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Editorial on the Research Topic
 Novel Insight Into the Diagnosis and Treatment of Cardio(Thoracic) Diseases in Dogs and Cats



Improved diet, management, and health care of companion animals have led to increased life expectancy, as a result, cardiac diseases have become pivotal causes of death for both dogs and cats. For such reason, a major objective has become to increase the quality of life by reducing the expansion of cardiac diseases via early detection of diseases and provision of effective treatment.

Conventional echocardiography and cardiac biomarkers, such as N-terminal pro-B type natriuretic peptide (NT-ProBNP) and cardiac troponin I (cTnI), are the most routinely applied method of diagnosing cardiac disorders. While they provide a diagnosis when cardiac dysfunction is prominent, prediction or early diagnosis of cardiac dysfunction prior to the development of overt clinical symptoms is challenging. This Research Topic aims to provide the recent trends in the diagnosis and treatment of cardiothoracic diseases in dogs and cats. It presents 9 peer-reviewed research articles, which explore the diagnosis and treatment of cardiothoracic diseases with emphasis on novel echocardiographic techniques and bio-fluid analysis of cardiac biomarkers.

Two-dimensional speckle tracking echocardiography (2D-STE) is an advanced echocardiographic technique that allows comprehensive analysis of myocardial function by quantifying myocardial deformation. There is growing evidence that the parameters of this deformation analysis are superior to the conventional parameters for the early diagnosis of myocardial dysfunction (1). Suzuki et al. evaluated the relationship between congestive heart failure (CHF) and myocardial function in cats with cardiomyopathies using 2D-STE. The results revealed left atrial enlargement and decreased left ventricular apical circumferential strain in cats with CHF, suggesting a possible association with progression from sub-clinical cardiomyopathy to CHF. Furthermore, evaluation of the right ventricle (RV) demonstrated increased end-diastolic RV internal dimension and decreased RV longitudinal strain in cats with CHF, also indicating an association with the onset of CHF in cats with cardiomyopathy.

In recent years, the importance of RV function has become apparent, and it is now known to play a critical role in the pathophysiology of various cardiovascular diseases. Yuchi et al. evaluated the RV myocardial adaptation associated with increased pulmonary arterial pressure (PAP) in a canine model of chronic pulmonary hypertension (PH) using 2D-STE. In the acute phase of PH, temporal reduction of RV longitudinal strain was observed as a result of acute rise in PAP, which improved with progressive RV hypertrophy, indicative of RV adaptive remodeling. In the chronic phase, RV dilation and reduction in RV longitudinal strain were observed, suggestive of RV maladaptive remodeling and myocardial dysfunction. Such results suggest that the RV longitudinal strain is reflective of the intrinsic RV myocardial contractility during the PH progression, which could not be detected by conventional echocardiography.

Pulmonary arterial wave reflection (PAWR) analysis, which can be performed non-invasively via wave intensity analysis of the Doppler echocardiography, is a novel technique that gives valuable information on pulmonary artery hemodynamics in PH (2). Yoshida et al. investigated the changes observed before and after mitral valvuloplasty in dogs with PH caused by myxomatous mitral valve disease (MMVD) using PAWR, which demonstrated mitral valvuloplasty as an effective treatment of PH secondary to MMVD.

Cardiac biomarkers are of great importance in the early diagnosis and treatment of cardiac diseases, which include but are not limited to metabolic by-products, enzymes, proteins, peptides, and microRNAs (miRNAs). A prospective, multicenter case-control study by Valente et al. measured the plasmatic concentration of asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) in dogs with various stages of MMVD. The results revealed that ADMA, a biomarker of endothelial dysfunction, was significantly associated with LA enlargement, whereas SDMA, a biomarker of renal dysfunction, was significantly correlated with serum creatinine level.

The intestinal microbiota is known to play a key role in the physiological process of mammals, and alteration of intestinal microbiota has been associated with various diseases (3). Araki et al. compared the intestinal microbiota between dogs with MMVD and healthy dogs using 16S rRNA gene amplicon sequencing. While echocardiographic and radiographic parameters showed significant differences, diversity, and composition of intestinal microbiota showed no significant differences among the groups.

Proteomic and peptidomic analysis allow evaluation of changes in protein and peptide compositions, and previous study on serum proteomics in dogs with MMVD has shown that dogs with different stages of CHF showed different serum protein compositions (4). Similarly, Petchdee et al. investigated serum peptidomics in dogs with MMVD, which demonstrated the presence of peptides including mitogen-activated protein kinase, kallikrein, and tenascin-C in the group with progressed MMVD. Additionally, Sukumolanan et al. compared serum peptidomic profile of cats with sarcomeric gene mutations and normal cats, and revealed that expression of three peptides, including FOXO1, CYP3A132 and AGAP2, were increased in cats with sarcomeric gene mutations.

Altered expressions of circulating miRNAs have been reported in various cardiac diseases in humans, and anticipated as novel cardiac biomarkers as they can be found in serum or plasma in a stable form (5). A study by Ro et al. investigated circulating levels of 11 miRNAs in serum samples of dogs with cardiac diseases, which found that cfa-miR-130b was able to accurately distinguish dogs with cardiac diseases from healthy dogs. Sukumolanan et al. developed a loop-mediated isothermal amplification assay (LAMP) coupled with a lateral flow dipstick (LFD) test to detect myosin-binding protein C3 A31P (MYBPC3-A31P) missense mutation in Maine Coon cats, which is a genetic deviation associated with the development of hypertrophic cardiomyopathy (HCM). This novel test was able to distinguish between cats with MYBPC3-A31P wild-type and MYBPC3-A31P mutant-type from blood samples, which has excellent potential as a novel screening test.

This Research Topic of studies has illustrated the current understanding of the diagnosis and treatment of cardiothoracic diseases in dogs and cats. We hope that these articles will inspire and encourage further studies on the advancement of novel echocardiographic techniques and bio-fluid analysis of cardiac biomarkers.
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Background: Pulmonary hypertension (PH) is a life-threatening disease in dogs characterized by an increase in pulmonary arterial pressure (PAP) and/or pulmonary vascular resistance. Right ventricle adapts to its pressure overload through various right ventricular (RV) compensative mechanisms: adaptive and maladaptive remodeling. The former is characterized by concentric hypertrophy and increased compensatory myocardial contractility, whereas the latter is distinguished by eccentric hypertrophy associated with impaired myocardial function.

Objectives: To evaluate the RV adaptation associated with the increase of PAP using two-dimensional speckle tracking echocardiography.

Animals: Seven experimentally induced PH models.

Methods: Dogs were anesthetized and then a pulmonary artery catheter was placed via the right jugular vein. Canine models of PH were induced by the repeated injection of microspheres through the catheter and monitored pulmonary artery pressure. Dogs were performed echocardiography and hemodynamic measurements in a conscious state when baseline and systolic PAP (sPAP) rose to 30, 40, 50 mmHg, and chronic phase. The chronic phase was defined that the sPAP was maintained at 50 mmHg or more for 4 weeks without injection of microspheres.

Results: Pulmonary artery to aortic diameter ratio, RV area, end-diastolic RV wall thickness, and RV myocardial performance index were significantly increased in the chronic phase compared with that in the baseline. Tricuspid annular plane systolic excursion was significantly decreased in the chronic phase compared with that in the baseline. The RV longitudinal strain was significantly decreased in the sPAP30 phase, increased in the sPAP40 and sPAP50 phases, and decreased in the chronic phase.

Conclusions: Changes in two-dimensional speckle tracking echocardiography-derived RV longitudinal strain might reflect the intrinsic RV myocardial contractility during the PH progression, which could not be detected by conventional echocardiographic parameters.

Keywords: dog, right ventricular remodeling, right ventricular strain, right ventricular-arterial coupling, wall stress, myocardial function


INTRODUCTION

Pulmonary hypertension (PH), a life-threatening disease in dogs, is characterized by increased pulmonary arterial pressure (PAP, normal range: systolic PAP; 15–25 mmHg, mean PAP; 10–15 mmHg, and diastolic PAP; 5–10 mmHg) and/or pulmonary vascular resistance (1, 2). The disease would be caused by various diseases in dogs, including pulmonary arterial disease, left heart disease, respiratory disease, hypoxia, pulmonary embolic disease, parasitic disease, or some combination of these (1). Recent studies have reported that PH was one of the risk factors for the worse outcome especially in dogs with myxomatous mitral valve disease and respiratory disease/hypoxia (3, 4). Considering the structural characteristics of the right ventricle, the right ventricular (RV) pressure overload would critically impact RV function and cardiac output (5). In humans, to compensate for low cardiac output due to increased PAP, the right ventricle responds through two compensatory mechanisms: adaptive and maladaptive remodeling (6–9). The former is characterized by concentric hypertrophy and increased compensatory myocardial contractility, whereas the latter is distinguished by eccentric hypertrophy associated with impaired myocardial function. Therefore, to estimate the progression of PH, the change in RV myocardial function and remodeling associated with increasing RV pressure overload must be evaluated.

Currently, various echocardiographic variables are used as clinical, non-invasive tools to assess RV function in veterinary medicine; specifically, two-dimensional speckle tracking echocardiography (2D-STE) enables quantitative, non-invasive assessment of the intrinsic RV myocardial function (10–12). However, studies that have assessed the relationship between invasively measured PAP and echocardiographic variables for RV function in the same individuals are limited (13, 14). Furthermore, almost all these studies have evaluated the association in the acute phase of RV pressure overload in anesthetized dogs (13, 14), although in majority of the cases, PH runs a chronic course and various RV adaptations are exhibited.

We hypothesized that 2D-STE indices would reflect the changes in RV function associated with RV adaptation, and there would be differences in RV function between the acute and chronic phase of RV pressure overload. This study aimed to assess RV morphology and function associated with the increase in PAP during the process of creating model dogs with chronic PH.



MATERIALS AND METHODS

Our prospective, experimental study consisted of procedures that were performed in accordance with the Guide for Institutional Laboratory Animal Care and Use in Nippon Veterinary and Life Science University and was approved by the ethical committee for laboratory animal use of the Nippon Veterinary and Life Science University, Japan (approval number: 2019S-56).


Animals

Seven laboratory male beagles (body weight: 9.1 ± 1.5 kg, age: 1.0 ± 0.2 years) were used in this study. All dogs were determined to be healthy based on a complete physical examination, blood tests, thoracic and abdominal radiography, transthoracic and abdominal ultrasonography, and oscillometric method-derived blood pressure measurement.



Study Preparation

The study dogs were administered butorphanol tartrate (0.2 mg/kg, IV) (Meiji Seika Pharma Co. Ltd., Tokyo, Japan), midazolam hydrochloride (0.2 mg/kg, IV) (Maruishi Pharmaceutical. Co., Ltd., Osaka, Japan), heparin sodium (100 IU/kg, IV) (AY Pharmaceuticals Co. Ltd., Tokyo, Japan), and cefazolin sodium hydrate (20 mg/kg, IV) (LTL Pharma Co. Ltd., Tokyo, Japan) as pre-anesthetic medication. They were then anesthetized intravenously with propofol (Nichi-Iko Pharmaceutical Co., Ltd., Toyama, Japan), maintained with 1.5–2.0% isoflurane (Mylan Seiyaku Ltd., Osaka, Japan) mixed with 100% oxygen. The end-tidal partial pressure of carbon dioxide was monitored and maintained between 35 and 45 mmHg by manual ventilation at a rate of 8–12 breaths per minute. The anesthetized dogs were placed in left lateral recumbency and the right lateral neck region was clipped, prepared aseptically, and draped. An ~5.0-cm surgical cutdown was performed over the right jugular furrow to exteriorize the right jugular vein. Then an 8-Fr multipurpose catheter (Atom Medical Corp., Tokyo, Japan) was placed in the main pulmonary artery under fluoroscopic guidance. The right side of the neck was sutured, and all the dogs completely recovered from anesthesia through the conventional method (15).



Creating Model Dogs With Chronic PH and Hemodynamic Measurements

The PAP was measured using circulatory function analysis software (SBP2000, Softron, Tokyo, Japan). The conscious dogs were restrained in the most stable position, and the PAP (systolic, mean, and diastolic) was measured invasively by calibrating with the atmospheric pressure. The average value of PAP calculated from nine consecutive cardiac cycles was considered as “baseline” data and used for the statistical analysis. After baseline PAP measurements were taken, microspheres measuring between 150 and 300 μm in diameter (Sephadex G-25 Coarse, Cytiva, Tokyo, Japan) were injected repeatedly and the peripheral pulmonary artery was embolized via the prepared catheter (16, 17). The time points at which systolic PAP (sPAP) rose to ~30, 40, and 50 mmHg were defined as “sPAP30,” “sPAP40,” and “sPAP50,” respectively. Each time point was at least 2 days after injection of the microspheres to eliminate the acute effects of microspheres on RV function. When the sPAP was maintained at 50 mmHg or more for 4 weeks without injection of microspheres, the time point was defined as “chronic” and the same examinations as those carried out at the other time points were performed. At each time point, the systemic arterial pressure was measured for all dogs using the oscillometric method. The dogs were sedated using butorphanol tartrate (0.1 mg/kg, IV) and midazolam hydrochloride (0.1 mg/kg, IV) to perform the microsphere injection, PAP measurements, and echocardiography when necessary.



Echocardiographic Assessment of the Right Heart

Echocardiography was performed in all dogs on the same day as the hemodynamic measurements were taken at all time points. Conventional 2D and Doppler examinations were performed by a single investigator (RS) using a Vivid 7 or Vivid E95 echocardiographic system (GE Healthcare, Tokyo, Japan) and a 3.5–6.9 MHz transducer. A lead II electrocardiogram was recorded simultaneously and the images were displayed. Data obtained from at least five consecutive cardiac cycles in sinus rhythm from the dogs that were manually restrained in right and left lateral recumbency were stored. The images were analyzed using an offline workstation (EchoPAC PC, Version 204; GE Healthcare, Tokyo, Japan) by a single observer (YY).

For studying the right heart morphology, the end-diastolic and end-systolic RV areas (RVEDA and RVESA) along with the end-diastolic RV wall thickness (RVWTd) were measured using the left apical four-chamber view optimized for the right heart (RV focus view), as described previously (18–20). Each variable except for the RVWTd was measured by tracing the endocardial border of the right ventricle and normalized by body weight (20).
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The RVWTd was measured as the largest diameter of the RV free wall at end-diastole using the B-mode method. Additionally, the ratio of pulmonary artery to aortic diameter (PA:Ao) was obtained from the right parasternal short-axis view at the level of the pulmonary artery, as described previously (21).

Tricuspid annular plane systolic excursion (TAPSE), RV fractional area change, peak systolic change (RV FAC), tissue Doppler imaging-derived peak systolic myocardial velocity of lateral tricuspid annulus (RV s'), RV myocardial performance index (RV MPI), RV stroke volume (RV SV), and RV cardiac output (RV CO) were measured as indicators of RV systolic function, as described previously (19, 20, 22). All RV functional variables were obtained from the RV focus view. The TAPSE was measured using the B-mode method as described previously (23–25). The TAPSE and RV FAC were normalized by body weight using the following formula (22, 25):
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The RV MPI was obtained from the tissue Doppler imaging-derived lateral tricuspid annular motion wave using the following formula:
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where a is the duration of the systolic tricuspid annular motion wave, and b is the interval from the end of the late diastolic tricuspid annular motion wave to the onset of the early diastolic tricuspid annular motion wave (19). The RV SV was calculated by multiplying the velocity-time integral of the pulmonary artery flow and the cross-sectional area of the pulmonary trunk obtained from the right parasternal short-axis view at the level of pulmonary artery, as described previously (26). The RV CO was obtained using RV SV and heart rate calculated by mean R-R intervals obtained from the same cardiac cycle used for RV SV measurement.

If the dogs had tricuspid valve or pulmonary valve regurgitation, we classified these severities as mild, moderate, or severe using color Doppler and continuous wave Doppler methods, as described previously (27, 28).



Two-Dimensional Speckle Tracking Echocardiography

All 2D-STE analyses were performed by a single investigator using the same ultrasound machine and evaluated by the same investigator using the same offline workstation as that used for standard echocardiography. The strain and strain rate were obtained from the RV focus view using the left ventricular four-chamber algorithms (23, 29). The region of interest for 2D-STE was defined by manually tracing the RV endocardial border. Only RV free wall analysis (3seg) was performed by tracing from the level of the lateral tricuspid annulus to the RV apex for the longitudinal strain (RV-SL3seg) and strain rate (RV-SrL3seg) (Figure 1A). Right ventricular global analysis (6seg) was also performed by tracing from the lateral tricuspid annulus to the septal tricuspid annulus (including the interventricular septum) via the RV apex for the 6seg longitudinal strain (RV-SL6seg), and strain rate (RV-SrL6seg) (Figure 1B). Manual adjustments were made to include and track the entire myocardial thickness over the cardiac cycle when necessary. When the automated software could not track the myocardial regions, the regions of interest were retraced and recalculated. The RV-SL was defined as the absolute value of the negative peak value obtained from the strain wave (23, 30). The RV-SrL was obtained from the strain rate wave and was defined as the absolute value of the negative peak value during systole (30–32).


[image: Figure 1]
FIGURE 1. Two-dimensional speckle tracking echocardiography-derived right ventricular longitudinal strain and strain rate (RV-SL and RV-SrL, respectively). (A) RV-SL and RV-SrL of the right ventricular free wall (RV-SL3seg and RV-SrL3seg, respectively). (B) RV-SL and RV-SrL of the global right ventricle (RV-SL6seg and RV-SrL6seg, respectively).




Variability of Intra- and Inter-Observer Measurements

Intra-observer measurement of variability was performed by a single observer who performed all the echocardiographic and radiographic measurements (YY). The baseline RV morphological and functional indices were obtained from the seven dogs. All measurements were performed on two different days at >7-day intervals using the same cardiogram and cardiac cycles. A second blinded observer (HK) measured the same indices for the determination of inter-observer variability using the same echocardiogram and heart cycles.



Statistical Analysis

All statistical analyses were performed using the commercially available EZR software, version 1.41 (Saitama Medical Center, Jichi Medical University, Saitama, Japan) (33). All continuous data were reported as median (interquartile range).

The normality of data was tested using the Shapiro–Wilk test. Continuous variables were compared between each timepoint by means of repeated measures analysis of variance with subsequent pairwise comparisons using the Bonferroni-adjusted paired t-test for normally distributed data or Friedman rank sum test with subsequent pairwise comparisons using the Bonferroni-adjusted Wilcoxon signed rank sum test for non-normally distributed data.

Variability of intra- and inter-observer measurements was quantified by the coefficient of variation (CV), which was calculated using the following formula:
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Intra- and inter-class correlation coefficients (ICC) were also used to evaluate the measurement variability. Low measurement variability was defined as CV <10.0 and ICC > 0.7. Statistical significance was set at P <0.050.




RESULTS


Creating PH Model Dogs

The dogs were administered repeated microsphere infusions for 2.2 ± 1.0, 6.9 ± 3.8, 14.9 ± 5.7, and 50.9 ± 13.1 weeks to meet the definition of sPAP30, sPAP40, sPAP50, and chronic, respectively. The median total dose of microspheres was 1.24 mg/kg (range: 0.93–1.37). There was no significant change in body weight. Two dogs required sedation with butorphanol tartrate and midazolam hydrochloride to perform echocardiography and for taking PAP measurements at each timepoint. None of the dogs showed any clinical symptoms associated with PH, including syncope, dyspnea, lethargy, ascites, and pleural effusion throughout this study protocol.



Hemodynamic Measurements

The hemodynamic data obtained from all seven model dogs were included in the statistical analysis. Table 1 shows the results of hemodynamic parameters in the PH model dogs. With the rise in sPAP, the mean PAP also increased in the sPAP30, sPAP40, sPAP50, and chronic phases compared with the baseline (P = 0.012, P = 0.018, P <0.001, and P = 0.021, respectively) parameters. The diastolic PAP was significantly increased in the sPAP50 and chronic phases compared with the baseline and sPAP30 values (sPAP50: P = 0.003 and P = 0.004, respectively; chronic: P = 0.013 and P = 0.023, respectively). There were no significant changes in systolic, mean, and diastolic systemic arterial pressure and heart rate with increased sPAP.


Table 1. Changes in hemodynamic parameters during the process of creating canine models of chronic embolic pulmonary hypertension.

[image: Table 1]



Echocardiographic Measurements

In this study, the echocardiographic data obtained from all seven model dogs were included in the statistical analysis. All the dogs had mild pulmonary valve regurgitation at baseline, sPAP30, and sPAP40 phases, and that was progressed to moderate at sPAP50 and chronic phases in four dogs (57%). Additionally, three dogs (43%) had mild tricuspid valve regurgitation at each timepoint.

Table 2 shows the results of echocardiographic parameters for RV morphology and function. The PA:Ao value was significantly higher in the sPAP50 phase than the baseline values and those of the sPAP40 phase (P = 0.034 and P = 0.038, respectively). This value was also significantly elevated in the chronic phase compared with those in the baseline, sPAP30, and sPAP40 phases (P = 0.021, P = 0.004, and P = 0.010, respectively). The RVEDA index and RVESA index were significantly increased in the chronic phase compared with those in the sPAP30 phase (P = 0.041 and P = 0.048, respectively). The RVWTd was significantly higher in the sPAP50 phase compared with that in baseline phase (P = 0.042). This value was also significantly elevated in the chronic phase compared with those in the baseline and sPAP30 phases (P = 0.002 and P = 0.047, respectively). The TAPSEn and RV MPI were significantly worse in the chronic phase compared with the baseline values (P = 0.008 and P = 0.003, respectively). The RV SV was significantly higher in the chronic phase compared with that in the sPAP30 phase (P = 0.016), whereas, RV FACn, RV s', and RV CO showed no significant changes with increased sPAP.


Table 2. Changes in echocardiographic parameters during the process of creating canine models of chronic embolic pulmonary hypertension.
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The results of 2D-STE indices are summarized in Figures 2, 3. The RV-SL3seg and RV-SL6seg were significantly decreased in the sPAP30 phase compared with the baseline values (P = 0.047 and P = 0.040, respectively). Additionally, RV-SL3seg was significantly lower in the chronic phase compared with those in the baseline, sPAP40, and sPAP50 phases (P = 0.012, P = 0.010, and P = 0.011, respectively) (Figure 2A). However, RV-SL6seg was significantly reduced in the chronic phase compared with those in the baseline and sPAP40 phases (P = 0.047 and P = 0.044, respectively) (Figure 2B). The RV-SrL3seg and RV-SrL6seg were significantly lower in the chronic phase compared with those in the sPAP50 and sPAP40 phases, respectively (P = 0.028 and P = 0.039, respectively) (Figure 3).


[image: Figure 2]
FIGURE 2. Box and whisker plots of the right ventricular longitudinal strain (RV-SL) obtained from two-dimensional speckle tracking echocardiography. The bottom of the box is 25%, the middle line is the median, the top of the box is 75%, and the whiskers represent the range. (A) RV-SL of the right ventricular free wall (RV-SL3seg). (B) RV-SL of the global right ventricle (RV-SL6seg).
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FIGURE 3. Box and whisker plots of the right ventricular longitudinal strain rate (RV-SrL) obtained from two-dimensional speckle tracking echocardiography. The bottom of the box is 25%, the middle line is the median, the top of the box is 75%, and the whiskers represent the range. (A) RV-SrL of the right ventricular free wall (RV-SrL3seg). (B) RV-SrL of the global right ventricle (RV-SrL6seg).




Intra- and Inter-Observer Measurement Variability

The results of intra- and inter-observer measurement variability for the echocardiographic indices assessed in this study are summarized in Table 3. Considering the intra-observer measurement variability, all the echocardiographic parameters showed low measurement variability. Further, all the echocardiographic indices except for RVESA, RV FAC, and RV MPI showed low measurement variability based on CV and ICC.


