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ABSTRACT 

Background and hypothesis. It is presently unclear why there is a high prevalence of periodontal disease in individuals living with 

chronic kidney disease. Whilst some have argued that periodontal disease causes chronic kidney disease, we hypothesized that alter- 
ations in saliva and the oral microenvironment in organisms with kidney disease may initiate periodontal disease by causing dysbiosis 
of the oral microbiota. 

Methods. Experimental kidney disease was created using adenine feeding and subtotal nephrectomy in rats, and by adenine feeding 
in mice. Loss of periodontal bone height was assessed using a dissecting microscope supported by micro-CT, light, confocal and 
electron microscopy, and immunohistochemistry. Salivary biochemistry was assessed using NMR spectroscopy. The oral microbiome 
was evaluated using culture-based and molecular methods, and the transmissibility of dysbiosis was assessed using co-caging and 
microbial transfer experiments into previously germ-free recipient mice. 

Results. We demonstrate that experimental kidney disease causes a reproducible reduction of alveolar bone height, without gingival 
inflammation or overt hyperparathyroidism but with evidence of failure of bone formation at the periodontal crest. We show that 
kidney disease alters the biochemical composition of saliva and induces progressive dysbiosis of the oral microbiota, with microbial 
samples from animals with kidney disease displaying reduced overall bacterial growth, increased alpha diversity, reduced abundance 
of key components of the healthy oral microbiota such as Streptococcus and Rothia , and an increase in minor taxa including those from 

gram-negative phyla Proteobacteria and Bacteroidetes . Co-housing diseased rats with healthy ones ameliorates the periodontal disease 
phenotype, whilst transfer of oral microbiota from mice with kidney disease causes periodontal disease in germ-free animals with 

normal kidney function. 

Conclusions. We advocate that periodontal disease should be regarded as a complication of kidney disease, initiated by oral dysbiosis 
through mechanisms independent of overt inflammation or hyperparathyroidism. 
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GRAPHICAL ABSTRACT 

KEY LEARNING POINTS 

What was known: 

• There is a high prevalence of periodontal disease in patients with chronic kidney disease.
• The nature, direction, and causative relationship underlying this association is poorly understood.

This study adds: 

• Induced kidney disease causes reduced periodontal bone height in rodent models.
• We demonstrate a potential mechanism, with kidney disease altering salivary biochemistry and inducing oral dysbiosis.
• Co-housing and microbial transfer experiments suggest that dysbiosis may have a causative role in the periodontal bone loss 

seen in the context of kidney disease.

Potential impact: 

• Periodontal disease should be viewed as a complication of chronic kidney disease.
• This may suggest that dental care be included in the routine management of patients with chronic kidney disease.
• The implication of bacteria in the pathogenesis of periodontal disease requires further study, but may suggest novel opportunities 

for treatment.
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NTRODUCTION 

eriodontal disease (PoD) is a complex pathological process in
hich a bacterial challenge presented by a dysbiotic microbial
ommunity in subgingival dental plaque [1 ] drives a deregulated
mmune and inflammatory response that ultimately causes os-
eoclastic resorption of alveolar bone and eventual loss of teeth
2 ]. 
Patients living with chronic kidney disease (CKD) have a high

revalence of PoD [3 –5 ], and some have suggested that chronic,

m

ow-level inflammation caused by PoD may lead to progressive
enal dysfunction and increased cardiovascular disease [6 , 7 ]. 
However, there are several reasons to support the view that

KD may actually cause PoD. Patients with CKD have abnormali-
ies in the flow rate and biochemical composition of saliva [8 , 9 ],
ltering the oral microenvironment and exerting selective pres-
ure on the resident microbiota. Furthermore, patients with CKD
uffer abnormalities of bone metabolism [10 ] and impaired im-
une function [11 ], which may also be relevant to the develop-

ent of PoD. 
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We hypothesized that CKD may be a cause of PoD, reversing cur-
rent understanding of the association between these conditions,
and that induction of dysbiosis of the oral microbiota may be a
critical mechanism in this process. 

MATERIALS AND METHODS 

Animal work 

Study approval 
Animal experiments were conducted in accordance with the UK
Home Office Animals (Scientific Procedures) Act 1986, with local
ethical committee approval. All animal work was carried out in
the Biological Services Unit of Queen Mary University of London
(QMUL) at Charterhouse Square, and complied fully with all rel-
evant animal welfare guidance and legislation (UK Home Office
Project License number PPL 70/8350). 

Sex as a biological variable 
Male animals were used throughout because of the potential for
female reproductive hormones to influence the kidney disease
phenotype or introduce phenotypic heterogeneity into the study
population. The generalizability of these data to mixed human
populations is discussed. 

Number of animals used 
A total of 48 rats and 35 mice were used in the experiments
described. Samples sizes were determined by prior experience
within our group; no formal power calculations were employed.
Data from all animal subjects were included in the analysis; none
were excluded on the basis of animal phenotype or results. Data
from individual animals was excluded from specific analyses (e.g.
microbiome analysis or histology) where it did not meet quality
standards as set out in individual sections below (e.g. where PCR
from individual swabs did not achieve sufficient amplification for
meaningful analysis). There was no formal randomization into in-
tervention and control groups and researchers were not blinded
to group allocation. 

Source of animals 
All rats used in the experiment were male, outbred Wistar IGS
rats obtained from Charles Rivers (Kent, UK) at 7 weeks of age. All
were housed in individually ventilated cages under 12 h light/dark
cycles and were allowed unlimited access to water and feed (RM1
diet, or RM1 with 0.75% adenine, from Special Diet Services, Essex,
UK). 

All mice used in the experiment were male, wild-type C57BL/6
mice. Those used in the adenine feeding experiment were ob-
tained from Charles Rivers at 7 weeks of age, whilst germ-free
mice of the same species were obtained from a colony maintained
by one of the authors (M.C.) at the Biological Research Facility, St
George’s University of London, at 8 weeks of age. All were housed
in individually ventilated cages under 12 h light/dark cycles and
were allowed unlimited access to water and diet (RM1 diet or
RM1 + 0.15% adenine, from Special Diet Services, Essex, UK). 

Chemically induced kidney disease in rats 
The total cohort size was 18 rats. After a week-long period of ac-
climatization, nine rats were started on the adenine-containing
intervention diet whilst another nine were maintained on a stan-
dard control diet. This diet was continued for 4 weeks, followed by
a washout period of 4 weeks when all animals received the con-
trol diet, after which the animals were sacrificed. Oral swabs were
taken from all animals at the point of maximal kidney injury for
those receiving the intervention diet (at the end of the 4-week pe-
riod of adenine administration). Serum samples were obtained by 
thoracotomy at the point of sacrifice, and other tissues were ob- 
tained as outlined below. 

Surgically induced kidney disease in rats 
The total cohort size was 24 rats. After a week-long period of
acclimatization, 14 underwent subtotal nephrectomy (SNx), in- 
volving exteriorization of the left kidney with decapsulation and 
removal of the upper and lower poles and subsequent replace- 
ment of the middle pole only, followed by total right nephrectomy 
2 weeks later. Ten underwent sham procedures, involving exteri- 
orization, decapsulation and replacement of the left kidney, fol- 
lowed by the same procedure on the right kidney 2 weeks later.
Oral swabs to assess the microbiota were taken 4 weeks after the
second stage of the surgical procedure to parallel those taken in
the chemically induced kidney disease protocol. A 24-hour urine 
collection was performed in the week prior to sacrifice (results 
from this have been published elsewhere [12 ]). 

