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Abstract

Periodontitis and caries are driven by complex interactions between the oral microbiome and host factors, i.e. inflammation and
dietary sugars, respectively. Animal models have 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 review discusses evidence 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 replicate the complexity of in vivo host-microbe interactions and
human research is typically correlative, model organisms—their limitations notwithstanding—remain essential in proving causality,
identifying therapeutic targets, and evaluating the safety and efficacy of novel treatments. To achieve broader and deeper insights
into oral disease pathogenesis, animal model-derived 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 progress to understand

and treat oral disease.
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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-
velopment of high-throughput omics technologies (genomics,
epigenomics, metagenomics, transcriptomics, proteomics, and
metabolomics) and their application in human disease research,
model organisms remain valuable, if not essential, to understand-
ing the human condition. Studies in human populations and in
in vitro cell systems alone, even when complemented with com-
puter modeling, are unlikely to obviate the need for animal ex-
perimentation to identify potential mechanisms that underpin
dysbiosis, dysfunction, 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-
ive evidence on efficacy is obtained from studies in model organ-
isms (Hajishengallis et al. 2015, Nadeau and Auwerx 2019). More-
over, even if human research 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 therapeutic compounds (Graves et al. 2008). In
vitro reductionist systems, even when combining microbial and
host components, do not currently possess adequate complex-
ity to mimic the cross-interactions 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 functionally integrate in a single platform multiple tissues
(or organs) including immune cells (Sung et al. 2019, Schmidt et

al. 2020, Leung et al. 2022). Nevertheless, infections induce com-
plex and dynamic processes, such as emergency myelopoiesis,
and stimulate communication between challenged tissues and or-
gans, including those involved in the production and expansion of
different immune lineages, such as the bone marrow and lymph
nodes. These aspects will be difficult to be modeled sufficiently
even by the most sophisticated in vitro systems. Nevertheless, ex-
periments in animal models have limitations with regard to hu-
man physiological relevance, and hence must be complemented
by human studies for validation. Figure 1 depicts the utility and
advantages of animal model organisms in comparison to in vitro
models and human studies.

The utility of validated animal models (Box 1) in microbe-
driven oral diseases became evident decades ago and some
examples are given here. In pioneering studies in hamsters and
other rodents in the 1950s, Keyes and Fitzgerald demonstrated
that dental caries is mediated and transmitted (to other hosts)
by bacteria. They, moreover, dissected the role of the implicated
bacteria (streptococci) from that of genetics and diet (Keyes
1959, Fitzgerald and Keyes 1960) (Fig. 2). Ironically, Keyes and
Fitzgerald did not realize that the cariogenic streptococci they
had been investigating were similar to a species isolated in 1924
from human carious lesions, named Streptococcus mutans, by J.K.
Clarke (Tanzer 1995). In 1976, immunologists at the University
of Alabama at Birmingham, essentially the birthplace of the
field of Mucosal Immunology, reported that ingestion of killed S.
mutans cells via the drinking water induced secretory IgA (S-IgA)
antibodies in saliva and milk, and conferred protection from
dental caries in rats (Michalek et al. 1976). This pivotal preclinical
study not only provided proof-of-concept for a mucosal anticaries
vaccine but laid the foundation for establishing the concept of the
common, yet compartmentalized, mucosal immune system. In
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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
represent a point on a spectrum of assay models ranging from the
experimentally tractable in vitro systems, through the biological
complexity of animals, over 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.

the years that followed, oral immunization of humans with mu-
tans streptococcal antigens was shown to elicit specific salivary
S-IgA antibodies that could inhibit oral recolonization by mutans
streptococci (Russell et al. 2004), while mucosal immunology
nowadays is a major field of Biomedicine and mucosal vaccines
against several infectious diseases are either already licensed or
in clinical trials (Lavelle and Ward 2022). More than 30 years ago,
periodontal researchers showed that implantation of Bacteroides
(Porphyromonas) gingivalis into the periodontal microbiota of
monkeys initiated periodontal disease (Holt et al. 1988). At the
time, this finding was interpreted to suggest specific microbial
etiology of periodontitis, a concept that was superseded by the
polymicrobial synergy and dysbiosis model of periodontal disease
pathogenesis (Lamont et al. 2018). Nevertheless, the landmark
study by Holt and colleagues had sparked further interestin P. gin-
givalis research that over the years contributed critically to what
we know today about this keystone pathogen and its interactions
with the host and other bacteria. Studies in animal models of
periodontitis or dental caries showed that the severity of induced
bone loss or carious lesions, respectively, was also dependent
upon the genetic background of the host; moreover, intercross
breeding experiments showed that susceptibility or resistance
to disease is an inherited trait (reviewed by Baker 2005, Werneck
et al. 2010). Early studies on antibiotics in oral health showed
that systemic tetracyclines suppress periodontal pathogens in
humans and inhibit periodontal tissue destruction in rats (Weiner
et al. 1979, Slots and Rosling 1983). Intriguingly, moreover, ex-
periments in germ-free diabetic rats showed that tetracyclines

could block abnormally elevated collagenolytic activity (Golub et
al. 1983). These results led to (i) the realization that tetracyclines
could inhibit periodontal tissue breakdown through mechanisms
that, in part, are independent from their antimicrobial effects
and (ii) the development of new, tetracycline-based drugs that
inhibit matrix metalloproteinases with applications in different
biomedical fields (Golub and Lee 2020).

Box 1:

Animal model validation

Widely accepted criteria for animal model validation include
predictive, 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 relevant to any human disease investigated via model or-
ganisms. Predictive validity refers to the precision in predicting
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 validity refers to the relevance 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
words, this criterion determines the relevance of the etiologic
mechanisms that are 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. However, a combination of different but comple-
mentary models may provide validity across the three criteria of
predictive, face, and construct validity. The main text contains
several examples of predictive validity for oral disease-related
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 review also have face validity 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 gingiva and loss of the supporting alveo-
lar bone). The same models have construct validity since the
mechanisms by which 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 polymicrobial communities in the periodon-
tium cause periodontal disease in both animals and humans).

