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Abstract

Chronic kidney disease and chronic periodontitis are both common diseases, which are found
disproportionately comorbid with each other and have been reported to have a detrimental effect on
the progression of each respective disease. They have an overlap in risk factors and both are a source
of systemic inflammation along with a wide selection of immunological and non-specific effects that
can affect the body over the lifespan of the conditions. Previous studies have investigated the
directionality of the relationship between these two diseases; however, there is a lack of literature that
has examined how these diseases may be interacting at the localized and systemic level. This review
discusses how oral microorganisms have the ability to translocate and have distal effects and provides
evidence for microbial involvement in a systemic disease. Furthermore, it summarizes the reported
local and systemic effects of chronic kidney disease and chronic periodontitis and discusses how the
interaction of these effects may be responsible for directionality associations reported.

1 Introduction

Chronic kidney disease (CKD) is one of the most common chronic diseases with the worldwide
prevalence estimated to be approximately 13.4% and projected to continue to rise annually, especially
in developing countries where renal healthcare is limited (Couser et al., 2011, Hamer and El Nahas,
2006, Coresh, 2017). Chronic Periodontitis (CP) is a chronic infection of the supporting structures of
teeth that is predominately found in adults and the elderly. This definition has now been reclassified as
periodontitis which includes both CP and aggressive periodontitis (Caton et al., 2018) but for the
purposes of this review the previous classification of CP is utilized in order remain consistent with
previous literature. CP is ubiquitous, with worldwide prevalence of severe periodontitis estimated to
be approximately 7.4% (Frencken et al., 2017, Kassebaum et al., 2017). As chronic diseases persist for
long periods, there is a significant amount of comorbidity in patients, especially with other chronic
diseases (Jones, 2010, Schellevis et al., 1993). Indeed, these comorbidities have been reported as a
source of adverse outcomes (Tonelli et al., 2015) and highlight that complex interactions between
chronic diseases could lead to effects that are detrimental for the health of the patient.

There have been reports highlighting a link between CKD and CP, which both have an overlap in terms
of risk factors. While some studies have reported significant associations between both diseases, there
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is increasing evidence suggesting a directional link between CKD and CP that can affect their
progression and cause adverse outcomes (Zhao et al., 2018). Both CKD and CP have well documented
systemic effects on the body such as chronic inflammation and dysfunction of immune cells (Oberg et
al., 2004, Vaziri et al., 2012, Akar et al., 2011, Loos, 2005); however, how their individual systemic
effects may interact with each other is relatively unstudied. Furthermore, the combined effect of both
chronic diseases on the localised site of periodontal disease (the oral cavity and periodontium) has not
been fully elucidated and may explain why both diseases have been reported to have a detrimental
effect on each other.

This review is focused on CKD and CP and how the progression of both diseases can cause a series of
systemic and local changes. Particular attention will be paid to the selection of oral microorganisms
that can elicit distal pathogenic effects, of which some overlap with CP associated microorganisms and
discusses inconsistencies regarding the causative bacterial species that may be involved in CP.
Furthermore, the review will discuss how the systemic and localised effects of each disease may
interact with each other and how these interactions may lead to positive associations between CKD
and CP.

1.1 The Oral Microenvironment

The mouth is one of the most biologically complex regions in the mammalian body. It provides an
entrance and transit point for both the digestive and respiratory systems, plays a role in rudimentary
pre-processing of food, and is pivotal for oral communication and sensory functions (Marsh et al.,
2009). Within the oral cavity there are the hard tissues of the teeth which are lined by the gingiva or
mucosa in cases where keratinised gingiva are present, there are also a selection of soft mucosal
structures such as the tongue, soft and hard palate and cheeks along with the specialized connective
tissue known as the periodontium (German and Palmer, 2006). The periodontium comprises of the
gingiva, alveolar bone, the cementum and the periodontal ligament and plays an important role in the
attachment of the teeth to alveolar bone. The substantial variety of structures in the oral cavity provide
an array of microhabitats for the large numbers of diverse microorganisms present (German and
Palmer, 2006, Marsh, 2000). In this environment the two key biofluids, saliva and gingival crevicular
fluid (GCF), play an important physiological role. The saliva is the predominant oral fluid. It acts as a
lubricant, assists in preliminary digestion through the action of enzymes such as lipase and amylase,
and plays a role in the forming of a food bolus and taste (Edgar et al., 2004). Furthermore, it is rich in
antimicrobial compounds such as hydrogen peroxide, lactoferrin and lysozymes allowing it to act as
protective barrier to opportunist microbes, along with being a promoter of wound healing amongst
other (Vila et al., 2019). In contrast, the GCF is normally present in small amounts bathing the gingiva.
However, in pathological conditions (e.g. local inflammation), the secretion of GCF increases
significantly as a defensive mechanism in the immune response (Taylor and Preshaw, 2016). Although,
this can also have an opposite effect as the increased GCF flow and inflammation can also promote the
accumulation of inflammophilic periodontal microorganisms by providing a greater nutrient source
and suitable physical environment, creating a positive feedback cycle (Marsh, 1994, Smalley, 1994).

