv e v alidity for or al disease-r elated 
animal models (e.g. success of complement-targeted inhibition 

for treating periodontal inflammation in humans based on in- 
tervention studies in mice). Models of oral diseases (caries, pe- 
riodontitis) described in this r e vie w also hav e face v alidity as 
they mimic the human disease phenotype including hallmark 
features (e.g. caries models cause cavities and also pain if the le- 
sions extend to and affect the pulp; periodontitis models cause 
inflammation of the g ing iva and loss of the supporting alveo- 
lar bone). The same models have construct validity since the 
mec hanisms by whic h disease is induced in animals are quite 
similar to those that cause the human disease (e.g. S. mutans 
in the presence of sugars causes cavities both in animals and 
humans; dysbiotic pol ymicr obial comm unities in the periodon- 
tium cause periodontal disease in both animals and humans). 

Box figure: criteria for validating animal models. 
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Figur e 2. T he pioneer animal experiments of Keyes and Fitzgerald. The graphically depicted experiments collectiv el y pr ovide unequivocal e vidence in 
support of the bacterial and diet etiology of dental caries . T his set of animal model experiments is a classic example that insights gained from animal 
experimentation can help understand mechanisms and etiology of a human disease. All subsequent observations in human dental caries validated 
the findings of Keyes and Fitzgerald (Keyes 1959 , Fitzgerald and Keyes 1960 , Tanzer 1995 ). 
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This r e vie w discusses the potential utility of animal models in 

our efforts to understand the impact and mechanisms whereby 
the or al micr obiome–host inter actions affect local and systemic 
health. Although large animal models (e .g. dogs , pigs , and non- 
human primates) have also been used in oral science and have 
unique adv anta ges, we will primaril y focus on the most widel y 
used and economical rodent models, for which there is extensive 
bac kgr ound information on their immune and physiological sys- 
tems as well as a wide range of available reagents for analyses 
(Table 1 ). In particular, mouse models can be extr emel y in- 
formative in dissecting molecular pathways governing host–
micr obe inter actions due to the availability of numerous genet- 
icall y engineer ed str ains (e.g. with knoc k-out or knoc k-in m uta- 
tions , gene o v er-expr ession, or fluor escentl y ta gged pr otein ex- 
pression) (Webster et al. 2020 ). Moreover, the mouse genome is 
fully sequenced ( http://www.sanger .ac.uk/r esources/mouse/gen 

omes/) and essentially all mouse genes have human homologues.
Despite their adv anta ges, model or ganisms also hav e limitations 
nd thus animal experiments should be designed and inter pr eted
udiciously. After all, a model is only “an approximation or simula-
ion of a real system, i.e . under in vestigation” (Hajishengallis et al.
015 ). This r e vie w, ther efor e, cov ers also the limitations of model
rganisms and advocates that broad understanding of oral health 

nd disease r equir es that animal model-based findings be used in
ombination with data from in vitro systems and clinical studies
Fig. 3 ). 

dvantages and limitations of animal 
odels 

nimal models are not without pitfalls. Knowing their limitations 
nables the r esearc hers to design better and valid studies that are
 ele v ant to the human condition. Well-designed animal model-
ased studies have been extr emel y helpful in uncovering cause-
nd-effect relationships and for identifying new targets for dis- 
ase treatment as discussed below. 

http://www.sanger.ac.uk/resources/mouse/genomes/
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Table 1. Adv anta ges and disadv anta ges of rodent models in comparison to large experimental animals. 

Ad v antages 
� Moderate costs; easily maintained and genetically manipulated 
� Short r epr oduction times; se v er al gener ations can be studied in r elativ el y brief time periods 
� Numer ous geneticall y engineer ed str ains and wide r ange of imm unological r ea gents for anal yses av ailable (especiall y for mice) 
� Extensiv e liter atur e on their imm une and physiological systems 
� Established/validated models for a variety of human diseases 
Disad v antages 
� Microbiome differs more than that of large animals (e.g. nonhuman primates) as compared to the human microbiome 
� Anatomy and physiology and disease features not as close to humans as big animals 
� Mor e inbr ed than lar ge animals; decr eased v ariability in r esults but also decr eased tr anslatability of findings 

Figure 3. Animal models are not used or interpreted in isolation. Work in model organisms informs and is being informed by clinical research and in 
vitro systems as indicated in this feed-forw ar d c ycle of kno wledge generation. For instance, a clinical observation (e.g. protein “A” is negativ el y 
correlated with protein “D”) may prompt a hypothesis that can be tested in an animal model (often with the help of in vitro assays) leading to the 
conclusion that protein “A” activates a signaling pathway that inhibits protein “D.” If the inhibition of protein “D” in the animal model protects from a 
disease, then protein “D” can be identified as a candidate ther a peutic tar get. This in turn can be tested for validation in an intervention trial, paving 
the way to clinical de v elopment for the treatment of human patients. One of the greatest contributions of experimental animals, especially mouse 
models with a plethora of knock-out, knock-in or conditional mutations, is the capacity for testing causality, which cannot be typically addressed in 
human studies that are mostly correlative. 
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pecific hypothesis testing vs. disease replication 

t is often said that no animal model can faithfully reproduce
uman disease in its entirety. This is gener all y true. Ho w e v er,
hether an animal model is a ppr opriate and useful should not
e decided on the basis of its fidelity to all aspects of a given
uman disease . T he critical question regarding the a ppr opriate-
ess of a given model is the following: Can the model be used
o address a specific hypothesis? Two instructive examples are
iv en her e . T he injection of bacteria into a tissue is ob viousl y
eaningless and irr ele v ant to the study of bacterial invasion but,

t the same time, suitable to study the host inflammatory re-
ponse upon bacterial invasion. No animal or human de v elops
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micr obe-driv en inflammatory bone loss in the calvaria similar 
to periodontal disease. Ho w e v er, the calv arial model (injection 

of microbial or inflammatory stimuli into the connective tissue 
that overlies the calvarial bone) is relevant to study mechanisms 
by whic h div erse micr obial or host-deriv ed stim uli, suc h as spe- 
cific cytokines, regulate osteoclastogenesis and bone resorption 

(Boyce et al. 1989 , Gr av es et al. 2001 ). Although no single model 
can r eca pitulate all aspects of a human disease, different mod- 
els can be emplo y ed to study discrete components of the disease 
process by addressing different but complementary hypotheses 
(Gr av es et al. 2008 ) (Fig. 4 ). Despite their limitations, animal mod- 
els are typically superior to in vitro or clinical studies in address- 
ing mechanistic hypotheses (Fig. 1 ). Moreover, animal experiments 
ar e inv aluable in testing the potential of candidate ther a peutic 
compounds. 

Consistent with the notion that model organisms lie on a 
spectrum of assay systems spanning from the experimentally 
tractable in vitro systems to the biological complex and relevant 
clinical studies (Fig. 1 ), information deriv ed fr om model or ganisms 
should not be used in isolation but rather synthesized with find- 
ings from in vitro cellular and bacterial assays and human clinical 
data to obtain broader insights into disease pathogenesis (Fig. 3 ).
Ideall y, important tr eatment conce pts deri v ed fr om animal stud- 
ies should be follo w ed b y tar geted v alidation in clinical studies,
which would pave the way to novel therapies for human diseases 
(Fig. 3 ). 