Animals in these cohorts were used in the co-housing experi- 
ment: from 2 weeks after the second stage of surgery, 11/24 an-
imals continued to be housed in in individually ventilated cages 
with other animals that had undergone the same surgical pro- 
cedure (SNx with SNx or sham with sham; the other 13 were
co-housed [SNx with sham]) (described in Fig. 2 F), to examine 
whether this affected microbiological or periodontal parameters. 

Additional rats for histological and salivary analysis 
Twelve additional rats were used in order to obtain saliva samples 
for subsequent analysis, and to undertake bone staining to as- 
sess the bone formation rate. These rats underwent SNx or sham 

procedures as outlined above ( n = 6 sham surgery, n = 6 SNx),
and were otherwise looked after identically to those in the ‘Surgi- 
cally induced kidney disease in rats’ protocol above. In their final 
week of life, 500 μg calcein green (approximately 1 mg/kg) was 
injected intravenously three times at exact 48 h intervals. The 
following week induced saliva collection was carried out under 
terminal anaesthesia with ketamine/xylocaine. After full induc- 
tion of anaesthesia, 1 mg pilocarpine was injected into the peri- 
toneum, with a further 1 mg administered 5 minutes later if there
was no salivary response. Saliva was then collected over the fol- 
lowing 8 minutes using a 100 mL pipette and 1.5 ml Eppendorf
tubes. Salivary volume was directly assessed by weighing the filled 
tubes and subtracting the weight of the tube itself. Salivary pH 

was directly measured using a pH meter and narrow gauge probe 
(Mettler Toledo, Leicester, UK), before saliva was snap frozen in 
liquid nitrogen and transferred to a –80° freezer until the time of 
analysis. 

Chemically induced kidney disease in mice 
The total cohort size was 20 mice. After a week-long period of
acclimatization, 10 animals were placed on an intervention diet 
(RM1 with 0.15% adenine), whilst 10 remained on standard RM1 
diet. Oral swabs to assess changes in microbiota were obtained at 
age 7 weeks, 10 weeks, 14 weeks, 18 weeks, 22 weeks, and 26 weeks
of age—i.e. prior to starting the experimental protocol, and at 
2 weeks, 6 weeks, 10 weeks, 14 weeks, and 18 weeks after start-
ing it. All mice were sacrificed at age 28 weeks after a 24-hour
urine collection. Additional orals swabs were obtained prior to the 
time of sacrifice from four ‘donor’ animals in each group, for using
in the ‘oral microbial transfer’ experiment described below. Ad- 
ditionally, soiled cage contents including bedding and droppings 
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rom the cages in which these donor animals were housed, were
rozen for further use as described below. 

dditional mice for histological analysis 
aw samples from a previous cohort of male, wild-type C57BL/6
ice, treated identically to those described above, were processed

or histological examination. 

ral microbial transfer in mice 
ifteen germ-free C57BL/6 mice were transferred direct from their
terile isolator at the Biological Research Facility, St George’s Uni-
ersity of London, to the Biological Services Unit at Charterhouse
quare using a clean but non-sterile specialist animal transfer
ompany (Impex, UK) in three separate batches (one batch of
even for receipt of microbiota from control donors, two batches
f four each for receipt of microbiota from kidney disease donors).
On arrival, each mouse received oral microbial transfer (OMT)

y oral gavage of swabs taken from donor animals as described
bove. Each donor swab was used to transfer into two (or in one
ase, one) recipient(s); seven were designated control recipients
nd eight, kidney disease recipients. Gavage was carried out by
sing a sterile swab thoroughly immersed in transport medium
hat had been frozen since the time of sampling, and agitating
he swab in the mouth of the recipient mouth for 15 seconds and
ncouraging them to suck on it. After receiving the OMT, the mice
ere placed in cages containing cage contents from the cage oc-
upied by the particular donor animals, which had been frozen at
80o until the time of use, to permit ongoing microbial transfer by
oprophagy. 
Animals were then maintained in ordinary individually venti-

ated cages in an open area of the Biological Services Unit, with
tandard 12-h light/dark cycles. They had unlimited access to
tandard RM-1 diet and tap water. Oral swabs were taken to as-
ess the efficacy and durability of bacterial transfer at 3 weeks
nd 9 weeks after transfer in all animals, and all animals were
hen culled, after a 24-hour urine collection, at 18 weeks of age
10 weeks after transfer). 

aboratory methods 
rocessing of blood samples 
nimals in all experimental groups were sacrificed by lethal
njection of sodium thiopentone (LINK Pharmaceuticals, Hor-
ham, UK). Blood samples were obtained by thoracotomy and car-
iac puncture, and spun down directly to isolate serum, which
as frozen at –80o until the time of analysis. Quantification of
erum urea, creatinine, calcium, and phosphate concentrations
as done by IDEXX Bioresearch, Ludwigsberg, Germany. Serum
arathyroid hormone concentrations were assessed using a PTH
LISA kit suitable for rat serum (RayBiotech), used according to
he manufacturer’s instructions. 

easurement of alveolar bone height 
he primary outcome measure to define periodontal disease was
acroscopic evidence of loss of alveolar bone height. Heads were

emoved and jaw specimens obtained from all animals using a
uillotine and sharp dissection with scissors. Alveolar bone height
as measured using a morphometric method previously demon-
trated to have equal reliability to radiological [13 ] and histolog-
cal techniques [14 ]. After any samples (typically mandibles) re-
uired for conventional histology, micro-CT or scanning electron
icroscopy were removed, skulls were chemically defleshed by in-
ubation in the protease-based detergent Terg-a-zyme ® (Sigma-
ldrich, UK), for 48 hours at 55°C, with remaining soft tissue being
emoved mechanically after this. One of the authors (A.A.) who
as significant expertise in the procedure obtained photographs
sing a dissecting microscope and measured the distance be-
ween the cemento–enamel junction and the alveolar bone crest
sing ImageJ software [15 ], as outlined by Baker and colleagues
16 ], although without the use of blue dye. Bone height was mea-
ured over the lingual and buccal surfaces of each molar root, a
otal of four measurements for each of twelve molars, yielding a
otal of 48 measurements for each animals from which the mean
one loss for each animal was calculated. These figures are ex-
ressed relative to the average bone height in control animals,
ith significance assessed using Student’s t -test with Welch’s cor-
ection for unequal variances. 

ight microscopy 
issues removed prior to defleshing were fixed in formalin, decal-
ified using 10% formic acid (rats samples) or EDTA (mouse sam-
les), and embedded in paraffin. The molar teeth were sectioned
t 5 μm in a frontal (buccolingual) orientation. Every tenth sec-
ion was stained by haematoxylin and eosin using an automated
lide processor, and then photographed using the Pannoramic 250
LASH III 2.0 slide imaging system. 

mmunohistochemistry 
mmunohistochemistry was carried out at the Barts Cancer
nstitute using the Ventana Discovery XT system using primary
ntibodies against IL-17 and neutrophil defensin 4 (Abcam, Cam-
ridge, UK) and tartrate resistant acid phosphatase (Insight
iotech). Sections were then viewed and photographed using the
ame slide imaging equipment as used for light microscopy of the
&E stained slides. 

canning electron microscopy 
amples were transported in 70% ethanol to the Dental Physical
ciences Unit at the Mile End Campus, QMUL. Some samples
ere rendered anorganic by treatment with 7% available chlorine
odium hypochlorite bleach for 3 weeks to remove all soft tissue.
his treatment completely removes the periodontal ligament so
hat the teeth could by removed manually to expose the surface
f the alveolar bone. All SEM imaging was done using 20 kV ac-
elerating voltage and a solid state backscattered electron (BSE)
etector, using a chamber pressure of 50 Pa in a Zeiss EVO MA10
canning electron microscope. 

onfocal scanning light microscopy 
amples in 70% ethanol from calcein-injected animals were then
mbedded in polymethyl methacrylate (PMMA), and blocks were
ut and polished to produce flat surfaces before being used for
onfocal scanning light microscopy (CSLM). CSLM was carried
ut at the Rockerfeller Building, Division of Biosciences, Univer-
ity College London using a Leica SPE confocal system with an
nverted microscope. The PMMA blocks were cover-slipped with
lycerol. Objectives used were 10/0.45, 20/0.75, and 63/1.3 oil. Im-
ges were analysed using ImageJ software and a measure of the
aily rate of dentine and bone formation calculated at the incisor
oot and lower mandibular border, respectively. The bone forma-
ion rate (BFR) was calculated using the formula BFR = MAR *
MS/BS) as suggested by the ASBMR Histomorphometry Nomen-
lature Committee [17 ], where the mineral apposition rate (MAR)
as calculated by dividing the distance between the innermost
nd outermost calcein bands (given 96 h apart) by four, and the



D. Randall et al. | 1191

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mineralizing surface (MS) and bone surface (BS) were measured
directly using ImageJ. 