The microorganisms in the oral cavity change in response to a wide variety of stimuli such as dietary
energy sources, age, host and bacterial metabolite production, poor oral hygiene and systemic diseases
(Rasiah et al., 2005). Over 700 microbial species have been characterised in the human oral cavity
alone, highlighting the high levels of diversity (Dewhirst et al., 2010). This resident microbiota does
not have a singularly passive relationship with the host since it contributes to the host defences, can
synthesise vitamins which are beneficial to the host and plays a vital role in preventing colonisation of
potential pathogens (Marsh, 2000, Kumar et al., 2013). However, as the oral cavity is a key barrier and



entry point between the external environment and the body, it is open to opportunist pathogens that can
infiltrate the blood, the lower respiratory tract and the digestive system (Tada and Hanada, 2010).
Despite much of the microbiota living in symbiosis with the host, the oral cavity can further act as a
reservoir for infection with many commensal microorganisms being the cause of opportunist infections
in immunocompromised individuals (Gendron et al., 2000, Akpan and Morgan, 2002).

1.2 Chronic Periodontitis

Periodontitis is the inflammation and infection of the periodontium, which is due to the accumulation
of sub-gingival dental plaque and is mediated by a wide spectrum of oral microorganisms
(Hajishengallis, 2015). It predominately presents as repetitive inflammation, recession of the gingiva,
gingival bleeding and the formation of periodontal pockets (Schatzle et al., 2004). The disease can be
classified into four different stages (Stages 1-4) dependent on the severity of the disease, which is
determined by assessment of a selection of variables such as clinical attachment loss, amount and
percentage of bone loss, probing depth, presence and extent of angular bony defects and furcation
involvement, tooth mobility and tooth loss due to periodontitis (Caton et al., 2018).. There are three
identified pathophysiological types of periodontitis: necrotizing periodontitis, periodontitis as a
manifestation of systemic disease and the forms of the disease previously recognized as “chronic” or
“aggressive” which are now referred to as periodontitis (Caton et al., 2018). For the purpose of this
review we are utilising the previous definition of chronic periodontitis which represents the forms of
destructive periodontal disease that are generally characterised by slow progression (Papapanou et al.,
2018), due to this being consistently used to define the subtype of periodontitis throughout the literature
reviewed. CP is categorised by the formation of periodontal pockets of which increase in depth with
the severity of the disease and provide a space for the aetiological microorganisms. It has been reported
that 45% of adults in England have at least one periodontal pocket, with 8% of the population having
severe periodontal pocketing (Heidari et al., 2015). The worldwide prevalence of severe CP was
estimated to be 7.4%, making it the sixth most prevalent disease worldwide (Frencken et al., 2017,
Kassebaum et al., 2017). CP is of particular interest as it is a global chronic disease and can be
detrimental to the health of the patient and a risk factor for myriad other diseases such as Alzheimer’s
(Dominy et al., 2019), cardiovascular disease (Dietrich et al., 2008), diabetes mellitus (Engebretson et
al., 2013), chronic obstructive pulmonary disease (Usher and Stockley, 2013) and pre-term birth
(Marsh et al., 2009, Han et al., 2004).

The main aetiological agents driving the inflammatory processes in CP are the plaque associated oral
bacteria which form biofilms and dysregulate the normal oral microbiota (Wahid et al., 2013). CP is
caused by the inflammatory response to dental plaque accumulation which can result in an increased
flow of GCF, this increased flow has been shown to further favour the growth of anaerobic
microorganisms (Marsh et al., 2009, Winning et al., 2015). These Gram-negative anaerobes include
Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola, which have been isolated
from the majority of CP cases and are referred to as the ‘red complex’ (Wade, 2013, Socransky et al.,
1998). Indeed, the levels of P. gingivalis and T. denticola in subgingival plaque can predict the
progression of CP, highlighting the key role of these organisms in the pathogenesis of CP (Byrne et
al., 2009). Previously it was thought that these ‘red complex’ organisms affected the signalling
pathways of the human host, which led to a dysbiosis of the oral microbiota thereby resulting in disease
(Darveau, 2010, Socransky et al., 1998). However, it has since become apparent that CP is more
complex than a singular group of organisms, with a current predominating theory being the
Polymicrobial Synergy and Dysbiosis (PSD) model (Hajishengallis and Lamont, 2012).



In the PSD model of CP, keystone pathogens such as those of the ‘red complex’ colonise the gingiva,
interact with accessory organisms and increase the virulence of the community causing dysbiosis and
disruption of homeostasis, which leads to destruction of tissue (Hajishengallis and Lamont, 2012,
Payne et al., 2019). In this model, there are a wide range of microorganisms involved, with keystone
pathogens such as the aforementioned ‘red complex’ and periodontitis accessory organisms (Table 1).
These accessory organisms are predominately commensals commonly found in the healthy microbiota,
which can interact with the keystone pathogens to assist in the pathogenesis of CP. However, due to
the complicated nature of these interactions such as specific adhesion, metabolic symbiosis, complex
biofilm formation and virulence modulation, many of the mechanisms are yet to be elucidated (Shaikh
et al., 2018).

Table 1. List of key pathogens and accessory organisms with the reported roles in periodontal disease

