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Abstract

Myxomatous mitral valve disease (MMVD) in Cavalier King Charles Spaniels
(CKCSs) can be diagnosed at a young age. Early and sensitive biomarkers
related to the disease are currently lacking. MicroRNAs (miRNAs) are involved
in the onset and progression of canine MMVD. This study aimed to profile the
salivary miRNAs associated with MMVD severity in CKCSs and to identify their
target genes. This was a pilot prospective, cross-sectional study. Saliva was
collected from twenty-five CKCSs belonging to the American College of
Veterinary Internal Medicine (ACVIM) stages A (n. 6), B1 (n. 13), and B2 (n. 6),
and salivary miRNAs’ expression was profiled by Next Generation Sequencing.
miRNAs’ target genes were identified using bioinformatic tools. Results showed
that 25 miRNAs were differentially expressed (DE) between ACVIM A and Bl
dogs; 35 DE-miRNAs were modulated in ACVIM B2 compared to B1 CKCSs; 4
miRNAs were up-regulated in ACVIM stage Bl patients compared to both
ACVIM stages A and B2. These findings confirm that salivary miRNAs can be
successfully quantifica in CKCSs and that their expression differs across MMVD
severity groups. The DE-miRNAs were associated with signalling pathways
related to cellular metabolism, survival, and early inflammatory remodeling.
Given the exploratory and cross-sectional design, these miRNAs should be
considered candidate, non-invasive indicators associated with disease severity
rather than established biomarkers. Further longitudinal and validation studies

are needed to assess their diagnostic potential.
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Introduction

Myxomatous mitral valve disease (MMVD) is the most common acquired canine
heart disease and the most frequent cause of congestive heart failure (CHF) in
dogs!. The incidence and progression of the disease are strongly associated
with age and breed!. The disease is hereditary in some breeds, like the Cavalier
King Charles Spaniel (CKCS)?2, for which a polygenically inherited component
has been hypothesized; indeed, the disease can be commonly diagnosed before
6 years of age in these dogs23. Transthoracic echocardiography is the gold
standard for the ante-mortem, non-invasive diagnosis of MMVD in dogs?%;
however, its accuracy can be limited in the early stages when cardiac murmurs
are soft and valvular changes are subtle!.>. As a result, reliable biomarkers
could support earlier and more objective detection of the disease.

Although the pathogenesis of MMVD is not fully understood, accumulating
evidence indicates that molecular and biochemical alterations accompany
disease development and progressiont”7. Among these, dysregulation of
microRNAs (miRNAs) has been documented in the cardiac tissue, plasma, and
serum of dogs affected by MMVD>.7-13, miRNAs play crucial roles in regulating
cellular homeostasis, and changes in their expression have already been linked
to various canine cardiovascular processes®. Several studies reported that
miRNAs isolated from cardiac tissue, plasma, and serum are modulated in dogs
affected by MMVD8. Moreover, some of these miRNAs are reported to be
differentially expressed among the various American College of Veterinary
Internal Medicine (ACVIM) stages of the disease8!2. However, to date, most
studies on miRNAs in dogs have only evaluated one or a few miRNAs associated

with MMVD!4, and only a few studies focused on specific breeds>-10.13, Recently,



a relationship between MMVD and circulating miR-30b-5p in CKCSs has been
established, reporting that miR-30b-5p can discriminate among ACVIM A and
B1 subjects, even at a young age®, and that higher plasma miR-30-5p
expressions are associated with forms of MMVD that are more stable over
timel3.

At present, the search for circulating biomarkers still depends on blood
sampling, which can pose challenges in certain clinical situations (i.e., anxious,
young, or difficult-to-handle animals); therefore, the need for minimally invasive
and repeatable diagnostic tools has stimulated interest in alternative matrices
such as salival®16, In fact, although blood sampling is routinely feasible in dogs,
saliva offers a minimally invasive and repeatable alteriiative that may facilitate
serial monitoring or sampling. Salivary biomarkers have gained increasing
relevance in human cardiology, and miRNAs are particularly promising due to
their stability and abundance in this matrix17.18, Despite this potential, salivary
miRNAs have not yet been investigated in veterinary cardiology, and no data
are available regarding their expression in dogs with MMVD. For this reason,
the absence of minimally invasive biomarkers for the early stages of MMVD
highlights a significant clinical need, particularly in high-risk breeds such as
CKCSs.

The present study aimed at assessing miRNAs' expression profiles in the saliva
of CKCSs affected by MMVD at different ACVIM stages (A, B1, B2). We explored
whether stage-related differences in salivary miRNA profiles could be identified
and whether bioinformatic analyses of associated targets and pathways might
provide preliminary insights into biological processes potentially involved in
early MMVD progression, thereby supporting the identification of candidate,

minimally invasive molecular patterns associated with the disease.



Materials and Methods

Subjects’ enrollment and saliva collection

This was a pilot exploratory prospective, cross-sectional study. The study
included owned CKCS (i.e., > 1 year) that were visited at the Cardiology Unit
of the Department of Veterinary Medicine and Animal Science, Veterinary
Teaching Hospital of the University of Milan, between May 2022 and January
2024. Sample collection procedures and patient management were conducted
in accordance with the ARRIVE guidelines to ensure appropriate reporting and
high standards of animal welfare. Informed consent was obtained from the
owners, as per the University of Milan's ethical committee statement, number
2/2016, and a high standard of care was maintained throughout each
examination.