Micro CT 

This was carried out on samples embedded in PMMA. Samples
were scanned on the MuCAT2 micro-CT system designed and op-
erating in the Dental Physical Sciences unit at the Mile End Cam-
pus, QMUL. The samples were scanned at 90 kV and 180uA at
20 or 22um voxel size. Reconstruction was performed with GPU
accelerated filtered Feldkamp backprojection algorithm and the
grey-level data was calibrated to linear attenuation coefficient at
40 keV using a multi-material calibration carousel and X-ray mod-
elling software [18 ]. Quantification of bone mineral density was
carried out by assessing the mean linear attenuation coefficient
of 20 tagged regions with a radius of three pixels in three dimen-
sions at each tagged location and a calibration voltage of 27.5 keV.

Collection of samples for analysis of oral microbiota 
Oral swabs were taken from animals at the timepoints described
above by agitating sterile cotton swabs against the molars of rats
or mice being held in the scruff position for a period of 30 seconds.
Swabs were then placed into 100 μl transport medium and trans-
ferred directly to the laboratory, where they were vortexed for
30 seconds to mobilize cells and 30 μl was removed for culture.
The remaining transport medium and swab was frozen at –80°C
for subsequent DNA extraction. 

Culture analysis 
Transport medium withdrawn for culture was serially diluted and
spread onto blood agar plates containing 5% defibrinated horse
blood (TCS Biosciences, UK) before being incubated under both
aerobic and anaerobic conditions (80% N2 , 10% H2 , and 10% CO2 )
for 48 hours at 37°C. After this, colonies were counted accord-
ing to morphology and grown to purity on new blood agar plates.
DNA was extracted using the GenElute Bacterial Genomic DNA
extraction kit (Sigma Aldrich, UK). PCR products were cleaned
up using the NucleoSpin® Gel and PCR clean-up kit (Machery-
Nagel, Germany), and then identified using Sanger sequencing of
the whole 16S rRNA gene (Eurofins Scientific, Luxembourg), us-
ing the widely used 27F-1492R primer pair, which have been used
previously by our group to identify cultured oral microbes [19 ,
20 ]. Consensus sequences of forward and reverse reads were as-
sembled using the BioEdit Sequence Alignment Editor [21 ], and
full length 16S rRNA gene sequences were assembled from for-
ward and reverse reads using the CAP3 Contig Assembly Pro-
gramme [22 ] available online via the Pôle Rhône-Alpes de Bioinfor-
matique Site ( http://doua.prabi.fr/software/cap3). All consensus
sequences were > 1400 base pairs in length and the mean length
was 1456 bp. 

Additional in vitro bacterial work 
In vitro assessment of urease activity and tolerance of variable
urea concentrations were assessed for all bacterial isolates after
they were grown to purity on 5% blood agar plates under standard
aerobic or anaerobic conditions. 

Urease activity was assessed in all isolates by culturing under
either aerobic or anaerobic conditions on Christensen’s urea agar
(Sigma-Aldrich) at 37°C. A positive urease result was recorded if
there was a colour change to purple, and the sample was re-grown
if there was no discernable growth on the top of the agar. 

Two broths were used in order to assess bacterial growth at dif-
ferent concentrations of urea: Iso-sensitest broth (ThermoFisher
Scientific) and Brain-Heart Infusion (BHI) broth (SigmaAldrich).
The BHI broth was used for some samples after they could not
be grown after several attempts in Iso-sensitest broth. One iso- 
late (identified as Haemophilus parainfluenzae ) did not grow in either 
broth, and after researching its specific growth requirements in 
the published literature, eventually grew well after filter-sterilized 
hemin and nicotinamide adenine dinucleotide were added to the 
growth medium. 

Preparations of both broths were prepared at variably stronger 
concentrations than the manufacturer’s instructions would sug- 
gest so that when diluted with different concentrations of filter- 
sterilized 60% urea solution, broths with eventual concentrations 
of 0%, 4%, 8%, 12%, 18%, and 24% urea were created. 

Bacteria grown to purity on blood agar were then transferred 
into 2 ml sterile phosphate buffered saline (PBS). A 1 ml aliquot
was assessed using a spectrophotometer at 600 nm and the re- 
mainder of the bacterial solution further diluted with sterile PBS 
to achieve a standard turbidity of 0.5 McFarland units, equating to 
a concentration of bacteria of 1.5 × 108 colony forming units/ml 
(cfu/ml). These solutions were further diluted 50-fold to achieve 
an approximate concentration of 3 × 106 cfu/ml, and then 34 μl of
this bacterial preparation were added to 200 μl of varying concen- 
trations of urea broth in a 96-well plate, to achieve 234 μl incuba-
tions each containing approximately 5 × 105 cfu bacteria in even- 
tual urea concentrations of 0%, 3.3%, 6.6%, 10%, 15%, and 20%. 

These plates were then incubated at 37o in either aerobic or 
anaerobic conditions for 24 hours before being read on a plate 
reader at 620 nm. The mean inhibitory concentration was defined 
for each organism as the urea concentration at which the optical 
density of the solution was decreased to less than 10% of the dif-
ference between 0% urea and control (non-inoculated) wells. One 
isolate did not achieve sufficient growth to allow calculation of 
MIC. 

DNA extraction and PCR for next-generation sequencing 
The remaining transport solution not used for culture analysis,
along with the swab, was transferred to bead beating tubes from 

the DNeasy PowerSoil kit from QIAGEN, used according to the 
manufacturer’s instructions including an 8-minute bead-beating 
step using the FastPrep-24TM homogenizer (MP Biomedicals). All 
samples were processed using the same kit, and negative ‘kitome’ 
control samples were included for each extraction kit used [23 ].
PCR was carried out using barcoded 27F/338R primer pairs, tar- 
geting the V1/V2 hypervariable region of the 16S rRNA gene. PCR
was carried out in a sterile 96-well plate using Phusion Green Hot
Start II High Fidelity PCR Master Mix (ThermoFisher Scientific), us- 
ing an initial denaturation step for 5 mins at 98°C followed by 25
cycles of 98°C for 10 s, 53°C for 30 s, 72°C for 45 s, and a final ex-
tension of 72°C for 10 min. 

Next generation sequencing 
Normalization of DNA concentrations was carried out using 
SequalPrepTM Normalisation Plates (ThermoFisher) and DNA was 
quantified using either the Quant-iT® PicoGreenTM dsDNA Quan- 
titation Kit (ThermoFisher Scientific) or a Qubit® 4 Fluorometer 
(also ThermoFisher). The samples were pooled and sequenced in 
two runs; one at the Barts and the London Genome Centre, QMUL;
and one in the DNA Sequencing Facility, in the Department of Bio-
chemistry at the University of Cambridge; each using an Illumina 
MiSeq 2 × 250 flow cell for paired-end sequencing. 