Keystone Pathogens

Name Reported Roles Ref
Porphyromonas A key pathogen in CP because of complex host-pathogen and community interactions, which  (Hajishengallis,
gingivalis can cause dysbiosis and promote a pro-inflammatory phenotype. In addition, a multitude of ~ 2009)
virulence factors are produced which can cause damage and destruction of the periodontium.
Tannerella A key pathogen associated with the clinical attachment loss seen in CP and has been shown to  (Kesavalu et al.,
Sforsythia cause alveolar bone loss. It has a few identified virulence factors and many synergistic = 2007)
associations with accessory organisms.
Treponema A key pathogen of CP of which the severity of the disease can be predicted by levels of P. (Byrne et al,
denticola gingivalis and T. denticola. Also has a multitude of virulence factors, which assist with 2009, Dashper et
adherence, instigating dysbiosis in the subgingival microbiota and damaging the gingival al., 2011)
tissues.
Accessory Organisms
Name Reported Roles Ref
Actinomyces Present in patients with CP more frequently than healthy patients, along with those with high  (Vielkind et al.,
israelii scores on the plaque index. It may play a role in the maturation of sub and supra gingival 2015, Konoénen
plaque. It is commonly isolated alongside 4. actinomycetemcomitans suggesting synergy in  and Wade, 2015)
periodontal infection.
Aggregatibacter A facultative anaerobic organism commonly associated with CP. It has numerous reported  (Henderson et al.,
actinomycetemco  virulence factors promoting periodontal disease with stimulation of inflammatory cytokines  2010)
mitans and the production of a leukotoxin, which is reported to be pro-apoptotic towards gingival
epithelial cells.
Campylobacter Campylobacter organisms are not common commensals but present as transient members of  (Macuch and

(C. rectus, C.

the healthy microbiota. C. rectus is predominately found in initial periodontal lesions and
shallower pockets, which leads to suggestions it may play a role in the initiation of

Tanner, 2000)

showae) periodontitis. C. showae is predominately found in deeper pockets and later stages of CP with

its role in the pathogenesis relatively under studied.
Eubacterium Commonly mistaken for 4. israelii due to similar morphology. It is reported to be a key (Haffajee et al,
nodatum accessory organism in periodontitis along with having synergy with 7. denticola in the 2006, Arora et al.,

induction of periodontitis. However, due to misidentification there is a lack of studies looking
at the interplay of this organism in CP.

2014)




Fusobacterium Reported to play a role as a ‘bridge’ for early and late colonisers to co-aggregate. It has also  (Settem et al.,
nucleatum been reported to have synergy with 7. forsythia in inducing an immune response and causing  2012)
alveolar bone loss.
Parvimonas A commensal organism commonly found in the subgingival plaque and in periodontal plaque  (Zijnge et al.,
micra forms in the top layer. It is not thought to form biofilm structures, but has a significant 2010, Al-hebshi
association with periodontal destruction. However, it is relatively understudied in CP so many et al., 2014)
the biochemical interactions are unknown.
Prevotella These are anaerobic commensal organisms within supragingival plaque, which increase in  (Stingu et al.,

(P. intermedia, P.
melaninogenica,
P. nigrescens)

prevalence with periodontal disease. Biofilms produced by Prevotella spp can be used to
subvert the innate immune system causing the periodontal plaques to chronically colonise the
periodontal pockets. Furthermore, it has also been reported that P. intermedia can release pro-
inflammatory cytokines and matrix metalloproteinases, which can stimulate periodontal
destruction.

2013, Tanaka et
al., 2008, Fukui et
al., 1999,
Yamanaka et al.,
2009, Guan et al.,
2008)

Streptococcus
anginosus group
(S. anginosus, S.

This group are commensals that inhabit the subgingival periodontal pockets in those with
periodontitis and are usually present even after treatment. It has been suggested that they
provide an attachment substratum, which can allow for recolonization of periodontal pathogens

(Rams et al,
2014)

constellatus, ~ S.  after treatment as they have strong anti-phagocytic resistance to leukocytes.

intermedia)

Streptococcus This group are thought to assist the key pathogens in adherence by providing an attachment  (Whitmore and

mitis group substratum and facilitate signal transduction. Furthermore, synergy between S. gordonii, P. Lamont, 2011,
gingivalis and A. actinomycetemcomitans has been demonstrated causing increased Hendrickson et

(S.  gordonii, S. pathogenicity when in co-culture. al., 2017)

sanguinis, S.

oralis)

Infection of the periodontium can provide a method of systemic entry into the body for microorganisms
along with microbial products and potential antigens. These may induce inflammatory responses in
distant tissues by dissemination using the circulatory system (Bastos et al., 2011), with evidence of this
seen in infective endocarditis (Baddour et al., 2015) and infective glomerulonephritis (Brodsky and
Nadasdy, 2017). In addition, CP associated microorganisms and products are released into the digestive
system by the swallowing of the inflammatory exudate, periodontal bacteria and bacterial products
(Olsen and Yamazaki, 2019).

1.3 Chronic Kidney Disease

The kidneys play a vital role in the body by filtering blood and metabolic waste, while also modifying
the content and composition of fluids in the body. They facilitate waste excretion, nutrient reabsorption,
secrete hormones, regulate osmolarity, regulate blood pressure and maintain systemic acid base
homeostasis (Jameson and Loscalzo, 2016). The anatomy of the kidney reflects its unique role in the
body with the functional unit of the kidney being the nephrons, which filter the blood to form urine.
Damage to the nephrons can lead to acute or chronic kidney diseases, which may predispose to multiple
diseases or lead to end-stage renal failure which requires dialysis or transplantation (Hoy et al., 2005).

It is estimated that in England 2.6 million people aged 16 years and older have CKD stage 3-5 which
equates to 6.1% of the general population (Aitken, 2014). Chronic Kidney Disease (CKD) is defined
as reduced kidney function that is present for over three months, and has implications for the health of
the patient such as kidney failure and cardiovascular death (Inker et al.). The reduced kidney function
is measured using the estimated glomerular filtration rate (¢GFR), with the severity of CKD staged



from 1-5 based on the decrease in eGFR (Hemmelgarn et al., 2010). CKD often goes undiagnosed and
can present idiopathically along with co-morbidities such as diabetes, cardiovascular disease and
chronic periodontitis (Levey et al., 2003, Dyck et al., 2012, Borawski et al., 2006). The progression of
CKD is characterised by the loss of renal cells and the replacement of these with extracellular matrix,
which leads to the reduction of renal function and related symptoms such as uremia, proteinuria and
oedema (Nogueira et al., 2017).