For each CKCS, clinical historyv was registered, and clinical evaluation
(complete with auscultation and non-invasive blood pressure measurement),
complete blood exams (haematology and serum  biochemistry),
echocardiography, radiographic  evaluation of the thorax, and
electrocardiography were performed as part of a yearly breed screening
program. A standard transthoracic echocardiography was performed by three
experienced operators (a third-year PhD student in small animal cardiology, an
ECVIM-CA cardiology resident-in-training, and a professor of veterinary
cardiology with more than 20 years of experience) using a MyLab™FOX
ultrasound machine (Esaote, Genova, Italy) equipped with multifrequency
phased-array probes (2-9 MHz, 1-5 MHz). Probes were chosen according to the
dog’s size. Echocardiography was performed with continuous

electrocardiographic monitoring, and video clips including at least three



cardiac cycles were obtained to make offline measurements. Animals were
gently restrained in the right and left lateral recumbency, and no sedation was
needed for the procedure. Echocardiographic measurements were obtained by
the same operator who performed the transthoracic echocardiography.
Parameters from 2D images were measured using the inner edge-to-inner edge
method, including the left atrium-to-aortic root ratio (LA/Ao), which was
obtained from a right parasternal short-axis view of the cardiac base as
previously reported!®. Measurements from M-mode images included left
ventricular internal diameters in end-diastole and end-systole normalized for
body weight (LVIDdN and LVIDsN, respectively) and were obtained from a 2D-
directed image of the right short-axis view at the level of the papillary muscles
using the leading edge-to-leading edge method??. Calculated measurements
from M-mode parameters were subsequenily obtained, specifically ejection
fraction (EF%) and fractional shortening (FS%), by applying formulas
previously reported?!. Color flow Doppler was used to identify and describe the
severity of mitral regurgitation (MR) using a right parasternal long-axis four-
chamber view and a left apical view. MR severity was assessed by calculating
the maximal ratio of the regurgitant jet area signal to LA area (AR]J/LAA ratio),
and it was considered mild when ARJ/LAA ratio was < 20-30%, moderate when
it was = 20-30% and = 70%, and severe when it was > 70%?2!. Finally, the
diastolic flow profile of the left ventricle was obtained through pulsed-wave
Doppler by placing the sample volume at the mitral leaflets’ tips2!; for the study,
E wave peak velocity and E/A ratio were registered.

While inter- and intra-operator variability were not formally evaluated in the
current study, the echocardiographic protocol and measurement procedures

were consistent with those used in a recent study of our group involving healthy



French Bulldogs?2. In that study, the intra-operator coefficient of variation (CV)
ranged from 0.52% to 10.11%, and the inter-operator CV ranged from 1.28% to
14.19% for key M-mode, 2D, and Doppler parameters2?2. This prior validation
supports the reliability of the echocardiographic measurements utilized in the
present study. Based on the echocardiographic findings, dogs were assigned to
an MMVD stage following the current guidelines?*, as follows: a) ACVIM stage
A: absence of a left apical systolic heart murmur on cardiac auscultation, as
well as echocardiographic lack of mitral valve thickening and/or prolapse and
mitral regurgitation; b) ACVIM stage B: presence of a left apical systolic heart
murmur on cardiac auscultation associated with echocardiographic findings of
mitral valve thickening and/or prolapse and mitral regurgitation identified on
color flow Doppler interrogation, in the absence of clinical signs related to left-
sided CHF%. Additionally, ACVIM stage B CKCSs were divided into ACVIM stage
B1 dogs (i.e., echocardiographic LA/Ao < 1.619, LVIDAN < 1.729, and breed-
adjusted radiographic vertebral heart score (VHS) < 10.54), and ACVIM stage
B2 dogs (i.e., echocardiographic LA/Ao = 1.619, LVIDAN = 1.720, and breed-
adjusted radiographic VHS >10.5%). Since pharmacologic treatments may
influence circulating or salivary miRNA profiles, all dogs receiving cardiac
medications as suggested by the current ACVIM guidelines* were registered
(i.e., pimobendan in stage B2 dogs). This variable was recorded. Treatment was
not included as a covariate in the statistical model but was considered during
interpretation of the results.

A saliva sample was collected using a sterile dry swab (Copan Diagnostics Inc.,
USA) placed in the mouth of the dog for about fifteen seconds. Swabs were

stored at -80°C for further analysis.



Patients affected by systemic diseases (e.g., metabolic diseases, oncologic
diseases, infectious diseases), congenital or acquired cardiovascular diseases
different from MMVD, MMVD at ACVIM stages different from the
aforementioned ones (i.e., stages C and D), rhythm disturbances, systemic
hypertension, or pre-capillary pulmonary hypertension, and dogs with any
clinical signs of oral disorders were excluded from the study. Dogs in ACVIM
stages C and D were excluded from the study, as the analysis specifically
targeted the early, preclinical stages of MMVD (A, B1, and B2). The presence
of overt CHF, along with the increased clinical and therapeutic variability
typical of stages C and D, would have introduced additional inconsistencies that

were not compatible with the objectives of this pilot discovery study.
Small RNA extraction and sequencing

