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Objective: Periodontitis is a complex and multifactorial disease and it is challenging to deci-
pher its underlying causes and mechanisms. This study attempted to explore potential cir-
culating proteins in connection to periodontitis through proteome-wide Mendelian
randomisation (MR).
Methods: We analysed 1722 circulating proteins to identify prospective drug targets for tack-
ling periodontitis, using the genomic dataset from the FinnGen study. Two-sample MR was
conducted to evaluate the bidirectional relationship between circulating proteins and peri-
odontitis risk. A dataset from the UK Biobank was used to validate the findings. Single-cell
analysis was performed to assess the cellular expression of the identified proteins within
gingival tissues.
Results: MR analyses found that genetically predicted circulating levels of von Willebrand
factor A domain-containing 1 (von Willebrand factor A domain containing 1 [VWA1], odds
ratios: 0.94, 95% CI 0.92-0.97, P = 1.28 x 10 °) were inversely associated with periodontitis.
In contrast, the level of growth differentiation factor 15 (growth differentiation factor 15
[GDF15], odds ratios: 1.05, 95% CI 1.02-1.07, P = 2.12 x 10~°) might be associated with an
increased risk of periodontitis. Single-cell analysis indicated that VWA1 was primarily
expressed in endothelial cells of healthy gingival tissues, while the main source of GDF15
was not derived from periodontal cells.
Conclusions: The present study suggests that certain plasma proteins like VWA1 and GDF15
may be potentially indicative of the risk and susceptibility to periodontitis. These proteins
could possibly be the potential therapeutic targets for treating periodontitis, and further
investigation is highly warranted.
© 2024 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Periodontitis as a common oral disease is a major global
health burden accounting for considerable socio-economic
impacts worldwide.™? It results from the dysregulated inter-
actions of dysbiotic biofilms/microbiome and the resultant
host immune-inflammatory responses that lead to periodon-
tal destruction and eventually tooth loss.®> There are great
variations in individual susceptibility to gingivitis and peri-
odontitis.* Moreover, periodontitis has a close association
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with its systemic comorbidities, such as diabetes, cardiovas-
cular disease, chronic kidney disease, obesity, mental stress,
and even poor sleep quality.” Indeed, the etiopathogenesis of
periodontitis is rather complex and multifaceted, with vari-
ous mouth-body interactions via underlying infection and
immune-inflammatory mechanisms as well as shared risk
factors.® As such, other than the routine treatment to control
supragingival and subgingival plaque biofilms, the proposed
host modulatory approaches (eg, probiotics, anti-inflamma-
tory, and pro-resolution agents as well as immunomodula-
tors) in adjunct to conventional periodontal interventions
represent an appealing strategy. These approaches are in line
with the emerging notion of personalised medicine, offering
effective management for susceptible periodontitis patients.’
For instance, it has previously been shown that systemic toci-
lizumab may serve as a host modulatory therapy to improve
periodontal status by targeting the interleukin-6 (IL-6)
receptor.”

In some cases, circulating proteins like various pro-inflam-
matory cytokines appear in the blood because of active cellular
secretion or leakage under pathological conditions.? Actually,
they are the crucial modulators of various molecular pathways
and could be potentially the biomarkers for periodontal assess-
ment and diagnosis as well as the pharmaceutical targets for
adjunctive therapies.’ Notably, the serum adiponectin concen-
tration in periodontitis patients is found to be decreased, while
the leptin concentration increases in a meta-analysis of 25
cross-sectional studies.’® Additionally, heat-shock protein-27,
functions as an anti-inflammatory, anti-oxidative, and anti-
apoptotic molecule, and its level is lower in aggressive peri-
odontitis patients than that in healthy individuals and chronic
periodontitis patients."" However, the reported links of these
circulating proteins with periodontitis are mainly based on
observational studies, and there is a possibility of multi-con-
founders and reverse causality accounting for such intercon-
nections. In addition, randomised control trials are very
challenging for unravelling the potential causal link of circulat-
ing proteins with periodontitis.