The function of the kidney in acting as a filtering agent of waste products for the blood increases their
risk of damage by toxins (Finn, 1977a). The blood flow to the kidney is greater per gram of tissue
compared to any other organ (Finn, 1977b) meaning that the total amount of waste/toxins delivered
will be disproportionately high. Furthermore, as the kidneys are able to concentrate substances through
filtration, reabsorption and secretion, this can cause various metabolites and toxins to build up to levels
which can be damaging to the nephrons (Finn, 1977b).

Many factors increase the risk of CKD such as age, gender, ethnicity, concurrent diseases such as
hypertension and diabetes and socio-economic status (Kazancioglu, 2013). Indeed, a key strategy for
management of CKD is identification of modifiable risk factors, which would allow for earlier
detection of the disease. The identification of predisposing risk factors for CKD can also allow
intervention-based strategies to facilitate early treatment of the disease. Current research has focused
on investigating risk factors that may have a directional link with CKD independent of other risk factors
such as Alzheimer’s Disease (Shi et al., 2018), obstructive sleep apnoea (Mirrakhimov, 2012) and CP
(Wahid et al., 2013, Pradeep et al., 2012). Identification of these directional risk factors is of particular
importance, as many of these can have a significant impact on progression of both diseases and if
controlled could be a useful treatment to deal with both diseases.

2 Oral Bacteria and Distal Pathogenic Effects

Although the effect of pathogenic oral bacteria on the health and disease of the oral cavity has been
acknowledged for many years, the interplay between these organisms and other systemic diseases has
only recently re-emerged. The first proposal of distal pathogen effects by microorganisms was in 1891
with W. Miller suggesting that oral microorganisms could access distal body parts known as the focal
infection theory (Miller, 1891). This was built upon and suggested to be the cause of a number of
systemic diseases such as endocarditis, diabetes and nephritis (Billings, 1916). At the time these
suggestions were not taken seriously however the proposal re-emerged in the 1990°s with the American
Academy of Periodontology and the world workshop in periodontitis suggesting that oral infection is
frequently related to local and general disease (Scannapieco, 1998). This has led to modernisation of
the focal infection theory to the periodontal medicine concept which highlights the relationship
between chronic periodontitis and systemic disease, with oral status connected to systemic health
(Pizzo et al., 2010).

Many of these putative links have been identified through epidemiological associations adjusted for
known risk factors. However, the mechanisms behind many of these interactions still need to be
elucidated (Seymour et al., 2007). There are a few known case studies of distal pathogen effects from
oral microorganisms namely: bacterial endocarditis, acute post-streptococcal glomerulonephritis and
infective endocarditis glomerulonephritis (Carapetis et al., 2005, Lusco et al., 2016, Majumdar et al.,
2000).

2.1 Translocation of Oral Pathogens



In a healthy mouth, the mucous membrane along with host-produced antimicrobial molecules such as
defensins provide a barrier to external pathogens, preventing the commensal and opportunist microbes
from damaging the host. This barrier can be disrupted in multiple ways including physical disruption
via trauma such as micro abrasions caused by tooth brushing (Addy and Hunter, 2003), by periodontal
pathogens invading the gingival margin (Bosshardt, 2017) or if a host is immunocompromised through
medication or disease where they are more at risk of infection.

There are three possible mechanisms of how oral microbes can facilitate further diseases: (1) infection
due to metastatic transient bacteremia; (2) metastatic immunological injury and; (3) metastatic toxic
injury (Thoden van Velzen et al., 1984, Pizzo et al., 2010). Metastatic transient bacteremia refers to
the damage caused by translocation of microorganisms throughout the body. Metastatic immunological
injury refers to the damage caused by the stimulation of an immune response such as the process of
inflammatory mediation seen in chronic periodontitis by the microorganisms involved. This could also
encompass the generation of epitopes by periodontal microorganisms, which have been reported to
have a high degree of similarity with human tissue autoantigens related to a selection of autoimmune
diseases (Obando-Pereda, 2018). Metastatic toxic injury is the damage caused by the release of toxic
compounds which can be produced by microorganisms or by components of the cell ultrastructure such
as Lipopolysaccharide (LPS) or endotoxins which can stimulate an immune response through host toll
like receptors (TLRs) (Gendron et al., 2000, Aderem and Ulevitch, 2000).

2.2 Bacteremia

Bacteremia is defined as the presence of viable bacteria in the bloodstream, with primary bacteremia
occurring through direct access from the outer environment such as through injection or venipuncture,
and secondary bacteremia being related to the disruption of a local barrier such as the mucosal
membranes or wounds (Jawetz, 2007). Bacteremia can be categorized based on the longevity of the
microorganisms in the bloodstream: transient, intermittent or persistent (Poveda-Roda et al., 2008).
Transient bacteremia originating from the oral cavity is a relatively common event which can be caused
by dental procedures including daily oral hygiene routines, such as tooth brushing and flossing, and
while being asymptomatic it usually only lasts for approximately an hour (Everett and Hirschmann,
1977). In contrast, intermittent and persistent bacteremia are not as common and are associated with
increased severity of periodontal disease and accumulation of plaque within the gingival crevice and
periodontal pocket.