Are mouse models rele v ant to the human 

condition and capable of leading to novel drug 

development? 
It has been argued that mouse models do not have sufficient pre- 
dictiv e v alidity, i.e. pr ecision in pr edicting whether specific tr eat- 
ments that worked in mice can also work efficiently in human 

patients (Seok et al. 2013 , Pound and Br ac ken 2014 , FitzGer ald 

et al. 2018 ), although such claims have been countered by oth- 
ers (Dirnagl 2014 , Takao and Miy akaw a 2015 , Nadeau and Auw- 
erx 2019 ). Nadeau and Auwerx cited examples of genes first char- 
acterized in mice that wer e subsequentl y shown to be r ele v ant 
for the human condition, such as, Lep ob and Ubp1 , whic h r egu- 
late, r espectiv el y, body weight and blood pr essur e in both mice 
and humans (Nadeau and Auwerx 2019 ). P ar abiotic experiments 
among different strains of genetically obese ( ob/ob or db / db ) and 

normal mice were fundamental in the quest for the ultimate dis- 
covery and functional characterization of the hormone leptin (the 
ob gene product) and the leptin receptor (the db product) (Nadeau 

and Auwerx 2019 ). Ob viousl y, suc h pivotal par abiotic experiments 
would be impossible, let alone unethical, in humans, indicating 
that major scientific discoveries are often critically dependent on 

animal experimentation. 
Mouse models have also played a critical role in drug discov- 

ery, as shown by the following examples . TNF- α o v er expr ession in 

mice resulted in chronic inflammatory polyarthritis, which dis- 
played features of human rheumatoid arthritis and was treat- 
able by an anti-TNF- α monoclonal antibody (Keffer et al. 1991 ).
T his landmark disco v ery in 1991 for eshado w ed and facilitated the 
successful de v elopment of anti-TNF- α ther a py for the tr eatment 
of rheumatoid disease patients (Radner and Aletaha 2015 ). The 
discovery of immune checkpoints and their inhibition in cancer,
whic h importantl y r esulted in ne w tr eatment modalities and the 
2018 Nobel Prize in Physiology or Medicine, would not have been 

possible without fundamental knowledge derived from mouse 
odel experiments in the laboratories of James P. Allison and
asuku Honjo (Wolchok 2018 ). 

In the context of oral disease, the demonstration that mice
acking the complement component C3 are protected against ex- 
erimental periodontitis (Maekawa et al. 2014a ) led to a phase
a clinical trial in which a locally administered C3-targeted drug
AMY-101) inhibited periodontal inflammation in human patients 
Hasturk et al. 2021 ). Work in a mouse model of a ggr essiv e pe-
iodontitis associated with leukocyte adhesion deficiency type-1 
LAD-1) implicated the dysregulation of the IL-23–IL-17 inflam- 

atory axis as the driver of this condition (Moutsopoulos et al.
014 ). T his disco v ery was harnessed in the successful a pplica-
ion of IL-23-based treatment (using the monoclonal antibody 
stekinumab) of human LAD1 periodontitis (Moutsopoulos et 
l. 2017 ). Plasminogen-deficient mice spontaneously develop ex- 
r av ascular fibrin deposits leading to neutrophil-mediated peri- 
dontal inflammation and bone loss; consistentl y, pol ymor phisms
n the plasminogen-encoding gene ( PLG ) are associated with in-
r eased pr e v alence of human periodontal disease (Silva et al.
021 ). Mice deficient in the secreted homeostatic protein DEL-
 de v elop spontaneous inflammatory bone loss associated with
igh le v els of IL-17 in the periodontal tissue (Eskan et al. 2012 ).
ubsequent w ork sho w ed that DEL-1 and IL-17 ar e r ecipr ocall y
egativ el y r egulated, and their balance is important for home-
static immunity (Maekawa et al. 2015 , Kourtzelis et al. 2019 ).
his DEL-1–IL-17 balance principle (Hajishengallis and Chavakis 
019 ) was later found to be r ele v ant in humans in the context
f COVID-19-related and especially Kawasaki disease-related hy- 
erinflammation (Consiglio et al. 2020 ). Specifically, autoantibod- 

es to DEL-1 (EDIL3), which were particularly overexpressed in 

a wasaki disease , were shown to be inv ersel y r elated to IL-17
oncentrations (Consiglio et al. 2020 ), suggesting neutralization 

f the anti-inflammatory function of DEL-1, and hence unre- 
tr ained pr oduction of IL-17. These examples underscore the po-
ential of mouse models to lead to treatments for human dis-
ase or to new biological concepts that are relevant to the human
ondition. 

ice and humans have distinct microbiomes but 
ommon features of dysbiosis 

her e ar e striking compositional differ ences in the micr obiotas
f oral and other mucosal sites between mice and humans (Ley
t al. 2005 , Dutzan et al. 2018 , Li et al. 2019 , Payne et al. 2019 ).
he human oral microbiome includes over seven hundred dif- 
erent bacterial species (besides numerous fungal, viral, fungal,
nd protozoan species) (Zhang et al. 2022 ). A relatively limited
umber of microbial species comprise the oral microbiome of ex- 
erimental mice, which typically do not harbor species that are
ound in humans (Payne et al. 2019 , Abusleme et al. 2020 ). This
iscrepancy in the composition of mouse and human microbial 
ommunities, ho w ever, does not mean that mice are inappropri-
te to model human dysbiotic inflammatory diseases, such as pe-
iodontitis . T his is because the emergence of dysbiosis (vs. home-
stasis maintenance) is determined not by specific individual bac- 
eria but by the collective output of community action, which
n turn is shaped by both interspecies interactions and host ge-
etic and environmental variables (Lamont et al. 2018 ). In other
 or ds, what matters is not so m uc h the micr obial r oster but the

ncoded collective gene pool and its interaction with the host
nvironment. 

Accordingl y, compositional c hanges (associated with the over- 
r owth of Gr am-negativ e anaer obes) in the periodontal micro-
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Figure 4. Animal models and hypothesis testing. Although animal 
models cannot faithfully reproduce a given human disease in its 
entirety, their utility can be decided on whether they can address a 
specific hypothesis related to an aspect of the disease. In that manner, 
the combination of different models (from the same or different species) 
investigating distinct and complementary hypotheses can lead to 
information which, when appropriately synthesized, may provide new 

knowledge on the human disease and prompt targeted clinical 
r esearc h. 
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iome of mice subjected to ligature-induced periodontitis (LIP)
Box 2) were sufficient to drive the expansion of T helper 17 (Th17)
ells, which in turn mediated inflammatory bone loss (Dutzan et
l. 2018 ). Similarly, the dysbiotic community associated with hu-
an periodontitis is ov erwhelmingl y enric hed in Gr am-negativ e

naerobic bacteria (Diaz et al. 2016 ). The clinical relevance of the
bservation that Th17 cells drive inflammatory bone loss in the
IP model was confirmed in humans, since individuals with defec-
ive Th17 cell development w ere sho wn to have diminished peri-
dontal inflammation and bone loss (Dutzan et al. 2018 ). Further
tudies in the LIP model demonstrated that complement acts up-
tream of Th17 cell expansion. Specifically, complement activa-
ion by the dysbiotic microbiome leads to induction of cytokines
IL-6, IL-23) that are required for the expansion of pathogenic Th17
ells (Wang et al. 2022 ). The involvement of complement in experi-
ental mouse periodontitis (Maekawa et al. 2014a ) was validated

n a complement C3-targeted intervention trial in patients with
eriodontal inflammation (Hasturk et al. 2021 ). T hus , although
ice and humans harbor a different oral microbiome, mice con-

titute an a ppr opriate study model in which dysbiosis of a com-
 unity enric hed in Gr am-negativ e anaer obes driv es periodontitis

hrough the activation of complement and Th17, as occurs in the
uman disease. 
Box 2: 