Quantification of salivary urea 
A colorimetric detection kit for urea nitrogen (ThermoFisher Sci- 
entific) was used according to the manufacturer’s instructions.

http://doua.prabi.fr/software/cap3
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amples of saliva were processed at 1:2 and 1:20 dilutions and
he mean concentration using both dilutions in duplicate was ac-
epted. Corresponding serum samples were analysed using the
ame kit but at 1:20 and 1:40 dilutions to allow comparison. 

MR spectroscopy of saliva 
aliva samples were diluted with buffer containing trimethylsi-
ylpropanoic acid (TSP) and analysed on an NMR spectrometer
Bruker) operating at 600.22 MHz 1 H frequency at Imperial Col-
ege London. 

tatistical methods 
tatistical analysis of bone height data 
ll data for loss of periodontal bone height was found to be nor-
ally distributed when assessed by the Shapiro-Wilk test. All test-

ng for significance of difference between two groups was car-
ied out using Student’s t -test with Welch’s correction for unequal
ariances, in GraphPad Prism and Microsoft Excel. 

nalysis of effect of housing on microbiology and bone 
eight 
wo-way ANOVA was carried out in GraphPad Prism to define the
ignificance of the different levels of bone loss (dependent vari-
ble), according to both housing and treatment class (indepen-
ent variables) in the surgically induced kidney disease experi-
ent. No comparable analysis was carried out for the chemically

nduced kidney disease protocol because it was impossible to vary
he housing since all animals in a single cage received the same
iet. 

nalysis of urea tolerance 
he proportional increased average growth per sample in kidney
isease versus control animals was plotted (shown in Fig. 3 B), cal-
ulated as (mean growth in kidney diseases/mean growth in con-
rols) where the mean growth in kidney diseases was higher than
hat in controls; and as (mean growth in controls/mean growth in
idney diseases) where the mean growth in controls was higher. 
Linear regression was used to draw a line of best fit between the
ean inhibitory concentration of urea and the relative competi-

iveness of different isolates in control versus kidney disease an-
mals (presented in Fig. 4 B); standard settings in GraphPad Prism
ere used to accomplish this and Prism software was used to
alculate the slope and the significance of its gradient. 

dentification of cultured bacterial isolates 
solates were identified by comparing their 16S rRNA gene se-
uences with reference datasets using both the NCBI Nucleotide
LAST database ( https://blast.ncbi.nlm.nih.gov/Blast.cgi), and 
he Ribosomal Database Project (RDP) [24 ] online search tool
 https://www.glbrc.org/data-and-tools/glbrc-data-sets/
ibosomal-database-project). In man y cases these tools agreed
n a species-level identification for the isolate, but in some cases
greement between the two was only at higher taxonomic levels
such as in the case of different species of Streptococcus or Enter-
bacteriaceae ). Thus, for all isolates, full-length reference 16S rRNA
ene sequences for all species within the genus identified by
LAST and RDP search were downloaded from the RDP Hierarchy
rowser. These reference sequences were aligned with the se-
uences from our research isolates, trimmed to a uniform length
nd used to construct a maximum likelihood tree, using MEGA
25 ] version 7. Pairwise distances between all isolates within a
articular genus and all references sequences within that genus
ere calculated and used to generate a distance matrix. 
Species-level identification was determined when possible at

 98.5% sequence identity. Isolates that failed to obtain any match
t this level were treated as potential novel species. One was a
treptococcus species (four isolates) with a closest proximity to S.
anieliae at 97.33%, and another was a Pasteurella species (closest
atch being P. pneumotropica at 94.7%). 

nalysis of cultured microbiota data 
nce assigned a species identity, the abundance of each isolate
log10 of colony forming units/ml) was carried out using Microsoft
xcel and GraphPad Prism, using the Student t -test with Welch’s
orrection to assess difference between growth in kidney dis-
ase animals and growth in controls. Comparisons were made at
pecies level and then aggregated to allow comparisons at higher
axonomic levels. 

andling of isolates with regard to statistical analysis of 
n vitro culture data 
or the purposes of in vitro microbiological work (urease test-
ng and calculation of the mean inhibitory concentration of
rea), where more than one isolate was assigned to a particular
pecies identity, differences in in vitro characteristics were re-
olved for subsequent analysis by treating all isolates assigned
o one species as urease positive if one isolate of that species was
rease positive, and all isolates within a single species identifica-
ion as possessing the highest urea tolerance of any isolate in that
pecies. 

rocessing of 16S sequencing data 
equence data were processed using the DADA2 pipeline [26 ] in
, according to the author’s recommended protocol (available
rom https://benjjneb.github.io/dada2/tutorial_1_6.html), adjust-
ng filter parameters to achieve maximum quality scores whilst
chieving sufficient overlap between forward and reverse read.
equences were aligned against Silva v128 [27 ] in order to assign
axonomy. 
Raw abundance data of sequence variants were used with tax-

nomic assignments and sample metadata to create phyloseq [28 ]
bjects. Phylogenetic trees were generated using MEGA v7.0, and
ooted to a random node using the R package phytools [29 ]. A pseu-
ocount of 0.001 was added to all OTU abundances to avoid cal-
ulating log-ratios involving zeros, and data was then made com-
ositional through isometric log-ratio transformation using the R
ackage philr [30 ]. Ordination was carried out using the ‘ordinate’
unction in Phyloseq , based on Euclidean distances in philr space.
ermutational analysis of variance (PERMANOVA) and the PER-
DISP test for homogeneity of variance (as proposed by Anderson

31 ]), were carried out using the R package vegan [32 ]. Alpha diver-
ity was assessed using Phyloseq. Compositional analysis of the mi-
robiota at six taxonomic levels was based on isometric log-ratio
ransformation of raw sequence abundances and adjusted for
ultiple testing using the Benjamini-Hochberg method, carried
ut using the ANCOM statistical framework [33 ] in R, with code ob-
ained from the author’s webpage: https://sites.google.com/site/
iddharthamandal1985/research. 

nalysis of NMR spectral data 
MR spectral profiles were digitized and imported into Mat-
ab (Mathworks). The peaks for water, urea, and TSP were ex-
ised from the raw NMR spectra, which were then aligned to
djust for variation in peak shift due to pH differences. Further

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.glbrc.org/data-and-tools/glbrc-data-sets/ribosomal-database-project
https://benjjneb.github.io/dada2/tutorial_1_6.html
https://sites.google.com/site/siddharthamandal1985/research
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normalization was carried out using the Probabilistic Quotient
method between samples in order to ensure comparable baselines
between samples. 

Positive identification of eight metabolites achieved by identi-
fying their spectral profiles and confirming this using Chenomx
NMR Suite 8.3 evaluation version (Chenomx, Edmonton, Canada),
and peak integrals were calculated from metabolite peaks. Com-
parisons between these integrals were used to calculate differ-
ences in relative abundance using Microsoft Excel, with the Stu-
dent’s t -test and Welch’s correction used to assess significance. 

Preparation of figures 
In order to achieve uniformity, all figures were generated using
GraphPad Prism 7 (GraphPad Software Inc., San Diego, California).