Bacteremia is particularly common in CP, with the bacteria and their products being able to enter the
bloodstream through the inflamed gingiva and elicit a response in distal tissues (Fisher et al., 2010).
For example the key CP pathogen P. gingivalis has been isolated from atherosclerotic plaques (Serra
e Silva Filho et al., 2014), the placenta (Katz et al., 2009), the liver (Ishikawa et al., 2013) and is capable
of invading arterial cells (Deshpande et al., 1998) and causing endothelial dysfunction (Tonetti et al.,
2007). The accessory organism A. actinomycetemcomitans has also been isolated from periodontal
pockets and atherosclerotic plaques (Padilla et al., 2006). While the microbiota of periodontal and
atheromatous plaques has been reported to be highly similar, indicating translocation rather than
sporadic infection (Serra e Silva Filho et al., 2014), there is currently no study to demonstrate the clonal
nature between periodontal plaques and atherosclerotic plaques.

2.3 Bacterial Endocarditis



Bacterial endocarditis (BE) is an infection of the inner lining of the heart, most commonly the heart
valves but it can also affect artificial implants such as pacemakers and artificial valves (Carmona et al.,
2002). This infection is caused by a subset of circulating microorganisms that can bind to the
endocardium, or an abrasion/micro-clot already present, forming a biofilm. This can lead to the
activation of complement and formation of a clot with a notable absence of white blood cell recruitment
(Cabell et al., 2003). It is a relatively uncommon disease with an incidence of 2.3 cases per 100,000
people in the UK, with a poor prognosis in lower income countries (Ambrosioni et al., 2017).

Oral microorganisms such as Streptococcus mutans and Streptococcus sanguinis were previously the
most common microorganisms isolated as causative agents of bacterial endocarditis, most likely due
to their strong thrombogenic potential which allows adherence to the surfaces of the heart (Coykendall,
1989). Bacterial adherence is related to intrinsic dextran production, which allows attachment to the
heart valves along with fibrin and platelets leading to the formation of plaques (Scheld et al., 1978).

Renal glomerular lesions have been reported in cases of BE (Majumdar et al., 2000). The pathogenesis
of endocarditis related glomerulonephritis is similar to acute post-streptococcal glomerulonephritis, as
both are a form of infective glomerulonephritis. Infective Endocarditis Glomerulonephritis (IEGN) is
be mainly caused by Staphylococcus aureus endocarditis with Streptococcal endocarditis being the
second most common pathogen, they both can lead to tubular damage as identified by renal biopsies
(Boils et al., 2015). Previous work investigating pathogenesis of the IEGN had identified the activation
and deposition of C3 of the complement cascade and the involvement of IgG antibodies (Boils et al.,
2015). However many of these studies used cadaver kidneys and more recent renal biopsy studies
demonstrated that the activation of C3 is the primary cause of damage, with IgG and other antibodies
being present in a much smaller amount (Bayer and Theofilopoulos, 1990). These studies demonstrate
that IEGN is more complex than previously thought and the activation of the complement cascade may
be stimulated by various virulence factors such as Staphylococcal superantigens which may cause
direct tissue damage (Salgado-Pabon et al., 2013) and various immunological complexes produced by
Streptococci as further discussed in the related acute post-streptococcal glomerulonephritis condition.

2.4 Evidence for Kidney damage induced by Oral Microorganisms

Although several reports link oral microorganisms and kidney damage there are inconsistencies
regarding the causative species, type of damage and putative mechanisms of damage (Nasr et al., 2008,
Trivedi et al.,, 2017, Ramanathan et al., 2017, Nasr et al., 2011). Acute post-streptococcal
glomerulonephritis (APGN) is a well-studied example of pathogenic oral microorganisms eliciting a
distal response and damage to kidneys.

APGN represents an inflammation of the glomeruli in the kidneys and is widely attributed to group A
streptococci (Ahn and Ingulli, 2008). AGPN is one of the most common nephric conditions, with over
490,000 cases estimated globally per year. The majority of the AGPN cases occur in developing
countries and are easily treated with antibiotics (Carapetis et al., 2005). As group A streptococci can
be present in the oral and skin microbiota, the source of infection mainly depends on the climate, with
the colder climates associated with upper respiratory tract infections and warmer climates with skin
infections (Earle, 1985). In one such case, swabs were taken from four neighbouring rural families who
contracted acute glomerulonephritis (Almroth et al., 2005). Kidney biopsies of the patients showed
acute diffuse proliferate glomerulonephritis, which could be a consequence of streptococcal nephritis,
with Streptococcus constellatus and Streptococcus pyogenes being isolated from these biopsies. While
the direct mechanism for this kidney damage is unknown, it has been suggested that the post-
streptococcal glomerulonephritis could be caused by deposition of nephrogenic streptococcal proteins



in the glomerulus and the production of an antibody-mediated response (Cronin et al., 1989) or
deposition of bacterial toxins in the kidneys. A recent review on this topic suggests that this
pathogenesis was probably immunological rather than toxin-related, as the level of observed kidney
damage is not proportional to the infection as is the case in other toxin mediated diseases (Brodsky and
Nadasdy, 2017). A number of streptococcal proteins have been identified (e.g. nephritis strain-
associated protein (Ohkuni et al., 1983), Endostreptosin (Yoshizawa et al., 1997) and streptococcal M
protein (Vosti et al., 1971)) with these having detectable antibody titres in a large proportion of patients.
However, the lack of specificity to acute post-streptococcal glomerulonephritis of these proteins is a
major drawback in the identification of causative agent(s). This has led to other mechanisms such as
autoimmunity (Zabriskie et al., 1970) and coagulation (Alkjaersig et al., 1976) to be proposed as
playing a role in the disease.