Ligature-induced periodontitis model 
Ligature-induced periodontitis (LIP) is currently the most widely 
used model of experimental periodontitis. In LIP, ligature place- 
ment in molar teeth generates a subg ing iv al biofilm-r etentiv e 
milieu leading to inflammation, dysbiosis, and bone loss in 

conventional (but not germ-free) mice (Abe and Hajishengallis 
2013 , Jiao et al. 2013 , Shin et al. 2015 , Xiao et al. 2017 , Tsukasaki 
et al. 2018 , Kourtzelis et al. 2019 , Kitamoto et al. 2020 ); dysbiotic 
alterations can be investigated by 16S rRNA gene sequencing 
and bioinformatic analysis (Abusleme et al. 2017 , 2020 , Dutzan 

et al. 2018 , Kittaka et al. 2020 , Williams et al. 2020 , Hoare et al. 
2021 , Johnstone et al. 2021 ). Although LIP is sometimes r eferr ed 
to as an acute model, it should be noted that only the first 12–
24 h r epr esent an acute phase with pronounced recruitment of 
neutrophils peaking at 12 h (Shin et al. 2015 ). In essence, LIP rep- 
r esents an acceler ated model of periodontitis with earl y activ a- 
tion of complement and recruitment of neutrophils, follo w ed b y 
macr opha ge accum ulation and T cell activ ation/expansion, and 
with accumulation of B-cell-lineage cells in later stages (Abe et 
al. 2015 , Shin et al. 2015 , Dutzan et al. 2018 , Marchesan et al. 
2018 , Tsukasaki et al. 2018 , Kourtzelis et al. 2019 , Kitamoto et 
al. 2020 , Li et al. 2020 , Wang et al. 2022 ), i.e. similar stages to 
those in human periodontitis (Kornman et al. 1997 , Hajishengal- 
lis and Korostoff 2017 ). Although LIP can activate osteoclastoge- 
nesis and bone loss as early as 3 days postligation (Abe and Ha- 
jishengallis 2013 , Abe et al. 2014 ), maintaining the ligatures for 
extended periods (e.g. 21 days) bestows c hr onicity in the patho- 
logic process (Sima et al. 2014 , Li et al. 2022 ). In fact, c hr onic 
periodontitis is unlikely a linear, constant pathologic process, 
which would not explain the often-observed rapid progression 

and periodic remission of disease . T his is best described by the 
“episodic burst model,” i.e. periodontitis comprises an episodic 
series of brief acute insults (bursts) separated by periods of re- 
mission (Goodson et al. 1982 , Socransky et al. 1984 , Gilthorpe et 
al. 2003 , Gr av es et al. 2011 ). T hus , e v en the acute phase of LIP is 
consistent with the c hr onic natur e of human periodontitis. Lig- 
atur e r emov al eliminates dysbiosis and the model can be used 
to study inflammation resolution and tissue repair (Coimbra et 
al. 2015 , Nagai et al. 2020 , Yuh et al. 2020 ). Concepts first shown 

in the LIP model, such as the causal involvement of complement 
and Th17 in inflammatory periodontal bone loss, were validated 
in human studies (Dutzan et al. 2018 , Hasturk et al. 2021 ). For 
additional information, the reader is referred to a comprehen- 
siv e r e vie w of LIP studies in mice (Lin et al. 2021 ). 

Box figur e: ligatur e-induced periodontitis model and r ele v ant 
analyses. 
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With aging, the human microbiome undergoes significant 
changes that correlate with elevated low-grade systemic inflam- 
mation (inflammaging) (Bosco and Noti 2021 ). Potential causal- 
ity in this association was addressed by a study in which young 
and old germ-free were colonized with “young” or “aged” micro- 
biota, i.e. via cohousing, r espectiv el y, with young (10–16 weeks 
of age) or old (18–22 months of age) conventional mice. Young 
germ-free mice that acquired an aged, but not young, micro- 
biota de v eloped systemic inflammation, suggesting that aging- 
associated dysbiotic alterations to the microbiota contribute to in- 
creased systemic inflammatory burden (Thevaranjan et al. 2017 ).
Ho w e v er, a ging by itself is also a contributory factor since old 

germ-free mice displayed increased systemic inflammation e v en 

if they were colonized with “young” microbiota (Thevaranjan et al.
2017 ). 

“Humanized” mice colonized with human 

microbiome 

The shortcoming of human microbiome studies to typically reveal 
corr elations (r ather than causality) between microbiome compo- 
sition and disease phenotypes could also be addressed through 

the use of germ-free mice that are colonized with human mi- 
cr obiota (“humanized” mice). Suc h experiments hav e the poten- 
tial to link colonization with microbiotas from diseased (but not 
healthy) individuals to disease phenotypes in mice; such observa- 
tions can increase confidence in causality of observations made in 

humans . For instance , experiments in lean germ-free mice inocu- 
lated with human gut microbiota from obese or lean twins sho w ed 

that adiposity is tr ansmissible fr om humans to mice via micro- 
biota tr ansfer. Specificall y, mice r eceiving “obese” micr obiota dis- 
played increased total body and fat mass, whereas those receiving 
“lean” microbiota maintained normal weight (Ridaura et al. 2013 ).
A caveat that should be borne in mind is that germ-free mice do 
not have a fully competent immune system; for instance, they 
hav e incomplete de v elopment of the gut-associated l ymphoid tis- 
sues (Round and Mazmanian 2009 ), and thus may not be pr operl y 
activated upon inoculation with a human microbiota. 

A human or al micr obiota-associated (HOMA) mouse model 
was de v eloped by inoculating human saliv a into germ-fr ee mice 
resulting in an oral microbiota, which was distinct from that 
of conventional mice, while appearing to cluster with the hu- 
man donor’s oral microbiota, as determined by principal com- 
ponent analysis (Li et al. 2019 ). To facilitate periodontal disease 
de v elopment in germ-free mice that receive exogenous micro- 
bial pathogens, their molar teeth can be ligated prior to micro- 
bial inoculation (Xiao et al. 2017 , Marchesan et al. 2018 ). How- 
e v er, the use of mice harboring microbes of human origin is not 
without pitfalls . T his is mostly because the coev olution betw een 

a given host and its microbiota may hav e r esulted in species 
that fill host-specific niches (Kibe et al. 2005 , Koskella and Bergel- 
son 2020 ). T hus , a substantial proportion of human-derived mi- 
crobes fail to colonize mouse tissues (Fritz et al. 2013 , Arrieta et 
al. 2016 ). For instance, Faecalibacterium and Bifidobacterium , human 

symbiotic species with anti-inflammatory properties, could not be 
tr ansferr ed to germ-free mice (Lundberg et al. 2020 ). Moreover,
those species that do colonize may impact the mouse host in a 
different manner as compared to the human host they have coe- 
v olved with (F ritz et al. 2013 , Arrieta et al. 2016 ). In this regard, host 
imm une matur ation and ability to clear pathogen infection is de- 
fectiv e in germ-fr ee mice colonized with human fecal commensal 
micr obiota r elativ e to germ-fr ee mice colonized with mouse fecal 
commensal microbiota (Chung et al. 2012 ). 
linically relevant lessons learned from oral 
isease models 

ince the classic studies by Keyes and Fitzgerald in rodent models
hat promoted our understanding of the etiology of human dental
aries (K eyes 1959 , Fitzger ald and K eyes 1960 , Tanzer 1995 ) (Fig. 2 ),
 lot of other concepts underl ying or al diseases were elucidated by
tudies in model organisms, some of which are discussed below. 