Predictive
validity
Does the model respond to a
treatment in a manner that can

predict the effects of that
treatment in humans?

Construct
validity
Do the mechanisms that were
used to induce disease in the

model reflect those that
induce the human disease?

Face
validity
Does the model mimic clinical

signs and symptoms that define
the human disease phenotype?

Box figure: criteria for validating animal models.
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Figure 2. The pioneer animal experiments of Keyes and Fitzgerald. The graphically depicted experiments collectively provide unequivocal evidence in
support of the bacterial and diet etiology of dental caries. This 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).

This review discusses the potential utility of animal models in
our efforts to understand the impact and mechanisms whereby
the oral microbiome-host interactions 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 advantages, we will primarily focus on the most widely
used and economical rodent models, for which there is extensive
background 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 extremely in-
formative in dissecting molecular pathways governing host-
microbe interactions due to the availability of numerous genet-
ically engineered strains (e.g. with knock-out or knock-in muta-
tions, gene over-expression, or fluorescently tagged protein ex-
pression) (Webster et al. 2020). Moreover, the mouse genome is
fully sequenced (http://www.sanger.ac.uk/resources/mouse/gen
omes/) and essentially all mouse genes have human homologues.
Despite their advantages, model organisms also have limitations

and thus animal experiments should be designed and interpreted
judiciously. After all, a model is only “an approximation or simula-
tion of a real system, i.e. under investigation” (Hajishengallis et al.
2015). This review, therefore, covers also the limitations of model
organisms and advocates that broad understanding of oral health
and disease requires that animal model-based findings be used in
combination with data from in vitro systems and clinical studies

(Fig. 3).

Advantages and limitations of animal
models

Animal models are not without pitfalls. Knowing their limitations
enables the researchers to design better and valid studies that are
relevant to the human condition. Well-designed animal model-
based studies have been extremely helpful in uncovering cause-
and-effect relationships and for identifying new targets for dis-
ease treatment as discussed below.


http://www.sanger.ac.uk/resources/mouse/genomes/
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Table 1. Advantages and disadvantages of rodent models in comparison to large experimental animals.

Advantages
® Moderate costs; easily maintained and genetically manipulated

® Short reproduction times; several generations can be studied in relatively brief time periods
® Numerous genetically engineered strains and wide range of immunological reagents for analyses available (especially for mice)

® Extensive literature on their immune and physiological systems
® Established/validated models for a variety of human diseases
Disadvantages

® 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
® More inbred than large animals; decreased variability in results but also decreased translatability of indings
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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-forward cycle of knowledge generation. For instance, a clinical observation (e.g. protein “A” is negatively
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 therapeutic target. This in turn can be tested for validation in an intervention trial, paving
the way to clinical development 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.

Specific hypothesis testing vs. disease replication
It is often said that no animal model can faithfully reproduce
human disease in its entirety. This is generally true. However,
whether an animal model is appropriate and useful should not
be decided on the basis of its fidelity to all aspects of a given
human disease. The critical question regarding the appropriate-

ness of a given model is the following: Can the model be used
to address a specific hypothesis? Two instructive examples are
given here. The injection of bacteria into a tissue is obviously
meaningless and irrelevant to the study of bacterial invasion but,
at the same time, suitable to study the host inflammatory re-
sponse upon bacterial invasion. No animal or human develops



microbe-driven inflammatory bone loss in the calvaria similar
to periodontal disease. However, the calvarial model (injection
of microbial or inflammatory stimuli into the connective tissue
that overlies the calvarial bone) is relevant to study mechanisms
by which diverse microbial or host-derived stimuli, such as spe-
cific cytokines, regulate osteoclastogenesis and bone resorption
(Boyce et al. 1989, Graves et al. 2001). Although no single model
can recapitulate all aspects of a human disease, different mod-
els can be employed to study discrete components of the disease
process by addressing different but complementary hypotheses
(Graves et al. 2008) (Fig. 4). Despite their limitations, animal mod-
els are typically superior to in vitro or clinical studies in address-
ingmechanistic hypotheses (Fig. 1). Moreover, animal experiments
are invaluable in testing the potential of candidate therapeutic
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 derived from model organisms
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).
Ideally, important treatment concepts derived from animal stud-
ies should be followed by targeted validation in clinical studies,
which would pave the way to novel therapies for human diseases

(Fig. 3).

Are mouse models relevant to the human
condition and capable of leading to novel drug
development?

It has been argued that mouse models do not have sufficient pre-
dictive validity, i.e. precision in predicting whether specific treat-
ments that worked in mice can also work efficiently in human
patients (Seok et al. 2013, Pound and Bracken 2014, FitzGerald
et al. 2018), although such claims have been countered by oth-
ers (Dirnagl 2014, Takao and Miyakawa 2015, Nadeau and Auw-
erx 2019). Nadeau and Auwerx cited examples of genes first char-
acterized in mice that were subsequently shown to be relevant
for the human condition, such as, Lep®® and Ubp1, which regu-
late, respectively, body weight and blood pressure in both mice
and humans (Nadeau and Auwerx 2019). Parabiotic 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). Obviously, such pivotal parabiotic 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-«a overexpression in
mice resulted in chronic inflammatory polyarthritis, which dis-
played features of human rheumatoid arthritis and was treat-
able by an anti-TNF-a monoclonal antibody (Keffer et al. 1991).
This landmark discovery in 1991 foreshadowed and facilitated the
successful development of anti-TNF-« therapy for the treatment
of rtheumatoid disease patients (Radner and Aletaha 2015). The
discovery of immune checkpoints and their inhibition in cancer,
which importantly resulted in new treatment modalities and the
2018 Nobel Prize in Physiology or Medicine, would not have been
possible without fundamental knowledge derived from mouse
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model experiments in the laboratories of James P. Allison and
Tasuku Honjo (Wolchok 2018).