RESULTS 

Experimental kidney disease causes reduction in 

alveolar bone height without evidence of gingival
inflammation 

Renal impairment was induced in male Wistar rats using two
protocols: chemically induced kidney disease (using adenine-
containing feed) and surgically induced kidney disease (using
SNx; for phenotypic and biochemical data on these animals see
Supplementary data S1). Examination of de-fleshed heads re-
vealed that rats with kidney disease generated using both ex-
perimental protocols displayed significant reductions in alveolar
bone height compared with controls (an average of 0.113 mm less
alveolar bone height relative to controls, P < 0.0001, Fig. 1 A, B;
Supplementary data S1). Kidney disease was then induced in wild-
type C57-BL6 mice by administration of adenine-containing feed
over a 20-week period; these animals also displayed reduced alve-
olar bone height compared with controls (–0.02 mm relative to the
mean of controls, P = 0.0005; Supplementary data S2). 

Histological examination of representative rat samples con-
firmed loss of alveolar bone height, but did not reveal the
florid cellular gingival infiltrates seen in inflammatory peri-
odontal disease (Fig. 1 C, Supplementary data S3). Samples from
mice were similarly devoid of overt inflammatory changes
( Supplementary data S4). Immunohistochemistry using anti-
bodies against IL-17 and neutrophil defensin 4 did not reveal
any evidence of an inflammatory response in the gingival tis-
sues in either rat or mouse samples. Staining against tartrate-
resistant acid phosphatase (TRAP) did not demonstrate an in-
crease in osteoclast numbers, suggesting that the reduced bone
height may not be primarily caused by osteoclastic reabsorption
( Supplementary data S3). Instead, scanning electron microscopy
revealed striking differences in bone formation at the growing
margins of the periodontal bone: whereas specimens from con-
trol animals demonstrated a ‘spiky’ bone surface, with evidence
of Sharpey fibre formation, which precedes subsequent mineral-
ization in healthy bone growth, specimens from kidney disease
animals had a ‘weathered’ appearance almost devoid of Sharpey
fibres, suggestive of a failure of bone growth at this surface
(Fig. 1 D and Supplementary data 5). Micro-computed tomography
demonstrated abnormalities of bone formation in more recently
deposited alveolar bone in kidney disease specimens, with a non-
significant trend towards reduced mineral density (the linear at-
tenuation coefficient in bone just below the alveolar bone crest
was 1.604 cm-1 in controls and 1.547 cm-1 in kidney disease an-
imals, P = 0.069; at sites deeper within the mandibular bone was
1.658 cm-1 in controls and 1.621 cm-1 in kidney disease animals,
P = 0.271, Fig. 1 E and Supplementary data S6). 
To assess global rates of bone and tooth formation, samples 
from animals injected with three doses of 1 mg/kg calcein green 
at 48-hour intervals the week prior to sacrifice were assessed 
by confocal microscopy to calculate the daily rate of bone and 
tooth formation. Staining at the periodontal crest was highly 
variable and it was impossible to calculate a clear measure 
of bone formation rate, although many samples from kidney 
disease animals displayed ragged and irregular bone growth 
(Fig. 1 F, Supplementary data S7). There were no differences be- 
tween groups in the rate of tooth formation (the rate of dentine
formation in the incisor was 14.78 μm3 / μm2 /d in sham-operated 
controls vs 15.69 μm3 / μm2 /d in SNx, P = 0.517), or the rate of bone
apposition at the lower mandibular border, well away from the 
gingival tissues (4.249 μm3 / μm2 /d in controls vs 3.562 μm3 / μm2 /d
in SNx, P = 0.397, Supplementary data S7), suggesting that the 
reduced height of alveolar bone, attributed to a failure of bone 
growth, is perhaps uniquely present in the growing periodontal 
bone. 

To evaluate systemic features of CKD that may affect peri- 
odontal bone formation, we measured serum concentrations of 
parathyroid hormone (PTH), calcium, and phosphate. There was 
no difference in serum PTH concentrations between control and 
kidney disease animals (serum PTH 16.95 pg/ml in controls vs 
12.37 in kidney disease animals, P = 0.251), or in serum cal-
cium (2.58 mmol/L in controls vs 2.586 in kidney disease animals,
P = 0.841) or serum phosphate (2.19 mmol/L in controls vs 2.107
in kidney disease animals, P = 0.254; Supplementary data S1). 

Kidney disease is associated with oral dysbiosis 
Oral swabs were assessed using both bacterial culture and next 
generation sequencing of the 16S rRNA gene amplicon to assess 
the effect of experimental kidney disease on the oral microbiota. 

Lower total bacterial counts after 48 hours of incubation un- 
der both aerobic and anaerobic conditions were seen in sam- 
ples from kidney disease animals (log10 6.07 cfu/ml transport 
medium in controls vs 5.80 in kidney disease, P = 0.034, Fig. 2 A
and Supplementary data S8), partly accounted for by substan- 
tially reduced total counts of the most abundant phylum, Fir- 
micutes (log10 5.88 cfu/ml in controls vs 5.42 in kidney disease,
P = 0.043). Conversely, absolute counts of Gram-negative phylum 

Proteobacteria were actually non-significantly higher in kidney dis- 
ease animals than in controls (log10 4.12 cfu/ml in controls vs 
4.55 in kidney disease, P = 0.151), which in the context of reduced
overall counts in these animals meant that these kidney disease 
animals had significantly higher proportional abundances of Pro- 
teobacteria (9.53% vs 2.99% of total cultured bacteria, P = 0.003,
Fig. 2 B). 

At genus level, kidney disease animals demonstrated lower 
counts of both the most abundant genus Streptococcus (log10 5.56 
cfu/ml in controls vs 5.05 in kidney disease, P = 0.017), and the sec-
ond most abundant genus Rothia (log10 5.56 cfu/ml in controls vs 
5.23 in kidney disease, P = 0.022). Conversely, samples from kidney
disease animals displayed higher growth of a number of minor 
taxa compared with control samples, which reached significance 
for the genus Acinetobacteria (log10 3.79cfu/ml in kidney disease,
absent in controls, P = 0.006, Fig. 2 C). 

Next-generation sequencing of the 16S rRNA gene amplicon 
was used to confirm the pattern seen in the cultural analysis.
Although the shorter read length obtained by using Illumina se- 
quencing does not allow confident identification of organisms at 
lower taxonomic levels, the proportional abundances of differ- 
ent phyla plotted for each sample showed a similar decrease in

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
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Figure 1: Experimental kidney disease causes periodontal disease. ( A ) Periodontal bone height in rats. Each point represents the average of multiple 
measurements over the buccal and lingual surfaces of all molar roots in a single rat, expressed relative to the average amount of bone height in all 
control animals. ( B ) Representative images showing lower maxillary alveolar bone height in a uraemic animal (bottom) compared with a control 
animal (top), visualized using a dissecting microscope at 20 × magnification. The absence of alveolar bone is so significant in the uraemic animal that a 
clear gap can be seen between some of the roots and the bone crest. ( C ) Light microscopy of haematoxylin and eosin (H&E) stained slides of 
periodontal tissue using a 50 × objective lens. ( D ) Scanning electron micrographs of the surface of alveolar bone facing the periodontal ligament and 
tooth roots in macerated specimens. ( E ) Micro-computed tomography in the para-sagittal plane through the molar roots. ( F ) Confocal light microscopy 
of periodontal tissue using a 40 × objective lens in specimens labelled with calcein green at 48-h intervals in the days prior to sacrifice. 
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irmicutes and an increase in Gram negative phyla Proteobacte-
ia and Bacteroidetes in samples from kidney disease animals as
ere observed using bacterial culture (Fig. 2 D). Corresponding
o the described reductions in major taxa and increases in mi-
or ones in kidney disease animals, oral communities from kid-
ey disease animals were found to have higher alpha diversity
hen measured using the Simpson Index than communities
rom control animals (0.75 in controls vs 0.82 in kidney disease,
 = 0.045).
Ordination plots for all samples revealed that the most signifi-