ysbiotic alter a tions r a ther than mere increase 

n microbial load dri v e periodontal disease 

lthough the importance of bacteria in human periodontal dis- 
ase pathogenesis is now intuitiv el y understood, hard evidence
hat the bacteria ar e r equir ed for the induction of periodontal in-
ammation and bone loss was obtained only after r ele v ant stud-

es in LIP-subjected germ-free or conventional rats (Rovin et al.
966 ). The placement of a ligature by itself failed to induce re-
ruitment of inflammatory cells in germ-free hosts, in contrast to
onventional animals where the combination of the local micro- 
iota and the ligature led to recruitment of neutrophils follo w ed
y fibroblast proliferation and lymphocyte accumulation (Rovin 

t al. 1966 ). Consistently, years later, LIP-subjected germ-free mice
id not display bone loss unless colonized with bacteria (Jiao et al.
013 , Xiao et al. 2017 ), whereas treatment of LIP-subjected mice
ith antibiotics inhibits innate and ada ptiv e mec hanisms of in-
ammation and bone loss (Dutzan et al. 2018 , Wang et al. 2022 ).

n other w or ds, inflammatory bone loss is driven by the ligature-
ssociated microbiota and is not a “consequence of a ligature-
ssociated trauma to the periodontal tissues” (Jiao et al. 2013 ,
archesan et al. 2018 ). 
Ligature placement in conventional mice causes an increase 

n bacterial biomass and compositional changes in the microbial 
ommunity of ligated sites (r elativ e to unligated/healthy sites)
nd these alter ations ar e associated with inflammatory bone loss
Dutzan et al. 2018 ). In the same study, the use of different antibi-
tics, alone or in combinations, r e v ealed that dysbiotic alterations
o the periodontal microbial community, rather than a mere aug-

entation of the total microbial burden, acted as the driver of
h17 cell expansion and bone loss (Dutzan et al. 2018 ). This con-
lusion was based on findings that those antibiotic treatments,
hich inhibited Th17 expansion and bone loss, also caused shifts

n the r elativ e abundance of micr obial species within the com-
 unity without necessaril y decr easing the total micr obial load or

ar geting high-abundance micr obial species (Dutzan et al. 2018 ).
 standardized r eanal ysis of micr obiome 16S rRNA sequencing
atasets from nine recent studies utilizing the LIP model revealed
ompar able micr obial ric hness and div ersity among the differ ent
tudies and concluded that the LIP model is associated with char-
cteristic shifts in periodontal microbiota structure, with Strep- 
ococcus sp. ov err epr esented in health and Enterococcus sp., Fae-
alibaculum sp., Adlercreutzia sp., and Bifidobacterium sp. dominat- 
ng in disease (Arce et al. 2022 ). Consistently, a study that exam-
ned longitudinally the development of dysbiosis in the LIP model
emonstrated an initial high abundance of Streptococci that de- 
lined during the course of the disease and a pr ogr essiv e incr ease
f disease-associated species such as Enterococci (Ribeiro et al.
022 ). These findings in the mouse LIP model are consistent with
linical observations that the periodontitis-associated microbiota 
s c har acterized by bacterial outgrowth and a dysbiotic shift rela-
ive to the microbiota of periodontally healthy sites (Curtis et al.
020 ). Ho w e v er, in human periodontitis, it is not practical to distin-
uish the effects of nonspecific biofilm accum ulation fr om those
 esulting fr om shifts in the composition of micr obial comm uni-
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ies . T he LIP model, ther efor e, has pr ovided a causal infer ence that
ysbiotic changes to the microbiome may also be the trigger of
h17 cell accumulation and bone loss in the human disease. 

Similar conclusions , i.e . that d ysbiosis dri ves periodontal dis-
ase, were also obtained using the oral gavage model of experi-
ental mouse periodontitis, first introduced by Baker et al. ( 1999 ).

epeated inoculation of P. gingivalis by oral gavage (e.g. three times
ithin a week) led to its colonization of the oral cavity and de v el-
pment of inflammatory bone loss 6 weeks after the last inocula-
ion (Baker et al. 1999 , Baker 2000 ). This finding as well as similar
bservations in nonhuman primates or all y inoculated with P. gin-
ivalis (Holt et al. 1988 ) were interpreted as evidence for specific
tiology in periodontitis. Ho w e v er, it w as later sho wn that P. gingi-
alis causes periodontitis in mice by remodeling a eubiotic oral mi-
r obial comm unity into a dysbiotic one, which can actually cause
isease after transfer to germ-free mice (Hajishengallis et al. 2011 ,
ayne et al. 2019 ). P orph yromonas gingivalis b y itself could colonize
ut could not induce bone loss in germ-free mice (Hajishengallis
t al. 2011 ). 

ysbiosis and inflammation are reciprocally 

einforced in a feed-forward loop 

ccording to the “ecological plaque hypothesis ,” en vironmental
actors (e .g. inflammation, a vailable nutrients , redox potential
nd pH) drive the selective expansion of oral species that act as
athobionts in periodontitis or caries (Marsh 2003 ). For instance,
. mutans and other cariogenic and aciduric species thrive in the
r esence of sucr ose (at the expense of nonaciduric/noncariogenic
ommensals) and cause carious lesions through the secretion
f lactic acid (Lamont et al. 2018 ). In the setting of periodon-
itis, it could be reasoned that degraded collagen and heme-
ontaining compounds released from inflammatory tissue lesions
an be used, r espectiv el y, as sources of amino acids and iron by
eriodontitis-associated pr oteol ytic and asacc har ol ytic bacteria

Hajishengallis 2014 , Diaz et al. 2016 ). Such a nutritionally favor-
ble environment would enable selective expansion of inflam-
ophilic bacteria at the expense of species that cannot capital-

ze on or endure inflammation, hence compatible with periodon-
al health. Studies in mice and other animals has lent support to
his concept by showing that anti-inflammatory treatments not
nly inhibit periodontal tissue destruction but also reduce the
eriodontal microbial load and r e v erse dysbiosis (Hasturk et al.
007 , Lee et al. 2016 , Abe et al. 2012 , Eskan et al. 2012 , Maekawa
t al. 2014a ). Accordingly, the lack of sufficient periodontal in-
ammation in complement C3-deficient mice resulted in a failure
o maintain a high microbial load in the periodontium as seen
n wild-type littermate controls (Maekawa et al. 2014a ). Consis-
ent with the animal studies, in vitro gener ated or al m ultispecies
iofilms supplemented with serum, hemoglobin or hemin, display
electiv e outgr owth of inflammophilic pathobionts that mor e-
v er upr egulate virulence genes, whic h further pr omote their abil-
ty to exploit an inflammatory environment (e.g. genes encoding
r oteases, pr oteins involv ed in hemin transport and hemolysins)

Herr er o et al. 2018 ). Controlled microbiome transfer experiments
ho w ed that an oral dysbiotic microbiota is not simply the out-
ome of a n utritionally conduci v e inflammatory envir onment, but
lso a direct cause of inflammatory bone loss. Specifically, a dysbi-
tic or al micr obial comm unity could be tr ansferr ed fr om conv en-
ional to cohoused germ-free mice that subsequently developed
eriodontitis (Payne et al. 2019 ). 