Total RNA was extracted using the MicroRNA Concentrator kit (A&A
Biotecnology, Cat. No 035-25C) fellowing the manufacturer’s instructions. The
RNA quality and quantity were verified according to MIQE guidelines2?3. RNA
concentration was ¢uantified by Qubit® 2.0 Fluorometer with Qubit®
microRNA Assay Kit (Invitrogen, Cat. No. Q32880). Small RNA transcripts were
converted into barcoded cDNA libraries. Library preparation was performed as
previously reported?# using the NEBNext Multiplex small RNA Library Prep Set
(Cat. No. NEB#E7560) for Illumina and run on the NextSeq2000 (Illumina Inc.,
USA). Each library underwent quality analysis using an Agilent 2100
Bioanalyzer with a High Sensitivity DNA chip. Only libraries that met the
expected profile criteria were considered for sequencing. The output of the
NextSeq2000 Illumina sequencer was demultiplexed using bcl2fastq Illumina

software embedded in the dockerdseq package?425, miRNA expression



quantification was performed using the previously described workflow?4 and
the implementation as described?6. Sequences were mapped using BWA?27 to
Canis familiaris precursor miRNAs available in miRBase 22.1
(http://www.mirbase.org/). Count tables and counts per million reads (CPM)
tables were used to perform differential expression (DE) analysis with a
threshold-adjusted Pvalue < 0.1 and an absolute log, Fold Change (log,FC) =
1, as this is aligned with discovery-stage biomarker research and with
considerations related to false discovery rate control.

As this is a pilot discovery study, the miRNAs identified should be regarded as
exploratory biomarker candidates that will require independent validation

before clinical application (i.e., bigger cohort, differerit breeds).
miRNA target prioritization

The target genes of DE-miRNAs were predicted using MiRWalk 3.0%28 by
targeting the entire gene sequence (including 5' untranslated region (UTR),
codon sequence (CDS), and 3’UTR) and filtering for the 3 miRNA-target
prediction programs (miRDB29, miRTarBase3? and Targetscan3!). The list of
target genes predicted by the three tools was included in further analysis, and
functional mRNA enrichment was performed using the DAVID (Database for
Annotation, Visualization and Integrated Discovery) bioinformatic resource32.33
and biological pathways in the KEGG (Kyoto Encyclopedia of Genes and
Genomes)3* were examined for enrichment. Genes associated with cancer and

infectious diseases have been deliberately excluded from further analyses.
Computational and statistical analysis

Raw reads quality-check, adapter clipping, and mapping were performed as

previously reported2®. After reads’ mapping, a matrix of integer values was



created. The value in the i-th row and the j-th column of the matrix report how
many reads have been unambiguously assigned to mature miRNA i in sample j.
The unwanted variation in the data was estimated using the functions
implemented in the SVA package3®. The differential expression analysis was
performed using DESeq236, setting a threshold-adjusted P-value < 0.1 and -1 =
|log,FC| = 1.

Statistical analysis was carried out using SPSS 28 (SPSS Inc., Chicago, IL,
USA). The distribution of data was assessed using the Shapiro-Wilk test.
Normally-distributed continuous variables were reported as mean + standard
deviation (SD), while non-normally-distributed variables were reported as
median and interquartile range (IQR) from the 25th to the 75th percentile
(IQR325.75). Categorical variables were expressed as frequencies and
percentages.

Differences between continuous variables were analyzed among the ACVIM
stages using the Kruskal-Wallis non-parametric test. Statistical significance was

accepted at a Pvalue = 0.05.

Results

Demographics, clinical, and echocardiographic

characteristics of the study population

Twenty-five adult CKCSs were included in the study. Six dogs were classified
as ACVIM stage A, 13 as ACVIM stage B1, and 6 as ACVIM stage B2. Patients’
clinical and echocardiographic findings are summarized in Table 1. Age was
significantly higher in the ACVIM stage B2 dogs compared to healthy dogs
(ACVIM stage A) (P = .006). Furthermore, as expected, ACVIM stage B2 dogs

had some significantly higher echocardiographic values when compared to both



healthy and ACVIM stage B1 dogs. Specifically, LA/Ao (Ps.p2 = .003; Pps.p2 =
.004), E wave peak velocity (Py.p2 = .001; Pp;.p> = .006), LVIDAN (P4.52 = .000;
Pgp;.p>=.011), and LVIDsN (P4.52 = .010; Pp;.p2 = .024).

Among the ACVIM stage B2 dogs, 2 (33.3%) were on medical treatment at the
time of inclusion. Specifically, both were given Pimobendan (0.28 and 0.32

mg/kg gq12 h). The complete dataset is available as Supporting Information.

RNA extraction from canine saliva and characterization of

miRNome profile

To characterize miRNA expression profiles, small RNA-seq was performed on
RNA extracted from the saliva of dogs. After RNA extraction, small RNAs were
selected according to their size on a gel (=146 bp band) and sequenced on the
NextSeq2000 sequencer (Illumina). More than 1 million reads for each sample
were generated. The counts table was used to detect DE-miRNAs via DESeq?2
analysis36. This analysis depicted the expression of 453 Canis familiaris (cfa)

miRNAs in the saliva.