Table 3. Inter- and intra-observer measurement variability for echocardiographic parameters evaluated in this study.
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DISCUSSION

We created model dogs with chronic pre-capillary PH with moderately increased PAP and substantial right heart remodeling and compared the changes in RV function associated with increased PAP that was measured invasively in conscious dogs. In the acute phase, 2D-STE-derived RV systolic function was temporarily decreased due to the acute rise in PAP; however, it improved with RV hypertrophy; this may be a sign of RV adaptive remodeling. In contrast to the acute phase, RV systolic dysfunction assessed by RV-SL and RV dilatation were observed in the chronic phase of PH, which could be because of RV maladaptive remodeling and myocardial dysfunction.

In this study, certain conventional echocardiographic indices, such as TAPSEn and RV MPI, did not significantly change with increased PAP in the acute phase, although these indices were significantly worse in the chronic phase of PH. Nonetheless, 2D-STE indices showed substantial changes in the acute phase as well as in the chronic phase of PH. Previous studies reported that these conventional echocardiographic indices are affected by angle- and load-dependent limitations (34–36). Furthermore, all the model dogs in our study had echocardiographic evidence of tricuspid valve and pulmonary valve regurgitation; therefore, these volume overloads may prevent the detection of RV dysfunction using conventional indices. In contrast, 2D-STE variables have been used to assess intrinsic RV myocardial function with angle-independency and the low effect of these loading conditions (10). Additionally, considering PH would induce full RV remodeling against RV pressure overload, assessment of the global right ventricular function based on 2D-STE indices may help detect precise RV myocardial function more sensitively than conventional indices. Therefore, 2D-STE indices can be used to detect changes in intrinsic RV systolic function, which cannot be detected using conventional indices.

In the acute phase, RV-SL was significantly reduced in the sPAP30 phase and gradually increased in the sPAP40 and sPAP50 phases. In the sPAP30 phase, all the dogs did not have RV remodeling; therefore, the acute rise in PAP might have induced the imbalance between RV contractility and RV pressure overload (i.e., RV arterial uncoupling caused by increased RV pressure overload). However, RV-SL gradually increased with PAP and RVWTd, which indicates RV adaptive remodeling. In human medicine, RV adaptation remodeling was induced in PH patients through various mechanisms such as neurological activation, inflammation, and altered bioenergetics (19, 37, 38). In this study, the RVWTd gradually increased with the rise in PAP during the process of creating the chronic PH model dogs. Therefore, our results indicate that 2D-STE indices may be highly sensitive to changes that reflect the adaptation in RV myocardial contractility.

There was a significant difference between the 2D-STE-derived RV systolic functional indices of the sPAP50 and the chronic phases, although there was no significant difference in the RV loading condition (sPAP was stable at 50 mmHg). In general, chronic RV pressure overload increases myocardial wall stress, which in turn increases RV wall thickness and contractility to maintain RV CO (6–9). However, the RV myocardial contractility may be unable to cope with the chronic, excessive pressure overload. Our results suggest that RV-SL may reflect the intrinsic RV myocardial contractility, which showed decompensation in the chronic phase. Additionally, myocardial fibrosis might have also affected the results. Several studies have reported the prevalence of RV myocardial fibrosis in patients with PH (39, 40). Furthermore, in human patients with severe heart failure, the 2D-STE-derived RV-SL was reported to have a strong correlation with RV myocardial fibrosis, which could induce RV maladaptive remodeling and subsequent RV myocardial dysfunction (41). Although we have not conducted histopathological examinations in all the model dogs, the changes in RV-SL may also be indicative of RV fibrosis and RV maladaptation with PH progression.

In this study, RV-SL changed more drastically in 3seg than in 6seg in the acute phase, although both indices were significantly decreased in the chronic phase. Considering the interventricular septum when evaluating RV function is a matter of controversy (14, 42). A previous study has reported that RV-SL in the RV free wall is more sensitive to mild RV pressure overload than that in the interventricular septum (14). Our results also suggest that 2D-STE indices in the RV free wall may be more sensitive to increased RV pressure overload than those in the interventricular septum in dogs with moderate RV pressure overload. However, through the current 2D-STE assessment, we could not distinguish between the interventricular septum function of the RV and left ventricular components. Our results may vary in dogs with moderate PH secondary to left heart disease, which might impair the septal left ventricular function. Further studies to assess the precise myocardial function of both ventricles in dogs with PH secondary to left heart disease are expected in the future.

Our study has several limitations. First, the results were obtained from dogs with PH that was experimentally induced by microsphere infusion, which may vary in actual clinical settings or dogs with PH. Additionally, our findings may not be applicable in dogs with PH because of other causes such as left heart disease owing to its different pathophysiology that can increase PAP. Further studies are warranted to evaluate the relationship between echocardiographic indices and invasive PAP in dogs with spontaneous PH. Second, two of the seven dogs were sedated using butorphanol tartrate and midazolam hydrochloride. However, sedation with these agents have minimal effect on cardiovascular function (43). Furthermore, in dogs that required sedation so that hemodynamic measurements could be taken and echocardiography could be performed, these agents were used throughout the study protocol. Thus, sedation would have had minimal effect on our results. Finally, we have evaluated only longitudinal RV strain and strain rate. RV circumferential function would also contribute to RV systolic function in addition to the longitudinal function (30, 44, 45).

In conclusion, our study found that 2D-STE-derived RV-SL was significantly decreased in the sPAP30 phase compared with that in the baseline phase; it gradually increased in the sPAP40 and sPAP50 phases compared with that in the sPAP30 phase and decreased in the chronic phase compared with the baseline and sPAP50 phases. These results suggest that this non-invasive echocardiographic variable may reflect the RV compensative mechanism against PH pathophysiology, which could not be detected by conventional echocardiographic indices for RV function.
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Plasmatic dimethylarginines, asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) are considered biomarkers of endothelial and renal dysfunction, respectively, in humans. We hypothesize that plasmatic concentration of dimethylarginines in dogs with myxomatous mitral valve disease (MMVD) is influenced by heart disease stage. Eighty-five client-owned dogs with MMVD, including 39, 19, and 27 dogs in ACVIM stages B1, B2, and C+D, respectively, and a control group of 11 clinically healthy dogs were enrolled. A prospective, multicentric, case-control study was performed. Each dog underwent a complete clinical examination, arterial blood pressure measurement, thoracic radiography, six-lead standard electrocardiogram, transthoracic echocardiography, CBC, biochemical profile, and urinalysis. Plasmatic concentration of dimethylarginines was determined through high-performance liquid chromatography coupled with tandem mass spectrometry. Median ADMA was significantly increased in dogs of group C+D (2.5 μmol/L [2.1–3.0]) compared to those of group B1 (1.8 μmol/L [1.6–2.3]; p < 0.001) and healthy dogs (1.9 μmol/L [1.7–2.3]; p = 0.02). Median SDMA was significantly increased in dogs of group C+D (0.7 μmol/L [0.5–0.9]) compared to those of groups B1 (0.4 μmol/L [0.3–0.5]; p < 0.001), B2 (0.4 μmol/L [0.3–0.6]; p < 0.01), and the control group (0.4 μmol/L [0.35–0.45]; p = 0.001). In the final multivariable analysis, ADMA and SDMA were significantly associated with left atrium to aorta ratio (p < 0.001), and creatinine (p < 0.001), respectively. Increased plasmatic concentrations of dimethylarginines suggest a possible role as biomarkers of disease severity in dogs with decompensated MMVD.

Keywords: ADMA, canine, heart failure, SDMA, arginine, dimethylarginines


INTRODUCTION

Dimethylarginines (DMAs) are biological products derived by the methylation process of L-arginine. Among them, asymmetric dimethylarginine (ADMA) and its stereoisomer, symmetric dimethylarginine (SDMA), are the most frequently investigated as circulating biomarkers.

Despite their common origin, ADMA and SDMA have different clearance pathways, and consequently, are involved in different pathophysiological processes. Asymmetric dimethylarginine is transported to the kidneys, brain, and liver where it is mainly metabolized by dimethylarginine dimethylaminohydrolase (1) and only a minimal portion is excreted by the kidneys, whereas SDMA is almost completely eliminated through renal excretion (2).

Asymmetric dimethylarginine acts as an endogenous nitric oxide synthase (NOS) inhibitor, impairing nitric oxide (NO) production (3), which is involved in the homeostasis of vascular tone and blood pressure (4). The L-arginine/ADMA ratio has been studied as an index of NO bioavailability and this ratio seems to be reduced in humans with endothelial dysfunction (5). On the contrary, SDMA is not a direct inhibitor of NO production, but competing with L-arginine cellular uptake, it contributes to reducing NOS activity. Symmetric dimethylarginine is mainly considered a marker of renal damage (6), whereas ADMA is considered a biomarker of endothelial dysfunction (5, 7–10). High levels of both ADMA and SDMA are considered risk factors for cardiovascular and renal morbidity and mortality in humans (11).

Myxomatous mitral valve disease (MMVD) is the most common acquired cardiac disease in dogs and can eventually lead to congestive heart failure (CHF). The American College of Veterinary Internal Medicine (ACVIM) has classified MMVD into four main stages of severity based on clinical, radiographic and echocardiographic parameters (12). Symmetric dimethylarginine has been validated both in dogs and cats as a reliable, early and specific biomarker of renal damage, but little information is available about the role of DMAs in canine cardiovascular diseases (13). Increased SDMA concentration has been described in dogs with MMVD according to disease severity, leading to the hypothesis that impaired cardiac function might consequently alter renal activity (14), whereas ADMA has previously been studied in healthy dogs and in dogs with MMVD in the preclinical stages of disease (15, 16). Understanding the role of DMAs in dogs with cardiac disease can be helpful in recognizing potential risk factors. Furthermore, evaluation of DMAs can be an adjunctive and non-invasive diagnostic tool for the identification of early impaired cardiac and/or renal function in these animals. The aim of this study was to evaluate if plasmatic DMA concentrations in dogs with MMVD are influenced by heart disease stage. We hypothesized that plasmatic levels of ADMA and SDMA increase according to the progression of MMVD and that the L-arginine/ADMA ratio decreases in the most advanced stage of disease.



MATERIALS AND METHODS


Study Design and Animals

The protocol of this prospective, multicentric, case-control study was approved by the University of Padua Animal Welfare Ethics Committee (Authorization number 26/2017).

Dogs were prospectively enrolled from September 2017 to September 2019 at the Veterinary Teaching Hospital of the University of Padua and the University of Bologna. All animals were recruited among external or internal cardiological referral cases or dogs evaluated for a health status check-up. After written informed consent was signed by the dog's owner, each animal underwent a complete physical examination, indirect measurement of arterial systemic pressure through high definition oscillometry (VET HDO Monitor MD PRO-it), six-lead standard electrocardiography (Cardioline Touch ECG, Cardioline s.p.a., Trento Italy), survey thoracic radiography, echocardiographic examination, including real-time 2D, M-mode and echo-Doppler evaluation, and blood and urine sampling for CBC and serum biochemistry profile. Urinalysis, including determination of urinary protein to creatinine ratio and urine specific gravity (USG) was also performed.

Small- and medium-sized dogs with body weight (BW) <20 kg, aged over seven years, with a diagnosis of MMVD, and absence of other heart or systemic diseases were enrolled. The severity of MMVD was defined according to the ACVIM guidelines (12). In particular, asymptomatic dogs without radiographic or echocardiographic evidence of cardiac remodeling were considered as stage B1; dogs were considered as stage B2 if diagnostic imaging evidenced cardiac remodeling (i.e., cardiomegaly with left atrial and ventricular enlargement). Symptomatic dogs in which at least one episode of pulmonary edema and/or pleural effusion due to CHF had occurred were considered as stage C; symptomatic dogs with end-stage disease and refractory to standard cardiac treatment were considered as stage D. Due to the few animals classified in stage D of MMVD, these dogs were merged with those in stage C for statistical evaluation (group C+D) (12).

Dogs referred to the cardiology units for general screening or pre-anesthetic evaluation for surgery (i.e., orthopedic or neutering surgery), without any clinical, echocardiographic, and laboratory signs of cardiovascular or systemic diseases were enrolled as the control group.



Cardiac Imaging

Right lateral and dorsoventral or ventrodorsal radiographic views of the thorax were obtained and the vertebral heart score was calculated from the lateral view as previously described (17).

The transthoracic echocardiographic examination was performed by experienced operators (CG, HP, MBT) in awake animals from the right and left parasternal windows using standard views (18). Commercially available ultrasound units (CX50, Philips, Eindhoven, Netherlands and iE33, Philips Healthcare, Monza, Italy), equipped with multi-frequency phased array transducers, were employed with continuous ECG monitoring.

Left ventricle measurements, including the internal diameter of the left ventricle in diastole and systole (LVIDd and LVIDs, respectively) were obtained from the right parasternal window, short-axis view at the level of chordae tendinae using the 2D guided M-mode. The internal diameters of the left ventricle were indexed to the BW using the formula: normalized LVIDd (LVIDd-N) = LVIDd/[BW0.294] and normalized LVIDs (LVIDs-N) = LVIDs/[BW0.315] (19). Left ventricular enlargement was considered for values of LVIDd-N ≥ 1.7. The left atrium (LA) and aortic diameter (Ao) were measured from the right parasternal window using a short-axis view at the level of the aortic root with the 2D method and measurements taken at early diastole. From these variables, the left atrium to aortic root ratio (LA/Ao) was then calculated and LA enlargement was considered for a LA/Ao ≥ 1.6 (20–22). From the left parasternal window, apical four-chamber view, early and late diastolic trans-mitral (MV E and MV A, respectively) and trans-tricuspid (TV E and TV A, respectively) peak diastolic velocities were obtained using pulsed-wave Doppler, placing the sample volume on the ventricular side at the tip of the mitral or tricuspid valve's leaflets, respectively. When systolic regurgitant blood flow was observed on color-flow mapping of the tricuspid valve, tricuspid regurgitation (TR) peak velocity was recorded, trying to adjust the interrogation beam as parallel as possible to the regurgitant jet. A value of TR peak velocity ≥ to 3.4 m/s (corresponding to a systolic pressure gradient ≥ 46 mmHg using the modified Bernoulli equation) was used to diagnose pulmonary hypertension in dogs without obstruction of the right ventricular outflow (23). Pulsed-wave tissue Doppler imaging was studied from the left apical four-chamber view, with the sample gate positioned on the lateral and septal mitral annulus, and, after optimizing the alignment of the ultrasound with right ventricle free wall, on the lateral tricuspid annulus. For each position, we considered measurements of the peak velocity of early diastolic lateral and septal mitral annular motion (LatMV E' and SepMV E', respectively) and of the peak velocity of early diastolic lateral tricuspid annular motion (TV E').

Each echocardiographic variable was measured in triplicate, using the average value for the subsequent statistical analysis.



Laboratory Analysis

Complete blood count and serum biochemical analyses were performed at the laboratories of Veterinary Teaching Hospital of the University of Padua and the University of Bologna within 24 h of blood collection, and urinalysis within 4 h of urine sampling, with dogs fasted for 12 h beforehand. The hematologic parameters were measured using automated analyzers (Advia 120, Hematology System, Siemens, Italy; Advia 2120, Siemens Healthcare Diagnostics, Erlangen, Germany). The biochemical variables and urinary protein to creatinine ratio were evaluated using other automated analyzers (BT1500, Biotecnica, Roma, Italy; AU 480, Beckman Coulter-Olympus, Brea, California, USA). Normal and pathological internal quality controls were performed daily for both analyzers, whereas external control quality was performed once a month.

Urine physical and chemical examinations were performed using a commercial urinalysis stick (DIRUI A10). Then, the USG was determined using a refractometer. Finally, after centrifugation, the urinary sediment was examined.

Blood used for hematological analysis was collected in vacutainer tubes containing K3-EDTA. They were centrifuged at 3,000 rpm for 10 min, then about 0.5 ml of plasma was separated and stored at −20 °C for successive DMA analyses. Plasmatic levels of ADMA, SDMA, and L-arginine were measured simultaneously at the laboratory of University-Hospital of Padua using high-performance liquid chromatography coupled with tandem mass spectrometry (Agilent 1200 Series LC system coupled with an Agilent 6430 triple quadrupole, Palo Alto, CA, USA), as previously described (24, 25). Quantification of N-terminal propeptide of B-type natriuretic peptide (NT-proBNP) was obtained from plasmatic samples by a referring laboratory (IDEXX Laboratories, Leipzig, Germany), through the Cardiopet® NT-proBNP method.



Statistical Analysis

A preliminary analysis was conducted to calculate the minimum sample size necessary to obtain significant results. In particular, the determination of sample size was based on the studies of Nabity et al. (13) and Pedersen et al. (16). Considering a power of the statistical test equal to 80% and a type I error equal to 5%, 11 dogs for each group were adequate to check a standardized difference of 1.27 and 1.30 for SDMA and ADMA, respectively.

The statistical analysis was performed with commercially available statistical software (SAS®, 9.2 SAS Institute Inc; XLStat Addinsoft (2021) – XLSTAT statistical and data analysis solution, Paris, France; and MedCalc Statistical Software, version 19.3.1 – MedCalc Software Ltd., Ostend, Belgium).

Normal distribution of data was assessed using the Shapiro–Wilk's test. As the variables were not normally distributed, the differences among groups were analyzed using a non-parametric approach (Kruskal–Wallis test). Post hoc pairwise comparisons among levels were tested using the Steel–Dwass–Critchlow–Fligner procedure.

Differences in categorical variables, expressed as count data, were tested using the Chi-squared test. The association between clinical, laboratory, and echocardiographic variables with DMAs and L-arginine/ADMA were studied using the Spearman's rank correlation index. The variables showing the most significant correlations were successively evaluated in a multivariable model, to assess their effect on DMAs and L-arginine/ADMA.

Data are expressed as median and interquartile range. An overall p < 0.05 was considered as statistically significant, whereas a p < 0.001 was set for Spearman's correlations.




RESULTS


Study Population

Ninety-six dogs met the inclusion criteria, including 11 (11.5%) control dogs and 85 (88.5%) dogs with MMVD at different stages. Of all enrolled dogs, 49 (51%) were mongrels, followed by nine (9.3%) Cavalier King Charles Spaniels, four (4.1%) Jack Russell Terriers, and four (4.1%) Miniature Pinschers. All less represented breeds are reported in Table 1. Forty-four (45.8%) dogs were females and 52 (54.2%) males. The median (interquartile range) age was 11 years (9–14 years) and the median BW was 9.1 kg (6.7–12.1 kg). Dogs in the control group were younger compared to those of group C+D (p = 0.014).


Table 1. Clinical parameters of the 96 dogs included in the study.
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Among dogs with MMVD, 39 (41%), 19 (20%), and 27 (28%) were classified as B1, B2, and C+D, respectively. Seventy-six dogs (79%) with MMVD had TR, of which 11 (14%) were considered affected by pulmonary hypertension. Among dogs with pulmonary hypertension, one (2.5%), four (21%), and six (22%) were in groups B1, B2, and C+D, respectively. Forty-three (50.5%) dogs with MMVD were receiving some cardiovascular treatment at the time of enrollment (Table 1).



Laboratory and Cardiac Parameters

The results of laboratory analyses are shown in Table 2. The median of blood urea nitrogen (BUN) and creatinine was higher in dogs of group C+D (65 mg/dl [50–116] and 1.4 mg/dl [1.1–1.6], respectively) compared to that of dogs of group B1 (36 mg/dl [32–51] and 1.0 mg/dl [0.8–1.1], respectively; p < 0.001 for both comparisons). The median of BUN was also higher in dogs of group C+D compared to that of control dogs (43 mg/dl [26–50]; p < 0.01) and dogs of group B2 (50 mg/dl [35–58.36]; p = 0.04). The median serum phosphorus was higher in dogs of group C+D (3.9 mg/dl [3.4–5.1]) compared to that of dogs of group B1 (3.4 mg/dl [3.0–4.2]; p = 0.02). The median USG was lower in dogs of group C+D (1,014 [1,012–1,017.5]) compared to that of dogs of groups H (1,029 [1,020–1,044]; p < 0.01), B1 (1,026 [1,018–1,043]; p = 0.02), and B2 (1,028 [1,018–1,038]; p < 0.01).


Table 2. Clinical pathology parameters of 11 clinically healthy dogs (Control) and 85 dogs with myxomatous mitral valve disease grouped in different disease stages according to ACVIM guidelines.
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The median SDMA was higher in dogs of group C+D (0.7 μmol/L [0.5–0.9]) compared to that of dogs of groups B1 (0.4 μmol/L [0.3–0.5]; p < 0.001), B2 (0.4 μmol/L [0.3–0.6]; p < 0.01), and clinically healthy dogs (0.4 μmol/L [0.35–0.45]; p = 0.001). The median ADMA was higher in dogs of group C+D (2.5 μmol/L [2.1–3.0]) compared to that of dogs of group B1 (1.8 μmol/L [1.6–2.3]; p < 0.001) and control group (1.9 μmol/L [1.7–2.3]; p = 0.02), but not to that of group B2 (2.0 μmol/L [1.6–2.4]; p = 0.05). No difference was found for median L-arginine among dogs of the different groups (overall p = 0.59). On the contrary, the median L-arginine/ADMA was lower in dogs of group C+D (41.7 [27.6–46.0]) compared to that of dogs of groups B1 (50.9 [44.2–68.9]; p < 0.001) and B2 (51.9 [39.4–65.9]; p = 0.03), but not to that of the control group (47.2 [37.1–63.0]; p = 0.172).

The median NT-proBNP was higher in dogs of groups B2 (1423 pmol/L [798–3,984]) and C+D (4,062 pmol/L [2,169–5,482]) compared to that of dogs of control group (372 pmol/L [249–529]; p < 0.01 and p < 0.001, respectively) and group B1 (434.5 pmol/L [342.5–584.5]; p = 0.001 and p < 0.001, respectively).

According to the progressive nature of MMVD, radiographic and echocardiographic parameters of cardiac remodeling and dysfunction progressively changed among groups, according to disease severity (Supplementary Table 1).

Both SDMA and ADMA were positively correlated with BUN (r = 0.472 and r = 0.391; p < 0.001 for both correlations) and creatinine (r = 0.604 and r = 0.462; p < 0.001 for both correlations).

Symmetric dimethylarginine was also positively correlated with age (r = 0.426; p < 0.001) and NT-proBNP (r = 0.489; p < 0.001). L-arginine/ADMA was negatively correlated with NT-proBNP (r = −0.414; p < 0.001), BUN (r = −0.438; p < 0.001), and creatinine (r = −0.457; p < 0.001) (Table 3). Symmetric dimethylarginine and ADMA were also positively correlated with the echocardiographic variables LA/Ao (r = 0.449 and r = 0.424; p < 0.001 for both correlations), lateral MV E/E' (r = 0.410 and r = 0.522; p = 0.001 and p < 0.001, respectively), and septal MV E/E' (r = 0.5 and r = 0.478; p < 0.001 and p < 0.001, respectively) (Table 4).


Table 3. Spearman's ranks correlations index between symmetric dimethylarginine (SDMA), asymmetric dimethylarginine (ADMA), L-arginine, L-arginine/ADMA and demographic and clinical pathology parameters obtained from 11 control dogs and 85 dogs with myxomatous mitral valve disease at different disease stages.
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Table 4. Spearman's ranks correlations index between symmetric dimethylarginine (SDMA), asymmetric dimethylarginine (ADMA), L-arginine, L-arginine/ADMA and radiographic and echocardiographic parameters obtained from 11 control dogs and 85 dogs with myxomatous mitral valve disease at different diseases stages.
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In the final multivariable analysis, considering the effect of both creatinine and LA/Ao on DMAs and the L-arginine/ADMA, ADMA was significantly and positively associated with the LA/Ao (R2 = 0.18; p < 0.001) and SDMA with creatinine (R2 = 0.27; p < 0.001) whereas L-arginine/ADMA was nearly significantly and negatively associated with creatinine (p = 0.001) (Table 5).