Taken together, these findings from in vitro and in vivo models
upport the notion that dysbiosis and inflammation are recipro-
all y r einfor ced in a self-sustained feed-forw ar d loop that drives
he pathogenesis and c hr onicity of periodontal disease (Hajishen-
allis et al. 2023 ). This concept has important implications for the
reatment of human periodontitis. It suggests that the vicious cy-
le that drives the disease can be abrogated by either targeting
ysbiosis or inflammation. In the latter r egard, bloc king inflam-
ation would also negativ el y affect micr obial gr owth and dys-

iosis . T his expectation is consistent with an early clinical study
 e v ealing faster biofilm accumulation at sites of g ing ival inflam-
ation; the same sites additionally exhibited faster de v elopment

f a complex microbiota (“bacterial flora”) (Hillam and Hull 1977 ).
any years later, a metagenomic study of human periodontitis

ho w ed a positive correlation between bacterial biomass and clin-
cal g ing iv al inflammation (Abusleme et al. 2013 ). Mor eov er, a r e-
ent study correlated subg ing iv al micr obiome pr ofiles and local
r or esolving lipid mediators, further implying that inflammation
lays a role in mediating compositional shifts of the subg ing ival
icrobiota (Lee et al. 2021 ). The ability of periodontitis-associated

ubg ing ival biofilms to capitalize on inflammation for growth
s also supported by an in situ community-wide transcriptomic
tudy that sho w ed incr eased expr ession of pr oteol ysis-involv ed
enes and genes associated with peptide transport and acquisi-
ion of iron in pathogenic vs. healthy biofilms (Duran-Pinedo et
l. 2014 ). T he abo v e-discussed collectiv e findings r epr esent a good
xample that clinically relevant mechanistic insights into human
isease r equir e a combination of findings fr om in vitro systems,
nimal models, and clinical observations. 

mportance of interspecies and interkingdom 

nteractions in community virulence 

nteractions and mechanisms described solely in in vitro systems
ay be questioned as to their biological significance, a concern

hat can be addressed in in vivo experiments using appropri-
te animal models. In vitro experiments had shown that specific
dhesin-mediated interactions between P. gingivalis and the early
olonizer Streptococcus gordonii promote the development of P. gin-
ivalis biofilms on a streptococcal substrate (Lamont et al. 2002 ).
hether this in vitro coadhesion increases the in vivo virulence

f P. gingivalis was tested later in the oral gavage model of exper-
mental mouse periodontitis. Oral inoculation of mice with both
. gordonii and P. gingiv alis induced syner gisticall y mor e bone loss
han that induced by P. gingivalis alone, whereas this synergy was
bolished by a peptide that blocks the coadhesion of P. gingivalis
nd S. gordonii (Daep et al. 2011 ). Streptococcus gordonii was thus
 har acterized as an accessory pathogen, i.e . a microbe , i.e . intrin-
ically a commensal but, in a certain context, can enhance the vir-
lence of pathogens by assisting the latter in their colonization or
etabolic activities (Hajishengallis and Lamont 2016 ). It should

e noted that oral inoculation of mice with human periodontitis-
ssociated bacteria ( P. gingivalis , Fusobacterium nucleatum , Tannerela
orsythia , and so on) should not be applied for the entire experi-

ental period. In the original model, Baker et al. ( 1999 ) applied
he inoculum three times at 2-day intervals to establish infection
nd examined bone loss 6 weeks later. T hus , the induced bone loss
as the result of P. gingivalis colonization of the periodontal tis-

ues. In some studies, ho w e v er, periodontal pathogens wer e or all y
noculated for the entire experimental period (e.g. the inoculum
as applied twice a week for 4 weeks or e v en at 3-day intervals

or 1 or more months). Ho w e v er, this a ppr oac h is quite artificial
ince it views periodontitis as the result of re petiti ve exogenous
icr obial insult r ather than r epr esenting a local micr obe-driv en

isease . T his point should be taken into consideration regardless
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of whether oral inoculation with human pathogens follows the 
original Baker model or the human bacterial inoculum is applied 

onto sites that have been ligated (combination of LIP and oral gav- 
age model). 

Inter estingl y , P . gingivalis cannot initiate growth from a low-cell- 
density inoculum (10 5 cells per ml). I n vitro culture studies, in- 
cluding in an open flow chemostat system, showed that P. gin- 
givalis can overcome this handicap by “borrowing” a diffusible 
gr owth-pr omoting molecule released from Veillonella parvula , an 

early colonizer symbiont, but not from a number of other com- 
mensal species examined (Hoare et al. 2021 ). In a modified ver- 
sion of the mouse LIP model where human bacteria were placed 

on ligatures via a single inoculation, V. parvula enabled a low-cell- 
density inoculum of P. gingivalis to colonize the periodontal tissues 
and to increase bone loss. Under the same conditions with the 
only exception being the absence of V. parvula , P. gingivalis failed 

to colonize (Hoare et al. 2021 ). These findings thus suggest that V.
parvula can act as an accessory pathogen. The concept that this in- 
terspecies inter action pr omotes the gr owth of P. gingiv alis could be 
tested for human r ele v ance via bioinformatic anal ysis of the sub- 
g ing iv al micr obiome , e .g. by determining whether the presence of 
V. parvula is associated with increased P. gingivalis colonization of 
the subg ing ival plaque. 

Besides the established role of S. mutans in early childhood 

caries (ECC), clinical studies have additionally shown an asso- 
ciation of Candida albicans with ECC, which becomes quite se- 
v er e in c hildr en coinfected with S. mutans and C. albicans (Xiao 
et al. 2016 , 2018 , Garcia et al. 2021 ). Work taking adv anta ge of 
in vitro and in vivo models has provided a mechanistic explana- 
tion of these clinical associations. Specificall y, glucosyltr ansfer ase 
enzymes released by S. mutans bind to mannans on the surface 
of C. albicans and utilize sucrose to form adhesive glucans . T he 
in situ generated glucans promote S. mutans–C. albicans coadhe- 
sion and embed these organisms in a glucan matrix that pro- 
motes mixed-biofilm accumulation (Falsetta et al. 2014 , Hwang et 
al. 2017 ). The importance of this cr oss-kingdom inter action was 
demonstrated in a caries model in rats fed a sucr ose-ric h diet.
Animals coinfected with S. mutans and C. albicans displayed abun- 
dant biofilm formation with significantly increased viable counts 
of both S. mutans and C. albicans, as well as more extensive car- 
ious lesions as compared to those in animals infected with ei- 
ther species alone (Falsetta et al. 2014 , Hwang et al. 2017 ). There- 
fore, the use of an appropriate in vivo model has explained that 
the association of this bacterial–fungal coinfection with se v er e 
ECC is likely due to synergistic interactions (between the two or- 
ganisms) that lead to enhanced glucan formation and coloniza- 
tion in tooth-associated biofilms with increased virulence . T his 
pathogenic cross-kingdom interaction is disrupted in vitro by Lac- 
tiplantibacillus plantarum (Zeng et al. 2022 ) whic h, mor eov er, can 

reduce the colonization of both S. mutans and C. albicans and their 
capacity to induce carious lesions in rats placed on a sucrose- 
rich diet (Zhang et al. 2020 ). The result form this animal exper- 
iment may prompt future clinical studies to determine whether 
ECC could be treated with these probiotic Lactobacilli . 