Modulated salivary miRNAs in healthy and MMVD-affected
dogs

To identify the common MMVD signature between A, B1, and B2 ACVIM stages,
the Venn analysis was performed. A difference in miRNA profile among the
MMVD stages was observed, with 25 DE-miRNAs between ACVIM stages A and
B1 dogs and 35 DE-miRNAs between ACVIM stages B2 and B1 dogs; among the
DE-miRNAs, four (i.e., cfa-miR-8857, cfa-miR-9, cfa-miR-206, cfa-miR-433) were
dysregulated in both comparison groups (up-regulated in B1 compared to both
A and B2), as shown in Figure 1 and Supplementary Table 1. Specifically, all

the 25 DE-miRNAs were up-regulated in ACVIM stage B1 dogs when compared



to stage A; among the 35 DE-miRNAs between stage B1 and stage B2 CKCSs,
30 were up-regulated, and 5 were down-regulated in stage B1 compared to
stage B2 dogs. No altered miRNAs were detected in ACVIM stage A dogs
compared to B2 dogs (Supplementary Table 1). Absence of detectable
differential expression may reflect molecular stabilization, cohort size
limitations, or convergence of chronic disease phenotypes rather than complete

biological equivalence.
miRNA target prediction and pathway enrichment

To assist the reader in contextualizing the pathway analyses, the main findings

are summarized below:

- 25 miRNAs were up-regulated in B1 compared to A dogs. These miRNAs
were predominantly associated with neurotrophin, AMPK, FoxO, and MAPK
signaling pathways.

- When comparing B1 and B2 dogs, 35 DE-miRNAs were detected. The 30 DE-
miRNAs that were up-regulated in B1 dogs were enriched in thyroid
hormone signeling, efferocytosis, and adherens junction pathways.
Conversely, the 5 down-regulated miRNAs in Bl dogs were connected to
Th17 cell differentiation, adherens junction, and cellular senescence
pathways.

- The four miRNAs that were up-regulated in B1 when compared to both A and
B2 CKCSs converged on the PI3K-Akt, longevity-regulating, neurotrophin,
and AMPK pathways.

A compared to B1 dogs

The predicted mRNA targets of the 25 DE-miRNAs, which were all up-regulated

in ACVIM B1 CKCSs, were 211 (135 at 3'UTR, 17 at 5’UTR, and 83 at CDS).



Effect sizes (1og2FC values) for all DE-miRNAs are reported in Supplementary
Table 1 to contextualize the magnitude of modulation. KEGG pathway analysis
was performed on the enriched genes using DAVID. The top significantly
enriched KEGG pathways are reported in Figure 2a. The DE-miRNAs were
identified to be primarily involved in the neurotrophin, the AMPK (AMP-
activated protein kinase), the FoxO (Forkhead box transcription factor class O),
and the MAPK (mitogen-activated protein kinase) signaling pathways.
Subsequently, gene ontology (GO) analysis was performed, including the
following categories: biological process (BP), cellular component (CC), and
molecular function (MF). Most of the enriched MF included genes involved in
the regulation of transcription and transduction processes and the negative
regulation of the apoptotic process; the enrichied BP included genes involved in
RNA, DNA, and protein binding, while enriclied CC genes mainly converged on
the nucleus and the cytosol (Figure 2b).

B2 compared to B1 dogs

Thirty-five DE-miRNAs were detected comparing ACVIM stage B2 and stage B1
CKCSs. In detail, 30 DE-miRNAs were up-regulated, and 5 were down-regulated
in ACVIM stage Bl dogs. Effect sizes (1og2FC values) for all DE-miRNAs are
reported in Supplementary Table 1 to contextualize the magnitude of
modulation.

The predicted mRNA targets of the 5 down-regulated miRNAs in ACVIM stage
B1 dogs were 93 (58 at 3'UTR, 4 at 5’UTR, and 37 at CDS). KEGG pathway
analysis was performed using DAVID, and the top significantly enriched KEGG
pathways are reported in Figure 3a. The miRNAs down-regulated in ACVIM
stage B1 CKCSs were predominantly involved in the following pathways:

thyroid hormones (THs) signaling pathway, efferocytosis, and adherens



junction pathways. GO analysis revealed that down-regulated miRNAs enriched
MF included genes mostly involved in the regulation of the transcription and
transduction processes and the positive regulation of the apoptotic process; the
enriched BP included genes involved in RNA, DNA, and protein binding, while
enriched CC genes mainly converged on the nucleus and the cytosol (Figure
3b).

The predicted mRNA targets of the 30 up-regulated miRNAs in ACVIM stage
B1 dogs were 94 (58 at 3'UTR, 6 at 5’UTR, and 35 at CDS). DAVID was used to
perform KEGG pathway analysis, and the top significantly enriched KEGG
pathways are reported in Figure 4a. The up-regulated miRNAs in ACVIM stage
B1 CKCSs were involved in the T helper 17 (Th17) cell diiferentiation, adherens
junction, and cellular senescence pathways. GO analysis revealed that most of
the up-regulated miRNAs enriched MF included genes involved in the
regulation of the transcription and transduction processes and the positive
regulation of the apoptotic process; the enriched BP included genes involved in
RNA, DNA, and proteiii binding, while enriched CC genes mainly converged on
the nucleus and the cytosol (Figure 4b).