Mendelian randomisation (MR) is a rapid, inexpensive, and
powerful tool to search for causal inference in large datasets.'*
* In MR studies, genetic variants (single-nucleotide polymor-
phisms), such as the circulating protein variants used in the
current study, are used as instrumental variables (IVs) for expo-
sure to assess the causal associations of exposure with out-
come. In essence, genetic variants are assigned randomly and
they are not affected by self-adopted and environmental fac-
tors. Hence, MR is less prone to confounding. Researchers have
recently used MR to investigate the causal connections of circu-
lating molecules with oral disease traits. For instance, vitamin
D and 25-hydroxyvitamin D have no causal role in
periodontitis,’>"* and there is a genetic association of between
circulating IL-9/IL-17 with periodontitis after evaluating 41 cir-
culating cytokines."* However, there have been no proteome-
wide MR analyses exploring potential therapeutic targets for
periodontitis. Recently, a proteome-wide MR study identifies
certain proteins (eg, MST1, CXCLS, and STAT3) associated with
the risk of inflammatory bowel disease that represent potential
therapeutic targets.”> Another study shows that GCNT4, RAB14,
ABO, CD207, and C1GALT1C1 to have causal relations with the
increased risk of COVID-19, the resultant hospitalisation and

mortality.’® To accelerate drug research and development for
tackling periodontitis, we used the proteome-wide MR analysis
to identify the potential causal relationships between circulat-
ing proteins and periodontitis. Furthermore, single-cell-type
expression analysis was carried out on gingival tissues to iden-
tify the cell types responsible for the gene expression enrich-
ment. Lastly, the druggability assessment was employed to
evaluate the potential of the identified proteins as the alterna-
tive therapeutic targets amenable for periodontal interventions.

Methods
Study design

In MR studies, genetic variants used as IVs must meet the fol-
lowing 3 main assumptions (Figure 1): (1) genetic instruments
need be correlated with the exposure (ie, the levels of circu-
lating proteins in this study); (2) genetic instruments are
uncorrelated with any confounders between exposure and
outcome (ie, periodontitis in this study); and (3) the effects of
genetic instruments should be limited to their effects on the
exposure of interest. Assumptions 2 and 3 are known collec-
tively as no horizontal pleiotropy. This protein-wide Mende-
lian randomisation study identified the potential therapeutic
targets for periodontitis. All original studies involved in this
study were ethically approved and all data sets were publicly
available. The present study is presented following the check-
list of strengthening the reporting of observational studies in
epidemiology using MR. The protocol and details of the study
were not pre-registered.

Periodontitis GWAS data

The genome-wide association study (GWAS) summarised
data for periodontitis were provided by FinnGen consortium
R9 release."” This study included 346,900 controls and 30,377
clinical periodontitis individuals (ICD-10 KO05.30, KO05.31,
K05.4). Periodontitis, as defined by the database (https://r9.ris
teys.finngen.fi/endpoints/K11_PARODON_OPER), includes
individuals who have been diagnosed with the condition
from hospitals, exhibiting both pronounced and complex
forms characterised by clinical manifestations such as
attachment loss, deep periodontal pockets, and alveolar bone
loss. Control are those individuals that reported not having
periodontitis.
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Fig. 1-Schematic representation of the Mendelian random-
isation principle and its 3 main assumptions. Solid lines
indicate desirable associations, while dashed lines indicate
undesirable associations.
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Circulating protein GWAS data

In the primary MR analysis, the summarised GWAS data on
circulating proteins were provided by a GWAS of 4719 pro-
teins from 35,559 Icelanders.”® The 4719 unique circulating
proteins were obtained from 4907 aptamers by a SomaScan
version 4 assay (SomaLogic). The detailed GWAS information
is shown in the original paper.'® For external validation, data
on protein Quantitative Trait Loci (pQTLs) were obtained
from the UK Biobank."’

Validation of MR assumptions

To satisfy the first assumption, pQTLs were selected as
genetic instruments based on their genome-wide signifi-
cance. A genetic instrument with an F statistic greater than
10 was considered as unlikely to have significant weak-
instrument bias. To fulfill the second and third assumptions,
only cis-pQLTs were selected. In this study, cis-pQLTs were
considered to be those located within 250 kb either upstream
or downstream of the transcription start site. Additionally,
the MR-Egger regression for proteins was conducted with at
least 3 genetic instruments, and a significant regression inter-
cept (P < .05) also indicated horizontal pleiotropy. Finally,
1722 proteins were included in the following analysis.