In the context of oral disease, the demonstration that mice
lacking the complement component C3 are protected against ex-
perimental periodontitis (Maekawa et al. 2014a) led to a phase
2a 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 aggressive pe-
riodontitis associated with leukocyte adhesion deficiency type-1
(LAD-1) implicated the dysregulation of the IL-23-IL-17 inflam-
matory axis as the driver of this condition (Moutsopoulos et al.
2014). This discovery was harnessed in the successful applica-
tion of IL-23-based treatment (using the monoclonal antibody
ustekinumab) of human LAD1 periodontitis (Moutsopoulos et
al. 2017). Plasminogen-deficient mice spontaneously develop ex-
travascular fibrin deposits leading to neutrophil-mediated peri-
odontal inflammation and bone loss; consistently, polymorphisms
in the plasminogen-encoding gene (PLG) are associated with in-
creased prevalence of human periodontal disease (Silva et al.
2021). Mice deficient in the secreted homeostatic protein DEL-
1 develop spontaneous inflammatory bone loss associated with
high levels of IL-17 in the periodontal tissue (Eskan et al. 2012).
Subsequent work showed that DEL-1 and IL-17 are reciprocally
negatively regulated, and their balance is important for home-
ostatic immunity (Maekawa et al. 2015, Kourtzelis et al. 2019).
This DEL-1-IL-17 balance principle (Hajishengallis and Chavakis
2019) was later found to be relevant in humans in the context
of COVID-19-related and especially Kawasaki disease-related hy-
perinflammation (Consiglio et al. 2020). Specifically, autoantibod-
ies to DEL-1 (EDIL3), which were particularly overexpressed in
Kawasaki disease, were shown to be inversely related to IL-17
concentrations (Consiglio et al. 2020), suggesting neutralization
of the anti-inflammatory function of DEL-1, and hence unre-
strained production of IL-17. These examples underscore the po-
tential of mouse models to lead to treatments for human dis-
ease or to new biological concepts that are relevant to the human
condition.

Mice and humans have distinct microbiomes but
common features of dysbiosis

There are striking compositional differences in the microbiotas
of oral and other mucosal sites between mice and humans (Ley
et al. 2005, Dutzan et al. 2018, Li et al. 2019, Payne et al. 2019).
The human oral microbiome includes over seven hundred dif-
ferent bacterial species (besides numerous fungal, viral, fungal,
and protozoan species) (Zhang et al. 2022). A relatively limited
number of microbial species comprise the oral microbiome of ex-
perimental mice, which typically do not harbor species that are
found in humans (Payne et al. 2019, Abusleme et al. 2020). This
discrepancy in the composition of mouse and human microbial
communities, however, does not mean that mice are inappropri-
ate to model human dysbiotic inflammatory diseases, such as pe-
riodontitis. This is because the emergence of dysbiosis (vs. home-
ostasis maintenance) is determined not by specific individual bac-
teria but by the collective output of community action, which
in turn is shaped by both interspecies interactions and host ge-
netic and environmental variables (Lamont et al. 2018). In other
words, what matters is not so much the microbial roster but the
encoded collective gene pool and its interaction with the host
environment.

Accordingly, compositional changes (associated with the over-
growth of Gram-negative anaerobes) 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
research.

biome of mice subjected to ligature-induced periodontitis (LIP)
(Box 2) were sufficient to drive the expansion of T helper 17 (Th17)
cells, which in turn mediated inflammatory bone loss (Dutzan et
al. 2018). Similarly, the dysbiotic community associated with hu-
man periodontitis is overwhelmingly enriched in Gram-negative
anaerobic bacteria (Diaz et al. 2016). The clinical relevance of the
observation that Th17 cells drive inflammatory bone loss in the
LIP model was confirmed in humans, since individuals with defec-
tive Th17 cell development were shown to have diminished peri-
odontal inflammation and bone loss (Dutzan et al. 2018). Further
studies in the LIP model demonstrated that complement acts up-
stream of Th17 cell expansion. Specifically, complement activa-
tion by the dysbiotic microbiome leads to induction of cytokines
(IL-6,1L-23) that are required for the expansion of pathogenic Th17
cells (Wanget al. 2022). The involvement of complement in experi-
mental mouse periodontitis (Maekawa et al. 2014a) was validated
in a complement C3-targeted intervention trial in patients with
periodontal inflammation (Hasturk et al. 2021). Thus, although
mice and humans harbor a different oral microbiome, mice con-
stitute an appropriate study model in which dysbiosis of a com-
munity enriched in Gram-negative anaerobes drives periodontitis
through the activation of complement and Th17, as occurs in the
human 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 subgingival biofilm-retentive
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 referred
to as an acute model, it should be noted that only the first 12—
24 h represent an acute phase with pronounced recruitment of
neutrophils peaking at 12 h (Shin et al. 2015). In essence, LIP rep-
resents an accelerated model of periodontitis with early activa-
tion of complement and recruitment of neutrophils, followed by
macrophage accumulation and T cell activation/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 chronicity in the patho-
logic process (Sima et al. 2014, Li et al. 2022). In fact, chronic
periodontitis is unlikely a linear, constant pathologic process,
which would not explain the often-observed rapid progression
and periodic remission of disease. This 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, Graves et al. 2011). Thus, even the acute phase of LIP is
consistent with the chronic nature of human periodontitis. Lig-
ature removal 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-
sive review of LIP studies in mice (Lin et al. 2021).

Microbiome analysis

e

FACS analysis of cell subsets

Gene expression analysis

E

Bone loss measurements
Box figure: ligature-induced periodontitis model and relevant
analyses.