DF-miRNAs modulated in all the considered ACVIM stages (up-
regulated in B1 compared to both A and B2 dogs)

Target enrichment analyses were also performed on the four dysregulated
miRNAs, namely cfa-miR-8857, cfa-miR-9, cfa-miR-206, and cfa-miR-433, that
were up-regulated in B1 compared to both A and B2 dogs. The predicted mRNA
targets of these 4 DE-miRNAs were 43 (25 at 3'UTR, 4 at 5’UTR, and 16 at
CDS). KEGG pathway analysis was performed through DAVID, and the top
significantly enriched KEGG pathways are reported in Figure 5a. The DE-

miRNAs were identified to be primarily involved in the PI3K-Akt signaling



pathway, the longevity regulating pathway, and the neurotrophin and AMPK
signaling pathways. Gene ontology analysis revealed that most of the enriched
MF included genes involved in regulating transcription and apoptotic
processes; the enriched BP included genes involved in RNA, DNA, and protein
binding, while enriched CC genes mainly converged on the nucleus and the

cytosol (Figure 5b).

Discussion

This pilot study provides the first description of the salivary miRNome in CKCSs
across different MMVD severity groups. Results demonstrated that (I) the level
of salivary miRNAs is modulated by MMVD in CKCSs; (II) ACVIM stage Blwas
associated with an enrichment of pathways commoniy linked to compensatory
and protective biological processes, whereas ACVIM stage B2 was associated
with an enrichment of pathways related to inflammatory remodeling and
cellular stress responses; (IIT) four DE-miRNAs could potentially represent the
common signature of MMVD in CKCSs.

Changes in circulating miRNAs have been previously reported in dogs affected
by MMVD using a targeted approach. Specifically, Li and coworkers (2015)!1
profiled the blood miRNA of dogs at ACVIM stages B1/B2, C/D, and A using a
gPCR array approach, pointing out that 11 miRNAs out of 277 were
differentially expressed. A different panel of 11 miRNAs was investigated in
dogs with various heart diseases, including MMVD, by real-time-qPCR,
demonstrating that cfa-miR-130b was up-regulated in MMVD-affected dogs at
ACVIM stage B (comprising both B1 and B2), although no differences were
observed in stage C and stage D compared to the healthy group!2. miRNA

delivered by small extracellular vesicles and isolated from whole plasma of dogs



with asymptomatic MMVD (ACVIM stages B1 and B2) and dogs with severe
MMVD (ACVIM stages C and D) was profiled using a PCR Array, showing the
differential expression of some miRNA also related to dogs’ age; moreover, the
study showed that small extracellular delivered miRNAs were more specific
than miRNA isolated from whole plasma®. Our group investigated the
expression of circulating miRNA in the plasma of CKCSs with early
asymptomatic MMVD using a targeted strategy, highlighting that miR-30b-5p
is up-regulated in MMVD-affected dogs at ACVIM stage B1 compared to stage
A, potentially providing a candidate biomarker for the diagnosis of MMVD in
this breed®. In contrast, findings from the present study did not indicate
dysregulation of this miRNA in saliva, suggesting that miRNA signatures may
vary substantially across biological matrices, even within the same pathological
condition. These differences are consistent with the known matrix-specificity of
miRNA profiles and the physiological barriers between blood and saliva3”’.

The present study applied for the first time an untargeted approach to identify
dysregulated miRNAs in association with MMVD in dogs' saliva, a non-invasive,
cost-effective, and patient-friendly matrix for biomarker detection that can be
collected over time. However, its clinical adoption in both human and veterinary
medicine remains limited due to biological variability and the lack of
standardized protocols for sample collection, processing, and analysis38.39, To
enhance diagnostic accuracy and inform treatment decisions in veterinary
cardiology, efforts should be made to harmonize and validate procedures across
multiple centers. Identifying a panel composed of several miRNAs may improve
diagnostic accuracy and guide treatment in veterinary cardiology, representing

a potentially suitable tool for identifying asymptomatic dogs at ACVIM stage B1



and, ideally, for supporting future screening programs for the presence of
MMVD#4,

Results from the present study showed that: (I) ACVIM stage Bl is
characterized by an enrichment of pathways that are broadly associated with
compensatory and protective signaling, such as AMPK, PI3K-Akt, and pathways
related to neurotrophins and thyroid hormones; (II) ACVIM stage B2 exhibits
an enrichment of pathways associated with inflammatory remodeling and
cellular stress responses, including Th1l7 polarization and senescence-
associated signaling; and (III) shared miRNAs converge on PI3K-Akt, AMPK,
neurotrophin, and longevity-regulating pathways. This suggests a fundamental
molecular background for early myxomatous mitral valve disease (MMVD)
biology in this breed.