MR analysis

In this study, circulating proteins were set as exposure, and
the periodontitis was used as the outcome. Two-sample MR
analysis was performed using index single-nucleotide poly-
morphisms for proteins to explore the potential causal effects
on periodontitis among the circulating proteins profiled in the
proteomic study. Inverse variance weighted or Wald’s ratio
MR analyses were conducted using the TwoSampleMR R
package for proteins with >2 IVs or only 1 IV, respectively.”
Weighted mode and median as well as MR-Egger were
employed to account for horizontal pleiotropy. Note that
cML-MA was conducted to control for correlated and uncorre-
lated pleiotropic effects.”” The results are shown as odds
ratios (ORs) per standard deviation (SD) increase in geneti-
cally determined circulating proteins. We applied Bonferroni
correction to address the issue of multiple comparisons in
the primary analysis. A threshold P-value of .05 divided by
the number of circulating proteins was set (0.05/1722), and
we obtained a final significance threshold of P < 2.90 x 10~°.
Based on this threshold, we selected the most significant find-
ings for further external validation. The P-value threshold of
external validation was set as .05.

Steiger filtering and bidirectional MR analysis

Steiger filtering was implemented to sort the captured pro-
teins. Then, the instruments in the primary analysis were
used for bidirectional MR analysis to investigate potential
reverse causality occurrences. For statistical significance, a P-
value of .05 was set as the threshold. We deliberately omitted
any circulating proteins if any indications of reverse causality
were found.

Single-cell-type expression analysis

Single-cell RNA-sequencing data from human gingival
mucosa was used to further evaluate the cell type-specific
expression of target genes linked to periodontitis. The dataset
GSE164241 was downloaded from the GEO database, which
included 13 healthy samples and 8 periodontitis samples.
Data preprocessing and transformation were conducted on
the basis of the raw single-cell RNA-seq data with the help of
the ‘Seurat’ package (ver. 3.2.2, https://github.com/satijalab/
seurat). The RNA-seq data of normal gingival tissues from
healthy individuals and inflammatory gingival tissues from
patients with untreated severe periodontitis included 29,409
cells and 23,496 cells respectively. Genes with more than 5000
features per cell, cells with fewer than 200 unique features,
and cells with a mito percent of more than 15% were
removed. Cell types were predicted through manual annota-
tion. To determine whether the identified periodontitis causal
protein-coding genes were highly expressed in a specific cell
type in gingival tissue, a differential expression analysis using
the Wilcoxon Rank Sum test was performed to compare gene
expression levels between a cell type and others. The R pack-
age ‘Nebulosa’ was used to conduct (joint) weighted kernel
density estimation of gene expression through the utilisation
of the plot_density function with default parameters, in order
to determine the targeted gene-enriched cell populations.

Druggable protein identification

To determine the development status of the druggability of
the identified circulating proteins, a search of the DrugBank,
Therapeutic Target Database, and Pharmacogenomics
Knowledge Base was conducted. The names of the drugs,
their status, and other relevant information were docu-
mented. These proteins were classified into 5 categories to
assess their potential druggability: (1) Successful target with
at least one drug-targeting protein approved; (2) Clinical trial
target (the drugs tested in various trials); (3) Preclinical target
(the drugs in the preclinical stage of development); (4) Drug-
gable target (the protein already documented in the literature
but not included in the above database); (5) Not currently
listed as druggable (no studies undertaken as a drug-targeting
protein).