ant source of variation was between shipment batches (different
atches from the same vendor were used in each experiment).
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Figure 2: Kidney disease is associated with oral dysbiosis, whilst co-housing alters bacterial communities and affects the severity of periodontal 
disease . ( A ) Total bacterial counts (colony forming units/ml) measured by summing colonies counted on blood agar plates grown in aerobic and 
anaerobic conditions for 48 h. Significance is assessed using Student’s t -test with Welch’s correction for both separate experimental protocols and for 
the combined dataset. ( B ) Community composition of the oral microbiota determined by aerobic and anaerobic culture in control and kidney disease 
rats. All cultured isolates are included, agglomerated to genus level and expressed in terms of their mean percentage contribution to the oral 
microbial community of each rat. ( C ) Absolute abundances of each cultured isolate (log10 cfu/ml). Each point describes an individual replicate, 
significance where shown was calculated using the t -test with Welch’s correction. * P < 0.05. ( D ) Community composition of the oral microbiota of rats 
assessed by next generation sequencing of the 16S amplicon. Each vertical bar represents the total microbial community for a single animal, grouped 
according to experimental conditions (control vs kidney disease), colour is applied according to assigned taxonomy at phylum level. ( E ) Principal 
coordinate plot showing distance between oral communities assessed by next generation sequencing of the 16S amplicon. Each point represents the 
oral community of an individual rat, with symbol shape representing the two experiments performed, which used separate batches of animals (circles 
denote the chemically induced kidney disease experiment, diamonds surgically induced kidney disease). ( F ) Housing of animals in the surgically 
induced arm of the experiment; a total of 13 rats were co-housed, and 11 were singly housed with others of the same treatment protocol. 
( G ) Periodontal bone loss (or lack of bone gain), measured and presented as previously, according to housing for animals in the surgically induced 
kidney disease experiment. Significance between different groups as shown were calculated by the t -test with Welch’s correction; analysis by two-way 
ANOVA is presented in the main text. ( H ) PCA plot of sequencing data of the oral microbiota of rats in the surgically induced kidney disease 
experiment, identified according to treatment class (symbol colour) and caging (symbol shape). 
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Figure 3: Kidney disease alters salivary biochemistry in rats, which may explain the observed oral dysbiosis. ( A ) Urea concentration (mmol/L) in 
induced saliva and serum samples taken at the time of sacrifice in rats after subtotal nephrectomy or sham surgery. Urea concentration was assessed 
by colorimetric assay and significance was assessed using the t -test with Welch’s correction. ( B ) The mean inhibitory concentration of urea for 
cultured isolates from the oral microbiota of rats, plotted against their relative growth in kidney disease versus control animals. Each point represents 
the bacterial species labelled, and the y -axis represents the proportional increase in the mean growth of that species in kidney disease over control 
animals, with zero representing equal growth in control and kidney disease animals, positive values representing increased growth in kidney disease 
animals, and negative values representing increased growth in controls. Species demonstrating in vitro urease activity are shown in pink. The blue and 
red dotted lines indicate the mean salivary urea concentrations in control (blue) and kidney disease (red) animals, for comparison purposes. 
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owever, when ordination for each experiment was plotted sep-
rately, there was indeed differential clustering between control
nd kidney disease animals, with ADONIS assessing the signifi-
ance of separation according to kidney disease proving signifi-
ant for the surgically induced kidney disease protocol (R2 = 0.147,
 = 0.012) but not in the chemically induced kidney disease pro-
ocol (R2 = 0.112, P = 0.184, Fig. 2 E). 

o-housing alters bacterial communities and 

ffects the severity of periodontal disease 

he surgically induced kidney disease protocol allowed us to in-
estigate the influence of either housing rats singly (with other
ats of the same treatment arm; kidney disease with kidney dis-
ase or controls with controls), or co-housed (kidney disease with
ontrols, Fig. 2 F). 
Interestingly, kidney disease animals that were co-housed with

ontrols developed less periodontal bone loss than those housed
nly with other kidney disease animals (mean bone height –
.149 mm compared to mean of control animals in those that
ere singly housed, and –0.109 mm in those that were co-housed,
 = 0.038), implying a protective effect from co-housing with
ealthy animals. Two-way ANOVA confirmed that whilst treat-
ent class had the biggest effect on bone loss in these animals

accounting for 77% of variance, P = 0.001), the contribution of
ousing also proved significant (6.7% of variance, P = 0.014). There
as no difference in bone loss between co-housed and singly
oused control animals (Fig. 2 G). 
An ordination plot based on 16S gene sequencing demon-

trated that co-housed animals had an intermediate microbial
rofile between the singly housed control and kidney disease
roups (Fig. 2 H). Two-way ANOVA carried out for the first two
rincipal components revealed that housing significantly affected
lustering in component 2 (19.86% of variance, P = 0.043), al-
hough to a lesser extent than treatment class (25.84% of variance,
 = 0.024). Only treatment class significantly affected principal
omponent 1 (treatment 28.48% of variance, P = 0.0196; housing
.02% of variance, P = 0.94). 
idney disease alters salivary biochemistry in 

ats, which may explain the observed oral 
ysbiosis 
o assess whether alterations in saliva following the induction of
idney disease might be responsible for the differences in oral
icrobiology, induced saliva samples were obtained using pilo-
arpine administration to rats under terminal anaesthesia. 
There were no differences in either the flow rate or pH of in-

uced saliva ( Supplementary data S9); however, kidney disease
nimals were found to have significantly higher concentrations
f salivary urea (in proportion to an increase in serum urea) when
easured by colorimetric analysis (1.62 mmol/l in controls vs
.73 mmol/l in kidney diseases, P = 0.007, Fig. 3 A). 
Untargeted proton nuclear magnetic resonance spectroscopy

1 H-NMR) was performed to characterize biochemical perturba-
ions associated with kidney disease and assess the functional-
ty of the altered microbiota. Salivary concentrations of acetate
ere 27% lower in kidney disease animals compared with con-
rols (122.19 relative units in controls vs 89.11 in kidney disease,
 = 0.013), and concentrations of lactate 47% lower (although this
id not reach significance, 116.81 vs 61.35 relative units, P = 0.056;
upplementary data S10). 
In vitro testing was carried out on all bacterial isolates from

he cultured analysis that had been deep frozen in pure colonies
fter initial isolation and identification. There was a positive as-
ociation between mean growth of bacterial isolates in kidney
isease animals and the mean inhibitory concentration for urea
 Supplementary data S8). Linear regression was used to calculate
 line of best fit, which proved to be significantly different from
orizontal (slope 0.34, P = 0.046), implying that the higher urea
oncentrations in saliva from kidney disease animals might be
electing out organisms more able to survive in this environment.
sing Christensen’s urea agar we assessed the in vitro urease ac-
ivity of all isolates (Fig. 3 B); there was a non-significant increase
n bacteria demonstrating urease activity in samples from kidney
isease animals (urease positive organisms accounting for 14.1%
f bacterial growth in kidney disease animals and 8.6% in controls,
 = 0.32). 

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
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Figure 4: Kidney disease induces progressive oral dysbiosis in mice. Principal component analysis plots of oral microbial communities assessed at 
four-weekly intervals prior to and after commencing an adenine-containing diet, by next-generation sequencing of the 16S rRNA gene amplicon. 
Samples from control animals are shown in blue and those from kidney disease animals in red. For each plot the significance is shown for differential 
clustering (assessed by PerMANOVA) and heterogeneity of variance (assessed by PERMDISP). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kidney disease induces progressive oral 
dysbiosis in mice 

The method of experimental kidney disease used in the mouse
model produces slowly progressive uremia, allowing analysis of
the development of dysbiosis over time. 