To examine the results in more depth, the 25 up-regulated miRNAs in ACVIM
stage B1 dogs when compared io ACVIM stage A dogs were associated with
neurotrophin, AMPK, FoxO, and MAPK signaling pathways. Neurotrophins are
a family of proteins modulating nervous system activities and regulating the
survival of endothelial cells, vascular smooth muscle cells, and cardiomyocytes,
angiogenesis, and vasculogenesis?Y. Neurotrophins can bind to the tropomyosin
kinase (Trk) receptors on endothelial cells, vascular smooth muscle cells, and
cardiomyocytes, and to the p75 receptor, a neurotrophic factor receptor that
can be found on endothelial cells, cardiomyocytes, and cardiac fibroblasts49.
Trk receptors activate MAPK and phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) pathways, which lead to inflammation and ventricular
remodeling4142, The PI3K/Akt signaling pathway is critical in cardiovascular
diseases, exerting an antiapoptotic effect and enhancing cardiomyocyte

survival, angiogenesis, and repair processes*3. On the contrary, the activation



of the p75 receptor mainly promotes pro-apoptotic processes*#, and the AMPK
signaling pathway regulates energy metabolism, enhancing glucose uptake,
glycolysis, and fatty acid oxidation, protecting cardiomyocytes under ischemic
conditions in humans45. Taken together, the pathways associated with miRNAs
up-regulated in B1 compared to A dogs are consistent with early compensatory
and pro-survival responses in preclinical MMVD. The down-regulated miRNAs
in ACVIM stage B1 compared to B2 CKCSs were predominantly involved in the
THs and efferocytosis signaling pathways. THs can increase systolic and
diastolic cardiac functions and reduce systemic vascular resistance6.47, In
cardiomyocytes, THs upregulate genes encoding for sodium/potassium ATPase,
o-myosin heavy chain, and sarcoplasmic/endoplasinic reticulum calcium
ATPase 2 (SERCA2) and down-regulate [-myosin heavy chain and
phospholamban (PLN) genes48. Furthermore, triiodothyronine (T3) can directly
influence cardiomyocytes by upreguiating Pl-adrenergic receptors, with a
positive inotropic effect*®. Moreover, THs regulate key signaling pathways,
such as PI3K/Akt, exerting an antiapoptotic effect*®. Association of down-
regulated miRNAs in B1 with TH-related pathways may therefore reflect
mechanisms supporting myocardial performance during earlier stages of
disease. The up-regulated miRNAs in ACVIM stage B1 compared to stage B2
CKCSs are involved in the Th17 cell differentiation and cellular senescence
pathways. Th17 cells, a subset of CD4+ T lymphocytes, secrete IL-17 and IL-22
and repair-associated components, including matrix metalloproteinases
(MMPs) and proteoglycans, enhancing inflammation during cardiac tissue
remodeling®®. A recent study in dogs reported that the release of pro-

inflammatory cytokines, TNF-a, IL-1B, and IL-6, increases with the progression



of mitral valve degeneration, and is associated with progressive volumetric
overload caused by MMVD>1,

Cellular senescence, whose pathway is inhibited in ACVIM B1 CKCSs and
promoted in ACVIM B2 dogs, refers to a state of irreversible growth arrest
triggered by factors like telomere shortening, DNA damage, and oxidative
stress. In humans, old cardiomyocytes adopt a senescent-like phenotype, and
the myocardium acquires structural changes, including progressive cellular
hypertrophy, interstitial fibrosis, and inflammation; the ultimate consequence
is the impairment of both diastolic and systolic function®2. The enrichment of
Th17 and senescence-related pathways in B2 compared to Bl suggests a
transition towards inflammatory remodeling and ceilular stress in more
advanced preclinical MMVD. The miRNAs identified comparing B1 and B2 dogs
are linked to pathways that indicate a shift from compensatory signaling to
stress- and inflammation-related signaling. No DE-miRNAs were detected in A
compared to B2 dogs. Chronic MMVD in dogs is a disease characterized by both
aging and stress. We hypothesize that at disease onset, tissues and immune
cells activate compensatory and stress-response pathways leading to a strong
and transient miRNA modulation, while, as the disease progresses, the
compensatory pathways normalize even though structural damage continues.
As reported in a different model®3, several miRNAs are dysregulated during
myocarditis, exhibiting phase-dependent changes that correlate with viral
infection, immune status, and fibrosis. Moreover, the progression of MMVD
includes valve remodeling and a shift in the relative abundance of cell types;
thus, the overall tissue or circulating miRNA signature could shift, dilute, or

appear normalized>?.



Four DE-miRNAs, namely cfa-miR-8857, cfa-miR-9, cfa-miR-206, and cfa-miR-
433, were up-regulated in B1 dogs when compared to both A and B2 dogs,
potentially representing the common signature of MMVD in CKCSs. Yang and
coworkers (2017)9 associated the expression of cfa-miR-9 with the development
of MMVD without any relationship with the progression of the disease toward
CHF?. Cfa-miR-206 is modulated during canine atrial fibrillation®>. In a recent
study on MMVD, its expression level seemed to decrease in MMVD-affected
dogs compared to healthy dogs, but the reduction was not significant>.

The KEGG analysis identified the PI3K-Akt, longevity, neurotrophin, and AMPK
signaling pathways as potentially modulated by these 4 DE-miRNAs. The
neurotrophin, the PI3K-Akt, and the AMPK signaling pathways have already
been discussed. The longevity-regulating pathway promotes cellular longevity
by encompassing genes that regulate autophagy, mitochondrial function, stress
defense mechanisms, and survival pathways while attenuating pro-
inflammatory mediators®’. These pathways regulate cardiac cell survival by
promoting energy inetabolism and antiapoptotic processes, possibly
counteracting the negative consequences of MMVD progression, such as
myocardial modification, cell death, and fibrotic replacement. Thus, the shared
miRNAs may capture a core molecular signature of early MMVD in CKCSs,
involving pathways related to survival, metabolism, and long-term tissue
adaptation.