Table 5. Final multivariable analysis for asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) and L-arginine/ADMA as response variables and LA/Ao and creatinine as explanatory variables.
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DISCUSSION

This study showed an increase of plasmatic DMA's concentration associated with the more advanced stage of MMVD. Indeed, both SDMA and ADMA were higher in dogs with decompensated heart disease (group C+D) when compared to dogs in the preclinical stages of valvular disease and to dogs in the control group. On the contrary, the L-arginine/ADMA was lower in dogs with decompensated MMVD when compared to those with compensated disease. Both ADMA and SDMA were positively correlated with BUN and creatinine, and with the echocardiographic parameters, LA/Ao and both lateral and septal MV E/E'. Finally, in the multivariable analysis evaluating the effect of an echocardiographic (i.e., LA/Ao) and renal (i.e., creatinine) variable, ADMA was more associated with the LA/Ao than creatinine, whereas the SDMA and L-arginine/ADMA showed the opposite result. These findings are similar to those of previous studies showing an increase of ADMA in dogs with experimentally induced CHF (26) but not in animals in the preclinical stages of naturally occurring MMVD (16). However, Cunningham et al. showed that in dogs with naturally occurring CHF, ADMA did not increase if compared to healthy dogs (27). The difference between our results and this latter study is probably due to different sample size of dogs enrolled, methods of classification of MMVD severity (ACVIM guidelines vs. International Small Animal Cardiac Health Council classification), and finally, to the inclusion of either dogs with both MMVD or dilated cardiomyopathy.

It has been shown that in canine myocardial cells the enzymatic activity of dimethylarginine dimethylaminohydrolase, which partly contributes to ADMA accumulation, is reduced in the failing heart (28). Furthermore, ADMA can also be excreted through the kidneys; thus, renal damage might be responsible for ADMA accumulation (29). In humans, the “cardiorenal syndrome” is a well-known pathophysiological mechanism where decreased renal function is the consequence of reduced cardiac output (30). In dogs with decompensated MMVD, the increase of BUN is a common finding, partly due to diuretic treatment used to control clinical signs of CHF, namely prerenal azotemia. However, primary renal damage or renal dysfunction secondary to a cardiac disorder cannot be completely excluded in these animals (31–33). In humans, the presence of chronic kidney disease has been associated with increased ADMA concentration (34). The positive correlation we found between creatinine and ADMA in dogs with MMVD suggests that a reduced renal function can also have an effect on ADMA in the dog. However, results of the multivariable analysis, that evaluated the combined effect of variables of both cardiac and renal function, showed that ADMA is influenced by the LA/Ao, an index of cardiac remodeling due to MMVD, rather than by renal function. Other studies are needed to confirm if ADMA might be related to renal damage in dogs with kidney disease and if it could be predictive of a negative cardiovascular outcome, as demonstrated in humans (35).

In the present study, SDMA was higher in dogs with decompensated MMVD, whereas no difference was found in asymptomatic dogs (i.e., stages B1 and B2). This finding confirms the results of a previous prospective study in which SDMA was correlated with cardiac disease severity and with echocardiographic parameters of left atrio-ventricular dilation (14). Conversely, two other retrospective studies failed to demonstrate a correlation between SDMA and MMVD progression (36, 37). The discrepancy between our study and these latter studies can be explained by differences in study design and laboratory analytical method used to determine SDMA. Our study had a prospective design and we used high-performance liquid chromatography coupled with tandem mass spectrometry, considered a reliable diagnostic tool for measuring DMAs (38), whereas SDMA concentrations were measured through high-throughput immunoassay in previous studies (36, 37). Symmetric dimethylarginine was also positively correlated with laboratory (i.e., NT-proBNP) and echocardiographic (i.e., LA/Ao and lateral and septal MV E/E') indices of cardiac wall stress, remodeling, and dysfunction. In humans, SDMA is correlated with E/E' in patients with chronic CHF and it has been suggested that a prolonged NOS inhibition enhanced myocardial fibrotic processes, potentially modifying myocardial function (39, 40). Previous studies suggested that NT-proBNP is more likely associated with cardiac damage rather than renal injury in both humans and dogs with chronic kidney disease (41, 42). High SDMA concentrations in our dogs with decompensated MMVD were associated with renal function, as confirmed by increased BUN, creatinine, and phosphorus, and decreased USG. However, we cannot discriminate if renal dysfunction was caused by primary renal disease, impaired cardiac function, cardiovascular treatment, or a combination of these causes. The results of this study suggest that cardiorenal syndrome, in particular cardiovascular renal disorders (43), can develop in dogs with decompensated MMVD, whereas the absence of significant increases of BUN, creatinine, and SDMA in dogs with compensated MMVD likely exclude a cardiorenal syndrome in these animals. Thus, our findings confirm that SDMA is a biomarker of renal damage, but it is also likely influenced by heart disease.

The L-arginine/ADMA was significantly lower in dogs with decompensated MMVD compared to those of group B1 and clinically healthy controls. This finding is in contrast with the results of a previous study in which no significant difference was found for L-arginine/ADMA in 43 Cavalier King Charles Spaniels with MMVD at various stages, classified according to a mitral regurgitation quantitative score (44). However, that study found decreased flow mediated dilation, a reference diagnostic method to identify endothelial dysfunction in humans (45). Different results from this study and that of Moesgaard et al. (44) are likely due to differences in number and type of enrolled dogs, various breeds vs. a unique breed, and method of MMVD classification. The L-arginine/ADMA ratio is considered an index of NO bioavailability and, in humans, it is reduced in patients with endothelial dysfunction (46). Endothelial dysfunction can develop early and become progressively severe in both humans and dogs with heart disease (46, 47), but few studies have specifically evaluated endothelial dysfunction in dogs with MMVD (44, 47). The reduced L-arginine/ADMA observed in dogs of this study confirms the presence of endothelial dysfunction in animals with decompensated MMVD. This biomarker was negatively correlated with NT-proBNP and the renal parameters, BUN and creatinine. Renal dysfunction induces an increase of ADMA concentration leading to a decrease of the L-arginine/ADMA, more evident in the advanced stages of MMVD. The association between NT-proBNP and the L-arginine/ADMA has been studied in humans with CHF and it has been correlated with impaired NO production in those patients with endothelial dysfunction (48). Based on the results of our final multivariable analysis, renal dysfunction likely has a greater influence on this parameter compared to heart disease in dogs with MMVD, but further studies are needed to confirm this hypothesis.

One limitation of this study is the smaller sample size of clinically healthy dogs compared to the other groups of dogs, but it was considered appropriate according to our preliminary statistical analysis. Moreover, this group of dogs had a lower median age compared to that of dogs in the more advanced stage of MMVD. Based on a previous study, ADMA could be influenced by breed (15). Specifically, in that study, Pointers showed increased concentrations of ADMA compared to Cairn Terriers and Cavalier King Charles Spaniels. However, it should also be noted that ADMA concentrations were evaluated exclusively in healthy dogs and only in the three aforesaid breeds. Of note, no Pointer was included in our study. Therefore, further data are needed to conclusively clarify a potential breed effect on ADMA concentration.

The presence of renal dysfunction was based on different established laboratory parameters, namely BUN, creatinine, and USG; however, evaluation of the glomerular filtration rate, the standard reference method to evaluate renal dysfunction, was not used. Finally, a cardiovascular treatment effect could not be excluded. However, cardiovascular drugs used for CHF treatment (i.e., diuretics, ACE-I, and nitrovasodilators) did not show any influence on ADMA concentrations in humans (49).

In dogs, diuretic therapy has been shown to impair renal function, leading to an increase of renal parameters. Two studies obtained contrasting results regarding the effect of therapies on SDMA concentrations in dogs with MMVD (36, 37). In the study of Savarese et al. no therapies effect has been shown (36), whereas in the other study increasing doses of furosemide seemed to be associated with an increase of SDMA concentrations. However, the combined analysis of therapy effect with MMVD ACVIM stage did not show any significant result (37). Cardiovascular therapy effect on SDMA in dogs with MMVD is still unclear and, so far, it is not possible to discriminate if the variation of SDMA concentrations is more influenced by cardiovascular drugs effect on glomerular filtration rate, or by the cardiac disease itself. Furthermore, some dogs were referred cases and, occasionally, they were already receiving several different cardiovascular treatments from the referring veterinarian that were not always in agreement with the ACVIM guidelines. Thus, further investigations considering a more standardized dog's population are needed. Finally, the dogs included in the study did not receive a standardized diet, thus an effect of the diet composition on the plasmatic concentration of DMAs cannot be excluded.



CONCLUSION

The results of this study showed an increase of ADMA and SDMA and a reduction of the L-arginine/ADMA in dogs in the more advanced stage of MMVD. Asymmetric dimethylarginine can be considered a biomarker of cardiac and endothelial dysfunction in dogs with decompensated MMVD. However, an impaired renal function might contribute for its increase in these animals. At the same time, SDMA is mainly dependent on renal function but the presence of advanced valvular disease can also influence its concentration.
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Background: Previous studies in humans have confirmed dysregulations of circulating microRNAs (miRNAs) in patients with various cardiovascular diseases. However, studies on circulating miRNAs in dogs with various heart diseases are limited in number. This study aimed to identify significantly dysregulated circulating miRNAs and characterize them as novel biomarkers in dogs with heart diseases.

Materials and Methods: Circulating levels of 11 miRNAs were investigated in serum samples of 82 dogs (72 with heart diseases and 10 healthy dogs) using quantitative reverse transcription-polymerase chain reaction. The results were correlated to clinical data including echocardiographic results and N-terminal pro B-type natriuretic peptide (NT-proBNP) levels.

Results: Upregulation of cfa-miR-130b was observed in dogs with myxomatous mitral valve degeneration (MMVD) stage B, patent ductus arteriosus, and pulmonic stenosis. In dogs with MMVD stage B, cfa-miR-130b was upregulated and correlated with clinical indices. In receiver operating characteristic (ROC) analysis, cfa-miR-130b accurately distinguished dogs with diseases from healthy dogs. We also observed that cfa-miR-375 and cfa-let-7b were upregulated in dogs with concentric cardiac hypertrophy. The cfa-miR-375 was correlated with concentric hypertrophy indices and was an accurate indicator of concentric hypertrophy in ROC analysis.

Conclusions: The miRNAs identified in this study may be used as novel biomarkers and possible candidates for therapeutic targets in various canine heart diseases.

Keywords: microRNA, circulating, dog, canine, heart disease, cardiac hypertrophy, novel biomarker, therapeutic target


INTRODUCTION

MicroRNAs (miRNA) are small, non-coding single-stranded RNAs consisting of 19–24 nucleotides, which form complementary pairs with target mRNAs to inhibit and regulate their expression through translation inhibition or degradation (1). Previous studies have shown that miRNAs are involved in cardiac development and play crucial roles in pathological processes of cardiovascular diseases (2, 3). In humans, altered expressions of miRNAs were reported in various heart diseases (4–6), and circulating miRNAs are increasingly investigated as novel biomarkers in heart diseases because of its stability in peripheral blood (7). In addition, since cardiac hypertrophy is one of the most important pathological response in heart diseases, miRNAs related to cardiac hypertrophy are considered as promising therapeutic targets for various cardiovascular diseases (8, 9).

However, little is known about expressions and role of circulating miRNAs in dogs with naturally occurring heart diseases. To date, several studies have reported dysregulation of circulating miRNAs in dogs with myxomatous mitral valve degeneration (MMVD) (10–13), and no significant change of circulating miRNAs was reported in a previous study in dogs with dilated cardiomyopathy (DCM) (14). However, circulating miRNAs in heart diseases other than MMVD and DCM, such as patent ductus arteriosus (PDA) and pulmonic stenosis (PS), have not been studied in dogs. Moreover, there have been no studies in dogs that have evaluated and characterized the dysregulated miRNAs as novel biomarkers or candidate for therapeutic targets through further analysis with clinical data.

This study aimed to identify significantly dysregulated circulating miRNAs and evaluate them as novel biomarkers in dogs with various heart diseases, and also investigate and characterize circulating miRNAs associated with specific cardiac hypertrophy type.



MATERIALS AND METHODS


Study Design

This study is a retrospective study. In this study, serum levels of 11 candidate miRNAs associated with cardiac hypertrophy in a previous study in dogs (cfa-miR-130b, cfa-miR-346, cfa-let-7b, cfa-miR-30c, cfa-miR-30d, cfa-miR-19b, cfa-miR-425, cfa-let-7g, cfa-miR-151, cfa-miR-375, and cfa-miR-505) were investigated in dogs with various heart diseases using quantitative reverse transcription-polymerase chain reaction (qRT-PCR) (15). The results of qRT-PCR and clinical data including medical records, echocardiographic results, and N-terminal pro B-type natriuretic peptide (NT-proBNP) levels were analyzed together. Bioinformatics analysis was performed on miRNAs with significant results to identify functions and pathways of the target genes.

To investigate different factors related to expression of miRNAs, the dogs included in this study were sub-grouped by two different classifications, classification by disease type and classification by cardiac hypertrophy type, and each classification was analyzed independently (Figure 1).


[image: Figure 1]
FIGURE 1. Study design. Results of qRT-PCR on 11 miRNAs, medical records, echocardiography, and NT-proBNP measurement in 82 dogs were analyzed in this study. To investigate different factors related to expression of miRNAs, the dogs included in this study were sub-grouped by two different classifications, classification by disease type and classification by cardiac hypertrophy type, and each classification was analyzed independently. ACVIM, American College of Veterinary Internal Medicine; miRNA, microRNA; MMVD, myxomatous mitral valve degeneration; NT-proBNP, N-terminal pro B-type natriuretic peptide; PDA, patent ductus arteriosus; PS, pulmonic stenosis; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.




Sample Collection

Stored serum samples of 10 healthy dogs from a previous study were utilized in this study. The previous study was conducted under the supervision of Korea Institute for Advancement of Technology (KIAT) for Regional Specialized Industry Development Program (R&D, R0006046) and approved by KBNP Institutional Animal Care and Use Committee (KBNP 18-01-01). All healthy dogs were confirmed to be healthy in physical examination, complete blood count, serum chemistry, and urinalysis. Stored serum samples of 72 dogs with heart diseases were also retrospectively collected from the Veterinary Medical Teaching Hospital of Konkuk University between July 2014 and January 2019. Informed owner consent was obtained.

The inclusion criteria for dogs with heart diseases were as follows: (1) acquired or congenital heart diseases or (2) cardiac hypertrophy by non-cardiac cause, such as hyperadrenocorticism (HAC). Exclusion criteria were systemic disorders other than HAC. Dogs with heart diseases and concurrent HAC were included in the study because HAC is known to induce cardiac hypertrophy in dogs (16). The diagnoses of MMVD, patent ductus arteriosus (PDA), pulmonic stenosis (PS), and HAC followed the proposed guidelines in dogs, as previously described (17–20). Dogs with MMVD were classified according to the American College of Veterinary Internal Medicine (ACVIM) consensus guidelines as follows (20): stage B included MMVD dogs that had not yet developed clinical signs due to heart failure [stage B1 had no cardiac remodeling or had remodeling not enough to meet the criteria for stage B2, while stage B2 had cardiac enlargement to meet the criteria of murmur intensity ≥ 3/6; ratio of left atrial to aortic diameter (LA/Ao) ≥ 1.7; normalized value of end-diastolic LV internal dimension (LVIDdN) ≥ 1.7; vertebral heart score (VHS) > 10.5], stage C included dogs with present or past clinical signs due to heart failure caused by MMVD, and stage D included dogs with end-stage MMVD that were refractory to standard treatment.



Case Classification

In the classification by disease type, dogs were classified by their diagnosis of heart disease to identify the changes of miRNA in various heart diseases. Dogs with concurrent HAC, those with more than two congenital heart diseases (e.g., tetralogy of Fallot), or those not diagnosed with heart disease were excluded from this classification.

In the classification by cardiac hypertrophy type, dogs were classified into eccentric hypertrophy or concentric hypertrophy groups. Eccentric hypertrophy group was defined as dogs with volume overload heart diseases (e.g., MMVD and PDA) with evidence of increased left ventricle (LV) or left atrium (LA) cavity: LA/Ao > 1.13 or LVIDdN > 1.73 or normalized value of end-systolic LV internal dimension (LVIDsN) > 1.14 (21, 22). Concentric hypertrophy group was defined as dogs with pressure overload heart diseases (e.g., PS and tetralogy of Fallot), or dogs with concentric hypertrophy by non-cardiac cause (e.g., hypertension, HAC) (16, 23, 24) with evidence of increased LV wall thickness: normalized value of end-diastolic interventricular septal thickness (IVSdN) > 0.52 or normalized value of end-diastolic LV free wall thickness (LVPWdN) > 0.53 (22).



Clinical Data and NT-proBNP Measurement

Clinical data including breed, age, sex, body surface area (BSA), heart rate (HR), blood pressure, and cardiovascular medication history were retrieved from medical records. Serum concentration of NT-proBNP was measured by enzyme-linked immunosorbent assay (IDEXX Laboratories Inc., Westbrook, ME, USA).



Echocardiographic Evaluation

Echocardiographic data were obtained from previous medical records. Examinations were performed on conscious unsedated dogs. Standard two-dimensional, spectral, and tissue Doppler echocardiographic examinations were performed in the left and right lateral recumbency with continuous monitoring of electrocardiography (ECG). A high-quality echocardiograph (EPIQ 7 ultrasound system, Philips Medical Systems, Andover, MA, USA) was used.

M-mode measurements of LV were acquired at the chordae tendineae level from the standard right parasternal short axis view. These measurements included IVSd, LVPWd, LVIDs, LVIDd, and fractional shortening (FS). The LV measurements were normalized using body weight (IVSdN, LVPWdN, LVIDsN, and LVIDdN) according to the results of a previous study on regression analysis (22). LV hypertrophy was evaluated by the normalized measurements based on the 95% prediction interval for normal range (22). Calculations of LV volumes (end-diastolic and end-systolic volumes) and ejection fraction (EF) were derived from Teichholz's formula. The end-diastolic volume index (EDVI) and end-systolic volume index (ESVI) were calculated as the following formula: EDVI or ESVI = (end-diastolic volume or end-systolic volume)/BSA. The LA/Ao was calculated from the right parasternal short axis view by using B-mode. Relative wall thickness (RWT) was calculated as an indicator of LV hypertrophy. RWT was measured as the following formula: RWT = (IVSd + LVPWd)/LVIDd (23). The LV mass (LVM) as well as LV mass index (LVMI) were calculated for additional assessment of LV remodeling. The LVM was calculated as the following formula: LVM (g) = 0.8 × (1.04 × (LVIDd + LVPWd + IVSd)3 – (LVIDd)3) + 0.6. The LVMI was calculated as the following formula: LVMI = LVM/BSA (23). Trans-mitral flow was obtained by pulsed-wave Doppler from the left apical four-chamber view to measure the peak velocities of early diastolic wave (E) and late diastolic wave (A). The mitral annular motion velocity of the interventricular septum was obtained from the left apical four-chamber view by pulsed wave tissue Doppler. The peak velocity of the mitral annular motion in systole (S′), early diastole (E′), and late diastole (A′) were measured and the E/E' ratio was calculated. Pulmonary hypertension was tentatively diagnosed when peak tricuspid regurgitation flow gradient was confirmed to be 30–50 mmHg (mild), 50–75 mmHg (moderate), or more than 75 mmHg (severe) (25–27).



RNA Preparation

RNA was extracted from serum samples using the miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany) according to the manufacturer′s protocol. Briefly, 1 ml of QIAzol Lysis Reagent was mixed with 200 μl of serum. Following incubation at room temperature (RT) for 5 min, 3.5 μl of cel-miR-39 working solution (1.6 × 108 copies/μl) was added as an exogenous spike-in to the lysate. RNA precipitation was carried out with 900 μl of 100% ethanol and 200 μl of chloroform in two separate steps. Subsequently, 700 μl of the sample was added to the RNeasy MinElute spin column and was centrifuged at 11,000 g and RT for 15 s. This was followed by washing of the columns with 500 μl of RPE buffer and 700 μl of RWT, centrifugation at 11,000 g and RT for 15 s, and precipitation of RNA with 500 μl of 80% ethanol, consecutively. RNAs were eluted from the columns with 14 μl of RNase-free water.

RNA quantity and integrity were evaluated with nanodrop 1000 Spectrophotometer (Thermo Scientific, Madison, WI, USA), Quant-IT microRNA assay kit by QuantusTM Fluorometer (Promega, Madison, WI, USA), and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). No samples were excluded by low RNA quality.



Quantitative Reverse Transcription-Polymerase Chain Reaction of miRNAs

Extracted RNA (5 μl) was used for cDNA synthesis using miScript II RT Kit (Qiagen), miScript Reverse Transcriptase Mix, 5 × miScript HiSpec Buffer, and 10 × miScript Nucleics Mix. The primers used in this study are shown in Supplementary Table 1. The mixture was incubated for 60 min at 37°C and 5 min at 95°C to inactivate the miScript Reverse transcriptase mix and placed on ice. The cDNA was diluted in RNase-free water (10 μl of cDNA obtained above was mixed with 40 μl of water). The diluted cDNA (5 μl) was preamplified using miScript PreAmp PCR Kit (Qiagen), miScript PreAMP Primer Mix, 5× miScript PreAMP Buffer, HotstarTaq DNA Polymerase, and miScript PreAMP Universal Primer. Cycling conditions were 95°C for 15 min and 12 cycles of 94°C for 30 s and 60°C for 3 min on an ABI 9700 Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA). The PreAmp Product was diluted in RNase-free water (25 μl of cDNA mixed with 475 μl of water).

miScript miRNA PCR array enabled and SYBR Green-based real-time PCR analysis was carried out using QuantStudio 12k Flex PCR system (Applied Biosystems, Darmstadt, Germany). In a 20 μl reaction, 1 μl of preamplified product was mixed with 5 μl of 2× QuantiTect SYBR Green PCR Master Mix, 1 μl of 10× miScript Universal Primer, and 1 μl of 10× miScript Primer Assay. qRT-PCR was performed at 95°C for 15 min; 40 cycles of 94°C for 15 s; 55°C for 30 s; and 70°C for 30 s.

The qRT-PCR assays were done in triplicate with exogenous synthetic spiked-in miRNA across all the samples. Mean threshold cycles (Ct) for the synthetic miRNA and all samples were calculated. Seven endogenous and exogenous genes (SNORD61, SNORD68, SNORD95, SNORD72, SNORD96A, RNU6_2, and cel-miR-39) were selected as candidates for reference gene. In order to select the most suitable gene for internal reference, statistical analysis was performed using NormFinder software (28). According to the statistical algorithm, small nuclear RNA SNORD61 was selected as the most stabilized internal reference miRNA to normalize the cDNA levels of the samples. The Ct values obtained for each miRNA were normalized to the respective SNORD61 Ct value to obtain normalized Ct (ΔCt) values, which were subsequently used for statistical analysis. The ΔΔCt method was used to calculate fold change (FC) (2−ΔΔCt) relative to the healthy group.



Statistical Analysis

The ΔCt values were used for statistical analysis. All data were expressed as mean ± standard deviation. Normal distribution assumption was confirmed using the Kolmogorov-Smirnov test and Anderson-Darling test. For normally distributed values, ordinary one-way ANOVA with Dunnett's multiple comparisons test was used for comparison of each group with the healthy group, and Pearson's correlation was performed to evaluate correlation between miRNA levels and clinical variables. For variables without normal distribution, Kruskal–Wallis test with Dunn's multiple comparisons test and Spearman's correlation were used. Receiver-operating characteristic (ROC) curves were performed to evaluate miRNAs as indicators of diseases. In the correlation test and ROC curve analysis, the log2-transformed FC values were used for relative miRNA expressions. Statistical analysis was performed by using the Prism 9 software (GraphPad Software, San Diego, CA, USA) and the SPSS 25.0 software (SPSS, Inc., Chicago, IL). A p < 0.05 indicated statistical significance. Unsupervised hierarchical clustering of miRNAs was conducted by MultiExperiment Viewer (MeV) software version 4.9.0.