3 The Systemic Effects of CKD and CP

Systemic disease refers to a disease affecting the whole body rather than a single body part such as the
oral cavity (Li et al., 2000). With chronic diseases, the long-term exposure to various by-products of
the disease and complications related to disruptions in homeostasis can lead to distal effects in a variety
of body functions and sites. These distal effects could conceivably lead to predisposition to other
chronic diseases, especially as many have overlapping risk factors, and could be a key reason as to why
many chronic diseases are comorbid within chronic disease populations (Jones, 2010).

3.1 The Systemic Effects of CP

Although it has been suggested that the oral cavity might provide an entry point to multiple diseases,
how this is accomplished and what systemic consequences it can produce has only been partly
explained. Recent research has demonstrated that CP is linked with diseases outside of the oral cavity,
such as atherosclerosis, diabetes, stroke and coronary heart disease, with the pathogenesis mechanisms
being under investigation (Gualtero et al., 2018, Sen et al., 2018, Beck et al., 2018, Preshaw et al.,
2012). Many of the systemic effects associated with CP are resultant of the dysbiosis of oral microbiota,
and the dissemination of the microorganisms or their products to distal parts of the body. With this in
mind, it may be hypothesized that a similar systemic oral link may be influencing the incidence of
CKD (Figure 1).

CP has an effect on the oral cavity over the course of the disease in numerous ways. It can modify the
site of the infection, the periodontium, and the wider oral cavity. This is evidenced by disruption of the
microvasculature (Zoellner et al., 2002), loss of attachment of teeth and bone damage (Flemmig, 1999),
gingival bleeding (Albandar and Kingman, 1999) and the formation of periodontal pockets up to 1500-
2000 mm? (Loos, 2006) with bacteria potentially in excess of 1 x 10% colony forming units in each
pocket (Pihlstrom et al., 2005). The local production of inflammatory cytokines interleukin-6 and
tumour necrosis factor-a in CP can increase the systemic levels of C-reactive protein and thus induce
systemic inflammatory effects (Moutsopoulos and Madianos, 2006, Dye et al., 2005, Slade et al.,
2003).

The localised damage to the oral cavity and periodontium along with the systemic inflammation can
have a detrimental effect on the consumption of food and medication in CKD patients, affecting their
quality of life and potentially leading to malnutrition and predisposition to other diseases (Anand et al.,
2013, Akar et al., 2011, Chen et al., 2006). Indeed, the systemic inflammatory effects of CP could be
predicted to exacerbate the inflammation already present in CKD with potential interactions possibly
acting as a further stressor on the already damaged kidneys.



3.2 The Systemic Effects of CKD

CKD causes a multitude of systemic effects on the human body, which are due to the kidneys
progressively failing to remove waste products from the blood. Over time, this can lead to long-term
exposures of the body to a variety of uremic toxins (e.g. amino acid metabolic products such as urea
and creatinine) (Vanholder et al., 2003). This can lead to the development of uremic syndrome
(uremia), which results in the accumulation of organic waste products which would normally be cleared
by the kidneys (Inker and Levey, 2014, Meyer and Hostetter, 2007). Alongside this, in CKD changes
are observed in processes linked to the normal function of the kidney such as the regulation of blood
pressure and the homeostasis of electrolytes and acid-base balance (Dhondup and Qian, 2017), which
lead to hypertension (Judd and Calhoun, 2015), hyperphosphatemia (Hruska et al., 2008), and
hypocalcaemia (Kalantar-Zadeh et al., 2010). There are a multitude of other non-specific effects of
CKD, such as a general inflammation, infection and protein wasting (Akar et al., 2011).

The oral cavity is a site where the systemic effects of CKD have been reported and is of particular
interest as it encompasses gingival tissue, the site for CP pathogenesis. The effects are multifaceted
and dependent on factors such as: the drugs used for the treatment of CKD, the stage of CKD, dialysis
status, oral healthcare regime and confounding diseases such as diabetes. Increased plaque, gingival
inflammation and calculus have been extensively reported (Craig, 2008). Although the cause is not
clear, as other factors such as immune dysfunction, confounding diseases and poor oral hygiene may
play a role. It has also been reported that oral lesions are much more common in CKD patients who
display increased serum urea concentrations and elevated pH in the oral cavity (Honarmand et al.,
2017, Oyetola et al., 2015). There are a large selection of other changes to the oral cavity reported to
take place in CKD such as changes to teeth, periodontium, oral mucosa, bone and tongue (Akar et al.,
2011, Craig, 2008). With multiple reports highlighting the increased incidence of periodontal disease
in those with CKD it is possible that changes in the oral cavity may predispose CKD patients to
developing CP (Ariyamuthu et al., 2013).

With the onset of CKD, increasing levels of urea in the oral cavity can lead to a range of changes that
contribute to the development of CP. The hydrolysis of urea can increase salivary pH through the
formation of alkaline ammonia compounds, which cause ‘uremic fetor’ (a fish like odour on the breath
on patients with renal failure) (Simenhoff et al., 1977, Epstein et al., 1980). An alkaline oral
environment favours periodontal pathogens and their colonisation, and promotes calculus deposition
(Ismail et al., 2015, Bots et al., 2006). Xerostomia, a dryness of the mouth and mucosal surfaces, is
also a side effect in CKD patients, which is thought to be caused by a spectrum of factors such the
changes in oral mucosa, reduced salivary flow and drugs used for CKD management (de la Rosa Garcia
et al., 2006). The reduced flow of saliva in xerostomia has been shown to predispose patients to
infections, gingival inflammation and the development of chronic periodontitis (de la Rosa Garcia et
al., 2006, Kho et al., 1999, Porter et al., 2004). Intriguingly, CKD patients have a decreased incidence
of caries, which is due to the alkaline oral environment not being amenable for cariogenic organisms
(Peterson et al., 1985).