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, respectively, 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 developed systemic inflammation, suggesting that aging-
associated dysbiotic alterations to the microbiota contribute toin-
creased systemic inflammatory burden (Thevaranjan et al. 2017).
However, aging by itself is also a contributory factor since old
germ-free mice displayed increased systemic inflammation even
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
correlations (rather 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-
crobiota (“humanized” mice). Such experiments have 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 showed
that adiposity is transmissible from humans to mice via micro-
biota transfer. Specifically, mice receiving “obese” microbiota 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
have incomplete development of the gut-associated lymphoid tis-
sues (Round and Mazmanian 2009), and thus may not be properly
activated upon inoculation with a human microbiota.

A human oral microbiota-associated (HOMA) mouse model
was developed by inoculating human saliva into germ-free 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
development 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-
ever, the use of mice harboring microbes of human origin is not
without pitfalls. This is mostly because the coevolution between
a given host and its microbiota may have resulted in species
that fill host-specific niches (Kibe et al. 2005, Koskella and Bergel-
son 2020). Thus, 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
transferred 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-
volved with (Fritz et al. 2013, Arrieta et al. 2016). In this regard, host
immune maturation and ability to clear pathogen infection is de-
fective in germ-free mice colonized with human fecal commensal
microbiota relative to germ-free mice colonized with mouse fecal
commensal microbiota (Chung et al. 2012).
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Clinically relevant lessons learned from oral
disease models

Since the classic studies by Keyes and Fitzgerald in rodent models
that promoted our understanding of the etiology of human dental
caries (Keyes 1959, Fitzgerald and Keyes 1960, Tanzer 1995) (Fig. 2),
a lot of other concepts underlying oral diseases were elucidated by
studies in model organisms, some of which are discussed below.

Dysbiotic alterations rather than mere increase
in microbial load drive periodontal disease

Although the importance of bacteria in human periodontal dis-
ease pathogenesis is now intuitively understood, hard evidence
that the bacteria are required for the induction of periodontal in-
flammation and bone loss was obtained only after relevant stud-
ies in LIP-subjected germ-free or conventional rats (Rovin et al.
1966). The placement of a ligature by itself failed to induce re-
cruitment of inflammatory cells in germ-free hosts, in contrast to
conventional animals where the combination of the local micro-
biota and the ligature led to recruitment of neutrophils followed
by fibroblast proliferation and lymphocyte accumulation (Rovin
et al. 1966). Consistently, years later, LIP-subjected germ-free mice
did not display bone loss unless colonized with bacteria (Jiao et al.
2013, Xiao et al. 2017), whereas treatment of LIP-subjected mice
with antibiotics inhibits innate and adaptive mechanisms of in-
flammation and bone loss (Dutzan et al. 2018, Wang et al. 2022).
In other words, inflammatory bone loss is driven by the ligature-
associated microbiota and is not a “consequence of a ligature-
associated trauma to the periodontal tissues” (Jiao et al. 2013,
Marchesan et al. 2018).

Ligature placement in conventional mice causes an increase
in bacterial biomass and compositional changes in the microbial
community of ligated sites (relative to unligated/healthy sites)
and these alterations are associated with inflammatory bone loss
(Dutzan et al. 2018). In the same study, the use of different antibi-
otics, alone or in combinations, revealed that dysbiotic alterations
to the periodontal microbial community, rather than a mere aug-
mentation of the total microbial burden, acted as the driver of
Th17 cell expansion and bone loss (Dutzan et al. 2018). This con-
clusion was based on findings that those antibiotic treatments,
which inhibited Th17 expansion and bone loss, also caused shifts
in the relative abundance of microbial species within the com-
munity without necessarily decreasing the total microbial load or
targeting high-abundance microbial species (Dutzan et al. 2018).
A standardized reanalysis of microbiome 16S rRNA sequencing
datasets from nine recent studies utilizing the LIP model revealed
comparable microbial richness and diversity among the different
studies and concluded that the LIP model is associated with char-
acteristic shifts in periodontal microbiota structure, with Strep-
tococcus sp. overrepresented in health and Enterococcus sp., Fae-
calibaculum sp., Adlercreutzia sp., and Bifidobacterium sp. dominat-
ing in disease (Arce et al. 2022). Consistently, a study that exam-
ined longitudinally the development of dysbiosis in the LIP model
demonstrated an initial high abundance of Streptococci that de-
clined during the course of the disease and a progressive increase
of disease-associated species such as Enterococci (Ribeiro et al.
2022). These findings in the mouse LIP model are consistent with
clinical observations that the periodontitis-associated microbiota
is characterized by bacterial outgrowth and a dysbiotic shift rela-
tive to the microbiota of periodontally healthy sites (Curtis et al.
2020). However, in human periodontitis, it is not practical to distin-
guish the effects of nonspecific biofilm accumulation from those
resulting from shifts in the composition of microbial communi-



8 | FEMS Microbiology Reviews, 2023, Vol. 47, No. 3

ties. The LIP model, therefore, has provided a causal inference that
dysbiotic changes to the microbiome may also be the trigger of
Th17 cell accumulation and bone loss in the human disease.

Similar conclusions, i.e. that dysbiosis drives periodontal dis-
ease, were also obtained using the oral gavage model of experi-
mental mouse periodontitis, first introduced by Baker et al. (1999).
Repeated inoculation of P. gingivalis by oral gavage (e.g. three times
within a week) led to its colonization of the oral cavity and devel-
opment of inflammatory bone loss 6 weeks after the last inocula-
tion (Baker et al. 1999, Baker 2000). This finding as well as similar
observations in nonhuman primates orally inoculated with P. gin-
givalis (Holt et al. 1988) were interpreted as evidence for specific
etiology in periodontitis. However, it was later shown that P. gingi-
valis causes periodontitis in mice by remodeling a eubiotic oral mi-
crobial community into a dysbiotic one, which can actually cause
disease after transfer to germ-free mice (Hajishengallis et al. 2011,
Payne et al. 2019). Porphyromonas gingivalis by itself could colonize
but could not induce bone loss in germ-free mice (Hajishengallis
et al. 2011).