RESULTS


Classification by Disease Type

The classification by disease type included 73 dogs consisting of 10 healthy dogs, 35 dogs with MMVD, 21 dogs with PDA, and seven dogs with PS. In the MMVD group, one dog was in stage B1, seven dogs were in stage B2, 22 dogs were in stage C, and five dogs were in stage D based on the ACVIM consensus guideline. The clinical characteristics, breed distribution, and cardiovascular medication history of dogs included in this classification are shown in Table 1 and Supplementary Tables 2, 3, respectively.


Table 1. Clinical characteristics of dogs included in the classification by disease type.

[image: Table 1]


Circulating miRNA Expression According to Disease Type

The overall expression profiles of 11 miRNAs in each disease group and hierarchical clustering of miRNAs with similar expressions are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Heat map of overall miRNA expression according to disease type. Sample species shown at the top and the miRNA species shown on the right. Unsupervised average link hierarchical clustering of miRNAs with similar expressions using the Euclidean distance measure. Red indicates relatively high expression of miRNA, and green indicates low expression of miRNA. MMVD, myxomatous mitral valve degeneration; PDA, patent ductus arteriosus; PS, pulmonic stenosis.


Compared with the healthy group, cfa-miR-151 was upregulated in the PDA group (FC = 9.00, p < 0.001); cfa-miR-30c was upregulated in the PDA group (FC = 6.53, p = 0.005) and PS group (FC = 8.88, p = 0.032); cfa-miR-130b was upregulated in the MMVD group (FC = 2.79, p = 0.047), PDA group (FC = 4.48, p = 0.001), and PS group (FC = 6.81, p = 0.009); cfa-let-7g was upregulated in the PDA group (FC = 4.83, p = 0.001) and PS group (FC = 7.55, p = 0.034); cfa-miR-30d was upregulated in the PDA group (FC = 5.81, p = 0.014); and cfa-miR-19b was upregulated in the PDA group (FC = 6.27, p = 0.018). The relative expressions of miRNAs in each group compared with the healthy group are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Relative expressions of circulating miRNAs according to disease type. Data were presented as log2 transformed fold change relative to the healthy group (mean and standard deviation). MMVD, myxomatous mitral valve degeneration; PDA, patent ductus arteriosus; PS, pulmonic stenosis. *p < 0.05, **p < 0.01, ***p < 0.001 in Kruskal–Wallis test, p-value adjusted by Dunn's multiple comparison test.


Based on these results, cfa-miR-130b was selected as a candidate for promising common biomarker in various heart diseases.



Expression Profile of cfa-miR-130b in MMVD According to the ACVIM Stage

Although cfa-miR-130b was significantly upregulated in all three disease groups, some low expressions of cfa-miR-130b in MMVD group were observed in the heat map analysis (Figure 2). Therefore, cfa-miR-130b expression according to ACVIM stage was investigated to determine whether it changes according to the disease progression. As a result, cfa-miR-130b was significantly upregulated in stage B (n = 8) while no statistical difference from the healthy group was observed in stage C (n = 22) and stage D (n = 5) (Figure 4).
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FIGURE 4. Relative expression of cfa-miR-130b in MMVD group according to ACVIM stage. Data were presented as log2 transformed fold change relative to the healthy group (mean and standard deviation). The cfa-miR-130b was significantly upregulated in stage B while no statistical difference from healthy group was observed in stage C and D. **p < 0.01, p-value adjusted by Dunn's multiple comparison test. Only dogs in the MMVD group were assigned the ACVIM stage in this study.




Correlation of cfa-miR-130b Level With Clinical Data

The correlation between cfa-miR-130b level and clinical data including medical records, echocardiographic results, and NT-proBNP level was investigated in groups that showed significant dysregulation of cfa-miR-130b compared with the healthy group (MMVD, MMVD stage B, PDA, and PS groups) (Supplementary Table 4). In the MMVD group, mild negative correlation between cfa-miR-130b and age (r = −0.352, p = 0.038) was observed. In the MMVD stage B group, cfa-miR-130b showed strong positive correlation (r > 0.7) with HR (r = 0.755, p = 0.031), NT-proBNP (r = 0.786, p = 0.021), and LA/Ao ratio (r = 0.719, p = 0.045).



ROC Analysis for cfa-miR-130b

To evaluate cfa-miR-130b as a biomarker for various heart diseases, receiver operating characteristic (ROC) curves were analyzed in the groups, which showed significant dysregulation of cfa-miR-130b compared with the healthy group. Accordingly, ROC curves for cfa-miR-130b and NT-proBNP were generated to discriminate dogs with MMVD, MMVD stage B, PDA, and PS from healthy dogs (Figure 5). In all groups, cfa-miR-130b showed optimal area under the curve (AUC > 0.7). In MMVD stage B, PDA, and PS groups, cfa-miR-130b was more accurate than NT-proBNP for discriminating dogs with heart diseases from healthy dogs.


[image: Figure 5]
FIGURE 5. ROC curves for cfa-miR-130b and NT-proBNP to discriminate dogs with MMVD (n = 35) (A), MMVD stage B (n = 8) (B), PDA (n = 21) (C), and PS (n = 7) (D) from healthy dogs (n = 10). AUC, area under curve; MMVD, myxomatous mitral valve degeneration; NT-proBNP, N-terminal pro B-type natriuretic peptide; PDA, patent ductus arteriosus; PS, pulmonic stenosis.





Classification by Cardiac Hypertrophy Type

The classification by cardiac hypertrophy type included 78 dogs consisting of 10 healthy dogs, 53 dogs with eccentric cardiac hypertrophy, and 15 dogs with concentric cardiac hypertrophy. The clinical characteristics of dogs included in this classification are shown in Table 2.


Table 2. Clinical characteristics of dogs included in the classification by cardiac hypertrophy type.

[image: Table 2]


Circulating miRNA Expression According to Cardiac Hypertrophy Type

The expression heat map and hierarchical clustering of 11 miRNAs according to cardiac hypertrophy type are shown in Figure 6.


[image: Figure 6]
FIGURE 6. Heat map of overall miRNA expression according to cardiac hypertrophy type. Sample species shown at the top and the miRNA species shown on the right. Unsupervised average link hierarchical clustering of miRNAs with similar expressions using the Euclidean distance measure. Red indicates relatively high expression of miRNA, and green indicates low expression of miRNA.


Compared with the healthy group, cfa-miR-130b was upregulated in both the eccentric hypertrophy group (FC = 3.10, p = 0.014) and the concentric hypertrophy group (FC = 5.39, p = 0.002), cfa-miR-151 was upregulated in the eccentric hypertrophy group (FC = 4.44, p = 0.020), cfa-let-7b was upregulated in the concentric hypertrophy group (FC = 3.27, p = 0.020), and cfa-miR-375 was upregulated in the concentric hypertrophy group (FC = 1.90, p = 0.038). The relative expressions of miRNAs in each group compared with the healthy group are shown in Figure 7.


[image: Figure 7]
FIGURE 7. Relative expressions of circulating miRNAs according to cardiac hypertrophy type. Data were presented as log2 transformed fold change relative to the healthy group (mean and standard deviation). *p < 0.05, **p < 0.01 in one-way ANOVA among healthy, eccentric hypertrophy, and concentric hypertrophy groups, p-value adjusted by Dunnett's multiple comparison test.


Based on these results, cfa-miR-375 and cfa-let-7b were selected for further analysis to identify specific association with concentric cardiac hypertrophy.



Correlation of cfa-miR-375 and cfa-let-7b Level With Clinical Data

The correlations between selected miRNAs and various clinical indices were analyzed in dogs with heart diseases (Supplementary Table 5). Significant positive correlations were observed between cfa-miR-375 and LV concentric hypertrophy indices, LVPWdN (r = 0.236, p = 0.046) and RWT (r = 0.290, p = 0.014).



ROC Analysis for cfa-miR-375 and cfa-let-7b

ROC curves for cfa-miR-375 and cfa-let-7b were generated to evaluate discriminatory power for distinguishing dogs with concentric cardiac hypertrophy from dogs without concentric cardiac hypertrophy, which included healthy and eccentric cardiac hypertrophy groups (Figure 8). Both cfa-miR-375 and cfa-let-7b were able to distinguish dogs with concentric hypertrophy from dogs without concentric hypertrophy. In particular, cfa-miR-375 was an accurate indicator associated with concentric cardiac hypertrophy (AUC = 0.816).


[image: Figure 8]
FIGURE 8. ROC curves for cfa-miR-375 and cfa-let-7b to distinguish dogs with concentric cardiac hypertrophy from dogs without concentric cardiac hypertrophy.






DISCUSSION

In this study, cfa-miR-130b showed several characteristics as a novel biomarker for various heart diseases. First, upregulation of cfa-miR-130b was detected in MMVD stage B, PDA, and PS groups, which indicates its wide range of applicability as a common biomarker in various heart diseases. Secondly, significant upregulation of cfa-miR-130b was observed in dogs with MMVD stage B, which indicates its suitability as an early diagnostic biomarker. Thirdly, the level of cfa-miR-130b was significantly correlated with HR, NT-proBNP, and LA/Ao in dogs with MMVD stage B, which shows that cfa-miR-130b may be able to represent cardiac status in dogs with early-stage MMVD. Fourthly, in ROC analysis, cfa-miR-130b showed higher sensitivity and specificity than NT-proBNP in MMVD stage B, PDA, and PS groups. However, since no significant changes of cfa-miR-130b level were observed in advanced stages of MMVD (stage C and D), NT-proBNP was a more accurate biomarker than cfa-miR-130b when analyzed in the entire MMVD group. Based on these results, cfa-miR-130b is considered to be a useful biomarker for early detection and monitoring of various heart diseases, and may be more valuable when used in combination with NT-proBNP.

Since cfa-miR-130b was commonly upregulated in various heart diseases regardless of the type of disease or type of cardiac hypertrophy, it may be related to common physiological or pathological changes that can be induced by various heart diseases. In addition, significant upregulation of cfa-miR-130b in MMVD stage B, an early asymptomatic disease state, suggests that the expression of cfa-miR-130b may be associated with early gene response to cardiac stress, which is required for subsequent cardiac hypertrophy, fibrosis, and eventual development of heart failure (29). However, the specific target genes and pathways of cfa-miR-130b were not identified in this study, which remains to be clarified in future studies in dogs.

In a previous study in rats with induced myocardial infarction (30), peroxisome proliferator-activated receptor γ (PPAR-γ) was verified to be the target of miR-130b, and expression of miR-130b was associated with NFκB-mediated cardiac inflammation and TGF-β1-mediated cardiac fibrosis. Similar to this result, a prior study in humans reported that circulating miR-130b regulated expression of PPAR-γ and was related to development of coronary artery disease (31). Meanwhile, miR-130b was also reported to be upregulated in response to hypoxic condition and regulated target gene DDX6 to increase hypoxia-inducible factor 1-alpha, which is a key factor in protection against myocardial ischemic injury (32, 33). Despite the fact that most miRNAs and their targets are known to be highly conserved across different species, conserved miRNAs can exhibit different expression levels or target regulation in different species (34). In addition, it is known that one miRNA can regulate several target genes and have various functions in different conditions (35). Therefore, the target genes and specific pathways of cfa-miR-130b in heart diseases should be identified and validated in further studies in dogs.

In the present study, the upregulation of cfa-miR-130b level was observed only in the MMVD stage B group. Therefore, cfa-miR-130b is considered not to be a reliable biomarker for the entire MMVD group. Similarly, in a previous study in dogs (13), cfa-miR-30b was significantly dysregulated only in MMVD stage B dogs when compared with healthy dogs, although the reason was not discussed in that study. This was an interesting finding, but the reason for the significant dysregulation only in MMVD stage B group is difficult to clarify in this study. The largely different medication history between stage B vs. stage C and D (Supplementary Table 3) may be considered as one of the possible reasons. Further controlled studies are expected to clarify and explain the findings of this study.

Meanwhile, although cfa-miR-375 and cfa-let-7b were significantly associated with concentric cardiac hypertrophy, cfa-let-7b alone seems to be less specific for concentric cardiac hypertrophy than cfa-miR-375. In ROC and correlation analysis, the specificity of cfa-let-7b was lower than that of cfa-miR-375, and no correlation was observed between cfa-let-7b and concentric cardiac hypertrophy indices. In addition, in a previous study (11), cfa-let-7b was upregulated in dogs with MMVD. Therefore, based on the results of the previous and present studies (11), cfa-let-7b is thought to be associated with both eccentric and concentric cardiac hypertrophy in dogs. The reason why significant dysregulation of cfa-let-7b was not observed in MMVD or eccentric hypertrophy group in the present study may be the relatively low sensitivity of cfa-let-7b in heart diseases or the insufficient number of samples in this study.

A previous study in mice reported that let-7b was upregulated by thioredoxin 1 (Trx1) in angiotensin-II (AT-II)-induced cardiac hypertrophy and inhibited AT-II by targeting cyclin D2 (36). The upregulation of Trx1 and downregulation of angiotensinogen, which is a precursor of AT-II, were also reported in mitral valves of MMVD dogs, suggesting that there may be a similar pathway involving cfa-let-7b (11). However, the direct target genes and pathways of cfa-let-7b are not identified in dogs yet.

In contrast to cfa-let-7b, cfa-miR-375 seems to be more specifically related to concentric cardiac hypertrophy based on the results of ROC and correlation analysis in this study. In previous human studies, miR-375 was upregulated in patients with concentric cardiac hypertrophy (37) and downregulated in patients with eccentric cardiac hypertrophy (heart failure with reduced ejection fraction) (38). These expression patterns of miR-375 from human studies are similar to those observed in cfa-miR-375 in this study, although no statistical significance was observed in the eccentric cardiac hypertrophy group. Further research is required to verify the expression and specific role of cfa-miR-375 in dogs with different types of cardiac hypertrophy.

In previous studies in mice (39, 40), inhibition of miR-375 by interleukin-10 administration or anti-miR-375 therapy enhanced cardiac recovery and reduced inflammatory response after myocardial infarction by activation of the PDK-1-AKT pathway. In another study (41), upregulation of miR-375 in P19 cell resulted in inhibition of cell proliferation, increased cell apoptosis, and disruption of cardiomyocyte differentiation through Notch signaling pathway. On the other hand, a contrasting result was also reported in a prior study in humans (42), in which downregulation of miR-375 was observed in myocardial infarction patients and overexpression of miR-375 by mimic-miR-375 prevented hypoxia/reoxygenation-induced cardiac injury by upregulating Nemo-like kinase (NLK) gene.

This study has several limitations. First, the age, breed, sex, and BSA of the healthy dogs could not be matched with the dogs with heart diseases. In this study, only young male beagle dogs were included in the healthy group because those samples were the only available samples that were definitely confirmed to be healthy in our sample archive. Since miRNAs are known to be associated with various physical conditions and diseases (43), and very little is known in dogs, we tried to use samples from definitely healthy dogs without any disease. In previous studies in humans (44–48), several miRNAs have been reported to be associated with age, sex, and racial difference. However, the relationship between those factors and the miRNAs investigated in this study has not been identified in dogs. In this study, negative correlation between age and cfa-miR-130b was observed in the MMVD group. This finding could not be confirmed in healthy dogs because only young dogs were included in the healthy group. In addition, it is difficult to elucidate the cause of this correlation because factors that could affect miRNA expression in the MMVD group such as severity of disease and use of medication were not controlled in this study. Regarding the sex, there were no significant differences between male and female in MMVD stage B, PDA, and PS groups in which cfa-miR-130b showed a significant upregulation (data not shown). However, this also should be investigated in healthy dogs. Therefore, further controlled studies are needed to clarify the association between miRNA expression and age, as well as breed, sex, and BSA.

Secondly, since only one dog with MMVD was in stage B1, the data between stage B1 and B2 could not be compared properly. If the miRNA expressions can differentiate dogs with stage B2 from B1, it will be beneficial for both early diagnosis and treatment of MMVD in dogs. In addition, seven dogs were included in the PS group in this study, which was a relatively small number compared with other groups. Further large-scale studies are expected in the future. Moreover, in order to verify the target genes and potential mechanisms of the miRNAs identified in this study, and to apply them as therapeutic agents, further follow-up studies with miRNA mimics or miRNA inhibitors (anti-miRs) are necessary in dogs with heart diseases (6).

To our knowledge, this is the first study to investigate circulating miRNAs in dogs with various heart diseases to identify and characterize them as novel biomarkers and possible therapeutic targets, according to the disease type and cardiac hypertrophy type. The miRNAs identified in this study may be used as promising novel biomarkers and candidates for therapeutic targets in various canine heart diseases. The results of this study are expected to provide basis for further studies and accelerate the application of new diagnostic and therapeutic approaches for dogs with heart diseases.
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Background: Hypertrophic cardiomyopathy (HCM) has a complex phenotype that is partly explained by genetic variants related to this disease. The serum peptidome profile is a promising approach to define clinically relevant biomarkers. This study aimed to classify peptide patterns in serum samples between cats with sarcomeric gene mutations and normal cats.

Materials and Methods: In the total serum samples from 31 cats, several essential proteins were identified by peptidomics analysis. The 5,946 peptides were differentially expressed in cats with sarcomeric gene mutations compared with cats without mutations.

Results: Our results demonstrated characteristic protein expression in control cats, Maine Coon cats, and Maine Coon cats with gene mutations. In cats with gene mutations, peptide expression profiling showed an association with three peptides, Cytochrome 3a132 (CYP3A132), forkhead box O1 (FOXO1), and ArfGAP, with GTPase domains, ankyrin repeats, and PH domain 2 (AGAP2).

Discussion: The serum peptidome of cats with mutations might provide supporting evidence for the dysregulation of metabolic and structural proteins. Genetic and peptidomics investigations may help elucidate the phenotypic variability of HCM and treatment targets to reduce morbidity and mortality of HCM in cats.

Keywords: feline, hypertrophic cardiomyopathy, myocardial disease, peptidomics analysis, echocardiography


INTRODUCTION

Myocardial disease is the most common genetic heart problem in cats, especially in Maine Coon, Ragdoll, and Persian cats. Hypertrophic cardiomyopathy (HCM) is one of the most common genetic heart problems in cats. HCM is a myocardial disease caused by dominant mutations in genes encoding cardiac sarcomere protein. Many gene polymorphisms, such as MYBPC3-A31P and A74T, have been detected in Maine Coon cats or cats crossbred with Maine Coon cats (1–4). HCM can be characterized by an increase in left ventricular myocardial mass. However, other causes of cardiac hypertrophy, such as hyperthyroidism, systemic hypertension, and aortic stenosis, are the primary differential diagnosis for this disease (5–7).

The complex and dynamic pathophysiological mechanisms surrounding cardiac hypertrophy have focused on many investigations seeking therapeutic strategies (8). Additional studies may involve understanding the risk factors for cardiovascular disease. Many studies have investigated the pathway that plays critical roles in mediating cardiac hypertrophy (9–12). The mechanisms for the effect of testosterone on muscle hypertrophy are not entirely understood. It is known that free testosterone concentrations increase in response to cardiac muscle hypertrophy (13). Previous studies have suggested that testosterone-induced cardiomyocyte hypertrophy is accompanied by increased glucose uptake and glycolysis. In addition, testosterone increased AMPK phosphorylation, which is the crucial pathway in the development of eccentric hypertrophy (14).

Peptide analysis is being increasingly used to identify the protein changes accompanying changes in clinical appearance. Two-dimensional gel electrophoresis coupled with mass spectrometry offers a key advantage of profiling proteins in biological samples. Alterations in the proteome profile determined using two-dimensional gel electrophoresis in conjunction with matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry may explain the mechanistic pathways and identify novel potential biomarkers for the diagnosis and prognosis of HCM in cats. The proteomic data may contribute to understanding the pathogenesis of myocardial remodeling, and the proteins found may be candidate biomarkers for the diagnosis and prognosis of HCM in cats.

The purpose of this study is to provide important information on clinical presentation, protein expression, and genes associated with feline HCM. The detection of HCM with a normal phenotype in the early stage may provide an advantage for the treatment strategies, prognosis, and prevention of HCM in the clinic.



MATERIALS AND METHODS


Animals

This study design is a case-control study. The study protocol was approved by the Ethics Committee, Kasetsart University (ACKU-62-VET-059), and written informed consent from the owners. Thirty-one cats, 17 domestic shorthair cats, and 14 Maine Coon cats were enrolled in this study. The cat underwent a complete physical examination to evaluate the general condition. A complete blood count and serum biochemistry profile were performed for each cat. The cardiovascular system is evaluated by echocardiographic analysis. B-mode and M-mode echocardiography were used to define the left ventricular structure. The thickening of left ventricular wall at diastole phase which more than 6 mm indicated left ventricular hypertrophy (15). Echocardiography images have demonstrated left ventricular hypertrophy, the dynamic obstruction of the left ventricular outflow tract, which are common findings in HCM cats, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Left ventricular wall of HCM cat visualized by two dimensional echocardiography in the (A) short axis view, (B) color flow doppler in long axis view, and (C) the motion mode (M mode) in long axis view. IVS, interventricular septum; LVPW, left ventricular proximal wall; LV, left ventricle; LA, left atrium; AO, aorta.




DNA Sequencing

DNA amplification was performed to detect MYBPC3-A31P and A74T. The PCR product was extracted and purified with FavorPrep GEL/PCR Purification Kit, Taiwan. The purified PCR product was stored at −20°C. The Sanger sequencing method was performed to detect the PCR product's nucleotide with a specific forward and reverse primer. MYBPC3-A31P and A74T polymorphism was detected using Bioedit program and ApE (A plasmid Editor) program.



Analysis of Peptide Patterns by MALDI-TOF MS

The protein concentration in serum was determined by the Lowry method (16). The absorbance at 750 nm (OD750) was measured, and the protein concentration was calculated using the standard curve, plotted between OD750 on Y-axis and BSA concentration (g/ml) on X-axis. The peptides from serum were acidified with 0.1% trifluoroacetic acid to the final concentration of 0.1 mg/ml. The peptides were mixed with MALDI matrix solution (10 mg sinapinic acid in 1 ml of 50% acetonitrile containing 0.1% trifluoroacetic acid), directly spotted onto MALDI target (MTP 384 ground steel, Bruker Daltonik, GmbH), and allowed to dry at room temperature. Maldi-TOF MS spectra were collected using Ultraflex III TOF/TOF (Bruker Daltonik, GmbH) in a positive linear mode with a mass range of 2,000–15,000 Da. Five hundred shots were accumulated with a 50 Hz laser for each sample. MS spectra were analyzed by using flexAnalysis and ClinproTool software (Bruker Daltonik, GmbH), including fingerprint spectra, pseudo-gel view, and principal component analysis (PCA). ACTH fragment 18–39 (human), Insulin oxidized B chain (bovine), Insulin (bovine), Cytochrome C (equine), and Apomyoglobin (equine) were used as external protein calibrations.



Peptidomics Analysis by LC-MS

Peptide solutions were analyzed using an HCTultra PTM Discovery System (Bruker Daltonics Ltd., Germany.) coupled to an UltiMate 3000 LC System (Dionex Ltd., U.K.). Peptides were separated on a nanocolumn (PepSwift monolithic column 100 μm i.d. × 50 mm). Eluent A was 0.1% formic acid, and eluent B was 80% acetonitrile in water containing 0.1% formic acid. Peptide separation was achieved with a linear gradient from 10 to 70% B for 13 min at a flow rate of 300 nl/min, including a regeneration step at 90% B and an equilibration step at 10% B. One run took 20 min. Peptide fragment mass spectra were acquired in data-dependent AutoMS (2) mode with a scan range of 300–1,500 m/z, three averages, and up to 5 precursor ions selected from the MS scan 50–3,000 m/z.

For peptides quantitation, DeCyder MS Differential Analysis software (DeCyderMS, GE Healthcare) was used (17, 18). Acquired LC-MS raw data were converted, and the PepDetect module was used for automated peptide detection, charge state assignments, and quantitation based on the peptide ions signal intensities in MS mode. The analyzed MS/MS data from DeCyderMS were submitted for a database search using the Mascot software (Matrix Science, London, UK) (19). The data were searched against the NCBI database for protein identification. Database interrogation was; taxonomy (Canis lupus amilaris); enzyme (trypsin); variable modifications (carbamidomethyl, oxidation of methionine residues); mass values (monoisotopic); protein mass (unrestricted); peptide mass tolerance (1.2 Da); fragment mass tolerance (± 0.6 Da), peptide charge state (1+, 2+, and 3+) and max missed cleavages. The maximum value of each group was used to determine the presence or absence of each identified protein.