From a translational perspective, these findings indicate that salivary miRNA
panels could potentially (I) aid in the early identification of at-risk CKCSs before
overt clinical and echocardiographic changes are detected, (II) contribute to
molecular monitoring of progression from stage Bl to stage B2, and (III)

provide a minimally invasive and repeatable sampling method in clinical



situations where blood draws are challenging or frequent follow-ups are
necessary.

This study has some limitations: first, the cohort consisted of a relatively small
number of dogs from a single breed (CKCS) enrolled at a single centre, which
is appropriate for an initial discovery effort but limits the generalizability of the
findings to other breeds and populations. Moreover, aside from the limited
sample size, it should be considered that working with saliva implies that
miRNAs related to the oral cavity are included in the analysis. However, this
matrix is widely accepted in human medicine since studies consistently show
that salivary biomarkers can reflect general health>8. We tried to minimize this
bias by selecting a homogenous group of MMVD-affected subjects belonging to
the same breed without any clinical signs of oral disorders and excluding genes
associated with cancer and infectious diseases in the GO analysis, although
some degree of oral mucosal and salivary biological variability cannot be
completely ruled out and may contribute to signal heterogeneity, and some bias
may have been introduced by restricting the GO analysis to non-cancer- and
non-infection-related genes.

In addition, the present work is based on a cross-sectional design, which
provides a snapshot of disease-associated molecular signatures but does not
allow inference of temporal progression or causality. Longitudinal studies will
be required to clarify how salivary miRNA profiles evolve as dogs transition
between ACVIM stages.

Not all stages of the disease were represented in our sample; dogs belonging
to the ACVIM stages C and D were excluded from this pilot study, as it
specifically focuses on characterizing molecular alterations occurring during

the early, asymptomatic phases of MMVD. In fact, once dogs reach these



clinical stages of the disease, the diagnosis is generally straightforward due to
the presence of evident clinical signs of CHF. However, the exclusion of stages
C and D limits inferences regarding late-stage disease, and future work
including dogs in stages C and D will be necessary to define later-stage
molecular trajectories.

The potential modulatory effects of pimobendan on salivary miRNA expression
are currently unknown, as there are no available studies that specifically
investigate the effect of pimobendan on miRNAs in the context of MMVD in
dogs. Consequently, the inclusion of two treated B2 dogs in our study
population may represent a confounding factor for the results. The inclusion of
treated dogs was maintained to prevent a further reduction in the statistical
power of this small pilot study. Additionally, biomarker-based tests would likely
be used in clinical practice for dogs already receiving cardiac therapy;
therefore, keeping these two dogs in the study provides a more accurate
representation of the target population.

Age is known to influence miRNA expression in dogs affected by MMVD?, and
this study did not take into account its potential confounding effect. However,
it is important to recognize that MMVD is a progressive, age-associated disease.
In clinical practice, dogs in more advanced ACVIM stages are typically older
than those classified at stages A or B1. Consequently, age and disease severity
are often intertwined in naturally occurring MMVD. From a translational
standpoint, an ideal biomarker should remain informative across the full
spectrum of age and disease stages encountered in clinical settings, rather than
relying on age-adjusted models that may not accurately reflect clinical realities.
Furthermore, due to the exploratory design of the study and its modest sample

size, age adjustment in a multivariable model was not feasible; however, this



point is acknowledged as a potential confounder and will be addressed in future
validation cohorts.

Finally, as this is an exploratory sequencing-based discovery study, the
identified salivary miRNAs have not yet been validated using an independent
orthogonal technique (e.g., qPCR) in a separate cohort. Independent technical
and biological validation will be an essential next step toward clinical
translation and toward assessing the robustness and reproducibility of the
proposed biomarker panel across larger and more diverse canine populations.
In this pilot cross-sectional study, we identified a set of salivary miRNAs that
differ across MMVD severity groups in CKCSs and are associated with target
genes involved in cell survival and functions, repair processes, and
inflammation. These findings support the feasibility of salivary miRNA profiling
in dogs and suggest that saliva may provide a complementary matrix for
exploring molecular changes associated with MMVD. However, given the
exploratory nature of this work, the identified miRNAs should be regarded as
candidate markers rather than established biomarkers, and no diagnostic
performance can be inferred from the present data. Future studies, including
technical and biological validation, longitudinal monitoring, and evaluation in
larger and more heterogeneous canine populations, will be essential to
determine whether salivary miRNAs could eventually assist clinical decision-
making, for example, by supporting early screening or facilitating repeated,
non-invasive molecular assessments alongside standard clinical and

echocardiographic evaluations.
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Table 1. Clinical and echocardiographic data of the 25 CKCSs included in the study, grouped by their ACVIM stage