Dysbiosis and inflammation are reciprocally
reinforced in a feed-forward loop

According to the “ecological plaque hypothesis,” environmental
factors (e.g. inflammation, available nutrients, redox potential
and pH) drive the selective expansion of oral species that act as
pathobionts in periodontitis or caries (Marsh 2003). For instance,
S. mutans and other cariogenic and aciduric species thrive in the
presence of sucrose (at the expense of nonaciduric/noncariogenic
commensals) and cause carious lesions through the secretion
of lactic acid (Lamont et al. 2018). In the setting of periodon-
titis, it could be reasoned that degraded collagen and heme-
containing compounds released from inflammatory tissue lesions
can be used, respectively, as sources of amino acids and iron by
periodontitis-associated proteolytic and asaccharolytic bacteria
(Hajishengallis 2014, Diaz et al. 2016). Such a nutritionally favor-
able environment would enable selective expansion of inflam-
mophilic bacteria at the expense of species that cannot capital-
ize on or endure inflammation, hence compatible with periodon-
tal health. Studies in mice and other animals has lent support to
this concept by showing that anti-inflammatory treatments not
only inhibit periodontal tissue destruction but also reduce the
periodontal microbial load and reverse dysbiosis (Hasturk et al.
2007, Lee et al. 2016, Abe et al. 2012, Eskan et al. 2012, Maekawa
et al. 2014a). Accordingly, the lack of sufficient periodontal in-
flammation in complement C3-deficient mice resulted in a failure
to maintain a high microbial load in the periodontium as seen
in wild-type littermate controls (Maekawa et al. 2014a). Consis-
tent with the animal studies, in vitro generated oral multispecies
biofilms supplemented with serum, hemoglobin or hemin, display
selective outgrowth of inflammophilic pathobionts that more-
over upregulate virulence genes, which further promote their abil-
ity to exploit an inflammatory environment (e.g. genes encoding
proteases, proteins involved in hemin transport and hemolysins)
(Herrero et al. 2018). Controlled microbiome transfer experiments
showed that an oral dysbiotic microbiota is not simply the out-
come of a nutritionally conducive inflammatory environment, but
also a direct cause of inflammatory bone loss. Specifically, a dysbi-
otic oral microbial community could be transferred from conven-
tional to cohoused germ-free mice that subsequently developed
periodontitis (Payne et al. 2019).

Taken together, these findings from in vitro and in vivo models
support the notion that dysbiosis and inflammation are recipro-

cally reinforced in a self-sustained feed-forward loop that drives
the pathogenesis and chronicity of periodontal disease (Hajishen-
gallis et al. 2023). This concept has important implications for the
treatment of human periodontitis. It suggests that the vicious cy-
cle that drives the disease can be abrogated by either targeting
dysbiosis or inflammation. In the latter regard, blocking inflam-
mation would also negatively affect microbial growth and dys-
biosis. This expectation is consistent with an early clinical study
revealing faster biofilm accumulation at sites of gingival inflam-
mation; the same sites additionally exhibited faster development
of a complex microbiota (“bacterial flora”) (Hillam and Hull 1977).
Many years later, a metagenomic study of human periodontitis
showed a positive correlation between bacterial biomass and clin-
ical gingival inflammation (Abusleme et al. 2013). Moreover, a re-
cent study correlated subgingival microbiome profiles and local
proresolving lipid mediators, further implying that inflammation
plays a role in mediating compositional shifts of the subgingival
microbiota (Lee et al. 2021). The ability of periodontitis-associated
subgingival biofilms to capitalize on inflammation for growth
is also supported by an in situ community-wide transcriptomic
study that showed increased expression of proteolysis-involved
genes and genes associated with peptide transport and acquisi-
tion of iron in pathogenic vs. healthy biofilms (Duran-Pinedo et
al. 2014). The above-discussed collective findings represent a good
example that clinically relevant mechanistic insights into human
disease require a combination of findings from in vitro systems,
animal models, and clinical observations.

Importance of interspecies and interkingdom
interactions in community virulence

Interactions and mechanisms described solely in in vitro systems
may be questioned as to their biological significance, a concern
that can be addressed in in vivo experiments using appropri-
ate animal models. In vitro experiments had shown that specific
adhesin-mediated interactions between P. gingivalis and the early
colonizer Streptococcus gordonii promote the development of P. gin-
givalis biofilms on a streptococcal substrate (Lamont et al. 2002).
Whether this in vitro coadhesion increases the in vivo virulence
of P. gingivalis was tested later in the oral gavage model of exper-
imental mouse periodontitis. Oral inoculation of mice with both
S. gordonii and P. gingivalis induced synergistically more bone loss
than that induced by P. gingivalis alone, whereas this synergy was
abolished by a peptide that blocks the coadhesion of P. gingivalis
and S. gordonii (Daep et al. 2011). Streptococcus gordonii was thus
characterized as an accessory pathogen, i.e. a microbe, i.e. intrin-
sically a commensal but, in a certain context, can enhance the vir-
ulence of pathogens by assisting the latter in their colonization or
metabolic activities (Hajishengallis and Lamont 2016). It should
be noted that oral inoculation of mice with human periodontitis-
associated bacteria (P. gingivalis, Fusobacterium nucleatum, Tannerela
forsythia, and so on) should not be applied for the entire experi-
mental period. In the original model, Baker et al. (1999) applied
the inoculum three times at 2-day intervals to establish infection
and examined bone loss 6 weeks later. Thus, the induced bone loss
was the result of P. gingivalis colonization of the periodontal tis-
sues. In some studies, however, periodontal pathogens were orally
inoculated for the entire experimental period (e.g. the inoculum
was applied twice a week for 4 weeks or even at 3-day intervals
for 1 or more months). However, this approach is quite artificial
since it views periodontitis as the result of repetitive exogenous
microbial insult rather than representing a local microbe-driven
disease. This point should be taken into consideration regardless



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).