Mechanisms linking the oral microbiome to 

systemic pathology or health 

Relativ e to periodontall y healthy individuals, periodontitis pa- 
tients have elevated serum concentrations of proinflammatory 
mediators (e.g. IL-1, IL-6, fibrinogen, and C-r eactiv e pr otein) and 

blood neutrophil counts (Genco and Van Dyke 2010 , Bokhari et 
al. 2012 , D’Aiuto et al. 2013 , Schenkein et al. 2020 ), as well as in- 
reased risk of systemic comorbidities (Genco and Sanz 2020 ). In
reat part, periodontitis-associated systemic inflammation can be 
ttributed to the fact that or al micr obes and their products can ac-
ess the circulation via the ulcerated periodontal pock et e pithe-
ium. Although the r esulting bacter emias ar e tr ansient, they ar e
lso quite frequent, being instigated not only by professional den-
al car e (pr obing, scale and r oot planing, and tooth extr actions),
ut also by daily activities, including toothbrushing and c he wing
ard foods (e.g. apple) (Hajishengallis and Chavakis 2021 ). About
alf (43%–52%) of bloodborne bacterial species were found to be
eriv ed fr om the or al cavity, according to a method that purified
enomic DNA exclusiv el y fr om intact bacterial cells (Emery et al.
021 ). 

In line with the clinical findings that associate periodontitis to
ow-grade systemic inflammation, mice and rats subjected to LIP 
isplay increased serum concentrations of proinflammatory cy- 
okines (Anbinder et al. 2016 , Matsuda et al. 2016 , Kitamoto et al.
020 , Li et al. 2022 ). These findings suggested that the LIP model
ould be emplo y ed to understand causal mechanisms that link
eriodontitis-associated systemic inflammation to increased sus- 
eptibility to inflammatory comorbidities. In that regard, despite 
tr ong epidemiological e vidence that periodontitis is associated 

ith increased risk of systemic comorbidities (e .g. cardio vascu-
ar disease and arthritis) (Genco and Sanz 2020 ), the underlying

ec hanisms r emain poorl y understood. 
A recent study in mice sho w ed that LIP-associated sys-

emic inflammation induced epigenetic inflammatory memory in 

ematopoietic stem and progenitor cells (HSPC) that were im- 
rinted with a myeloid differentiation bias . T his memory was ev-

dent upon future inflammatory challenges, since the epigenet- 
call y r e wir ed or “tr ained” HSPC gav e rise to incr eased pr oduc-
ion of neutrophils and monocytes, which exhibited enhanced in- 
ammatory r esponsiv eness (Li et al. 2022 ). Mor eov er, this epige-
etically based memory was transmissible by transplantation of 
SPC from LIP-subjected mice to naïve recipients, which devel- 
ped increased joint inflammation and pathology upon collagen 

ntibody-induced arthritis (CAIA), as compared to CAIA-subjected 

ice transplanted with control (untrained) HSPC (Li et al. 2022 ).
he induction of inflammatory memory was critically dependent 
n IL-1 signaling in HSPC. Indeed, transplantation of bone marrow 

rom donors with HSPC-specific deletion of IL-1 receptor did not
nhance the susceptibility of recipient mice to arthritis (Li et al.
022 ). This study has two important implications for the human
ondition: 

First, it implies that, in pr ospectiv e clinical studies, clinician
cientists may need to study the potential impact of inflamma-
ory memory in the donor’s HSPC, in other w or ds, to interrogate
hether transplantation of bone marrow from donors, with or 
ithout recent history of inflammatory disorders, could influence 
utcomes in recipients of ther a peutic bone marr ow tr ansplanta-
ion. Second, it suggests that systemic inhibition of IL-1 signal-
ng (by blocking the cytokine or its receptor) might r epr esent a
ov el ther a peutic a ppr oac h for holistic tr eatment of inflamma-
ory comorbidities. In that regard, it is tempting to speculate that
he success of antibody-mediated neutralization of IL-1 β in the 
 ANT OS trial for the treatment of ather oscler osis (Ridker et al.
017 ) might, in part, be attributed to inhibition of IL-1-dependent
nduction of inflammatory memory in the bone marrow. These 
onsider ations underscor e the potential of basic r esearc h in
he mouse model to inform future targeted studies in human
atients. 

That said, is there evidence that periodontitis can cause in-
ammatory memory in humans? A number of studies have 
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hown that patients with periodontitis ha ve , in their peripheral
lood, increased counts of myeloid cells which also exhibit hyper-
 esponsiv e phenotypes upon ex vivo stimulation, thus implying
he presence of inflammatory memory (reviewed by Irwandi et al.
022 ). Intriguingl y, this hyper-r esponsiv eness is maintained e v en
fter successful periodontal treatment or even full-mouth tooth
xtraction (Fokkema et al. 2003 , Radvar et al. 2008 , Ling et al.
015 ), which further supports the notion for generation and per-
istence of inflammatory memory. Mor eov er, the oper ation of a
eriodontitis-bone marrow inflammatory axis in the above dis-
ussed preclinical model (Li et al. 2022 ) is consistent with clini-
al studies utilizing positron emission tomogr a phy/computed to-
ogr a phy with 2-deoxy-2-[fluorine-18]fluoro-D-glucose ( 18 F-FDG-

ET/CT). These imaging studies hav e positiv el y corr elated peri-
dontal inflammation with increased hematopoietic tissue activ-
ty in the bone marrow, as well as with inflammation in the arterial
all and ele v ated risk of pr ospectiv e cardiov ascular e v ents (Ishai

t al. 2019 , Van Dyke et al. 2021 ). 
Conv ersel y, systemic disorders, such as diabetes, can increase

he se v erity of periodontitis and cause dysbiotic alterations to the
r al micr obiome (Wu et al. 2015 , Teles et al. 2021 ). In this con-
ext, studies in diabetic mice pr ovided mec hanistic explanations
f how diabetes exacerbates periodontitis, including ele v ated gen-
ration of proinflammatory advanced glycation end products, ex-
 gger ated TNF- α inflammatory responses leading to bone loss,
nd defectiv e r esolution of inflammation (Wu et al. 2015 ). Mor e-
ver, diabetes causes IL-17-dependent alterations to the oral mi-
r obiota, whic h ther eby becomes particularl y pathogenic, as e v-
denced by transfer experiments to germ-free mice (Xiao et al.
017 ). Ther efor e, wher eas human studies have established associ-
tions between diabetes and se v er al alter ations in the periodon-
ium, mechanistic studies in mice (including the use of mutant
trains and specific inhibitors) provided evidence of causality link-
ng these parameters. 