Results
Primary proteome-wide and bidirectional MR analyses

In this study, MR analysis was used to examine the causal
relationships of 1722 circulating proteins with periodontitis.
Each genetic instrument had an F-statistic higher than 10,
indicating a good level of strength. Primary 2-sample MR
analysis revealed associations between 4 circulating proteins
and periodontitis at the Bonferroni significance level (P <
2.90 x 10~°). Specifically, for each 1-SD increase in genetically
predicted protein levels, the ORs for periodontitis were as fol-
lows: tripeptidyl peptidase 1 (TPP1) at 0.79 (95% CI 0.72-0.87),
von Willebrand factor A domain containing 1 (VWA1) at 0.94
(95% CI 0.92-0.97), growth differentiation factor 15 (GDF15) at
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Fig. 2-Volcano plots of the Mendelian randomisation results illustrating the relationship between 1722 circulating proteins
and periodontitis risk. Blue dots indicate the P-values are more 2.90 x 10>, but less than .05, and red dots indicate the P-val-

ues are less than 2.90 x 1075,

1.05 (95% CI 1.02-1.07), and serine peptidase inhibitor, Kunitz
type 2 (SPINT2) at 1.04 (95% CI 1.02-1.06) (Figure 2 and Table 1).
These results suggest that lower levels of TPP1 and VWAL1 are
linked to a higher risk of periodontitis, while higher levels of
GDF15 and SPINT2 are linked to a higher risk of periodontitis.
These associations are generally supported by the results of
additional analyses, including weighted mode and median as
well as MR-Egger (Table S1). The Steiger filtering and bidirec-
tional MR confirmed the directionality of the causal associa-
tions (Table S2).

External validation of causal proteins for periodontitis

The causal relationships between VWA1, GDF15, and peri-
odontitis were successfully replicated using the UK Biobank

during the external validation process (P < .05). Unfortu-
nately, we failed to replicate the relationships of TPP1 and
SPINT2 in the external validation stage (Table 1).

Expression of cell-type specificity in inflammatory gingival
tissues

To determine whether the coding genes for the VWA1 and
GDF15 were cell-type-specifically enriched in gingival tissues
from patients with periodontitis, the single-cell-type expres-
sion analysis was conducted on the basis of the single-cell
RNA-seq data for human gingival tissues. Cells were classified
into 5 types (endothelial cells, fibroblasts, immune cells, epi-
thelial cells, and other types of cells) (Figure 3A). In gingival
tissues samples of healthy controls and periodontitis

Table 1 - Mendelian randomisation results for plasma proteins associated with periodontitis after Bonferroni correction.

Protein Unipoint SNP (n) OR (95% CI) P-value (discovery) P-value® (replication) PVE (%) F statistics
TPP1 014773 8 0.79 (0.72, 0.87) 419 x 1077 1.71x 107* 3.08 51.26
VWA1 Q6PCBO 22 0.94 (0.92, 0.97) 1.28 x 107° 1.64 x 1072 30.99 105.89
GDF15 Q6UXVO 46 1.05 (1.02, 1.07) 212 x10°° 6.73 x 1073 29.95 101.58
SPINT2 043291 45 1.04 (1.02, 1.06) 229 x 10°° 1.16 x 10°* 40.19 89.20

OR, odds ratio; PVE, proportion of variance explained; SNP, single-nucleotide polymorphism.

* Only the most significant P-value is shown.
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Fig. 3 -Single-cell-type expression of the genes coding VWA1 and GDF15 in gingival tissues. A, A total of 5 cell types were
scrutinised. B-D, The expression of VWA1 and GDF15 in each type of cell within gingival tissues.

patients, both protein-coding genes were expressed. Only
VWA1 had cell-type-specific enrichment in endothelial cells
in normal gingival tissues, whereas the expression of GDF15
was low in both normal and inflamed gingival tissues. We
obtained the tissue-specific expression profiles of GDF15
from the GTEx Portal database and found that it was mainly
expressed in the kidneys.

Druggability of identified proteins

The circulating VWA1 and GDF15 identified in the MR analy-
sis were searched as candidate protein targets in drug data-
bases. The target categories, corresponding drug names, and
other information on the drugs are shown in Table 2. They
were not found to be drug targets for periodontitis. Although
there was no information available on VWA1 and GDF15 in
the drug databases, several studies have used GDF15 as a
drug target. Sulindac sulfide, resveratrol, indole-3-carbinol,
3,3'-diindolylmethane, and conjugated linoleic acids have

been used to induce GDF15 expression to promote the apo-
ptosis of colorectal carcinoma cells.”>*° In addition, AF957
and other GDF15 inhibitory antibodies have been designed to
treat cancer cachexia.”’