Data normalization and quantification of the changes in peptide abundance between the control and Maine Coon cats were performed and visualized using MultiExperiment Viewer (Mev) software version 4.6.1 (20). Briefly, peptide intensities from the LC-MS analyses were transformed and normalized using a mean central tendency procedure.



Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). The normal distribution of data sets were conducted and then analyzed using one-way analysis of variance (ANOVA), a P < 0.05 was considered statistically significant.




RESULTS

Cats in the control group had the higher trend of age than the Maine Coon group (5.01 vs. 1.97 years, P = 0.065). In addition, there were significant differences by sex and weight between cats in the control and Maine Coon group. General characteristics and echocardiographic parameters for all cats are reported in Table 1. Blood profiles and serum biochemistry are reported in Table 2. Serum biochemistry (BUN/creatinine ratio) showed a statistically significant increase in control groups than cats in the Maine Coon group (P = 0.032). However, the levels of other biochemical profiles such as creatinine and blood urea nitrogen were not significantly different between groups. In addition, the blood profiles such as red blood cell count and hematocrit are not different in the control group vs. the Maine Coon group.


Table 1. Characteristics and echocardiographic variables of cats.

[image: Table 1]


Table 2. Serum biochemistry, red blood cell count, and hematocrit in all cats and each groups (*P < 0.05).

[image: Table 2]

Analysis of the association between Maine Coon cats and genotype at A31P and A74T mutation was performed. Results showed significant differences between 78.57% (n = 11) and 21.43% (n = 3) genotypes for the homozygous wildtype and heterozygous mutation, respectively (Figure 2).


[image: Figure 2]
FIGURE 2. The results of MYBPC3-A31P and A74T polymorphism from genotyping by sequencing. (A) Gel electrophoresis was represented 242 bp of target DNA of MYBPC3 gene in lane 2 and 3. (B) The sanger sequencing result of MYBPC3-A31P was showed in three group including homozygous wild-type (G/G), heterozygous mutation (G/C), and homozygous mutation (C/C). The green arrow pointed 2 peaks of guanine and cytosine and the red arrow pointed of only cytosine. (C) MYBPC3-A74T sequencing result was showed in three group including homozygous wild-type (G/G), heterozygous mutation (G/A), and homozygous mutation (A/A). The blue arrow pointed 2 peaks of guanine and alanine while the yellow arrow represented one peak of alanine.


Three-dimension component analysis showed distinct clusters among the sarcomeric gene mutation, non-mutation cats, and normal control groups. All 31 replicates from each pooled serum sample group exhibited a distinguished cluster from the others, indicating a distinctive peptide profile in each group and demonstrating the uniformity and homogeneity of data within the groups as showed in Figure 3. In the present study, peptidomics analysis showed a total of 5,946 peptides differentially expressed between groups (Figure 4). STITCH version 5.0 was used to determine the protein names and interactions. Results showed that eight peptides were found to be up-regulated in the Maine Coon group including, IQ motif and Sec7 domain 2 (IQSEC2), zinc finger NFX1-type containing 1 (ZNFX1), discs large (Drosophila) homolog-associated protein 1 (DLGAP1), CTS telomere maintenance complex component 1 (CTC1), opiate receptor-like 1 (OPRL1), aryl hydrocarbon receptor nuclear translocator-like (ARNTL), nudix (nucleoside diphosphate linked moiety X)-type motif 16 (NUDT16), and KH domain containing RNA binding signal transduction associated 2 (KHDRBS2). In addition, three peptides were up-regulated in the Maine Coon group with sarcomeric gene mutation containing, cytochrome 3a132 (CYP3A132), forkhead box O1 (FOXO1), and ArfGAP with GTPase domain, ankyrin repeat and PH domain 2 (AGAP2).


[image: Figure 3]
FIGURE 3. Principal component analysis shows Maine Coon cats samples segregate from control cats. A three-dimensional scatterplot plot of non-gene mutation, gene mutation (A31P and A74T), and left ventricular wall hypertrophy cats (LV wall Thickening).



[image: Figure 4]
FIGURE 4. (A) The diagram represents overlap among protein types with 5,946 identified proteins. (B) Protein and drug interaction networks of proteins dominate in sarcomeric gene mutation cats.


The proteins were identified using Gene Ontology Annotation Database. The expression of hepatic markers such as CYP3a132 was investigated in the present study, CYP3a132 has been reported to associate with liver disease in domestic cats (21). In addition, gene mutation cats were associated with specific antioxidant defense changes in a distinct functional group of proteins. The different expression peptides were from a wide range of functional classes and included proteins involved in signal transduction, such as FOXO1. Transcription factor FOXO1 plays an essential role in glucose metabolism, cell cycle progression, apoptosis, and differentiation (22).

Moreover, AGAP2 was another peptide that expressed in the gene mutation Maine Coon cats. AGAP2 seems to be involved in TGFβ1 signaling that could contribute to the progression of hepatic fibrosis, suggesting AGAP2 as a potential new molecular target for liver fibrogenesis (23). Moreover, the peptides of gene mutation in cats were associated with testosterone, analgesic, anticonvulsant, and anticancer drugs, as shown in Figure 4. Verification of expressed protein sequences by LC-MS, the peptides mass peaks were compared among groups (Figure 5).


[image: Figure 5]
FIGURE 5. Protein identification by MALDI-TOF analysis. Mass spectrometry of the protein isolated from the 2D gels of protein extracts of cat serum in domestic shorthair cats (Control), Maine Coon cat, and Maine Coon with sarcomeric gene mutation cats.




DISCUSSION

In this study, the differential peptidomic profiles expressed in Maine Coon cats compared to control cats may provide complementary tools for detecting and evaluating hypertrophic cardiomyopathy. Results showed the protein and drug interaction networks of proteins that dominate in sarcomeric gene mutation cats (Figure 4B). Since diseases are often a consequence of multiple changes in the same pathway or protein complex, the role of proteins in biological systems can be understood with the function of the targeted small molecules or drugs. Chemicals or drugs in the interaction network predicted by STITCH can lead to a better understanding of the potential function of the interacting protein partners. Among the expressed peptides, three peptides were increased in Maine Coon cats with sarcomeric gene mutations compared to nonmutated cats. The findings in our study are consistent with previously reported findings that the proteins involved in glucogenesis and oxidative phosphorylation are closely related to cardiac hypertrophy. The proteins identified in the cat with sarcomeric gene mutations included FOXO1 and CYP3A132. These proteins have an important role in several conditions associated with testosterone and glucose metabolic control. Testosterone has been reported to stimulate glucose metabolism by activating AMP-activated protein kinase (AMPK) and androgen receptor (AR) signaling, which are critical for induction of cardiomyocyte hypertrophy. Our results suggest that inhibiting AMPK and AR may help block glycolysis and cardiomyocyte hypertrophy, similar to the findings in previous reports (14). However, further studies should be performed to confirm this result.

FOXO1 is a transcription factor that modulates cell apoptosis and cell differentiation (24). It has been reported that TGFβ1 regulates the overexpression of FOXO1 as a consequence of inducing cardiac myoblast differentiation to myofibroblasts (25). Thus, FOXO1 may be related to the pathway of cardiac fibrosis and cardiac hypertrophy in Maine Coon cats with sarcomeric protein mutations. Similar to the findings in chronic intermittent hypoxia, FOXO1 induces upregulated expression of an apoptosis-related gene (Bim) and caspase 9, leading to cardiac hypertrophy in obstructive sleep apnea syndrome (26). Furthermore, this finding agrees with previous research showing that the regulation of FOXO1 is correlated with apoptosis-related genes such as Bcl-2 and Bim (27). A report in 2020 revealed that FOXO1 knockdown or deletion reduces cardiac hypertrophy caused by pressure overload (28).

AGAP2 is a GTPase-activating protein associated with numerous signaling pathways, including cell survival, cellular migration, and cell apoptosis. Evidence has shown that AGAP2 regulates profibrotic properties in liver fibrosis via TGFβ1. In addition, elevated AGAP2 acts as a pathological factor of cancer and liver fibrosis (29). According to the results in this study, AGAP2 might be correlated with cardiac fibrosis and hypertrophy in Maine Coon cats with HCM. However, reports linking AGAP2 with cardiac hypertrophy in cats still require further confirmation.

CYP3A132 belongs to the cytochrome P450 3A (CYP3A) family and is normally expressed in the liver (21). A previous study reported that CYP3A132 could be used as a marker for liver fibrosis. CYP3A132 has been found in domestic cats and is related to biotransformation and therapeutic drug metabolism, including that of calcium channel blockers, benzodiazepines, and immunosuppressant drugs (21). Moreover, subclinical liver fibrosis is associated with a history of atrial fibrillation, heart failure, and congestive heart disease (30). CYP3A132 was expressed in Maine Coon cats with sarcomeric gene mutations compared with nonmutated cats. Therefore, CYP3A132 may be used as a marker to detect cardiac hypertrophy in cats. However, further studies are warranted to determine the relationship between these peptides and HCM in cats.

According to the crucial serum biochemistry, thyroxine hormone concentration and feline NT-proBNP plasma concentration should use as a screening tool for cats with subclinical hypertrophic cardiomyopathy (HCM). These factors can influence the inclusion criteria in our study. Unfortunately, in this study, these factors were not measured, which is our study's limitation. However, our study used transthoracic echocardiography to measure left ventricular wall thickness is considered the reliable criteria in classifying HCM as recommended in the ACVIM guidelines (31).



CONCLUSION

The MYBPC3-A31P and A74T mutations had a high frequency in Maine Coon cats. A mutation was associated with the hypertrophic cardiomyopathy phenotype. Peptidomic testing of Maine Coon cats will be a helpful tool for identifying carriers of the mutated gene for myocardial disease in cats. The results from this study may provide important information on clinical presentation, protein expression, and a gene associated with feline HCM.
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Congestive heart failure (CHF) is a life-threatening condition in cats with cardiomyopathy. We hypothesized that myocardial dysfunction may induce progression to CHF pathophysiology in cats with cardiomyopathy. However, no previous studies have evaluated the involvement of myocardial dysfunction in cats with CHF. In this study, we aimed to evaluate the relationship between CHF and myocardial function assessed using two-dimensional speckle-tracking echocardiography (2D-STE). Sixteen client-owned healthy cats and 32 cats with cardiomyopathy were enrolled in this study. Cats were classified into three groups: healthy cats, cardiomyopathy without CHF (CM group), and cardiomyopathy with CHF (CHF group). Left ventricular (LV) longitudinal and circumferential strains (SL and SC, respectively), and right ventricular (RV) SL were measured using 2D-STE. Logistic regression analysis was performed to assess the relationship between CHF and echocardiographic variables, including 2D-STE. Results comparing the healthy cats and CM vs. CHF groups showed that increased left atrial to aortic diameter ratio and decreased LV apical SC were significantly associated with the existence of CHF (odds ratio [95% confidence interval]: 1.40 [1.16–1.78] and 1.59 [1.06–2.36], respectively). Results comparing the CM vs. CHF group showed that increased end-diastolic RV internal dimension and decreased RV SL were significantly associated with the existence of CHF (odds ratio: 1.07 [1.00–1.13] and 1.34 [1.07–1.68], respectively). Left atrial enlargement and depressed LV apical myocardial function may be useful tools for predicting the progression to CHF in cats. Furthermore, RV enlargement and dysfunction may lead to the onset of CHF in asymptomatic cats with cardiomyopathy.

Keywords: cat, feline, heart, hypertrophic cardiomyopathy, myocardial function, restrictive cardiomyopathy, right heart function, strain


INTRODUCTION

Congestive heart failure (CHF) is a life-threatening condition in cats with heart disease (1). In veterinary medicine, hypertrophic cardiomyopathy (HCM) and restrictive cardiomyopathy (RCM) are common heart diseases that progress to CHF in cats (2). Both diseases are thought to be primarily caused by myocardial lesions, and may involve deterioration of myocardial function. We hypothesized that myocardial dysfunction may lead to increased left ventricular (LV) filling pressure and thereby induce progression to CHF pathophysiology. However, no previous studies have evaluated the involvement of myocardial dysfunction in cats with CHF.

Currently, some echocardiographic parameters have been used to evaluate disease progression in cats with cardiomyopathy, as well as to detect CHF pathophysiology (1, 3–5). However, most conventional echocardiographic parameters may be affected by loading conditions, heart rate, and technical limitations (such as Doppler angle limitation), which may inhibit the early detection of CHF (5). Recently, two-dimensional speckle-tracking echocardiography (2D-STE) has enabled the quantitative assessment of intrinsic myocardial function, and has been reported for myocardial assessment in feline patients (6–12). However, no previous studies have evaluated the relationship between variables of myocardial function using the 2D-STE and CHF. We consider that the 2D-STE technique may provide detailed myocardial functional parameters, and that these novel variables may be useful for detecting CHF in the early stage.

In this study, we hypothesized that 2D-STE-determined myocardial function would be associated with the presence of CHF. We aimed to evaluate the relationship between the existence of CHF and myocardial function assessed by 2D-STE in cats with cardiomyopathy, with and without CHF.



MATERIALS AND METHODS

This was a hypothesis-driven, prospective, cross-sectional clinical study. All procedures in this study followed the Guidelines for University Hospital Animal Care of Nippon Veterinary and Life Science University in Japan, and were approved by the ethical committee of our institute (approval number: R2-4).


Animals

Forty-eight client-owned cats (with cardiomyopathy: n = 32; healthy cats: n = 16). All cats underwent complete physical examination, electrocardiography, thoracic radiography, blood pressure measurement, and transthoracic echocardiography. Cats were classified into three groups: healthy cats, cardiomyopathy without CHF (CM group), and cardiomyopathy with CHF (CHF group). The healthy cats included cats with no abnormal findings as assessed by the aforementioned examinations. None of the cats were on medication or had a history of clinical signs of heart disease. The CM group included cats clinically diagnosed with HCM or RCM. We diagnosed HCM with echocardiographic evidence of LV hypertrophy and the absence of other diseases known to cause LV hypertrophy. Echocardiographic LV hypertrophy was judged if the LV wall thickness at end-diastole was 6 mm or more, as measured on B-mode echocardiography. LV thickness was measured from the short-axis view, and the mean values of the thickest segment obtained in three consecutive cardiac cycles were used (12). We diagnosed RCM with echocardiographic evidence of left atrial or bi-atrial enlargement and a prominent endomyocardial scar that bridges the interventricular septum and LV free wall. Left atrial enlargement was defined as a left atrial to aortic diameter ratio (LA/Ao) greater than 1.5, obtained from the right parasternal short-axis view, using B-mode echocardiography (13). Right atrial enlargement was judged on the right parasternal long-axis view according to previously published allometric scaling reference intervals (14). Endomyocardial scar findings were macroscopically assessed by B-mode echocardiography. A restricted pattern of LV inflow in cats with RCM was not required because the fusion of E and A waves may prevent detection.

To exclude other forms of feline cardiomyopathy (2), we checked for normal or near-normal LV systolic function, according to previously published allometric scaling reference intervals (15). We excluded cats that had systolic blood pressure >160 mmHg (non-invasive oscillometric method), or systemic or other cardiovascular diseases, including dehydration and myocarditis.

The CHF group included cats that had at least one echocardiographic or radiographic finding providing evidence of left heart failure, such as pulmonary edema, pleural effusion, and the associated clinical signs. Cats with tricuspid regurgitation >2.7 m/s were diagnosed as having pulmonary hypertension (5, 11).



Echocardiography

Standard 2D and Doppler examinations were performed by a single trained investigator (RS) using a Vivid E95 echocardiography scanner (GE Healthcare) and a 12S transducer (GE Healthcare). Lead II ECG was recorded simultaneously and was displayed on the images. All echocardiographic data were obtained from at least five consecutive cardiac cycles in sinus rhythm in non-sedated cats that were manually restrained in the right and left lateral recumbent positions. Echocardiographic images were analyzed by a single observer (HK) on a separate day from the examination, using an offline workstation (EchoPAC PC, Version 204, GE Healthcare). LA/Ao, end-diastolic interventricular septal thickness, end-diastolic LV free-wall thickness, end-diastolic LV internal diameter (LVIDd), end-systolic LV internal diameter, and fractional shortening (FS) were measured from the right parasternal short-axis view at the level of the chordae tendineae level. Trans-mitral inflow was obtained from the left apical four-chamber view using the pulsed wave Doppler method, and the peak velocity of the early diastolic wave (E-wave) and peak velocity of the late diastolic wave (A-wave) were measured. The E-wave to A-wave ratio (E/A) was also evaluated. In cats whose E and A waves were fused, these values were not used. The end-diastolic right ventricular (RV) internal dimension (RVIDd), end-diastolic RV free wall thickness (RVFWd), and tricuspid annulus plane systolic excursion (TAPSE) were measured using B-mode echocardiography from the left apical four-chamber view modified for right heart measurement (14, 15). The right atrial diameter was measured using the B-mode echocardiography from the mid-point of the interatrial septum to the right atrial lateral wall in the cranial–caudal plane and parallel to the tricuspid valve annulus at end-systole (15). The acceleration-time-to-ejection-time ratio of the pulmonary artery was also calculated from the right parasternal short-axis view of the LV (3). Systolic and early diastolic myocardial velocity of the septal mitral annulus (s' and e', respectively) and the lateral tricuspid annulus (RV s' and RV e', respectively) were obtained by pulsed wave, based on the tissue Doppler method, from the left apical four-chamber view and the left apical four-chamber view modified for right heart measurement (16). Trans-mitral E-wave velocity to early diastolic myocardial velocity of the septal mitral annulus ratio (E/e') was also evaluated. For all analyses, the mean values of three consecutive cardiac cycles from high-quality images were used.



Two-Dimensional Speckle Tracking Echocardiography

High-quality images for 2D-STE analysis were carefully obtained by the same investigator (RS) using the same echocardiographic system and the same transducer. To evaluate LV myocardial deformations, a right parasternal short-axis view of the left ventricle at the papillary muscles, mitral valve, and apical level of the left ventricle (PM, MV and AP, respectively) and a left apical four-chamber view were obtained in this study. A left apical four-chamber view modified for right heart measurement was also obtained to analyze the right myocardial deformations (11). We measured the peak global strain in the longitudinal and circumferential directions (SL and SC, respectively), which were measured at both ventricles (LV-SL and RV-SL, respectively) (11). For RV deformations, we assessed only the RV lateral wall segments. SC was measured at the papillary muscle, mitral valve, and apical levels of the left ventricle (SC-PM, SC-MV, and SC-AP, respectively) (9, 17). The observer variability of 2D-STE analysis in our laboratory has been described in our previous studies (6, 8, 9, 11). All 2D-STE analyses were performed on a separate day from the examination by a single trained observer (HK) using an offline EchoPAC workstation. The outline of the feline 2D-STE analysis has been described previously (6–9, 12). The mean values of the measurements from three consecutive cardiac cycles from high-quality images were used in all analyses.



Statistical Analysis

Data are reported as median and interquartile range. Statistical analyses were performed using commercially available software (R 2.8.1; https://www.r-project.org/). The normality of the data distribution was tested using the Shapiro–Wilk test. Continuous variables were compared among groups using one-way analysis of variance or the Kruskal–Wallis test, whichever was appropriate. When a statistically significant difference was detected among the three groups, multiple comparisons were performed using the Steel–Dwass test or Tukey's post-hoc test. Logistic regression analysis was used to evaluate the relationship between the existence of CHF and echocardiographic indices (healthy cats + CM vs. CHF group, CM vs. CHF group). Variables with P < 0.15 in the univariate models, were included in the multivariate models. Receiver operating characteristic (ROC) curve analysis was performed to assess the diagnostic accuracy of each variable, to detect the presence of CHF. The area under the ROC curve (AUC) was used as a summary measure for diagnostic accuracy and was reported with 95% confidence intervals (CIs). Diagnostic cutoffs for each variable were chosen based on the highest of various combinations of sensitivity and specificity, using Youden's index (18). Multivariable ROC analysis was performed using the variables that were significant (P < 0.05) in the univariate ROC analysis to identify the combination of variables that best detected the presence of CHF. The AUC was reported with 95% CIs, and was considered to have high accuracy if it was > 0.9, moderate accuracy if it was 0.7–0.9, and low accuracy if it was 0.5–0.7. For this purpose, different submodels were tested against the full model by taking one submodel at a time as a reference model. The significance level was set at P < 0.05.




RESULTS


Demographic Data

The demographic data and results of the physical examinations are summarized in Table 1. The CM group included 18 HCM cats and one RCM cat, and there were no cats with pulmonary hypertension. The CHF group included four HCM cats and nine RCM cats, and there were four cats with pulmonary hypertension (P < 0.01).


Table 1. Clinical characteristics in cats with cardiomyopathy and healthy controls.
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Echocardiography

Echocardiographic variables are summarized in Table 2. FS was significantly lower in the CM and CHF groups than in the healthy cats (P < 0.05). E/e' was significantly higher in the CM and CHF groups than in the healthy cats (P < 0.05). LA/Ao, E/A, right atrial diameter, RVIDd, and RVFWd were significantly higher in the CHF group than in the healthy cats (P < 0.05). TAPSE and RV s' were significantly decreased in the CHF group as compared to the healthy cats (P < 0.05). LA/Ao, LVIDd, and E/A were significantly higher in the CHF group than in the CM group (P < 0.05). TAPSE was significantly lower in the CHF group than in the CM group (P < 0.05).


Table 2. Results of conventional echocardiographic indices in cats with cardiomyopathy and healthy controls.
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Two-Dimensional Speckle Tracking Echocardiography

The results of the 2D-STE variables are summarized in Table 3 and Figure 1. LV-SL (Figure 1A) and LV-SC AP (Figure 1E) were significantly decreased in the CM and CHF groups as compared to the healthy cats (P < 0.05). LV-SC PM (Figure 1C) was significantly lower in the CM group than in the healthy cats (P < 0.05). RV-SL (Figure 1B) was significantly decreased in the healthy cats and CM groups as compared to that in the CHF group (P < 0.05).


Table 3. Significant variables in the logistic regression analysis.
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FIGURE 1. Box and whisker plots of two-dimensional speckle tracking echocardiography indices in cats with cardiomyopathy. (A) left ventricular longitudinal strain (LV-SL), (B) right ventricular longitudinal strain (RV-SL), (C) left ventricular circumferential strain (LV-SC) at the papillary muscles level of the left ventricle (PM), (D) LV-SC at the mitral valve level of the left ventricle (MV), and (E) LV-SC at the apical level of the left ventricle AP, respectively. *The value is significantly different between groups (P < 0.05).




Logistic Regression Analysis

The significant variables in the logistic regression analysis are summarized in Table 3. Logistic regression analysis in the healthy cats + CM vs. CHF group showed a significant difference in terms LA/Ao, RVIDd, LV-SC AP, and RV-SL in univariate analysis (P < 0.01). LA/Ao and LV-SC AP also showed significant differences in multivariate analysis (P < 0.01 and P = 0.02, respectively). Logistic regression analysis in the CM vs. CHF group showed a significant difference in LVIDd, RVIDd, LV-SC AP, and RV-SL in univariate analysis (P = 0.02, P = 0.01, P = 0.03, and P < 0.01, respectively). RVIDd and RV-SL also showed significant differences in multivariate analysis (P = 0.01).

The results obtained by using the ROC curve for variables that were significant in the logistic regression analysis are summarized in Table 4. In the healthy cats + CM vs. CHF group showed high AUC, sensitivity, and specificity in LA/Ao, RVIDd, LV-SC AP, and RV-SL. The ROC curve for the CM vs. CHF group showed a significantly high AUC, sensitivity, and specificity for LVIDd, RVIDd, LV-SC AP, and RV-SL.