The persistent long-term increase of urea and uremic toxins (uremic toxaemia) has an effect on the
immune system and can lead to immune dysregulation and chronic inflammation (Cohen and Horl,
2012). Uremic toxins can cause a dysfunction of polymorphonuclear leukocytes (PLs) such as
basophils, monocytes and neutrophils and dysregulate the innate immune response (Haag-Weber and
Horl, 1996, Vaziri et al., 2012). Interestingly, previous studies have also shown that the ammonia
produced by the degradation of the increased urea concentrations can inhibit neutrophil function which
could result in an additive effect to the already dysregulated innate immune system (Niederman et al.,
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1990). Such dysregulation in the innate immune system may lead to an increased risk of infection in
the oral cavity, which can predispose CKD patients to CP.

The drugs utilised for immunosuppressive therapy after transplantation (Calcinurin inhibitors) and
calcium channel blockers, which are used to regulate the increased cytosolic calcium along with
hypertension in those with renal disease, have also been reported to cause gingival hyperplasia (the
overgrowth of the gingival tissue) in those with CKD (Somacarrera et al., 1994, Bharti and Bansal,
2013, Brown and Arany, 2015). Interestingly, this gingival overgrowth can be enhanced by poor oral
hygiene which is reported to be particularly endemic in CKD patients and it has been suggested that
such gingival overgrowth can lead to gingival inflammation and subsequent increased risk of CP (Reali
et al., 2009, Pihlstrom et al., 2005).

Evidence suggests a multifactorial effect of the systemic consequences of CKD on the oral cavity, the
result of which is the predisposition of CKD patients to CP (Figure 2). However, it should be noted
that these mechanisms and their interactions need further investigation and there may be more complex
interactions not yet elucidated. Indeed, there may be redundant pathways that still predispose to CP for
example, while it was mentioned increased cytosolic calcium has been shown to cause dysfunction in
immune cells, this can be treated to some extent by the calcium channel blockers which themselves
induce gingival hyperplasia which can cause inflammation and predispose for CP.

3.3 Interactions between the Systemic Effects of CKD and CP

The systemic and localised effects of CKD and CP and their impact on each other is difficult to
elucidate, partly due to the complexity of the diseases but also because this is an under studied area.
However, with careful consideration of the known systemic and localised effects of each disease, it is
possible to suggest ways in which they may interact with each other. The potential interaction of the
effects of CP (Section 3.1) and CKD (Section 3.2) is summarised (Figure 3) to hypothesize how these
two diseases may lead to a potential bidirectional relationship.

The pathogenesis of CKD induces systemic inflammation and a more amenable environment in the
oral cavity, which promotes the growth of periodontal pathogens. Furthermore, a dysfunction of the
polymorphonuclear leukocytes would make the environment more amenable for the colonisation and
persistence of periodontal pathogens (Rijkschroeff et al., 2016). Considered alone, these changes
would predispose CKD patients to an increased risk of CP, even without factoring in other known
confounders such as age, smoking status and diseases such as diabetes. In addition, the establishment
of CP has the potential to affect CKD due to the systemic inflammation produced along with the
increased exposure to microorganisms and their products into the blood through persistent bacteraemia.
With the kidneys playing a vital role in the body of filtration of the blood, it may cause bacterial
products to affect renal cells, potentially leading to glomerular and/or tubular damage and fibrosis.

In CKD, the damage to the oral cavity (e.g. loss of teeth and gingival tissue) may also cause difficulties
in the intake of food and medicine, and may be one of the contributing factors to the significant
association of CKD and CP. The loss of teeth and gingiva may be accelerated in CKD by poor oral
hygiene, as it has been shown that CKD patients access dental care less frequently (Grubbs et al., 2012).
Furthermore, uremic patients are reported to be more prone to bacterial infections due to malnutrition
(Mitch and Maroni, 1999), which impedes the production of antibodies and immune cells (De Rossi
and Glick, 1996).

At this current moment in time, much of the evidence for a directional relationship (onset of exposure
takes places before the outcome) between CKD and CP, points in favour of CKD causing CP as there

11



is less to support CP as a cause of CKD. However, current consensus suggest that it is more likely that
there is a non-directional link (onset of the exposure can happen before, during or after the outcome)
due to the lack of evidence currently available. Furthermore, while the evidence for the association
between CKD and CP is plausible due to interaction of systemic effects alone, it would be prudent to
investigate the effects of the organisms involved in periodontal disease and how they may directly
affect CKD and the kidneys. This is especially important as periodontal organisms and their products
have been shown to be directly involved in other systemic diseases, and there is evidence for oral
microorganisms damaging the kidneys already in other microbial diseases.
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4 The Proposed link between CKD and CP