Oral swabs were taken every 4 weeks during the experimen-
tal period, and next generation sequencing of the 16S rRNA gene
amplicon revealed progressive changes in samples from kidney
disease animals, characterized by increased heterogeneity be-
tween samples, and progressively differential clustering on prin-
cipal component analysis (Fig. 4 ). Significant differences in clus-
tering as measured by PerMANOVA emerged between control and
kidney disease microbiotas at 10 weeks into the experimental pe-
riod (roughly co-incident with the development of significant dif-
ferences between control and kidney disease animals in weight,
suggestive of clinical kidney disease, which first became apparent
at 9 weeks into the experimental period, Supplementary data S2).
These changes persisted at 14 weeks, but after 18 weeks of ex-
perimental diet, kidney disease animals exhibited such significant
within-group differences meaning that although there was still a
marked separation between the clustering of kidney disease ver-
sus control samples on visual inspection of PCA plots, this did not
reach significance when assessed using PerMANOVA (R2 = 0.134,
P = 0.066). Quantification of population variances using permuta-
tional analysis of multivariate dispersions (PERMDISP) confirmed
that samples from kidney disease animals became progressively
heterogeneous as kidney disease increased (average distances to
median being 6.78 in controls and 18.31 in kidney disease by 18
weeks, P = 0.012). 
The ANalysis of Composition of Microbiomes (ANCOM) 
methodology was used to identify amplicon sequencing variants 
(ASVs) that were differentially abundant between groups after 
correction for multiple hypothesis testing. All ASVs more abun- 
dant in controls were from the dominant phylum Firmicutes , whilst
those increased in kidney disease animals represented a diverse 
range of organisms from phyla including Actinobacteria and Pro- 
teobacteria , and included ASVs representing organisms (such as 
from genus Psychrobacter ) that have previously being implicated 
in the development of PoD in animals [34 ]. 

Periodontal disease can be transmitted by oral 
microbial transfer into healthy germ-free mice 

We further assessed the causative role of bacterial dysbiosis in 
PoD by carrying out oral microbial transfer (OMT) from con- 
trol and kidney disease donor mice into germ-free animals 
(Fig. 5 A). The success of OMT was formally assessed by differ- 
ential clustering on an ordination plot, and using PerMANOVA.
This revealed that transfer of the kidney disease microbiota accu- 
rately established the donor microbiota in recipient animals (non- 
significant differences between donors and recipients, R2 = 0.12,
P = 0.158); that although control recipients visually clustered with 
control donors, there did exist significant differences between 
these groups (R2 = 0.196, P = 0.023); but that by far the largest
differences existed between kidney disease and control recipient 
microbiotas, similar to the difference between kidney disease and 
control donors (R2 = 0.233, P < 0.001). 

Germ-free mice receiving OMT from kidney disease mice de- 
veloped substantially more periodontal bone loss than those 

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
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Figure 5: Periodontal disease can be transmitted by oral microbial transfer into healthy germ-free mice. ( A ) Oral microbial communities from four 
control and four kidney disease donor animals were frozen at the time of sampling and then transferred into germ-free animals at 8 weeks of age. 
These animals were then conventionally housed, and oral microbial communities were sampled 3 and 9 weeks after transfer, before animals were 
culled 10 weeks after transfer, at 18 weeks of age. ( B ) Recipients of oral microbiota from kidney disease donors demonstrated significantly more 
periodontal bone loss than recipients of microbiota from control animals. Each point represents the average periodontal bone loss in a single animal 
as described in the legend to Fig. 1 A. ( C ) Principal component analysis from donor and recipient oral communities. ( D ) Community composition of 
recipients of oral communities from control and kidney disease donors, assessed by next-generation sequencing of the 16S amplicon at 9 weeks after 
microbial transfer. 
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eceiving OMT from control mice (–0.042 mm to the mean in con-
rol recipients, P < 0.001, Fig. 5 B and Supplementary data S11).
hey were found to have notably dysbiotic oral communities that
ersisted at 3 and 9 weeks after transfer, and which appeared to
epresent exaggerations of the features of the control and kidney
isease microbiota seen in both the donor mice and in the previ-
usly described rat and mouse experiments. Thus, at 9 weeks, re-
ipients of kidney disease microbiota demonstrated reduced bac-
erial counts (log10 6.2cfu/ml in control recipients vs log10 5.32 in
idney disease recipients, P < 0.001), markedly increased alpha

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae266#supplementary-data
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diversity (Simpson Index 0.24 in control recipients vs 0.94 in kid-
ney disease recipients, P < 0.0001), and differential clustering on
ordination plots, in a similar but more extreme direction to the
donor communities (Fig. 5 C). Microbiotas from control recipients
were heavily dominated by bacteria from phylum Firmicutes (with
significant cage effects; one group of control recipients were domi-
nated by Streptococcus whilst the other was dominated by Staphylo-
coccus ). Microbiotas from kidney disease recipients displayed het-
erogenous oral microbial communities including high prevalence
of various phyla including Firmicutes , Actinobacteria , Proteobacteria ,
Bacteroidetes , and Cyanobacteria (Fig. 5 D) . 

DISCUSSION 

Much of the current literature around the relationship between
PoD and CKD centres on the nature of the association: does PoD
drive the development of CKD, or does CKD drive the development
of PoD, or are there independent causative factors responsible for
both? 

Here, we demonstrate consistently that both rats and mice with
induced kidney disease display a loss of alveolar bone height, im-
plying the high rates of PoD observed in individuals with CKD de-
pend, at least in part, on their kidney disease. We furthermore
prove that kidney disease induces consistent patterns of oral bac-
terial dysbiosis, and show the crucial role of bacteria in the de-
velopment of PoD through co-caging and microbial transfer ex-
periments: the loss of alveolar bone height is not simply due to
the well-described systemic effects of kidney disease on bone. In-
terestingly, we were unable to demonstrate any evidence of overt
inflammation in the gingival tissues, in contrast to other forms of
PoD in animal subjects. 

The pathophysiology of PoD in human subjects with CKD is
poorly described, in particular the role of inflammation in caus-
ing bone loss, and we are unaware of any studies describing
the histological appearances of PoD in such individuals. How-
ever, case series including examination findings in patients with
CKD do describe macroscopic features such as gum oedema and
contact bleeding, which are consistent with gingival inflamma-
tion, and there is also evidence that concentrations of inflam-
matory cytokines in blood and gingiva-crevicular fluid are higher
in CKD patients with periodontal disease than in controls [35 ,
36 ]. However, the picture is a complex one: a recent analysis of
a large cohort study of patients with both CKD and PoD found
a bidirectional relationship between these conditions, which was
not explained by inflammation. CKD patients suffering with PoD
showing similar concentrations of inflammatory markers includ-
ing C-reactive protein and serum free light chains compared to
those with good oral health, and the authors attributed the as-
sociation between the conditions to oxidative stress rather than
inflammation [37 ]. 

The lack of inflammatory response associated with alveolar
bone loss in our animal studies is nevertheless a surprise. It might
be that PoD in the context of kidney disease represents a spectrum
of disease, starting with the reduction we have demonstrated in
periodontal bone formation (mediated perhaps by interaction be-
tween bacteria in the oral cavity and osteoblasts at the surface
of periodontal bone through unknown mechanisms), before pro-
gressing to overt inflammatory disease with secondary osteoclas-
tic activity in its later stages. Elsewhere, osteoblastic bone growth
has been shown to be inhibited by the presence of bacterial infec-
tion following fracture (through the action of cytokine signalling
including the IL-1 β/MyD88 pathway [38 ]), and also by the pres-
ence of malignant cells in myeloma (through the action of the
secreted glycoprotein Dickkopf 1 [39 ]). Alternatively, impaired im- 
mune function in kidney disease may dampen the florid inflam- 
mation typically seen in aggressive forms of PoD in the general 
population; it may be that inflammation is a less important fac- 
tor in PoD in the context of CKD than in other patient groups. 