Table 4. Results of receiver operating characteristic curves of the significant variables in the logistic regression analysis.
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DISCUSSION

Our study demonstrated that some echocardiographic parameters, including myocardial strain assessed by 2D-STE, are useful for detecting CHF in cats. Specifically, LA/Ao and LV-SC AP derived by 2D-STE may be associated with the progression of CHF in apparently healthy cats. Furthermore, RVIDd and RV-SL derived by 2D-STE might lead to CHF onset in asymptomatic cats with cardiomyopathy. The ROC curves revealed that these parameters had a high AUC with sufficient sensitivity and specificity. We concluded that evaluation of 2D-STE-derived myocardial strain in addition to conventional parameters showed a significant association with the existence of CHF in cats and may be useful tools for the early detection of CHF in these cats.

In this study, left atrial enlargement measured by LA/Ao was significantly higher in the CHF group and performed well in supporting the diagnosis of CHF. Our results agreed with those of previous studies that have reported that LA/Ao is a significant predictor and prognostic indicator of the development of CHF in cats (4, 19, 20). Left atrial enlargement is currently considered a morphophysiological expression of LV diastolic dysfunction, with increasing left atrial size corresponding to progressively worse LV diastolic function and atrial hypertension (21, 22). The higher LA/Ao values observed in the CHF groups in this study reflect diastolic dysfunction that is attributable to cardiomyopathy and increased left atrial pressure, due to congestion pathophysiology. Left atrial enlargement measured by LA/Ao will continue to be a simple and readily available echocardiographic finding that determines the severity of the increase in left atrial pressure and supports the clinical diagnosis of left-sided CHF.

In addition to the left atrium parameter, LV myocardial circumferential strain measured by LV-SC AP was lower in the CHF group than in the CM group. In addition, logistic regression analysis comparing healthy cats + CM vs. CHF revealed that LA enlargement and depressed LV apical myocardial function may be associated with the progression to CHF in apparently healthy cats. Circumferential deformations play an important role in cardiac pump function in humans and dogs with various heart diseases (23–25), and LV myocardial contractions that are impaired in the longitudinal direction are compensated for by circumferential shortening in subclinical patients with cardiovascular risk factors (26). Previous studies on cats have demonstrated that longitudinal strain had already deteriorated in the early stages of cardiomyopathy in cats (11, 12), and circumferential deformations differ according to myocardial compensation. In our results, circumferential deformations differed among LV levels (AP, PM, MV). Apical deformation was lower in cats with cardiomyopathy. Apical deformations have been reported as a major factor in torsion and relaxation of the entire left ventricle (9) thus, early myocardial dysfunction may occur at the apical level of circumferential deformations. The depressed LV-SC AP variables observed in this study may reflect myocardial dysfunction in decompensated patients and may lead to CHF development in these cats. In addition to LA enlargement, decreased LV-SC AP may be a useful tool for detecting CHF in cats.

In the present study, significant findings were also observed in RV echocardiographic indices. Furthermore, a comparison between the CM and CHF groups revealed that RV enlargement and dysfunction might lead to CHF onset in asymptomatic cats with cardiomyopathy. In humans, RV assessment has been shown to have a clinically relevant impact on predicting clinical status and outcome in a variety of cardiovascular diseases (27–31). In veterinary medicine, RV dysfunction has been shown to be a prognostic factor in dogs with arrhythmogenic RV cardiomyopathy and myxomatous mitral valve disease (32, 33). In the present study, RV-SL measured by 2D-STE, which may allow for a more detailed evaluation of myocardial function, showed no significant change in the CM group, but was decreased in the CHF group as compared with the healthy cats. Previous reports have shown no significant differences in RV-SL between asymptomatic HCM cats and healthy cats (10), which was in agreement with our study. The results of cats with CHF suggest that more extensive cardiomyopathy-associated lesions may develop in the right as well as in the left ventricle, and/or that pulmonary hypertension due to pulmonary venous congestion might affect RV function, particularly in cats with advanced stages of heart failure (i.e., CHF condition). A previous case report on RCM demonstrated that RV-SL decreased with the progression of the clinical course of RCM, although it did not decrease in the early stage of this disease (34). Additionally, it has also been reported that, in human HCM patients, a decrease in RV-SL is associated with the development of CHF (35). Therefore, our results suggest that RV dysfunction might occur in cats with CHF and that decreased RV-SL may be a predictor of CHF development in cats with cardiomyopathy.

In this study, RV dilatation, as assessed by RVIDd, showed a significant association with the presence of CHF. We previously described the RV adaptation mechanism during the progression of pulmonary hypertension, which would induce RV dilatation to maintain cardiac output (36). Only cats with CHF showed significant RV dysfunction and dilatation in our study population, suggesting that the RV adaptation mechanism might be decompensated in these cats. Therefore, our results suggest that RV dilatation, as assessed by RVIDd, as well as decreased RV-SL might provide additional information for CHF development in cats with cardiomyopathy.

This study had several limitations. First, because it was a non-invasive clinical investigation, we had no access to histopathological findings to make a definitive diagnosis and assess myocardial histopathological alterations. Second, we could not consider the influence of medication on the values assessed by 2D-STE. Because cats with CHF showed signs of heart failure, some cats had received drugs that could affect myocardial performance prior to examination. However, medication-controlled cats in the CHF group had the worst myocardial function in this study. Third, the small number of cats in our study may have influenced the statistical power and limited extrapolation of our findings to larger populations. Fourth, recent study has reported that the ratio of pulmonary veins to pulmonary artery might be useful for the detection of cats with CHF (37). Unfortunately, we could not have evaluated the variable due to the lack of appropriate echocardiographic data to measure the variables in this study. The relationship between the variables and the presence of CHF should be compared in the future. Finally, this was a cross-sectional study and included cases with different types of cardiomyopathy and pulmonary hypertension. These confounding factors may influence interpretation of our results.

In conclusion, logistic regression analysis comparing healthy cats + CM vs. CHF revealed that left atrial enlargement and depressed LV apical myocardial function may be associated with the progression from subclinical patients to CHF. Furthermore, a comparison between the CM and CHF groups revealed that RV enlargement and dysfunction might lead to CHF onset in asymptomatic cats with cardiomyopathy. Additionally, the receiver operating characteristic curves revealed that LA/Ao, RVIDd, and 2D-STE-derived apical LV-SC and RV-SL had a high AUC in ROC curve analysis, with sufficient sensitivity and specificity for indicating the presence of CHF. Thus, 2D-STE-derived myocardial strain showed a significant association with the existence of CHF in cats and may therefore be a useful tool for the early detection of CHF in cats with cardiomyopathy. Nevertheless, further studies with larger sample sizes are required to verify our findings.
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2D-STE, two-dimensional speckle tracking echocardiography; AP, apical level of the left ventricle; AUC, area under the receiver operating characteristic curve; A-wave, peak velocity of the late diastolic wave; CHF, congestive heart failure; Cis, confidence intervals; E/A, E-wave to A-wave ratio; E/e', trans-mitral E-wave velocity to early diastolic myocardial velocity of the septal mitral annulus ratio; e', early diastolic myocardial velocity of the septal mitral annulus; E-wave, peak velocity of the early diastolic wave; FS, fractional shortening; HCM, hypertrophic cardiomyopathy; LA/Ao, left atrium to aortic diameter ratio; LV, left ventricular; LVIDd, end-diastolic LV internal diameter; MV, mitral valve level of the left ventricle; PM, papillary muscle level of the left ventricle; RCM, restrictive cardiomyopathy; ROC, receiver operating characteristic; RV, right ventricular; RV e', early-diastolic myocardial velocity of the lateral tricuspid annulus; RV s', systolic myocardial velocity of the lateral tricuspid annulus; RVFWd, end-diastolic RV free wall thickness; RVIDd, end-diastolic right ventricular internal dimension; s', systolic myocardial velocity of the septal mitral annulus; SC, circumferential strain; SL, longitudinal strain; TAPSE, tricuspid annulus plane systolic excursion.
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Background: Pulmonary arterial wave reflection provides novel information about pulmonary artery hemodynamics in pulmonary hypertension (PH). PH is common in dogs with myxomatous mitral valve disease (MMVD), though research examining the relationship between pulmonary arterial wave reflection and MMVD with PH is lacking.

Hypothesis/Objective: This study investigated conventional echocardiographic parameters and pulmonary artery wave reflection parameters before and after mitral valvuloplasty in canine patients with PH due to MMVD. The parameters were backward pressure (Pb), forward pressure (Pf), and the reflection coefficient calculated as the ratio of peak Pb to peak Pf (RC).

Animals: The study subjects were 10 client-owned dogs receiving mitral valvuloplasty for MMVD with PH.

Methods: Conventional echocardiographic parameters and pulmonary artery wave reflection parameters were measured before and after mitral valvuloplasty. The relationships between pulmonary artery wave reflection parameters and echocardiographic parameters, estimation of pulmonary artery systolic pressure, and right atrium pressure (RAP) gained by catheter in mitral valvuloplasty were also investigated. Post-operative echocardiography and the measurement of pulmonary arterial wave reflection were performed 2 weeks after mitral valvuloplasty.

Results: The parameters of normalized left ventricular internal diameter at end-diastole (LVIDDN), E velocity, and the estimation of pulmonary artery systolic pressure were significantly reduced post-operatively compared with baseline measurements (p < 0.05). Post-operative Pb decreased significantly compared with pre-operative measurements (8.8 ± 5.9 to 5.0 ± 3.2 mmHg, p = 0.037) as did RC (0.37 ± 0.15 to 0.22 ± 0.11, p < 0.01). A statistically significant positive correlation existed between wave reflection parameters and RAP, an estimation of pulmonary artery systolic pressure.

Conclusions: Results demonstrate that mitral valvuloplasty can be used to treat secondary PH caused by MMVD, resulting in the improvement of post-operative echocardiographic and wave reflection parameters and a decrease in the right afterload. In some patients, some degree of vascular admittance mismatch persisted, despite the improvement of left atrial pressure. This may be indicative of residual pulmonary arterial disease, which may continue to adversely affect interactions between the right ventricle and the vasculature.

Keywords: mitral valvuloplasty, pulmonary artery wave reflection, wave separation analysis, pulmonary hypertension, non-invasive methods of measurement


INTRODUCTION

Myxomatous mitral valve degeneration (MMVD) is the most common heart disease in dogs, with severe MMVD causing congestive heart failure, resulting in death within a year (1, 2). Medical treatment has been shown to improve the clinical conditions and prolong the lifespan of dogs with congestive heart failure, as demonstrated in several clinical trials and studies in recent years (3). As medical treatment for MMVD with cardiovascular drugs is palliative, however, MMVD is progressive and the prognosis is poor (2). In addition, persistent increasing left atrial pressure can cause pulmonary hypertension (PH) (4, 5). PH generated from left heart failure is classified into either reactive post-capillary-PH [pulmonary vascular resistance (PVR) ≥2.5 wood units (WU), and transpulmonary pressure gradient (TPPG) >12 mmHg] and passive post-capillary-PH (PVR ≥2.5 WU and TPPG ≤ 12 mmHg) (6–8). Reactive post-capillary-PH is caused by a chronic increase in pulmonary artery pressure, which involves physiologically active substances such as Endothelin-1, and the remodeling of pulmonary artery blood vessels (9, 10). Reactive post-capillary-PH is considered to have a poor prognosis; despite improvements in left atrial pressure through surgery and drug therapy, pulmonary artery pressure is not improved (10–13). Thus, it is very important to detect reactive post-capillary-PH. In human medicine, surgical mitral valvuloplasty (MVP) and valve replacement are performed to radically treat PH caused by left heart failure (14–18). In small animal medicine, MVP is often selected in consideration of the need for permanent antithrombotic therapy and biocompatibility (19). Although the treatment results of mitral valve reconstruction have improved, the prognosis after MVP is poor in cases with reactive post-capillary-PH in which remodeling occurs in the pulmonary artery. Therefore, assessing the pathophysiology of pulmonary hypertension is very important. In recent years, several studies have reported that pulmonary arterial wave reflection may provide additional information about right ventricular afterload and can be a useful indicator in assessing the pathophysiology of pulmonary hypertension (20, 21). Pulmonary artery wave reflection occurs when the forward blood flow out the right ventricle is reflected by the pulmonary arterial tree, generating a backward wave (22, 23). The method of estimating the magnitude of pulmonary artery wave reflection is to separate pulmonary artery pulse pressure into its forward and backward components by wave separation analysis (24, 25). This analysis requires measurements of both pressure and flow velocity waveforms simultaneously (20, 25). A previous paper proposed that measuring pulmonary artery wave reflection can be carried out non-invasively by estimating the pulmonary artery pulse pressure from tricuspid regurgitation (TR) velocity and evaluating the pattern of flow profile at the right ventricular outflow tract (RVOT). In addition, the pulmonary artery wave reflection gained by Doppler echocardiography also can be related to the prognosis of PH in a small animal clinical environment (26).

This study evaluated the change in pulmonary artery wave reflection before and after MVP in canine patients with PH due to MMVD. In addition, we investigated the relationship between the pulmonary artery wave reflection and cases with residual post-operative PH by measuring pulmonary artery wave reflection before and after MVP in patients with PH due to MMVD.



MATERIALS AND METHODS


Animals

The study was carried out at a private clinic (SHIRAISHI Animal Hospital, Saitama, Japan) between August 2019 and April 2021. The subjects were 10 client-owned dogs receiving MVP exclusively for MMVD with suspected PH due to left heart disease. Permission for this study was granted by SHIRAISHI Animal Hospital Animal Care and Use Committee (protocol number R2-062). Before subject enrollment, written, informed client consent was obtained. All cases were classified with American College of Veterinary Internal Medicine (ACVIM) stage C or D, as determined through comprehensive evaluation including medical history and records, physical examination, hematology, serum biochemistry, diagnostic electrocardiography, radiography, and echocardiography. MVP with cardiopulmonary bypass was performed in all cases.

The definitive diagnosis of PH requires right heart catheterization (RHC). However, given RHC is difficult to apply in small animals. Therefore, PH were suspected if a maximal TR velocity of ≥3.4 m/s was observed, based on ACVIM consensus, and if the dogs presented with PH-related clinical signs. PH was also suspected if a maximal TR velocity of ≥2.9 m/s was observed via Doppler echocardiographic assessment, or if other echocardiographic findings suggestive of PH were found in dogs with PH-related clinical signs. Other echocardiographic findings were defined as the flattening of the interventricular septum, especially systolic flattening, pulmonary artery enlargement, or systolic notching of the Doppler RV outflow profile (6). Clinical signs considered potentially related to PH included: syncope without another identifiable cause; respiratory distress at rest; activity or exercise terminating in respiratory distress; abdominal distention due to ascites; tachypnea at rest; increased respiratory effort at rest; prolonged post-exercise or post-activity tachypnea; and cyanotic or pale mucous membranes (6). If the patient included above criteria after surgery, we judged the patient to be persistent PH.

The main causes of precapillary (heartworm disease, pulmonary embolism, chronic respiratory diseases, etc.) were excluded using blood examination, ultrasonogram, thorax radiography as much as possible without hemodynamic examination by catheter.



Study Protocol

Conventional echocardiographic parameters and pulmonary artery wave reflection parameters were measured before and after MVP. The relationships between pulmonary artery wave reflection parameters and echocardiographic parameters, right atrium pressure (RAP) gained by catheter, and pulmonary artery systolic pressure gained by echo-Doppler were also investigated. Echocardiography and measurement of pulmonary artery wave reflection were performed 2 weeks after MVP.



Principles Underlying the Echo-Doppler Method of Assessing Pulmonary Artery Wave Reflection

Pulmonary artery wave reflection can be obtained by simultaneously measuring pulmonary artery pressure and flow velocity. Previous research, however, reported that wave reflection as measured by Doppler echocardiography correlated with wave reflection measured by catheter, indicating that wave reflection can also be measured in this manner. The pulmonary artery wave reflection was calculated by measuring the TR flow and RVOT using Doppler echocardiography by the same method as in the previous paper (26). The method of calculating pulmonary artery wave reflection from Doppler echocardiography is briefly described; pulmonary artery wave reflection can be analyzed based on the concept of wave intensity analysis, which determines the origin, type, and timing of traveling waves in circulation by combining measurements of pressure (P) and velocity (U) (27). This allows the wave to be separated into forward-traveling and backward-traveling components (24, 27, 28). Wave speed, which represents the local elastic properties of the artery, can be calculated by the P-U loop method (29). This takes advantage of the water hammer equation for the relationship between P and U under conditions with no wave reflection.
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where dP is the temporal change in P, dU is the temporal change in U, ρ is the blood density (1,050 kg/m3), and c is the wave speed. Pressure attributed to forward-traveling (forward pressure; Pf) and backward-traveling (backward pressure; Pb) waves can be separated using Equations (2) and (3). Backward-traveling waves indicate pulmonary artery wave reflection.
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where dPf is the temporal change in Pf and dPb is the temporal change in Pb. Pf and Pb can then be determined as the total sum of these differences.
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The non-invasive method proposed for the assessment of pulmonary artery wave reflection adopts echo-Doppler-derived P and U values rather than direct measurements. The P waveform is estimated from a continuous-wave Doppler tracing of TR, using the simplified Bernoulli equation. Once the right atrial pressure was assumed to be constant, the temporal change in P (dP) could be calculated using only the instantaneous pressure gradient of TR. In contrast, the U waveform was obtained by measuring flow at the right ventricular RV outflow tract (RVOT), using pulsed-wave Doppler. The calculations were performed throughout the ejection period. Wave separation analysis is performed on the pulse pressure and flow velocity waveforms by synchronizing waveforms of TR flow and RVOT flow using electrocardiogram. This analysis resulted in the determination of three wave reflection indices: Pb, Pf, and the reflection coefficient (RC), which was calculated as peak Pb/peak Pf. These waveforms were smoothened using a Savitzky–Golay filter and then ensemble-averaged over three cardiac cycles with reference to the R wave on the electrocardiogram. The calculations were performed using an in-house program code, written in MATLAB (MathWorks 2019b, Massachusetts, USA).



Echocardiography

The echocardiographic assessment was carried out while the subject was maintained in lateral recumbency and examined under standard conditions, using an AplioTM 300 with a sector probe of five MHz (Canon medical system, Tokyo, Japan). Analysis of pulmonary artery wave reflection was also performed by same echocardiography machine. Three consecutive heartbeats were recorded at the end of the expiratory phase. To evaluate structural and functional changes during the course of reverse remodeling of the left atrium and the left ventricle, combined conventional echocardiography protocol including Two-dimensional, M-mode, Doppler blood flow, and tissue Doppler imaging techniques from the right and left parasternal long- and short-axes views were carried out (30, 31). The following parameters were measured at each time interval: normalized left ventricular internal dimension in diastole (LVIDDN); the ratio of the left atrial dimension to the aortic annulus dimension (LA/Ao); fractional shortening (FS); early diastolic mitral inflow (E) velocity; the ratio of peak velocity of early diastolic transmitral flow to peak velocity of late diastolic transmitral flow (E:A); systolic (S′), early diastolic (E′), and late diastolic (A′) wave signals as measured by Tissue Doppler imaging at septum (sep) and left ventricular lateral (lat) wall, respectively. LVIDDN was calculated from the left ventricular internal dimension in diastole (LVIDd) and the bodyweight was measured concurrently by an established allometric formula (30). TR velocity, obtained by continuous-wave Doppler, was measured from the view that allowed the clearest envelope of the TR velocity and maximum speed (6). The flattening of the interventricular septum was identified on M-mode images from the right parasternal short-axis view (32). The RVOT and main pulmonary artery-to-aortic root diameter ratio (MPA:AO) were measured from the standard right parasternal short-axis view (2, 33). RVOT flow was assessed with pulse-wave Doppler and obtained by placing the sample volume (2 mm) centrally between the opened pulmonary valve leaflets. Ejection time (ET), acceleration time (AcT), and AcT:ET ratio were assessed using RVOT flow profiles as follows. The AcT was measured as the time between the onset of the Doppler flow signal to the peak flow velocity. ET was measured from the onset of the Doppler RVOT signal to the end of the signal, and the AcT:ET ratio was calculated (33, 34). In all dogs, the echocardiographic characterization of the RA and RV were obtained from the left apical 4-chamber view optimized for the right heart. The right atrial area (RAA) was measured by planimetry at the end of the ventricular systole tracing from the lateral aspect of the tricuspid annulus to the septal aspect, excluding the area between the leaflets and annulus, following the RA endocardium, and excluding the caudal vena cava, cranial vena cava, and RA appendage. The RAA index was calculated as RAA divided by body surface area (BSA). Right ventricular end-diastolic area index (RVEDA) was measured by planimetry at the end of ventricular diastole, tracing from the lateral aspect of the tricuspid annulus to the septal aspect, excluding the area of the annulus and trabecular structures, following the RV endocardium. The RVEDA index was calculated as the ratio of RVEDA and BSA. The BSA was calculated as following equation.
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The end-diastolic MPA diameter was measured just below the closed pulmonary valve, with the aortic diameter being measured from the same view, and through this the MPA:AO ratio was calculated. Pulmonary artery systolic pressure (sPAP) was estimated by applying the simplified Bernoulli equation to a continuous-wave Doppler tracing of TR flow and adding a term of right atrial pressure as below.

[image: image]

The RAP was measured at the time of MVP invasively.



Surgical Procedure

Atropine (Atropine Sulfate injection; Mitsubishi Tanabe Pharma Corporation, Osaka, Japan, 0.05 mg/kg, SC), fentanyl (Fentanyl Citrate; Daiichi Sankyo Company, Limited, Tokyo, Japan, 5 μg/kg, IV), and midazolam hydrochloride (Dormicum; Astellas Pharma Inc., Tokyo, Japan, 0.2 mg/kg, IV), were administered pre-operatively. Anesthesia was induced with propofol 1% (Propofol Mylan; Mylan Seiyaku, Tokyo, Japan, 6 mg/kg bolus, IV) and maintained with 1–2 vol% of isoflurane (Isoflurane for Animal Use; Intervet, Osaka, Japan) in 100% oxygen.

The patient was placed in right lateral recumbency. The right femoral artery and vein were cannulated for measurement of atrial pressure (RAP). After patients were heparinized at a dose of 400 U/kg, the left carotid artery and jugular vein were cannulated for cardiopulmonary bypass (CPB). activated clotting time was used for determining the anticoagulant effect of heparin. Cardiac arrest was achieved by aortic clamping followed by the administration of cardioplegia from an aortic root cannula. MVP was performed as previously described. In brief, the left atrium was approached through a fifth intercostal thoracotomy and left auricle incision. The MVP is consisted of artificial chordae tendineae reconstruction and mitral annuloplasty, using expanded polytetrafluoroethylene. After the closure of the left atrium, the aorta was unclamped and sinus rhythm was restored. Patients were weaned from CPB after conducting modified ultrafiltration and confirming the stability of the hemodynamic system. A constant-rate infusion of protamine 4 mg/kg was administered for 30 min through the cephalic vein. The activated clotting time was measured after the end of the protamine infusion. After confirming that the protamine was antagonized, the chest was closed according to the standard method, and the crotch and cervical arteries and veins were anastomosed to finish the operation.



Statistical Analysis

Continuous data are expressed as the mean ± standard deviation (SD). Categorical data are expressed as a number and percentage. The level of significance was set to p < 0.05. The normal distribution of the data was evaluated using a Kolmogorov–Smirnov test. The assumption of homogeneity of variances was determined by Bartlett's test. For normally distributed parameters, differences between groups were analyzed using a paired t-test. For non-parametric statistics, differences between groups were analyzed using a Wilcoxon matched-pairs signed-rank test. Spearman's correlation coefficients and multivariate linear regression analysis were used to assess the relationship between the pulmonary artery wave reflection parameters and echocardiographic parameters, and the hemodynamic parameters gained by catheter. Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, San Diego, California, USA).