Humans sw allo w at least 1 l of saliva daily which con-
ains > 10 11 bacteria (Gibbons and Houte 1975 , Humphrey and

illiamson 2001 ). Ho w e v er, or al bacteria ar e typicall y poor colo-
izers of the intestine, unless intestinal homeostasis is disrupted
y pathological conditions, including inflammatory bo w el dis-
ase and liver cirrhosis (Schirmer et al. 2018 , Schmidt et al. 2019 ,
achida et al. 2019 , Chen et al. 2021 ). In settings such as pedi-
tric Crohn’s disease or ulcer ativ e colitis, bacteria of oral origin
e.g. Fusobacteriaceae and Veillonellaceae ) are highly abundant (Gev-
rs et al. 2014 , Schirmer et al. 2018 ). T hese correlations , ho w ever,
o not pr ov e that or al bacterial species participate in the patho-
enesis of these disor ders. Causality w as again addressed in ani-
al models. Consistent with the clinical findings, studies in mice

emonstrated significant ectopic colonization of the mouse in-
estine by oral bacteria but only under conditions that compro-

ise gut homeostasis, such as, pre-existing intestinal inflamma-
ion or genetic deficiency of IL-10, which predisposes to colitis (Ki-
amoto et al. 2020 ). Ectopic or al bacteria wer e shown to cause in-
estinal inflammation by inducing IL-1 β in macr opha ges and ac-
ivating T h17 cells , alter the composition of the gut microbiota,
nd undermine gut barrier function; these effects collectiv el y
ead to exacerbation of colitis and induction of endotoxemia, sys-
emic inflammation and changes in the serum metabolome (Kato
t al. 2018 , Kitamoto et al. 2020 , Imai et al. 2021 , Tsuzuno et
l. 2021 , Yamazaki et al. 2021 , Xing et al. 2022 ). In conclusion,
hese preclinical studies in mice not only linked ectopic colo-
ization of oral bacteria to exacerbation of intestinal inflamma-
ion, but also pr ovided mec hanistic insights into the so-called
r al–gut–liv er axis, whic h can worsen hepatic inflammation and
teatosis thereby potentially exacerbating nonalcoholic fatty
iver disease (Imai et al. 2021 , Albuquerque-Souza and Sahingur
022 ). 

Besides being a major cariogenic organism, S. mutans is also
mplicated in cases of infective endocarditis, which often devel-
ps in individuals with underlying heart disease (Lemos et al.
019 ). A possible route by which S. mutans can contribute to infec-
ive endocar ditis w as demonstr ated in a r at caries model, wher e
he animals were also subjected to heart v alv e injury. Specifi-
all y, after the de v elopment of se v er e carious lesions, S. mutans
ould translocate to the injured heart tissue via the exposed pulp,
hic h is ric h in blood v essels (Nom ur a et al. 2020 ). Rats with in-

reased numbers of carious teeth with exposed pulp had a sig-
ificantl y incr eased r ate of S. mutans detection in the heart tis-
ue, as compared to rats with decreased numbers of teeth af-
ected in that manner (Nom ur a et al. 2020 ). Str ains of S. mutans
hat express collagen-binding protein (Cnm) have also been as-
ociated with IgA nephropathy (Ito et al. 2019 ). A recent study
n rats provided inference of causality for this association by
howing that S. mutans -induced se v er e dental caries (extending to
he pulp) caused IgA ne phropathy-lik e glomerulone phritis in rats.
he disease manifestation (mesangial cell pr olifer ation, incr eased
esangial matrix in the glomerulus, IgA, and complement C3 de-

osition) was significantly more pronounced in animals infected
ith a Cnm-positiv e str ain as compared to a Cnm-negative strain,
hic h essentiall y had no effect on glomerulonephritis despite

ausing rampant caries (Naka et al. 2021 ). 
Or al micr obial comm unities use nitr ate r eductases to r educe

ietary nitrate to nitrite, thereby contributing to the generation of
itric oxide , i.e . important for the host’s systemic health, being in-
olved in metabolic and cardiovascular regulation, including the
o w ering of blood pr essur e (Lundber g et al. 2018 ). In this regard,
wice-dail y tr eatment of human volunteers with the antiseptic
hlorhexidine via mouthwash resulted in significant increase in
ystolic blood pr essur e after 7 days of tr eatment, wher eas r ecov-
ry in viable bacterial counts from chlorhexidine use led to en-
ic hment in nitr ate-r educing bacteria on the tongue (Tribble et al.
019 ). Mor eov er, a higher r elativ e abundance of nitr ate-r educing
ral bacteria was associated with lo w er plasma glucose and in-
ulin resistance as well as reduced cardiometabolic risk among
iabetes mellitus-free adults (Goh et al. 2019 , 2022 ). These human
tudies wer e gr eatl y facilitated at the conceptual le v el by earl y
tudies in animal models: se v er al studies in different animal mod-
ls, including rats and mice, established the vasodilating effects
f nitrite as a source of nitric oxide (r e vie wed by Lundber g et al.
018 ). Or al administr ation of nitrite to r ats or mice conferr ed pr o-
ection against hepatic and cardiac isc hemia/r eperfusion injury
Shiva et al. 2007 ). Rats topically treated in the mouth with the
actericidal agent povidone–iodine prior to nitrate supplementa-
ion, failed to increase nitric oxide levels and to alleviate stress-
nduced injury in the gastric mucosa (Miyoshi et al. 2003 ). Consis-
ently, gastric nitric oxide generation is negligible in germ-free rats
 v en after receiving a dietary load of nitrate (Sobko et al. 2004 ).
 hus , studies in model organisms not only address causality, but
lso provide a conceptual framework upon which targeted clinical
tudies can be designed. 

urr oga te models 

odels do not have to mimic a disease to be helpful and an exam-
le was given above with the calvarial model, which can be used to
nderstand mechanisms that regulate osteoclastogenesis (Graves
t al. 2008 ), an essential feature of bone loss disorders includ-



Hajishengallis | 11 

Table 2. Utility, limitations, and importance of animal models in oral science. 

Essential for testing or discovering: 
� Cause-and-effect relationships 
� New biological concepts 
� Preclinical safety and efficacy of candidate drugs 
� Biological significance of in vitro findings 
� Identification of novel potential virulence factors 
� Identification of novel potential therapeutic targets 
Limitations: 
� Do not faithfully replicate all aspects of human disease 
� Need to confine their use to addressing hypotheses related to specific disease aspects 
� More than one model may be required to obtain adequate insight 
Contributions to the understanding and treatment of oral diseases: 
� Etiologic role of bacteria and sucrose in dental caries 
� Etiologic role of bacteria and host response in periodontitis 
� Laying the foundation for mucosal immunization against pathogens that colonize or invade via mucosal surfaces 
� Dysbiosis rather than individual pathogens cause periodontitis 
� Mec hanistic under pinnings substantiating the epidemiological association of periodontitis with inflammatory comorbidities 
� Genetic basis of host susceptibility/resistance to caries or periodontitis 
� Discovery that tetracyclines inhibit tissue breakdown independently of antimicrobial action: anticollagenolytic effects 
� Identification of IL-23 blockade for the treatment of human LAD1 periodontitis 
� Identification of complement C3 as ther a peutic tar get in human periodontitis (phase 2a trial) 
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ing periodontitis and arthritis . Moreo ver, various models where 
pathogens are injected subcutaneously into the dorsum (“ab- 
scess” model), pouc hes pr e viousl y injected with air (“air pouc h”
model), implanted titanium-coil chamber (“chamber” model), or 
the peritoneal cavity (“peritonitis” model) have been productively 
used to investigate potential virulence factors of oral pathogens 
and their imm une e v asion str ategies (Genco et al. 1991 , Burns et 
al. 2006 , Gr av es et al. 2008 , Hajishengallis et al. 2008 , Singh et al.
2011 , Wang et al. 2013 , Maekawa et al. 2014b ). All these models 
allow easy r ecov ery of samples for anal ysis as well as accurate 
and quantitative assessment of parameters that would be practi- 
cally impossible to determine in the oral mucosa. For instance,
the abscess model was used to establish the spatial organiza- 
tion of Aggregatibacter actinomycetemcomitans in a cross-feeding in- 
teraction with S. gordonii . Specifically, 3D image analysis revealed 