Discussion

This study was the first to evaluate the potential causal rela-
tionships of certain plasma proteins with periodontitis, via
employing the proteome-wide MR analysis. We conducted a
2-sample MR analysis to assess the 1-way causal roles of 1722
circulating proteins in periodontitis for drug development,
exploring 2 protein-periodontitis associations. We discovered
that genetically predicted higher levels of VWAl were
inversely related to periodontitis risk, while GDF15 was posi-
tively associated with periodontitis risk. A druggability evalu-
ation prioritised the GDF15 biomarker, which has been
mainly employed as a drug target in gastrointestinal can-
cer.”*?® Drugs have also been used to promote GDF15

Table 2 - Summary of drugs targeting significant identified proteins.

Gene Target category Drug name Drug group Additional information

VWA1 Not currently listed as druggable NA NA NA

GDF15 Druggable Sulindac sulfide LR Inducing GDF15 upregulation in the colon and liver of mice
Resveratrol LR Inducing GDF15 expression in a p53-dependent manner
Indole-3-carbinol LR Inducing GDF15 expression in a p53-independent manner
3,3'-diindolylmethane LR Inducing expression of GDF15 in a p53-independent manner
Conjugated linoleic acids LR Activating GDF15 expression by the overexpression of ATF3
AF957 LR Goat anti-human GDF15 polyclonal antibody

ATF3, activating transcription factor 3; LR, literature-reported.
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expression to induce cancer cell apoptosis. Additionally,
GDF15-specific antibodies have been recommended as agents
to treat cachexia-associated weight loss. Hence, GDF15 anti-
bodies have the potential to be repurposed as a treatment
strategy for periodontitis. Despite the lack of information on
drugs targeting VWA1-expressed protein, this protein still
deserves attention as a promising new therapeutic target for
periodontitis.

The VWALl gene encoding von Willebrand factor A
domain-related protein (WARP) is mainly expressed in mus-
cle, cartilage, and endothelial cell basement membranes.?®
Our single-cell analysis also revealed the high expression of
VWAL1 in endothelial cells within periodontal tissues. WARP
is able to form multimeric structures and connect to other
extracellular matrix components, including perlecan and col-
lagen VI.?° There have been few studies published on VWA1
and periodontitis. The protective effect of VWA1 may be
achieved through the promotion of periodontal healing, as
increased VWAL expression is positively correlated with
post-infarct healing, and WARP-knockout mice tend to die
from cardiac rupture after myocardial infarction.*® Further-
more, WARP plays a role in fracture healing.®* Although no
studies have determined the involvement of WARP in peri-
odontal tissue healing, the function of type VI collagen in con-
trolling biomineralisation in alveolar bone, especially during
periodontitis, has been confirmed.’” Because of the high-
affinity associations between WARP and type VI collagen in
vivo, WARP probably participates as an adapter protein in
periodontal tissue healing during inflammation.?

Another possible explanation for WARP’s protective func-
tion in periodontium is its neuromodulation ability. It has
been shown that mice lacking WARP have impaired periph-
eral nerve structure and function and, for example, show a
delayed response to painful stimuli.** Notably, functional
sensory peripheral nerves not only contribute to nociception
but also mediate periodontitis. Specifically, calcitonin gene-
related peptide (CGRP) and substance P (SP), the 2 primary
sensory neuropeptides that mediate nociception, also play
crucial roles in modulating inflammation and alveolar bone
resorption during periodontitis.**** Several studies have
shown that SP aggravates periodontitis by upregulating the
RANKL/OPG ratio and HIF-la expression in gingival fibro-
blasts.* In contrast, CGRP is more likely to inhibit inflamma-
tion and promote periodontal healing via the cAMP/PKA
signalling pathway.*®* In diabetic rats, CGRP also has the
ability to enhance peri-implant angiogenesis and osseointe-
gration.®® Notably, CGRP has a more significant impact than
SP in periodontitis. Firstly, CGRP-positive neurons are more
than SP-positive neurons in trigeminal ganglion;*° second,
sensory denervation leads to increased TNF-« and IL-18 and
severe alveolar bone loss.*° Therefore, decreased WARP levels
may be linked to an increased risk of periodontitis, as WARP
deficiency impairs peripheral neural function and neuropep-
tide signalling, especially in CGRP-relevant pathways.