RESULTS


Study Population

A total of 10 dogs were the subject of this study, aged 9.6 ± 2.3 years old (range 7−14 years), and with a bodyweight of 4.6 ± 2.1 kg (range 2.4−10 kg). Breeds were Cavalier King Charles spaniel (n = 1), Chihuahua (n = 4), Maltese (n = 1), miniature dachshund (n = 1), mixed-breed (n = 2), Shiba Inu (n = 1). In accordance with the ACVIM classifications scheme, seven and three dogs were diagnosed with stage C and D ACVIM, respectively. When first diagnosed, 30% of patients had syncope, 20% of patients had ascites and/or pleural effusion. In addition, 20% of PH cases presented with septal flattening, and 30% had a notch in the pulmonary artery waveform at the initial visit. Before surgery, pimobendan and a diuretic drug had been prescribed in all dogs and sildenafil had been prescribed in only one dog. All canine subjects were discharged post-operatively within 2 weeks and in medication affecting hemodynamics (diuretics, inotropes, etc.) were discontinued. However, after hospitalization, two cases were prescribed sildenafil 0.5 mg/kg BID (sildenafil: Camber Pharmaceuticals, Inc., New Jersey, USA) due to presenting symptoms and echocardiography findings associated with PH. Two dogs with persistent PH after MVP presented with the flattening of the interventricular septum, however, TR was mild (TR velocity 3.0 m/s in both PH patient).



Conventional Echocardiographic Parameters Before and After MVP

Conventional echocardiographic data before and after MVP are summarized in Table 1. Compared with baseline measurements, the following were significantly reduced (p < 0.05) post-operatively: LVIDd, LVIDDN, LA/Ao, FS, E velocity, E′ sep, E′ lat, A′ lat, RVOT, and TR velocity. Echocardiography revealed a reduction in the left-sided chamber size and stable mild mitral regurgitation after MVP in all dogs (Figure 1).


Table 1. Conventional echocardiography parameters before and after mitral valvuloplasty.
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FIGURE 1. Representative echocardiogram images before and after mitral valvuloplasty. Two-dimensional echocardiography at the long-axis LV inflow view showing the enlarged left ventricle and atrium chamber (A) and elevated mitral inflow velocity (B) before mitral valvuloplasty. The cardiac functional parameters were greatly restored, with reduced left ventricular and atrium lumen size (C) and mitral inflow velocities (D) after mitral valvuloplasty. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.




Pulmonary Artery Wave Reflection Parameters Before and After MVP

Figure 2 and Table 2 show the representative assessment method of pulmonary artery wave reflection, and pulmonary artery wave reflection parameters before and after MVP. Post-operative Pb and RC decreased significantly compared with pre-operative measurements (Table 2, Pb decreased from 8.8 ± 5.9 to 5.0 ± 3.2 mmHg, p = 0.037; RC also decreased from 0.37 ± 0.15 to 0.22 ± 0.11, p < 0.01).


[image: Figure 2]
FIGURE 2. Pulmonary artery wave reflection measured by representative original trace using Doppler echocardiography before (A) and after (B) mitral valvuloplasty. Pressure (P) information was gained from the TR flow using the Bernoulli equation and the flow velocity (U) information was gained from the RVOT. Determination of the P-V loop from P and U. Pulmonary artery wave reflection parameters were gained by wave separation analysis. Pf, forward pressure; Pb, backward pressure; P-U loop, pressure-flow loop; RVOT, right ventricular outflow tract; TR, tricuspid valve regurgitation flow.



Table 2. Wave reflection parameters before and after mitral valvuloplasty.

[image: Table 2]

Figure 3 represents the individual change in pulmonary artery wave reflection parameters and TR velocity, RAA index, RVEDA index for each dog before and after MVP. The red dots represent the two dogs in which PH remained after MVP surgery. When looking at the individual change in pulmonary artery wave reflection parameters for each dog, Pb and RC were significantly decreased after MVP in almost all dogs. However, two dogs in which PH persisted after MVP (red dots) had higher Pb (12.1 and 9.34 mmHg) and RC (0.49 and 0.32) compared with the other dogs (black dots). On the other hand, TR and RAA index, RVEDA index of these two dogs were not so high compared with the other dogs.


[image: Figure 3]
FIGURE 3. Individual change in pulmonary artery wave reflection parameters and tricuspid valve regurgitation velocity and right atrial area index, right ventricular end-diastolic area index for each dog before and after mitral valvuloplasty. The red dots represent the two dogs in which PH remains after MVP surgery. Pb, backward pressure; Pf, forward pressure; RAA index, right atrial area index; RC, reflection coefficient which is calculated as the ratio of peak Pb to peak Pf; RVEDA index, right ventricular end-diastolic area index; TR, tricuspid valve regurgitation.




Correlation Between the Pulmonary Artery Wave Reflection Parameter, Echocardiographic Parameters, and RAP

Table 3 summarizes the correlation results between the pulmonary artery wave reflection parameters and hemodynamic parameters, and echocardiographic parameters before MVP. There was no correlation between Pf, RC and RAP, Estimated sPAP (Table 3 and Figures 4A,D,F, Pf vs. RAP, r = 0.5, p = 0.22; Pf vs. Estimated sPAP, r = 0.58, p = 0.08; RC vs. Estimated sPAP, r = 0.2, p = 0.58). On the other hands, there was a statistically significant positive correlation between 676 Pb, RC, and RAP, Estimated sPAP (Table 3 and Figures 4B,C,E, Pb vs. RAP, r = 0.76, p = 0.014; Pb vs. Estimated sPAP, r = 0.76, p = 0.014; RC vs. RAP, r = 0.68, p = 0.03). RAP and Estimated sPAP measured during surgery were 11 ± 2.8 mmHg and 69.5 ± 18.73 mmHg. No significant correlation was identified between pulmonary artery wave reflection parameters and other echocardiographic parameters (Table 3).


Table 3. Correlation analysis between pulmonary artery wave reflection parameters and hemodynamic and echocardiographic parameters.
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FIGURE 4. Correlation between the pulmonary artery wave reflection parameter and right atrium pressure (RAP), and estimated systolic pulmonary artery pressure (sPAP). (A) Correlation between RAP vs Pf. (B) Correlation between RAP vs Pb. (C) Correlation between RAP vs RC. (D) Correlation between sPAP vs Pf. (E) Correlation between Estimated sPAP vs Pb. (F) Correlation between Estimated sPAP vs RC. RC, reflection coefficient which is calculated as the ratio of peak Pb to peak Pf; Pb, backward pressure; Pf, forward pressure; r, the correlation coefficient.




The Effect of Pulmonary Artery Wave Reflection Parameters on Hemodynamic and Echocardiographic Parameters

Result of linear regression analysis of the parameters of pulmonary artery wave reflection, hemodynamic parameters are shown in Table 4. There was a significant effect of Pb on RAP, and Estimated sPAP (Pb vs. RAP, R2 = 0.54, p = 0.015; Pb vs. Estimated sPAP, R2 = 0.44, p = 0.036; RC vs. RAP), respectively. RC demonstrated significant effect on RAP and Estimated sPAP (R2 = 0.46, p = 0.03; RC vs. Estimated sPAP, R2 = 0.042, p = 0.57). Pb and RC did not significantly affect other parameters.


Table 4. The effect of pulmonary artery wave reflection parameters on hemodynamic and echocardiographic parameters.
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DISCUSSION

This study investigated both conventional echocardiographic parameters and pulmonary artery wave reflection parameters before and after MVP in patients with PH due to MMVD. Results indicated pulmonary artery wave reflection was closely related to PH that persisted despite treatment.

In recent years, cardiac surgery techniques in the small animal field have made great strides and MVP has contributed significantly to lowering left atrial pressure by improving mitral regurgitation caused by MMVD (35–37). Reduction of left atrial pressure by MVP is one of the treatments for secondary PH caused by MMVD, as a persistent increase in left atrial pressure induces PH (38, 39). MVP could be an effective treatment for MMVD with PH due to decreasing the following parameters after surgery: LVIDDN; LA/Ao; E velocity; E′ sep; E′ lat; TR velocity and wave reflection. In two cases, higher wave reflection was observed both before and after MVP, with the RC diminished only slightly following MVP in one dog, however, RC increased slightly in the other one. This finding suggests that despite improving the left atrial pressure caused by left heart failure after MVP, the remodeling of pulmonary artery vascular caused reactive PH in some patient. This may be indicative of residual pulmonary arterial disease, which may continue to adversely affect interactions between the right ventricle and the vasculature.

Pulmonary artery wave reflection occurs when the forward flow out of the right ventricle is reflected by the pulmonary arterial tree, generating a backward wave. Pulmonary artery wave reflection can be detected by measuring pulmonary artery flow and pressure simultaneously using wave intensity analysis. In particular, wave reflection is enhanced when the energy transmission property changes between the proximal and distal vasculature due to vascular remodeling, arteriosclerosis, or thrombus (20, 24, 40). Pulmonary artery wave reflection can potentially provide novel information regarding pulmonary hemodynamics to supplement traditional methods used to evaluate PH, such as PAP and PVR, which are the most common hemodynamic measurements used to evaluate its progression (20, 41, 42). Wave reflection is not typically applied in the small animal clinical setting as this requires catheterization. In this study, we could measure wave reflection non-invasively in MMVD cases with PH, as in recent years, wave reflection has been calculated non-invasively through Doppler echocardiography (26).

In eight out of 10 cases, the post-operative Pb and RC decreased significantly compared with pre-operative measurements. This was attributed to the decrease in pulmonary arterial pressure and the pulmonary vascular resistance, through improving the pulmonary vein pressure by MVP. However, the Pb and RC of two cases in which pulmonary hypertension remained after MVP had higher Pb and RC than the other eight cases, suggesting that the wave reflection did not improve. It could be that the two cases may have already progressed to reactive post-capillary-PH, due to remodeling of the pulmonary artery. Therefore, we suggest that pulmonary hypertension remained and the wave reflection was a high value, despite the pulmonary vein pressure decreasing after MVP. Two dogs with persistent PH after MVP presented with flattened interventricular septum despite mild TR flow velocity (TR velocity 3.0 m/s in both PH patient). Although the measurement of estimated pulmonary artery systolic pressure using TR is often used as a screening tool for the diagnosis and severity of PH, the accuracy of this method has been questioned because it is affected by right ventricular dysfunction and technical errors (43, 44). Thus, it may not be possible to detect the presence of persistent PH simply by measuring the TR flow velocity. This study also indicated that measurement of the RAA index and RVEDA index couldn't detect the presence of persistent PH. Since the RAA index and RVEDA index are affected by changes in left ventricular volume, size of right heart is not always associated with severity of PH. On the other hand, analysis of pulmonary artery wave reflection could help detection of persistent PH.

Su et al. previously demonstrated that in patients with chronic thromboembolic pulmonary hypertension, both a large wave reflection and symptoms related to PH remained and were not improved despite pulmonary endarterectomy being performed (45). Despite successful surgery, the sustained and potentially irreversible impact of vascular remodeling could contribute to persistent vascular admittance mismatching. Persistent vascular admittance mismatching leads to higher wave reflection. Therefore, we concluded that it is useful to measure pulmonary artery wave reflection in PH due to MMVD before and after MVP, since pulmonary artery wave reflection, as determined by wave intensity analysis, may provide additional information about assessing pulmonary hemodynamics. Interestingly, Pb correlates with right atrial pressure and systolic pulmonary artery pressure, suggesting that wave reflection may be an indicator of congestion of the right heart and right ventricular afterload. On the other hand, RC represents the ratio of wave reflection pressure to forward wave pressure. It has been reported that RC is an index of right ventricular function and right ventricular afterload, indicating that it may not simply correlate with pulmonary arterial pressure (20, 26). Thus, caution is required in interpreting this result.

In conclusion, both before and after MVP in PH patients with left heart failure, high wave reflection was observed. The magnitude of wave reflection diminished in almost all patients after MVP. From the results, we conclude that MVP is one of the treatment methods for secondary PH due to MMVD. Through this method post-operative echocardiographic and wave reflection parameters can improve and the right afterload can be reduced. In some patients, however, despite improving the left atrial pressure due to left heart failure after MVP, some degree of vascular admittance mismatch persisted. This may be indicative of residual pulmonary arterial disease, which may continue to adversely affect interactions between the right ventricle and the vasculature.



LIMITATIONS

In this study, the number of PH due to MMVD cases was small; therefore, additional studies should be performed. PH may not have been accurately evaluated, given pulmonary vascular resistance and pulmonary artery wedge pressure—the gold standards for evaluating the hemodynamic assessment of PH—were not measured using a catheter. The value of the pulmonary artery wave reflection may differ from that measured by a catheter since the measurement method is by non-invasive Doppler echocardiography. In this non-invasive method using echocardiography, since pressure and flow velocity profile are gained at different timing, pulmonary arterial wave reflection may be affected by situation of examined dogs (exciting level) and respiration timing. In clinical cases, measuring the pulmonary artery wave reflection in cases that do not exhibit TR can be difficult, as can the evaluation of wave reflection in cases that present with severe arrhythmia. Right ventricular function (TAPSE, tricuspid annular plane systolic excursion; RV-STE, right ventricular speckle tracking, etc.) wasn't measured in this study. However, we think the indicator of right ventricular function cannot be evaluated correctly after surgery. After MVP, heart function decreases temporarily due to invasive open-heart surgery. In addition, cardiac contractility decreases ostensibly due to reducing the volume loading by improved mitral regurgitation. Therefore, relationship between pulmonary arterial wave reflection and right ventricular function are unclear. In the future, it is necessary to investigate the relationship between wave reflection and the right ventricular function.

The scale of this study was small and that limits being able to affirm that the technique has been validated completely. More animal research and subsequent research in humans are necessary to clinically apply this novel indicator.
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Background: Degenerative mitral valve disease is a common heart problem in dogs. The aims are to evaluate the relationships between right and left ventricular function, and blood lactate concentrations, assess prognostic contribution, and investigate whether serum peptidomics profile could reveal markers or determine the stage in dogs with valve degeneration.

Materials and Methods: Ninety-three dogs were evaluated in this study. Thirty-nine dogs' serum was collected and analyzed using matrix-assisted laser desorption/ionization-time of flight mass spectrometry. The Kaplan–Meier curve was used to predict the outcomes of mitral valve disease. Follow-up was obtained by a questionnaire or telephone to determine a survival time.

Results: The BUN/creatinine ratio, vertebral heart score, and left atrium/aorta ratio were the independent predictors of cardiac mortality. Right ventricular systolic dysfunction was found in 50% of dogs with mitral valve disease. Dogs with right ventricular dysfunction had a significantly higher incidence of lower fractional shortening and larger right ventricular dimensions. The occurrence of right-sided dysfunction is proportionate to age and the degree of left ventricular dysfunction. High blood lactate concentrations were investigated in dogs with mitral valve disease stage C compared with stage B. The peptides such as mitogen-activated protein kinase, kallikrein, and tenascin-C appeared in the heart disease progression group.

Conclusion: Right-hearted function assessment, blood lactate levels, and peptidomics analysis may help early detection and prognosis of this disease in dogs. Peptidomics profiles from this study demonstrate the possibility for prognosis indicators of heart valve degeneration.

Keywords: canine, echocardiography, heart failure, lactate, peptide profile


INTRODUCTION

Left-sided congestive heart failure is commonly associated with mitral valve degeneration and is a significant heart problem in dogs (1, 2). Left ventricular function plays a vital role in evaluating dogs with congestive heart failure, while the right ventricle function has been less studied (3). The American College of Veterinary Internal Medicine (ACVIM) consensus statement has been used to classify dogs to determine the severity of this disease. Dogs have been classified into stages A, B, C, and D (4, 5). High blood lactate concentrations are frequently observed in dogs with abnormal thoracic radiographs such as cardiomegaly and pulmonary parenchyma (6). Dogs with degenerative mitral valve disease often have impaired renal function. Renal dysfunction is the critical determinant of cardiac compensation and disease progression (7).

Right ventricular function is an essential determinant of a human's clinical status with chronic heart failure (8). The right ventricle is commonly affected by cardiac diseases such as tricuspid dysplasia and dilated cardiomyopathy. Previous studies suggested a close relationship between right and left ventricle dysfunction. However, the right-sided functional assessment remains challenging due to the right heart anatomy (9–11). Echocardiographic measurement is a non-invasive method for heart function assessment. Echocardiographic imaging of dogs with left-sided congestive heart failure has been associated with adverse cardiovascular outcomes such as reduced cardiac output and decreased contraction function (12, 13). Right-hearted dysfunction has been verified in many human cardiac diseases, and clinical evaluation of right-sided heart function has also been reported in animals (14–16). Many parameters, such as right ventricle fractional area change (FAC), myocardial velocity of the lateral tricuspid annulus (S′), and tricuspid annular plane systolic excursion (TAPSE), are correlated well-with the right heart function.

Proteome analysis is a novel tool for exploring the changes in protein composition, and proteomics network analysis has been widely used to identify protein biomarkers in many diseases (17). It has shown that circulating proteins associated with heart failure can identify the stage increased across the heart failure process (18). A previous study identified phosphorylation of p38 mitogen-activated protein kinase (p 38 MAPK) and suggested linking p38 to inflammation, cell cycle, apoptotic process, and cell differentiation. In addition, the signaling mediated by the MAPK pathway may play a role in cardiac injury and remodeling (19). Many studies reported that the use of protein infusions such as kallikrein could improve cardiac function and reduce cardiomyocyte apoptosis and reduce inflammatory cell accumulation in the heart after myocardial ischemia (20, 21). Tenascin-C (TN-C) was also another peptide found in the serum of heart failure patients and suggested using it to predict ventricular remodeling and poor prognosis (22). The proteomic network assessment might be allowed in the evaluation of therapeutic targets for valvular heart diseases.

The present study aimed to assess the prognostic information about valvular heart disease in dogs, examine the echocardiographic alterations, assess the right ventricular function associated with mitral valve disease, determine the blood lactate concentrations, and MS-based identification of proteins and protein interacting in the mitral valve degeneration dogs.



MATERIALS AND METHODS


Animals

This study was performed in clinical cases at Kasetsart University Veterinary Teaching Hospital Kamphaeng Saen from January 2019 to April 2020 (Table 1). The follow-up was obtained by a questionnaire or telephone to determine a survival time. The Ethics Committee approved all procedures in the study for Animal Experiments, Kasetsart University. The owners provided informed consent before enrollment. Ninety-three dogs with mitral valve degeneration were recruited into the study. The breeds included Poodle, Shih Tzu, Pomeranian, and Crossbreed; body weight ranged from 2 to 20 kg. All dogs had normal or unremarkable hematology and chemistry before enrollment and had not previously received oral positive inotropic agents. Each dog showed cardiac murmur and abnormal cardiac dimension from chest radiography. The owners provided informed consent before enrollment. Dogs demonstrated evidence of the clinical signs of stages B and C according to the ACVIM classification system. The MMVD B1 group included 24 dogs, and stage B2 (37 dogs), dogs affected by MMVD stage B1 and B2 with no clinical signs of congestive heart failure (asymptomatic). No radiographic evidence of congestive heart failure and no evidence of pulmonary edema were detected, but there was sufficient hemodynamic change to cause echocardiographic evidence of left atrial dilatation with an LA/AO ratio >1.6 in stage B2. The MMVD C group included 32 dogs affected by MMVD with echocardiographic evidence of mitral valve leaflet thickening and regurgitation. Dogs in stage C showed clinical signs of congestive heart failure identified by clinical examination and radiographic evidence of pulmonary edema. The survival information was examined from telephone calls and analyzed as the time between the first visit for echocardiographic recording and the date of death.


Table 1. Characteristics and echocardiographic variables in 93 dogs.
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Blood Samples

Blood samples were obtained from a cephalic vein, and the blood lactate concentration was measured with a blood lactate analyzer (blood lactate test meter; XPER Technology, Taiwan) before the echocardiography examination. Figure 1 shows the lactate values (mmol/L) of dogs in group 1 and group 2.


[image: Figure 1]
FIGURE 1. Comparison of the blood lactate levels (mmol/L) between groups. There was a significant difference between the increase in lactate in group A and group B (**p < 0.01). Group A included dogs with normal right ventricular function, and group B included dogs with impaired right ventricular function.




Echocardiographic Examination

Dogs underwent transthoracic echocardiography [General Electric (GE) Medical System, vivid5s, Germany] to diagnose and observe disease progression. The measurement was performed when the dog was on lateral recumbence with no sedation. Echocardiographic images were captured and evaluated offline by only one sonographer. Left and right ventricular dimension and function were calculated from two-dimensional and M-mode images. The cardiac parameters were measured during diastole and systole, such as interventricular septum thickness during diastole (IVSd), interventricular septum thickness during systole (IVSs), left ventricular internal diameter during diastole (LVIDd), left ventricular internal diameter during systole (LVIDs), left ventricular proximal wall thickness during diastole (LVPWd), and left ventricular proximal wall thickness during systole (LVPWs). The diameter of the left atrium (LA) and aortic root (AO) ratio (LA/AO) were assessed at the level of the aorta when the aortic valves were closed during diastole.

Right ventricular dimensions were measured at end-diastole using the left apical 4-chamber view. Three sites are commonly used to determine the right ventricle size: (1) the basal distance measurement, (2) the mid-right ventricular measurement, and (3) the base to apex measurement, as shown in Figure 2. The right ventricular systolic function can be quantified using the fractional area change (FAC) of the right ventricle, which can be done on the apical 4-chamber view, as shown in Figure 3.


[image: Figure 2]
FIGURE 2. Measurement of right ventricular dimensions by the apical four-chamber view. (i) the basal distance measurement, (ii) the mid-right ventricular measurement, and (iii) the base to apex measurement.



[image: Figure 3]
FIGURE 3. Two-dimensional echocardiographic image of the right ventricular area (RV) during systole (A) and diastole (B). The right fractional area change (FAC) was calculated using the formula [(RV diastole – RV systole)/RV diastole] ×100. RA, right atrium; RV, right ventricle; LV, left ventricle; LA, left atrium.


Tricuspid annular plane systolic excursion (TAPSE) was evaluated by placing the M mode cursor through the tricuspid valve in the apical 4-chamber view, as shown in Figure 4.


[image: Figure 4]
FIGURE 4. M-mode echocardiographic image of tricuspid annular plane systolic excursion (TAPSE) in appearance (white arrow). RA, right atrium; RV, right ventricle; LV, left ventricle; LA, left atrium.


Dogs were divided into two groups according to the presence of impaired right ventricular systolic function, which was defined as the presence of FAC <30%. Group A included dogs with normal right ventricular function, and group B included dogs with impaired right ventricular function.



Analysis of Peptide Pattern by MALDI-TOF MS

The protein concentration in serum was determined by the Lowry method (23). The absorbance at 750 nm (OD750) was measured, and the protein concentration was calculated using the standard curve, plotted between OD750 on Y-axis and BSA concentration (g/ml) on X-axis. The peptides from serum were acidified with 0.1% trifluoroacetic acid to the final concentration of 0.1 mg/ml. The peptides were mixed with MALDI matrix solution (10 mg sinapinic acid in 1 ml of 50% acetonitrile containing 0.1% trifluoroacetic acid), directly spotted onto MALDI target (MTP 384 ground steel; Bruker Daltonik, GmbH), and dried at room temperature. Maldi-TOF MS spectra were collected using Ultraflex III TOF/TOF (Bruker Daltonik, GmbH) in a positive linear mode with a mass range of 2,000–15,000 Da. Five hundred shots were accumulated with a 50-Hz laser, and MS spectra were analyzed using flexAnalysis combination with ClinproTool software (Bruker Daltonik, GmbH), including fingerprint spectra, pseudo-gel view, and principal component analysis (PCA). The protein was calibrated using ACTH fragment 18–39 (human), Insulin oxidized B chain (bovine), Insulin (bovine), Cytochrome C (equine), and Apomyoglobin (equine). Data normalization and quantification of the changes in peptide abundance between the control and Maine Coon cats were performed and visualized using MultiExperiment Viewer (Mev) software version 4.6.1 (20). Briefly, peptide intensities from the LC-MS analyses were transformed and normalized using a mean central tendency procedure.