The rats with induced kidney disease in this study did not de-
velop overt hyperparathyroidism (consistent with other studies,
which demonstrate that a high phosphorus diet in addition to 
SNx is required to induce frank hyperparathyroidism in rats [40 ]),
and rates of both incisor dentine formation and bone formation 
away from the periodontal crest appear to be preserved between 
control and kidney disease animals. This suggests that the re- 
duced bone formation at the periodontal crest is indeed a local- 
ized phenomenon, or perhaps a locally exaggerated form of more 
widespread skeletal abnormalities present in animals with kidney 
disease. 

A common signature emerged in our experiments of the effects 
of kidney disease on oral bacterial communities. There was a re- 
duction in overall bacterial counts; an increase in alpha diversity; 
depletion of taxa such as Streptococcus and Rothia , which are key
components of healthy oral microbiotas [41 , 42 ]; and an increase
in bacteria (typically non-oral Gram negative rods) that have pre- 
viously been associated with PoD [43 , 44 ]. Although the term ‘dys-
biosis’ lacks a formal scientific definition, we believe that the con- 
sistent pattern we have described, as well as the association with
abnormal bone development, warrants use of the term in this set- 
ting. Although few studies in humans have described the oral mi- 
crobiota in the context of kidney disease, those that have reveal a
strikingly similar microbial signature to that observed here. In par- 
ticular, Hu et al. demonstrated significant changes in oral micro- 
bial communities in CKD patients when compared with healthy 
controls, with an increase in the phylum Proteobacteria , at the rel-
ative expense, in proportional terms, of taxa in the Firmicutes phy-
lum, including Streptococcus and Veillonella [45 ]. Kidney transplant 
recipients with poor graft function [46 ] and hemodialysis patients 
[47 ] have likewise been demonstrated to have dysbiotic oral mi- 
crobiota, consistent with our assertion that kidney disease itself 
induces oral dysbiosis. 

Increased salivary urea is a possible mechanism driving these 
changes. The composition of saliva uniquely determines the se- 
lective pressures on the oral microbiota, and we showed (notwith- 
standing the limited correlation of bacterial behaviour in liquid 
culture compared to in vivo biofilms) that there was a correla- 
tion between in vitro urea tolerance and urease activity and in-
creased growth in kidney disease animals. Notably, Streptococcus 
and Rothia isolates, which were present at reduced abundances in 
kidney disease animals, did not display in vitro urease activity and 
showed reduced tolerance of higher urea concentrations in broth 
culture. 

In this study, kidney disease was not accompanied by a re- 
duction in salivary flow rates and an increase in salivary pH,
as described elsewhere in rodent models of kidney disease [48 ].
The concentration of salivary urea we demonstrated is lower 
than in the published literature, likely to be a consequence of 
the mechanism we used to induce saliva, although importantly 
we show a similar degree of increase in urea concentrations 
in the saliva of kidney disease animals (roughly double that in
controls) as was described elsewhere. Pilocarpine administration 
overrides physiological control of salivary flow rates, and if the 
mechanism by which high salivary urea increases pH is depen- 
dent on bacterial hydrolysis of urea to ammonium, it is possi- 
ble that the immediate removal of saliva by pipetting prevented 
these bacterially mediated effects from taking place. Reduced 
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oncentrations of acetic and lactic acid in kidney disease samples
s consistent with the reduction in Streptococcus and Lactobacillus ,
hich are known to digest sugars and produce a range of organic
cids [49 ]. 
We carried out two experiments that suggest that oral dysbiosis
ight be playing a causative role in the loss of periodontal bone
eight. In the first, co-housing with healthy animals seemed to
essen some of the dysbiotic changes seen in kidney disease ani-
als, and to ameliorate the associated PoD phenotype. It has long
een known that co-housing can affect oral microbiology [50 ], and
n work recently published by Abusleme et al. it has been shown
hat healthier microbiota may outcompete and even fully replace
ore dysbiotic communities [51 ]. In view of both the co-housing
nd the oral microbial transfer experiments, it would be interest-
ng in future work to consider whether administration of health-
ssociated species such as Streptococcus or Rothia , e.g. in oral pro-
iotic mouthwashes, might exert a prophylactic effect against the
evelopment of PoD in kidney disease hosts. 
In the second experiment, the oral microbial signature of kid-

ey disease that we have described was seen in an exaggerated
ut stable form when microbiota from control and kidney dis-
ase animals were transferred into previously germ-free mice.
he ability of abnormal microbial communities to stably estab-
ish themselves and cause PoD after transfer into germ-free mice
as been previously described [20 , 52 ], and the high degree of peri-
dontal bone loss demonstrated in these animals shows the rele-
ance of oral dysbiosis in the aetiology of periodontal disease. The
act that oral microbiota from kidney disease hosts failed to estab-
ish healthy oral communities in healthy recipients may relate as
uch to depletion of health-associated taxa (such as Streptococcus )
s to the presence of pathological ones. 
A strength of this work is use of several different animal
odels, which induce different severities and durations of kid-
ey disease and which exclude confounding factors, such as
o-morbidity and dental hygiene habits, which may serve as
lternative explanations for the high level of PoD in human
ubjects with CKD [53 , 54 ]. The loss of alveolar bone height we
emonstrated in kidney disease animals was less severe than
hat seen in ligature-induced models of periodontitis in both
ats [14 ] and mice [55 ]. C57/BL6 mice are known to be relatively
esistant to periodontitis; however, the degree of bone loss we
emonstrated in kidney disease animals (mean –0.02 mm com-
ared with controls) was similar to that seen in periodontitis
odels in this strain employing oral gavage with disease-causing
icro-organisms such as Porphyromonas gingivalis (which variably
auses up to 0.03 mm bone loss) [16 , 55 ]. 
Limitations of this study include use of male animals only (as

s common in studies of experimental kidney disease), which may
imit generalizability to the whole human CKD population, al-
hough population data suggest women with CKD suffer a similar
ncidence of PoD as men [6 ]. Apart from parathyroid hormone, we
id not assess for other systemic factors that are known to affect
one growth (e.g. serum bicarbonate or serum fibroblast growth
actor 23 concentrations); we did not evaluate for evidence of sys-
emic inflammation, or assess for localized inflammation, for in-
tance by examining cytokines in gingivo-crevicular fluid or pro-
ein expression in gingival tissue. 
Further research could usefully explore the extent to which

oD seen in human populations with CKD is driven by oral
ysbiosis as opposed to the systemic biochemical abnormalities
ell described in CKD mineral and bone disease; it could es-
ablish the role of inflammation in the development of the dis-
ase, and it could also explore the role of dental screening and
reatment in improving patient outcomes in those with all stages
n CKD. 
In conclusion, we propose that periodontal disease should be

egarded as a novel complication of CKD, and that dysbiotic
hange in oral bacterial communities induced by the salivary
hanges present in kidney disease plays a crucial mechanistic
ole. 
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All other raw data, including animal data for the various rodent
cohorts and bacteriological data from the culture experiment and
in vitro microbiological work is available in supplementary files. 

Microbiological analysis was carried out in R using packages
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in the Methods section. 

Analysis of NMR data analysis can be replicated using Matlab
scripts in the IMPACT Toolkit developed in house at Imperial Col-
lege, available from https://github.com/csmsoftware/IMPaCTS. 
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