CKD and CP are both very common diseases in the general populace and have common risk factors
such as malnutrition and inflammation, along with their presence being more pronounced in
developingcountries (Van Dyke and Dave, 2005, Luyckx et al., 2017). As both diseases are highly
prevalent independently of each other, it is to be expected that there would be some co-morbidity within
patients. Indeed, it has been described that those patients whom have CKD have an increased
prevalence of periodontitis compared to a geographically matched non-diseased population (Jha et al.,
2013), with a systematic review of the relationship confirming this in multiple populations with an
odds ratio of 1.65 (Chambrone et al., 2013). Furthermore, until recently the effect of CP on mortality
rates was relatively unstudied with only small sized cohort studies over short durations. This has made
accurate determination of mortality effects difficult as both diseases are multifactorial. Consequently,
the evidence is contradictory with some studies reporting a detrimental effect (Linden et al., 2012,
Chen et al., 2011) while other research suggests a more marginal effect (Avlund et al., 2009). However,
a recent 10 year survival analysis of a large cohort of CKD patients found that the mortality rate
increased from 32% to 41% when periodontitis existed (Sharma et al., 2016). This has also been
confirmed by a meta-analysis of cohort studies which showed that periodontal disease was associated
with an increased risk of death in CKD (Zhang et al., 2017). It is therefore plausible to suggest that CP
increases the severity of CKD and as both CKD and CP are inflammatory mediated, this provides an
avenue of enquiry to investigate.

As discussed in Section 3.3, CKD can affect the oral microenvironment with pH changes and gingival
hyperplasia, making the environment more amenable for certain periodontal pathogens that thrive in a
more alkaline environment (Listgarten, 1986). CP also effects CKD by increasing the systemic
inflammation which is evident by increased C-reactive protein (Paraskevas et al., 2008). It is plausible
that this could exacerbate systemic inflammation which is already present in CKD (Pihlstrom et al.,
2005). Indeed, it is becoming more evident that the systemic inflammation induced by CP is a potential
cause and/or non-traditional risk factor in the progression of CKD (Wabhid et al., 2013). There have
also been suggestions that there is a bidirectional relationship between CKD and CP, with gingival
tissue being a source of chronic inflammation and treatment of CP having a positive effect of
glomerular filtration rate (Bastos et al., 2011, Fisher et al., 2011).

While the link between the two diseases is progressively strengthening, the mechanisms behind this
relationship remain relatively unstudied. Much of the evidence reported for the mechanisms is purely
observational through cohort studies and correlation, not resultant of a direct investigation.
Furthermore, as the focal infection theory has been modernised to the periodontal medicine concept
(Section 2), it is important to consider the potential ways in which these periodontal microorganisms
might cause disease. It may not be as simple as a single causative mechanism,; it is likely to be a
summation of multiple mechanisms.

5 Conclusion

It has been reported for some time that there is a correlation between the presence of CKD and CP.
However, while both diseases are associated with each other, the relationship between how they
interact with regards to directionality is unclear. The effects of both diseases on the oral cavity and
systemically, could be a plausible reason behind the perceived interactions, with effects based on
inflammation and dysregulation of the immune system being common between the two. There is also

13



a growing collection of evidence suggesting that oral microorganisms have the putative mechanisms
to elicit a distal response in a multitude of diseases such as Alzheimer’s disease and cardiovascular
disease. Therefore, it would be prudent to investigate whether direct or microbial product translocation
and dissemination could have a direct impact on the kidneys. It is clear that periodontal microorganisms
can leave the oral cavity and cause disease at secondary sites such as the heart in infective endocarditis,
and cause distal kidney damage without translocation as seen in acute post-streptococcal and infective
endocarditis glomerulonephritis. This suggests that oral microorganisms may have multiple ways of
causing damage in the kidneys, which complicates the potential involvement of these organisms and
microbial products.

Attributing a directional or non-directional link association between both CKD and CP has been
difficult for a variety of reasons. While there is growing evidence of a non-directional link between
both diseases, evidence for directional interactions is limited due to the lack of studies and difficulties
controlling for potential mitigating factors. The staging of CKD along with need for dialysis can have
a stark difference on the outcomes of studies, and this is compounded by many other factors such as
ethnicity, age and socioeconomic status. Concurrent conditions are particularly an issue for the study
of chronic diseases with illnesses such as diabetes overlapping with CKD and CP and being implicated
as a risk factor for both, highlighting the potential confounding effects. Indeed, a recent systemic
review of the association between the two diseases reported that there was only supporting evidence
for a non-directional link between the diseases (Zhao et al., 2018). This review also highlighted issues
in many of the studies, such as differences in the definitions for both CKD and CP, low powered studies
in non-representative groups and skewed focus on end stage renal disease patients, which was
hindering the attribution of a directional link. With this in mind, further investigations are required to
elucidate the reported role of CP in CKD; in particular as both diseases share common risk factors, it
is important to use large and/or representative population groups with detailed reports on all potential
confounders and a selection of different stages of CKD and severity of CP. Indeed, laboratory based
investigations would also be very useful in order to investigate the effects of periodontal organisms at
the biochemical and biofilm level rather than just cohort and cross sectional studies and whether they
have the ability to directly influence CKD. As current research into CKD is focused around the
identification of interventions or treatments to delay the progression of the disease particularly in the
early stages, the putative influence of CP could provide a beneficial avenue to investigate.

In conclusion, there is a growing collection of evidence to support an association between CKD and
CP. However, understanding the directionality and causality behind the interactions of these two
diseases is still unclear and requires further study. Despite some large cohort studies investigating CKD
and CP, it is particularly challenging to find a patient population without various other systemic
diseases and mitigating factors that can be adjusted for confounding and derive a decisive conclusion.
Nevertheless, the few exploratory studies looking at treatment of CP within CKD populations
demonstrated that this intervention slowed the disease progression, highlighting a potentially novel and
cost-effective approach for the future management of CKD. This could be instigated by ensuring better
vigilance of the oral health status of those with CKD. Further data from both laboratory and population
based studies are eagerly awaited to further elucidate the interplay between CKD and CP and provide
better understanding on how to treat these diseases.
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