Interestingly, P. gingivalis cannot initiate growth from a low-cell-
density inoculum (10° cells per ml). In vitro culture studies, in-
cluding in an open flow chemostat system, showed that P. gin-
givalis can overcome this handicap by “borrowing” a diffusible
growth-promoting 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 thisin-
terspecies interaction promotes the growth of P. gingivalis could be
tested for human relevance via bioinformatic analysis of the sub-
gingival microbiome, e.g. by determining whether the presence of
V. parvula is associated with increased P. gingivalis colonization of
the subgingival 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-
vere in children coinfected with S. mutans and C. albicans (Xiao
et al. 2016, 2018, Garcia et al. 2021). Work taking advantage of
in vitro and in vivo models has provided a mechanistic explana-
tion of these clinical associations. Specifically, glucosyltransferase
enzymes released by S. mutans bind to mannans on the surface
of C. albicans and utilize sucrose to form adhesive glucans. The
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 cross-kingdom interaction was
demonstrated in a caries model in rats fed a sucrose-rich 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 severe
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. This
pathogenic cross-kingdom interaction is disrupted in vitro by Lac-
tiplantibacillus plantarum (Zeng et al. 2022) which, moreover, 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

Relative to periodontally healthy individuals, periodontitis pa-
tients have elevated serum concentrations of proinflammatory
mediators (e.g. IL-1, IL-6, fibrinogen, and C-reactive protein) 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-
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creased risk of systemic comorbidities (Genco and Sanz 2020). In
great part, periodontitis-associated systemic inflammation can be
attributed to the fact that oral microbes and their products can ac-
cess the circulation via the ulcerated periodontal pocket epithe-
lium. Although the resulting bacteremias are transient, they are
also quite frequent, being instigated not only by professional den-
tal care (probing, scale and root planing, and tooth extractions),
but also by daily activities, including toothbrushing and chewing
hard foods (e.g. apple) (Hajishengallis and Chavakis 2021). About
half (43%-52%) of bloodborne bacterial species were found to be
derived from the oral cavity, according to a method that purified
genomic DNA exclusively from intact bacterial cells (Emery et al.
2021).

In line with the clinical findings that associate periodontitis to
low-grade systemic inflammation, mice and rats subjected to LIP
display increased serum concentrations of proinflammatory cy-
tokines (Anbinder et al. 2016, Matsuda et al. 2016, Kitamoto et al.
2020, Li et al. 2022). These findings suggested that the LIP model
could be employed to understand causal mechanisms that link
periodontitis-associated systemic inflammation to increased sus-
ceptibility to inflammatory comorbidities. In that regard, despite
strong epidemiological evidence that periodontitis is associated
with increased risk of systemic comorbidities (e.g. cardiovascu-
lar disease and arthritis) (Genco and Sanz 2020), the underlying
mechanisms remain poorly understood.

A recent study in mice showed that LIP-associated sys-
temic inflammation induced epigenetic inflammatory memory in
hematopoietic stem and progenitor cells (HSPC) that were im-
printed with a myeloid differentiation bias. This memory was ev-
ident upon future inflammatory challenges, since the epigenet-
ically rewired or “trained” HSPC gave rise to increased produc-
tion of neutrophils and monocytes, which exhibited enhanced in-
flammatory responsiveness (Li et al. 2022). Moreover, this epige-
netically based memory was transmissible by transplantation of
HSPC from LIP-subjected mice to naive recipients, which devel-
oped increased joint inflammation and pathology upon collagen
antibody-induced arthritis (CAIA), as compared to CAIA-subjected
mice transplanted with control (untrained) HSPC (Li et al. 2022).
The induction of inflammatory memory was critically dependent
on IL-1 signaling in HSPC. Indeed, transplantation of bone marrow
from donors with HSPC-specific deletion of IL-1 receptor did not
enhance the susceptibility of recipient mice to arthritis (Li et al.
2022). This study has two important implications for the human
condition:

First, it implies that, in prospective clinical studies, clinician
scientists may need to study the potential impact of inflamma-
tory memory in the donor’s HSPC, in other words, to interrogate
whether transplantation of bone marrow from donors, with or
without recent history of inflammatory disorders, could influence
outcomes in recipients of therapeutic bone marrow transplanta-
tion. Second, it suggests that systemic inhibition of IL-1 signal-
ing (by blocking the cytokine or its receptor) might represent a
novel therapeutic approach for holistic treatment of inflamma-
tory comorbidities. In that regard, it is tempting to speculate that
the success of antibody-mediated neutralization of IL-18 in the
CANTOS trial for the treatment of atherosclerosis (Ridker et al.
2017) might, in part, be attributed to inhibition of IL-1-dependent
induction of inflammatory memory in the bone marrow. These
considerations underscore the potential of basic research in
the mouse model to inform future targeted studies in human
patients.

That said, is there evidence that periodontitis can cause in-
flammatory memory in humans? A number of studies have
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shown that patients with periodontitis have, in their peripheral
blood, increased counts of myeloid cells which also exhibit hyper-
responsive phenotypes upon ex vivo stimulation, thus implying
the presence of inflammatory memory (reviewed by Irwandi et al.
2022). Intriguingly, this hyper-responsiveness is maintained even
after successful periodontal treatment or even full-mouth tooth
extraction (Fokkema et al. 2003, Radvar et al. 2008, Ling et al.
2015), which further supports the notion for generation and per-
sistence of inflammatory memory. Moreover, the operation of a
periodontitis-bone marrow inflammatory axis in the above dis-
cussed preclinical model (Li et al. 2022) is consistent with clini-
cal studies utilizing positron emission tomography/computed to-
mography with 2-deoxy-2-[fluorine-18]fluoro-D-glucose (*¥F-FDG-
PET/CT). These imaging studies have positively correlated peri-
odontal inflammation with increased hematopoietic tissue activ-
ity in the bone marrow, as well as with inflammation in the arterial
wall and elevated risk of prospective cardiovascular events (Ishai
et al. 2019, Van Dyke et al. 2021).