E wave
Heart Body Ejection Fractional
ACVIM Gender Age peak E/A LVIDAN LVIDsN MR
murmur weight LA/Ao fraction shortening
stage (M/F) (years) velocity ratio (cm/kg) (cm/kg) severity
intensity (kg) (%) (%)
(m/s)
A Absent 8.85 + 1.15 = .70 (.59- 1.33 = 66.67 * 35.50 + 1.33 = .82 = 0
3/3 2.61 +£1.87
(n. 6) (n. 6) 2.13 12 .71) .33 9.59 7.18 .09 .10 (n. 6)
1-2/6 (n.
B1 11) 10.08 = 1.22 = 1.29 = 67.23 + 37.31 £+ 1.46 = .88 = 1(n.9)
9/4 5.34 = 3.67 .73 = .09
(n. 13) 3-4/6 (n. 1.99 17 .28 8.81 5.81 12 .13 2 (n. 4)
2)
3-4/6 VN
1.71 1.25 2.00 1.05
B2 9.11 (8.79- (n.5) 9.25 + 1.06 = 74.33 + 42.67 + 2 (n.4)
1/5 (1.69- (1.20- (1.96- (1.05-
(n. 6) 9.67)* 5-6/6 (n. .96 13% 4.13 3.72 3 (n.2)
1.73)" 1.30) 2.05)"t 1.19)*
1)

Continuous variables are reported as mean * standard deviation or median and IQRy5.75 according to their distribution (normal or non-normal,
respectively). Differences among ACVIM stages are indicated where present.

ACVIM: American College of Veterinary Internal Medicine; F: females; LA/Ao: left atrium-to-aortic root ratio; LVIDdN: left ventricular internal
diameter in diastole normalized for body weight; LVIDsN: left ventricular internal diameter in systole normalized for body weight; M: males;
MR: mitral regurgitation. For MR severity, the legend is as follows: 0 = absent; 1 = regurgitant jet area signal to left atrium area (ARJ/LAA)
ratio < 20-30%; 2 = ARJ/LAA ratio = 20-30% and = 70%; 3 = AR]J/LAA ratio > 70%.

*Different from ACVIM stage A (P < 0.05)

TDifferent from ACVIM stage B1 (P < 0.05)



Figure 1. Venn diagram showing the overlap of DE-miRNAs among the
ACVIM stages. 25 miRNAs were altered when comparing A with B1 CKCSs,
while 35 miRNAs were altered when comparing B2 with B1 CKCSs. The graph
shows the overlapping of four DE-miRNAs (i.e., cfa-miR-8857, cfa-miR-9, cfa-
miR-206, cfa-miR-433) that were shared between both comparison groups and
may therefore represent the MMVD signature in this population of CKCSs. The
direction of miRNA regulation (up- or down-) is reported in the text but not

shown in the figure.

Figure 2. Target prediction, gene ontology, and pathway enrichment
analysis of the 25 up-regulated miRNAs in ACVIM stage B1 compared
to stage A CKCSs. Target genes of the differentially expressed miRNAs were
predicted using miRWalk 3.0 and retained only when supported by all three
databases (miRDB, miRTarBase and TargetScan). Functional enrichment of the
resulting gene list was performed using DAVID. The top significantly enriched
items are shown. a) KEGG pathway enrichment analysis showing the top
significantly enriched pathways (P values expressed as —logl0). b) Gene
Ontology (GO) enrichment analysis at the level of biological process, cellular
component, and molecular function. These findings highlight the main
molecular pathways potentially associated with the miRNAs up-regulated in B1

compared to A dogs.

Figure 3. Target prediction, gene ontology and pathway enrichment
analysis of the 5 down-regulated miRNAs in ACVIM stage B1 compared

to stage B2 CKCSs. Target genes of the differentially expressed miRNAs were



predicted using miRWalk 3.0 and retained only when supported by all three
databases (miRDB, miRTarBase and TargetScan). Functional enrichment of the
resulting gene list was performed using DAVID. The top significantly enriched
items are shown. a) KEGG pathway enrichment analysis showing the top
significantly enriched pathways (P values expressed as —logl0). b) Gene
Ontology (GO) enrichment analysis at the level of biological process, cellular
component, and molecular function. These findings highlight the main
molecular pathways potentially associated with the miRNAs down-regulated in
B1 compared to B2 dogs.

Figure 4. Target prediction, gene ontology, and pathway enrichment
analysis of the 30 up-regulated miRNAs in ACVIM stage B1 compared
to stage B2 CKCSs. Target genes of the differentially expressed miRNAs were
predicted using miRWalk 3.0 and retainied only when supported by all three
databases (miRDB, miRTarBase, and TargetScan). Functional enrichment of the
resulting gene list was performed using DAVID. The top significantly enriched
items are shown. a) KEGG pathway enrichment analysis showing the top
significantly enriched pathways (P values expressed as —logl0). b) Gene
Ontology (GO) enrichment analysis at the level of biological process, cellular
component, and molecular function. These findings highlight the main
molecular pathways potentially associated with the miRNAs up-regulated in B1

compared to B2 dogs.

Figure 5. Target prediction, gene ontology, and pathway enrichment
analysis of the 4 up-regulated miRNAs in ACVIM stage B1 compared to
both A and B2 CKCSs. Target genes of the differentially expressed miRNAs

were predicted using miRWalk 3.0 and retained only when supported by all



three databases (miRDB, miRTarBase and TargetScan). Functional enrichment
of the resulting gene list was performed using DAVID. The top significantly
enriched items are shown. a) KEGG pathway enrichment analysis showing the
top significantly enriched pathways (P values expressed as —logl10). b) Gene
Ontology (GO) enrichment analysis at the level of biological process, cellular
component, and molecular function. These findings highlight the main
molecular pathways potentially associated with the miRNAs up-regulated in B1

compared to both A and B2 dogs.
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