that A. actinomycetemcomitans maintains a “safe” distance (at least 
4 μm) fr om str eptococci that enables it to obtain lactate as a car- 
bon source, while minimizing its exposure to inhibitory concen- 
tr ations of str eptococcal hydr ogen per oxide (Stacy et al. 2014 ).
The air pouc h model was used in earl y studies that established 

the pr or esolving function of lipo xins. Specifically, lipo xins were 
shown to downregulate inflammatory cytokines/chemokines and 

inflammatory cell recruitment in response to different stimuli 
including P. gingivalis (Hachicha et al. 1999 , Pouliot et al. 2000 ),
leading to the de v elopment of an entire field of proresolving lipid 

mediators with potential for the treatment of human inflamma- 
tory disease (Serhan et al. 2022 ). The chamber model has been 

instrumental in demonstrating the ability of P. gingivalis to ex- 
ploit complement and TLR2 signaling to e v ade killing by phago- 
cytes while promoting their inflammatory responses (Burns et al.
2006 , 2010 , Maekawa et al. 2014b , Makkawi et al. 2017 ), activities 
that promote the dysbiosis of the periodontal microbiota (Lam- 
ont et al. 2018 ). The highl y quantitativ e thiogl ycollate-induced 

peritonitis model was used to dissociate the antineutrophil re- 
cruitment activity of the secreted homeostatic protein DEL-1 from 

its ability to promote the phagocytosis of apoptotic neutrophils 
(efferoc ytosis) b y macr opha ges (Kourtzelis et al. 2019 ). This is 
because at 72 h postthioglycollate administration, endogenous 
neutr ophils ar e clear ed, hence clearl y allowing the demonstra- 
tion that i.p. administered DEL-1 enhances the uptake of coad- 
m
inister ed fluor escentl y labeled a poptotic neutr ophils by r esi-
ent macr opha ges, ther eby pr omoting inflammation r esolution

Kourtzelis et al. 2019 ). Although DEL-1 protects against periodon-
itis in both mice and nonhuman primates (Eskan et al. 2012 , Shin
t al. 2015 ), it would not be pr acticall y feasible to distinguish its
nti-inflammatory from its proresolving activities by assaying the 
eriodontium. 

onclusions and perspectives 

r om the abov e discussion of the r ele v ant liter atur e, it can be con-
luded that the use of animal-based disease models has ov er all of-
er ed mec hanistic understanding of oral diseases and has identi-
ed potential ther a peutic a ppr oac hes, some of whic h ar e in differ-
nt stages of clinical development (Koo et al. 2017 , Balta et al. 2021 ,
ajishengallis et al. 2021 ). No single model can faithfully mimic a
uman disease in its entirety and thus the utility of a given model

ies in its capacity to test a specific hypothesis. Accordingly, the use
f distinct models can address different but complementary hy- 
otheses involving discrete components of the pathologic process,
hus providing a more comprehensive understanding of the dis- 
ase than obtained from the use of a single model (Fig. 4 ). Knowl-
dge of the limitations associated with specific models is of great
mportance, as it can enable the design of impr ov ed studies that
an be as r ele v ant as possible to the human condition. Mor eov er,
 e y findings regarding mechanistic and therapeutic concepts de-
iv ed fr om disease models should be follo w ed, whene v er possible,
y targeted validation in human studies. 

This r e vie w has focused pr edominantl y on r odent and espe-
ially mouse models of disease, which have distinct advantages 
ut also disadv anta ges compar ed to lar ge animals, as outlined
bove (Table 1 ). Whether such models could be replaced in the fu-
ure by sophisticated in vitro reductionist systems remains uncer- 
ain, despite r ecent adv ances in tissue- or or gan-on-a-c hip mod-
ls . For instance , as outlined earlier in the r e vie w, inter or gan com-
unication and the dynamics of the immune system are, at least,

ormidable challenges for in vitro simulation. As in vitro systems
r e unlikel y to full y r eplicate the complexity of in vivo models and
uman r esearc h is typicall y corr elativ e, animal disease models r e-
ain essential in biomedical r esearc h. 
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T hus , when animal models are viewed as tools by which to ad-
ress specific hypotheses relevant to a given aspect of a human
isease, they can be used pr oductiv el y for gener ation or substan-
iation of new knowledge (Table 2 ). Whereas animals and humans
ener all y harbor differ ent micr obiomes, dysbiosis has mor e to do
ith the collective protein expression profile of the community

ather than its particular species composition, hence mechanisms
nd outcomes of dysbiosis can r eliabl y be investigated in model
rganisms. Our understanding of the human condition is greatly
nhanced by synthesizing findings and e vidence fr om differ ent
xperimental systems, i.e . in vitro models, model organisms and
uman clinical studies (Fig. 3 ). 

The pr edictiv e v alidity of animal models for the identification
f drug targets to treat human patients depends greatly on rigor-
us control for variables including husbandry and environmental
onditions , such as , diet, activity, and stress but importantly also
he microbiome. In that regard, comparing wild-type and gene
noc k out mice raised separately may introduce microbiome dif-
erences that are not necessarily related to the genetic defect.
 hus , to ensure that differences between wild-type controls and
ice with gene deletions/alterations are due to genetic (and not

nvir onmental) differ ences, r esearc hers should use as wild-type
ontr ols onl y littermates of m utant mice. As mice ar e the main
reclinical tool for oral basic and mechanistic studies, including
he study of microbiome and its effects on health and disease,
t becomes imper ativ e that scientists de v elop a compr ehensiv e
ioinformatics tool offering or al micr obe taxonomic and genomic

nformation, analogous to the Human Or al Micr obiome Database
 https:// www.homd.org/ ). Such complete and curated resource
ould help unambiguously identify species and pr e v ent incon-

istency in findings generated from different research groups. 
In conclusion, although mice and other model organisms do

ot flawlessl y a ppr oximate the human condition, if the experi-
ental questions are framed to fit the model system, they can

r ovide pr oductiv e insights into human biology and disease. By
 ppr eciating both their strengths and limitations, scientists can
se animal models to address meaningful hypotheses on basic
iological concepts, test causality of associations established in
linical r esearc h, and identify potential ther a peutic tar gets for the
reatment of human diseases. 
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