It is known that macrophage inhibitory cytokine-1, known
as GDF15, belongs to a divergent superfamily of the trans-
forming growth factor g.*! While human GDF15 is barely
detectable in physiological conditions, it can be secreted by
cardiac and blood vessel wall tissues in response to abnormal
pressure load or heart volume expansion to maintain cell and

tissue homeostasis.*” Therefore, it is regarded as a biomarker
that can be used to anticipate unfavourable outcomes in indi-
viduals suffering from cardiovascular disease and heart fail-
ure.*> In addition, GDF15 was discovered to be the
predominant soluble cytokine across various cancer types in
large-scale screening,** and it has been further proposed as a
predictive and prognostic biomarker in several cancers,
including oral squamous cell carcinoma.*® Current pharma-
ceutical drugs targeting GDF15 are mainly used to inhibit can-
cers in laboratory studies.?>?*

In our study, GFD15 was the only protein identified that has
been explored as a circulating biomarker for periodontitis prog-
nosis in an randomised control trial.*® In line with this finding,
our study expanded on the evidence and confirmed that the
association between GDF15 and periodontitis is causal. Consider-
ing the pro-inflammatory function of GDF15 in periodontal liga-
ment cells, GDF15 may aggravate periodontitis by promoting the
release of pro-inflammatory cytokines (TNFe, IL6, IL8, COX2/
PGE2,), the stimulation of THP1 monocytic cells, and the M1-like
polarisation of RAW264.7 cells,” leading to an excessive inflam-
matory response. In addition, the GDF15 protein can promote
the expression ratio of RANKL/OPG in periodontal ligament cells
and the osteoclast differentiation of RAW264.7 cells to exacer-
bate periodontal hard tissue destruction.”® In contrast, GDF15
has also been shown to inhibit immune responses by inhibiting
the recruitment of immune cells, the function of antigen-pre-
senting cells, and the polarisation of M1 macrophages in certain
studies.”” Therefore, high expression of GDF15 may lead to an
increased number of periodontal pathogenic bacteria because of
its anti-inflammatory function. Because GDF15 acts as both a
pro-inflammatory and an anti-inflammatory cytokine, the spe-
cific role of GDF15 in periodontitis needs further in vivo study.

In this study, MR analysis reduced the bias caused by
reverse causality and confounding and improved the reliabil-
ity of the causal inference. Another strength of this investiga-
tion was the utilisation of GWASs with substantial sample
sizes, which enhanced the power of the analysis to identify
mild-to-moderate connections. We also conducted single-cell
analysis to detect VWA1- and GDF15-enriched cell types in
healthy and inflamed gingiva.

Although this study identified 2 promising drug targets,
some limitations of this study need to be considered. Firstly,
we only evaluated the role of circulating proteins in periodon-
titis while could not assess the protein levels in other tissues.
In the single-cell analysis, we could not identify any GDF15-
enriched cell types, indicating that the circulating GDF15 was
secreted by other tissues and organs. The data from the GTEx
database show that GDF15 was mainly expressed in human
kidneys, and GDF15 is upregulated in kidney fibrosis and in
toxic acute kidney injury.*® Considering the close association
of periodontitis with kidney diseases, GDF15 is probably
released from the kidneys into the circulation to reach peri-
odontal tissues and eventually exacerbate periodontal
inflammation. Secondly, the single-cell data were limited to
gingiva and did not include alveolar bone. As increased
VWA1 expression in bone is correlated with fracture healing
in mice,*" assessing the genes expressed in the alveolar bone
may offer a deeper understanding of periodontal pathogene-
sis and provide additional insights into the role of WARP in
periodontitis.
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Conclusions

The present MR study has discovered the causal links of 2 cir-
culating proteins with periodontitis, providing new perspec-
tives on the etiopathogenesis of periodontitis and potential
therapeutic approaches. Further basic, translational and clin-
ical studies on the biological plausibility of certain plasma
proteins like VWA1 and GDF15 in the onset and development
of periodontitis are required for validating the current find-
ings and developing novel therapeutic approaches.
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