Conversely, systemic disorders, such as diabetes, can increase
the severity of periodontitis and cause dysbiotic alterations to the
oral microbiome (Wu et al. 2015, Teles et al. 2021). In this con-
text, studies in diabetic mice provided mechanistic explanations
of how diabetes exacerbates periodontitis, including elevated gen-
eration of proinflammatory advanced glycation end products, ex-
aggerated TNF-« inflammatory responses leading to bone loss,
and defective resolution of inflammation (Wu et al. 2015). More-
over, diabetes causes IL-17-dependent alterations to the oral mi-
crobiota, which thereby becomes particularly pathogenic, as ev-
idenced by transfer experiments to germ-free mice (Xiao et al.
2017). Therefore, whereas human studies have established associ-
ations between diabetes and several alterations in the periodon-
tium, mechanistic studies in mice (including the use of mutant
strains and specific inhibitors) provided evidence of causality link-
ing these parameters.

Humans swallow at least 1 | of saliva daily which con-
tains > 10" bacteria (Gibbons and Houte 1975, Humphrey and
Williamson 2001). However, oral bacteria are typically poor colo-
nizers of the intestine, unless intestinal homeostasis is disrupted
by pathological conditions, including inflammatory bowel dis-
ease and liver cirrhosis (Schirmer et al. 2018, Schmidt et al. 2019,
Yachida et al. 2019, Chen et al. 2021). In settings such as pedi-
atric Crohn’s disease or ulcerative colitis, bacteria of oral origin
(e.g. Fusobacteriaceae and Veillonellaceae) are highly abundant (Gev-
ers et al. 2014, Schirmer et al. 2018). These correlations, however,
do not prove that oral bacterial species participate in the patho-
genesis of these disorders. Causality was again addressed in ani-
mal models. Consistent with the clinical findings, studies in mice
demonstrated significant ectopic colonization of the mouse in-
testine by oral bacteria but only under conditions that compro-
mise gut homeostasis, such as, pre-existing intestinal inflamma-
tion or genetic deficiency of IL-10, which predisposes to colitis (Ki-
tamoto et al. 2020). Ectopic oral bacteria were shown to cause in-
testinal inflammation by inducing IL-18 in macrophages and ac-
tivating Th17 cells, alter the composition of the gut microbiota,
and undermine gut barrier function; these effects collectively
lead to exacerbation of colitis and induction of endotoxemia, sys-
temic inflammation and changes in the serum metabolome (Kato
et al. 2018, Kitamoto et al. 2020, Imai et al. 2021, Tsuzuno et
al. 2021, Yamazaki et al. 2021, Xing et al. 2022). In conclusion,
these preclinical studies in mice not only linked ectopic colo-
nization of oral bacteria to exacerbation of intestinal inflamma-
tion, but also provided mechanistic insights into the so-called
oral-gut-liver axis, which can worsen hepatic inflammation and

steatosis thereby potentially exacerbating nonalcoholic fatty
liver disease (Imai et al. 2021, Albuquerque-Souza and Sahingur
2022).

Besides being a major cariogenic organism, S. mutans is also
implicated in cases of infective endocarditis, which often devel-
ops in individuals with underlying heart disease (Lemos et al.
2019). A possible route by which S. mutans can contribute to infec-
tive endocarditis was demonstrated in a rat caries model, where
the animals were also subjected to heart valve injury. Specifi-
cally, after the development of severe carious lesions, S. mutans
could translocate to the injured heart tissue via the exposed pulp,
which is rich in blood vessels (Nomura et al. 2020). Rats with in-
creased numbers of carious teeth with exposed pulp had a sig-
nificantly increased rate of S. mutans detection in the heart tis-
sue, as compared to rats with decreased numbers of teeth af-
fected in that manner (Nomura et al. 2020). Strains of S. mutans
that express collagen-binding protein (Cnm) have also been as-
sociated with IgA nephropathy (Ito et al. 2019). A recent study
in rats provided inference of causality for this association by
showing that S. mutans-induced severe dental caries (extending to
the pulp) caused IgA nephropathy-like glomerulonephritis in rats.
The disease manifestation (mesangial cell proliferation, increased
mesangial matrix in the glomerulus, IgA, and complement C3 de-
position) was significantly more pronounced in animals infected
with a Cnm-positive strain as compared to a Cnm-negative strain,
which essentially had no effect on glomerulonephritis despite
causing rampant caries (Naka et al. 2021).

Oral microbial communities use nitrate reductases to reduce
dietary nitrate to nitrite, thereby contributing to the generation of
nitric oxide, i.e. important for the host’s systemic health, being in-
volved in metabolic and cardiovascular regulation, including the
lowering of blood pressure (Lundberg et al. 2018). In this regard,
twice-daily treatment of human volunteers with the antiseptic
chlorhexidine via mouthwash resulted in significant increase in
systolic blood pressure after 7 days of treatment, whereas recov-
ery in viable bacterial counts from chlorhexidine use led to en-
richment in nitrate-reducing bacteria on the tongue (Tribble et al.
2019). Moreover, a higher relative abundance of nitrate-reducing
oral bacteria was associated with lower plasma glucose and in-
sulin resistance as well as reduced cardiometabolic risk among
diabetes mellitus-free adults (Goh et al. 2019, 2022). These human
studies were greatly facilitated at the conceptual level by early
studies in animal models: several studies in different animal mod-
els, including rats and mice, established the vasodilating effects
of nitrite as a source of nitric oxide (reviewed by Lundberg et al.
2018). Oral administration of nitrite to rats or mice conferred pro-
tection against hepatic and cardiac ischemia/reperfusion injury
(Shiva et al. 2007). Rats topically treated in the mouth with the
bactericidal agent povidone-iodine prior to nitrate supplementa-
tion, failed to increase nitric oxide levels and to alleviate stress-
induced injury in the gastric mucosa (Miyoshi et al. 2003). Consis-
tently, gastric nitric oxide generation is negligible in germ-free rats
even after receiving a dietary load of nitrate (Sobko et al. 2004).
Thus, studies in model organisms not only address causality, but
also provide a conceptual framework upon which targeted clinical
studies can be designed.

Surrogate models

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

® Mechanistic underpinnings 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 therapeutic target in human periodontitis (phase 2a trial)

ing periodontitis and arthritis. Moreover, various models where
pathogens are injected subcutaneously into the dorsum (“ab-
scess” model), pouches previously injected with air (“airpouch”
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 immune evasion strategies (Genco et al. 1991, Burns et
al. 2006, Graves et al. 2008, Hajishengallis et al. 2008, Singh et al.
2011, Wang et al. 2013, Maekawa et al. 2014b). All these models
allow easy recovery of samples for analysis 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 um) from streptococci that enables it to obtain lactate as a car-
bon source, while minimizing its exposure to inhibitory concen-
trations of streptococcal hydrogen peroxide (Stacy et al. 2014).
The airpouch model was used in early studies that established
the proresolving function of lipoxins. Specifically, lipoxins 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 development 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 evade 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 highly quantitative thioglycollate-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
(efferocytosis) by macrophages (Kourtzelis et al. 2019). This is
because at 72 h postthioglycollate administration, endogenous
neutrophils are cleared, hence clearly allowing the demonstra-
tion that i.p. administered DEL-1 enhances the uptake of coad-

ministered fluorescently labeled apoptotic neutrophils by resi-
dent macrophages, thereby promoting inflammation resolution
(Kourtzelis et al. 2019). Although DEL-1 protects against periodon-
titis in both mice and nonhuman primates (Eskan et al. 2012, Shin
et al. 2015), it would not be practically feasible to distinguish its
anti-inflammatory from its proresolving activities by assaying the
periodontium.

Conclusions and perspectives

From the above discussion of the relevant literature, it can be con-
cluded that the use of animal-based disease models has overall of-
fered mechanistic understanding of oral diseases and has identi-
fied potential therapeutic approaches, some of which are in differ-
ent stages of clinical development (Koo et al. 2017, Balta et al. 2021,
Hajishengallis et al. 2021). No single model can faithfully mimic a
human disease in its entirety and thus the utility of a given model
liesinits capacity to test a specific hypothesis. Accordingly, the use
of distinct models can address different but complementary hy-
potheses involving discrete components of the pathologic process,
thus providing a more comprehensive understanding of the dis-
ease than obtained from the use of a single model (Fig. 4). Knowl-
edge of the limitations associated with specific models is of great
importance, as it can enable the design of improved studies that
can be as relevant as possible to the human condition. Moreover,
key findings regarding mechanistic and therapeutic concepts de-
rived from disease models should be followed, whenever possible,
by targeted validation in human studies.

This review has focused predominantly on rodent and espe-
cially mouse models of disease, which have distinct advantages
but also disadvantages compared to large animals, as outlined
above (Table 1). Whether such models could be replaced in the fu-
ture by sophisticated in vitro reductionist systems remains uncer-
tain, despite recent advances in tissue- or organ-on-a-chip mod-
els. For instance, as outlined earlier in the review, interorgan com-
munication and the dynamics of the immune system are, at least,
formidable challenges for in vitro simulation. As in vitro systems
are unlikely to fully replicate the complexity of in vivo models and
human research is typically correlative, animal disease models re-
main essential in biomedical research.
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Thus, when animal models are viewed as tools by which to ad-
dress specific hypotheses relevant to a given aspect of a human
disease, they can be used productively for generation or substan-
tiation of new knowledge (Table 2). Whereas animals and humans
generally harbor different microbiomes, dysbiosis has more to do
with the collective protein expression profile of the community
rather than its particular species composition, hence mechanisms
and outcomes of dysbiosis can reliably be investigated in model
organisms. Our understanding of the human condition is greatly
enhanced by synthesizing findings and evidence from different
experimental systems, i.e. in vitro models, model organisms and
human clinical studies (Fig. 3).

The predictive validity of animal models for the identification
of drug targets to treat human patients depends greatly on rigor-
ous control for variables including husbandry and environmental
conditions, such as, diet, activity, and stress but importantly also
the microbiome. In that regard, comparing wild-type and gene
knockout mice raised separately may introduce microbiome dif-
ferences that are not necessarily related to the genetic defect.
Thus, to ensure that differences between wild-type controls and
mice with gene deletions/alterations are due to genetic (and not
environmental) differences, researchers should use as wild-type
controls only littermates of mutant mice. As mice are the main
preclinical tool for oral basic and mechanistic studies, including
the study of microbiome and its effects on health and disease,
it becomes imperative that scientists develop a comprehensive
bioinformatics tool offering oral microbe taxonomic and genomic
information, analogous to the Human Oral Microbiome Database
(https://www.homd.org/). Such complete and curated resource
would help unambiguously identify species and prevent incon-
sistency in findings generated from different research groups.

In conclusion, although mice and other model organisms do
not flawlessly approximate the human condition, if the experi-
mental questions are framed to fit the model system, they can
provide productive insights into human biology and disease. By
appreciating both their strengths and limitations, scientists can
use animal models to address meaningful hypotheses on basic
biological concepts, test causality of associations established in
clinical research, and identify potential therapeutic targets for the
treatment of human diseases.
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