Statistical Analysis

Paired t-test model was used to estimate and compare the parameters between two groups. Statistical analysis was performed using commercially available software (GraphPad Software Inc., USA). A value of p < 0.05 was considered statistically significant. The continuous variable showed a mean ± SEM. The survival analysis was analyzed using the Kaplan–Meier survival curve.




RESULTS

There were 93 dogs; at the end of the follow-up, 34 dogs had died due to their cardiac problems, and 59 dogs remained alive. The association between variable parameters and survival is shown in Figure 5. Kaplan–Meier curve shows the survival duration between group A and group B; Figure 5i displays the survival curve of MMVD patients with stage B and stage C. The cumulative probability of percent survival showed in MMVD patient stage B was 91.23, 82.54, 69.84, 53.40, and 37.38% for 1 to 5 years, respectively. In contrast, that of the patient in stage C was 96.87% and maintained at 83.51% for 2 and 3 years, and 74.23 and 30.13% for 4 and 5 years, respectively. The parameters such as vertebral heart score (VHS), left atrial and aorta diameter ratio (LA/AO), and quality of life score (QOL) had higher percent survival in group B than dogs in group A at 1 year after MMVD was diagnosed (Figures 5ii,iv,v) Hyperlactatemia (lactate concentration >2.5 mmol/L) was observed in 64% of dogs with mitral valve degeneration. Lactate concentrations were 2.90 ± 0.26 mmol/L in group A and 3.40 ± 0.23 mmol/L in group B dogs. There was a significant difference between the two groups. Dogs in group B had significantly higher ages (Table 2). However, no significant difference was found between the two groups regarding the left ventricular dimension and volume. The echocardiographic analysis revealed no statistically significant difference between the left ventricular end-diastolic and systolic volumes.


[image: Figure 5]
FIGURE 5. Kaplan–Meier survival curves for dogs with mitral valve degeneration. (i) Stage of MMVD (myxomatous mitral valve degeneration); (ii) QOL score, quality of life score (A = QOL score <3, B = QOL score >3); (iii) BUN/creatinine ratio (A = BUN/creatinine <20, B = BUN/creatinine >20); (iv) VHS, vertebral heart score (A = VHS <10.5, B = VHS >10.5); (v) LA/AO ratio, left atrium/aorta ratio (A = LA/AO <1.60, B = LA/AO >1.60); (vi) LVIDs, left ventricular internal diameter during systole (A = LVIDs <2.0, B = LVIDs>2.0). Group A included dogs with normal right ventricular function, and group B included dogs with impaired right ventricular function.



Table 2. Characteristics variables for two groups (*p < 0.05).
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However, group B had a significantly higher incidence of left atrial and left ventricle dilation (Table 3). Group B showed significantly large right ventricular dimensions at the basal level and a worse degree of tricuspid regurgitation (TR) and lower fractional area change and TAPSE (Table 4). Right ventricular function in dogs with left-sided congestive heart failure is different between the stages of congestive heart failure. Dogs in ACVIM stage C showed decreased right ventricular systolic function as estimated by the decreased fractional area change and TAPSE relative to a previous study (12).


Table 3. Echocardiography evaluation for two groups regarding left ventricular echocardiographic findings.
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Table 4. Comparison between the two groups regarding right ventricular echocardiographic parameters.
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In the present study, we aimed to examine the peptide complement of the serum isolated from control dogs (group A) and dogs with impaired right ventricular function (group B). For preliminary comparison of the expression levels of the peptide's profiles, peptide mass fingerprint (Figure 6) was used, and LC/MS analyzed the specific peptide sequences. The control groups (group A) and group B (dogs with impaired right ventricular function) were identified with a detection range of 1,000–20,000 Da. Figure 6 shows the identification of peptide mass and expected proteins. A mass spectral peak of peptide in our study showed that peptide fragments such as mitogen-activated protein kinase (MAPK), kallikrein related peptidase (KLK), and tenascin-C (TN-C) appeared in the heart disease progression group (group B).


[image: Figure 6]
FIGURE 6. Peptide mass fingerprint of dogs with normal right ventricular function (group A) and dogs with impaired right ventricular function (group B).




DISCUSSION

This study's objective was to assess the prognostic information about valvular heart disease in dogs and investigate the right ventricular systolic function and blood lactate concentration. Dogs with clinical signs of congestive heart failure can be controlled, and they can live longer with better life quality by the appropriate medical treatment. Previous studies have reported the association with survival of echocardiographic variables such as left atrium and aorta ratio (LA/AO ratio), left ventricular internal diameter (LVID), and mitral E velocity. Our study also showed that heart size had an essential predictive value; left atrium dimension and vertebral heart score are associated with decreased survival in patients with degenerative mitral valve disease. However, the stage of mitral valve degeneration, systolic left ventricular internal diameter (LVIDs), and quality of life score were not indicators for survival predictors in our sample population. In addition, the percent survival in variables such as VHS, LA/AO ratio, and QOL was better in group B. Patients in group B contain more dogs in stage C, which had been treated with therapeutic drugs such as pimobendan, diuretic, and angiotensin-converting enzyme inhibitor. The results suggested that early treatment of MMVD patients in early stage B may improve the percent survival, which is similar to the ACVIM guideline (5).

The previous study reported the proteome expression in heart failure patients associated with the inflammation response and oxidative stress (19, 22), similar to our present study. The inflammation network response to mitral degeneration included the presentation of mitogen-activated protein 3 kinases (MAP3K), kallikrein related peptide (KLK), and tenascin C (TNC). Our data provided preliminary information on proteins in dogs with mitral valve degeneration. In addition, the peptidomics profiles may provide a potential independent marker for the detection of mitral valve disease progression. However, protein expression in our study was expressed not only on the heart but many pathological conditions, such as renal diseases, cancer, tissue injury, and inflammation. Thus, extending validation of the protein source may confirm the use of this protein for the prognostic and follow-up marker in the future.

Renal dysfunction can use as a neuro-humoral change in heart disease. Our study showed that the BUN/creatinine ratio impacts the predictive value of degenerative mitral valve disease in dogs. Dogs with mitral valve degeneration ACVIM stage C had higher blood lactate concentrations than dogs in stage B2. Although dogs in groups A and B were not found to have significant differences in the lactate values, the previous studies showed a significant difference between active vs. non-active subjects (24). Thus, it is essential to measure a dog's lactate values with similar physical activity before echocardiography.

This study suggested that the right and left ventricular functions are functionally related to each other. Right ventricular systolic dysfunction was relatively common in dogs with left-sided congestive heart failure, as 50% of the dogs in this study had right ventricular systolic dysfunction. Dogs with right ventricular systolic dysfunction had significant left atrium dilation. A worse ACVIM stage of congestive heart failure than dogs without right ventricular dysfunction was observed, as 34% of dogs in group B had ACVIM stage C, but 18% had it in group A. The current study demonstrated that less TAPSE was associated with left-sided systolic and diastolic dysfunction. The E deceleration time was significantly shorter in dogs with right ventricular dysfunction. An explanation for right heart dysfunction could be that the alterations in preload and afterload that occur secondarily to left-sided congestive heart failure may alter the right heart function described earlier (25, 26).

In discordance with the present study, dogs with right heart systolic dysfunction had no significant difference in end-systolic and end-diastolic dimensions or left ventricular internal diameter. Right ventricular imaging was considered a limitation of the present study. Right ventricular imaging in dogs with congestive heart failure is challenging due to the cardiac remodeling that could affect the echocardiographic measurement. Cardiovascular magnetic resonance imaging is recommended as the standard gold technique for the right-side assessment due to the complexity of the right-side heart anatomy.



CONCLUSION

Dogs with mitral valve degeneration can have a mild increase in blood lactate values. In addition, dogs with right ventricular systolic dysfunction defined as FAC <30% and TAPSE <110 mm showed a significantly larger RV dimension at the basal level and a significantly worse degree of tricuspid regurgitation. Right ventricular dysfunction in degenerative mitral valve disease is common and is independent of left ventricular volume but is proportional to left contraction impairment. Peptidomics analysis results in this study suggested that these proteins may represent novel biomarkers of the disease progression in dogs with mitral valve degeneration. Our results in this present study will help in the detection and prognosis of mitral valve disease in dogs.
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Background: Myosin-binding protein C3 A31P (MYBPC3-A31P) missense mutation is a genetic deviation associated with the development of hypertrophic cardiomyopathy (HCM) in Maine Coon cats. The standard detection of the MYBPC3-A31P mutation is complicated, time-consuming, and expensive. Currently, there has been a focus on the speed and reliability of diagnostic tools. Therefore, this study aimed to develop a loop-mediated isothermal amplification assay (LAMP) coupled with a lateral flow dipstick (LFD) test to detect MYBPC3-A31P mutations in Maine Coon cats.

Materials and Methods: Fifty-five Maine Coon cats were enrolled in this study, and blood samples were collected. MYBPC3-A31P was genotyped by DNA sequencing. Primers for LAMP with a LFD test were designed. The optimal conditions were determined, including temperature and time to completion for the reaction. The sensitivity of A31P-LAMP detection was compared between agarose gel electrophoresis (the standard method) and the LFD test. The A31P-LAMP-LFD test was randomly performed on seven cats (four with the A31P mutation and three wild-type cats).

Results: The A31P-LAMP procedure was able to distinguish between cats with MYBPC3-A31P wild-type cats and MYBPC3-A31P mutant cats. The LAMP reactions were able to be completed in 60 min at a single temperature of 64◦C. Moreover, this study demonstrated that A31P-LAMP coupled with the LFD test allowed for A31P genotype detection at a lower DNA concentration than agarose gel electrophoresis.

Discussions: This new A31P-LAMP with a LFD test is a successful and reliable assay with a rapid method, cost-effectiveness, and low requirements for sophisticated equipment for the detection of MYBPC3-A31P mutations. Thus, this assay has excellent potential and can be recognized as a novel screening test for hypertrophic cardiomyopathy associated with MYBPC3-A31P mutations in felines.

Keywords: loop-mediated isothermal amplification, lateral flow dipstick test, myosin binding protein C3 A31P, mutation, Maine Coon cats


INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most common hereditary cardiovascular disease in cats (1–4). The HCM phenotype has a prevalence of approximately 15% in cats (5). Moreover, the HCM phenotype in cats is related to an increase in age. Cats with clinical HCM commonly demonstrated left-sided congestive heart failure due to an impairment of diastolic function such as respiratory distress, cardiogenic pulmonary edema, pleural effusion, syncope, hypothermia, and atrial thromboembolism (ATE) (6–9). Specific breeds are highly associated with HCM development, especially the Maine Coon (10) and Ragdoll (11).

Previous research investigated the cause of HCM in cats. Myosin binding protein C3 A31P (MYBPC3-A31P), a single nucleotide polymorphism (SNP), was possibly associated with HCM development in cats, especially Maine Coon cats (12). MYBPC3, the sarcomeric protein in the myocardium, plays a crucial role in heart muscle contraction. Hence, MYBPC3-A31P mutation disturbs normal heart function and leads to cardiac concentric hypertrophy (12, 13).

The diagnosis of the HCM phenotype routinely relies on echocardiographic measurements. While detection of the SNP missense mutation MYBPC3-A31P is required for genetic screening in Maine Coon cats with familial HCM. However, cats without MYBPC3-A31P mutation may develop HCM. For the detection of SNP mutations, DNA sequencing is widely recognized as the gold standard technique (14). However, due to the inconvenience of DNA sequencing, requiring labor-intensive skills, prohibitive cost, and a long time, numerous researchers have developed different methods for SNP detection, such as allele-specific loop-mediated isothermal amplification (AS-LAMP) (15), microarray genotyping (16), molecular beacon genotyping (17), allele-specific polymerase chain reaction (AS-PCR) (18), and high-resolution melting (HRM) (19). Based on advanced genetic research, LAMP is one of the accepted powerful methods for SNP detection. Applying a constant single temperature, LAMP can be used for point-of-care (POC) diagnostic tests owing to the utilization of simple instruments such as thermocyclers, heated blocks, or water baths. The advantages of LAMP are rapid detection with high accuracy because of four to six specific primers used for LAMP and isothermal amplification as a one-step process (20, 21).

In contrast, one disadvantage of LAMP is the challenge of designing a specific primer set. The detection of LAMP products is also usually performed by agarose gel electrophoresis. However, this method uses complex procedures and requires specialized equipment. The other commonly used methods for LAMP product verification are the visualization of colorimetric and lateral flow dipstick (LFD) tests, which are simple and straightforward for carrying out POC tests in a small animal hospital or small laboratory unit (22). Nonetheless, the application of LAMP combined with LFD for the detection of MYBPC3-A31P mutations has not yet been reported. Therefore, this study aimed to develop a specific and rapid diagnostic tool for detecting MYBPC3-A31P mutations in Maine Coon cats using a LAMP assay coupled with an LFD.



MATERIALS AND METHODS


Animals and Sample Collection

Fifty-five Maine Coon cats were recruited into this study. The procedures of animal use were permitted by Kasetsart University Institutional Animal Care and Use Committee, Kasetsart University, Bangkok, Thailand (Approval number: ACKU 62-VET-059). The blood samples were collected from venous vessels for 2–3 ml per cat and stored in an ethylenediaminetetraacetic acid (EDTA) tube. The stored blood was aliquoted and kept at −20°C until DNA extraction. As described previously, the process of DNA extraction was conducted via Blood Genomic DNA Extraction Mini Kit (Favorgen, Taiwan) regarding manufacturer's recommendations (23).



Genotyping of MYBPC3-A31P Mutation

The protocol for genotyping of MYBPC3-A31P mutation was obtained from a previous study by Godiksen et al. (24). The details of forwarding and reverse primers were represented in Table 1. In brief, the steps of PCR included heat activation at 95°C for 15 min, 35 cycles of 3 steps of (i) denaturation at 95°C for 30 s, (ii) annealing at 58°C for 30 s, and (iii) extension at 72°C for 1 min and final extension at 72°C for 10 min. The size of the PCR product was 242 bp. PCR purification was then conducted following manufacturer's protocol (Favorgen, Taiwan). The Sanger sequencing was applied to determine the nucleotide of the MYBPC3 gene. The mutation of MYBPC-A31P was evaluated by using the Bioedit program. After MYBPC3-A31P genotyping, the enrolled cats were divided into two groups: wild-type genotype and mutant genotype. Three cats from the wild-type group and four cats from the mutant group were randomly selected, owing to the concentration and purity of DNA extraction for the detection of the A31P-LAMP method coupled with LFD test.


Table 1. Primer sets for MYBPC3-A31P genotyping.
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A31P-LAMP Primer Design

The A31P-LAMP primer set was designed by using Primer Explorer version 5 software (http://primerexplorer.jp/lampv5e/index.html). Based on our experience, the high guanine and cytosine (G/C) nucleotide in the sequence of the MYBPC3 required a manual design of the primer set. The DNA sequence of MYBPC3 protein was obtained from the National Center for Biotechnology Information (NCBI) database. In this research study, we designed the specific primer set based on the efficiency of recognition of SNP at position A31P for specifically selective amplification. The four designed primers can be used to detect mutant allele, cytosine (C), at the A31P missense mutation point from the MYBPC3. Four specific primers of A31P-LAMP, including forwarding inner primer (A31P-FIP), backward inner primer (A31P-BIP), A31P-F3 primer, and A31P-B3 primer were designed under the consideration of correlative comparable in the number of base pairs, percentage of G-C components, and melting temperatures. The position of MYBPC3-A31P was located at the 5' end of the designed forward inner primer (A31P-FIP). The designed primers set in this study were shown in Table 1. The illustration of the MYBPC3, location of A31P-LAMP primer, and steps of the A31P-LAMP process are represented in Figure 1.


[image: Figure 1]
FIGURE 1. The schematic of target sequence A31P-LAMP for detecting the MYBPC3-A31P and A31P LAMP process. (A) The homozygous wild-type and homozygous mutation of the MYBPC3-A31P were represented. The target of the A31P-LAMP primer regions including outer primer (F3 and B3 primer) and inner primer (FIP and BIP) was demonstrated. The dark triangle symbols pointed to MYBPC3-A31P SNP. (B) The schematic displayed the A31P-LAMP process. The guanine (G) allele from the homozygous wild type was not amplified while the cytosine (C) allele from homozygous mutation was amplified.




A31P-LAMP Condition

A31P-LAMP solution was performed in a total volume of 25 μl per reaction. The mixture of reaction consisted of the following contents: 1X isothermal amplification buffer, containing 20 mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM of KCl, 2 mM MgSO4, 0.1% Tween (New England Biolabs, United States), 6 mM of MgSO4 (8 mM in final concentration), 1.4 mM of dNTPs (Thermo Scientific, United States), 0.8 M of betaine (Sigma-Aldrich, United States), 7.5% of DMSO, 0.2 μM of A31P-F3 primer, 0.2 μM of A31P-B3 primer, 1.6 μM of A31P-FIP primer, 1.6 μM of A31P-BIP primer, 8 unit of Bst 2.0 DNA polymerase (New England Biolabs, United States), 9.4 μl of sterile water, and 2 μl of DNA template. RNase-free water was used as a negative control in each experiment. To optimize the reaction time of A31P-LAMP, the initial condition was modified from the manufacturer (New England Biolabs, United States). The optimal temperature of the A31P-LAMP reaction was evaluated at the gradient temperature, ranging from 60.8 to 68.0°C. Moreover, the mixtures of LAMP reaction were experimented with to incubate with different time points for 30, 45, 60, and 75 min.



Lateral Flow Dipstick Test

After the A31P-LAMP protocol was optimized, an LFD test was conducted for validating the test efficacy. Regarding this study, the designed A31P-LAMP products were labeled with biotin-tagged BIP. In our experiment, an LFD test was performed according to commercial manufacture protocol (Melinia Genline HybriDetect, GieBen, Germany). In short, the amplificated A31P-LAMP product was added with 1 μM of A31P-probe which was labeled with a 6-carboxyfluorescein (6-FAM) probe and allowed to hybridize in the same temperature of A31P-LAMP amplification for 5 min. The sequence of designed A31P-probe is represented in Table 1. Then, the 10 μl of hybridized LAMP products were directly dropped on lateral flow test strips. After that, lateral flow test strips were dipped into 80 μl of assay buffer that has been rewarmed at room temperature. Subsequently, the assay solution was emigrated by chromatography method along the test strips. The results of the LFD were observed by the naked eye within 5–15 min (Figure 2). A positive result for the MYBPC3-A31P mutation was represented by two bands, the control line and the test line, appearing on the strip of the LFD test in a purple-red color. One band, the control line, appeared for homozygous wild-type cats. If no band appeared for the control line, the results of the LFD test were considered invalid.


[image: Figure 2]
FIGURE 2. The illustration of the principle of LFD test. The A31P-LAMP assay coupled with the LFD test showed the positive purple-red color band in the control line. In homozygous wild-type cats, the band was not represented in the test band while the positive test band appeared in cats with the MYBPC3-A31P mutation.




Verity of the Diagnostic Test for the A31P-LAMP Test

The analytical sensitivity of the A31P-LAMP test was determined in this study. The DNA of enrolled cats with MYBPC3-A31P mutation was diluted in various concentrations, including 10, 1, 0.1, 0.01, 0.001, 0.0001, and 0.00001 ng/μl. A31P-LAMP reaction was performed according to the protocol as described above. Then, the A31P-LAMP product was detected via (LFD test in comparison with a standard 1.5% agarose gel electrophoresis technique (25).




RESULTS


Descriptive Demographics of the Animals

In this study, 55 Maine Coon cats were recruited to the experiment. The average age of the enrolled cats was 22.54 ± 3.22 months (mean ± SEM). Their average body weight was 5.73 ± 0.35 kg (mean ± SEM). There were 30/55 (54.55%) male and 25/55 (45.45%) female Maine Coon cats. The DNA sequencing results revealed that 8/55 cats (14.55%) had the MYBPC3-A31P mutation. Among these, 1/55 (1.82%) was a homozygous mutation and 7/55 (12.73%) were heterozygous mutations. The demographics of the seven randomly selected Maine Coon cats are presented in Table 2. Figure 3 represents the DNA sequencing examination of the MYBPC3-A31P mutation.


Table 2. Demographic information of animals in this study.
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FIGURE 3. The DNA sequencing results of MYBPC3-A31P mutation. (A) The PCR result from MYBPC3 amplification. Lane 1: DNA ladder; Lane 2: homozygous wild-type group; Lane 3: heterozygous mutation group; Lane 4: homozygous mutation group; Lane 5: negative control (NTC). The product size relied on 242 bp. (B) The chromatograms from the Sanger sequencing method were demonstrated in three different types of MYBPC3-A31P mutation. The red box represents the location of the MYBPC3-A31P region.




Design of the A31P-LAMP Primer for Detecting the MYBPC3-A31P Mutation

In this study, we successfully designed a specific A31P-LAMP primer for detecting the mutant allele cytosine (C) of the MYBPC3-A31P mutation. MYBPC3-A31P is located at the 5' end of the forward inner primer (FIP) to distinguish between the wild-type genotype and mutant genotype in Maine Coon cats. The A31P-LAMP reaction on the MYBPC3-A31P mutation in cats is demonstrated in Figure 4. The mutated allele (C), including the heterozygous mutation (G/C) (Lane 3) and the homozygous mutation (C/C) (Lane 4), was amplified and evaluated via agarose gel electrophoresis as the standard method. However, homozygous wild-type (G/G) was not able to be observed by A31P-LAMP detection. Therefore, the designed A31P-LAMP primer set is an excellent LAMP primer set for identifying the MYBPC3-A31P mutation.


[image: Figure 4]
FIGURE 4. The results of the A31P-LAMP reaction for identifying MYBPC3-A31P mutation in Maine Coon cats by agarose gel electrophoresis. The results showed a positive amplified band in Lane 3 and Lane 4 from both heterozygous mutation and homozygous mutation. In Lane 1, the cats from the homozygous wild type did not amplify the A31P-LAMP.




Optimizations of the Designed A31P-LAMP Amplification

After designing an effective A31P-LAMP primer set, we sequentially optimized the conditions of the temperature and time to perform the A31P-LAMP reaction. The optimal temperatures were tested from 60.8 to 68.0°C. We observed that A31P-LAMP was successful at 62.4 to 66.2°C (Figure 5A). Thus, we selected the temperature of 64°C as optimal for the A31P-LAMP reaction. Moreover, the time required for the A31P-LAMP reaction was optimized. We discovered that A31P-LAMP had positive results from 60 to 75 min (Figure 5B). Therefore, the A31P-LAMP reaction at 60 min provided a better experimental outcome based on the higher intensity signal on gel electrophoresis.


[image: Figure 5]
FIGURE 5. The optimization of the A31P-LAMP protocol. (A) The optimal temperature was examined from 60.8 to 68◦C. (B) The optimal temperature was evaluated from 30, 45, 60, to 75 min. The A31P-LAMP product was demonstrated within 60 min.




Evaluation of A31P-LAMP Coupled With Lateral Flow Dipstick Test

A31P-LAMP coupled with the LFD test was operated to detect the designed LAMP products. Biotin was tagged at the backward inner primer (A31P-BIP) and 6-carboxyfluorescein (6-FAM) was labeled in the A31P-probe. In this experiment, two purple-red color bands for the test line and control line appeared for mutant cats with either a heterozygous or homozygous mutation. However, only one band appeared at the control line in homozygous wild-type cats (Figure 6). Overall observations suggested that the A31P-LAMP coupled with the LFD test was potentially suitable for detecting MYBPC3-A31P.


[image: Figure 6]
FIGURE 6. Detection of the DNA (10 ng per μL) of MYBPC3-A31P mutation using the recombinase polymerase amplification-LFD test. WT, wild-type cats; HET, heterozygous mutation; HOM, homozygous mutation; NTC, negative control.




Verity of a Diagnostic Test for A31P-LAMP Test

The sensitivity test of the designed A31P-LAMP reaction for detecting A31P-LAMP product was investigated using 10-fold serial dilutions of DNA concentration in comparison between agarose gel electrophoresis (standard method) and LFD test. In agarose gel electrophoresis, we found that the lowest DNA concentration to detect LAMP-A31P was 0.0001 ng/μl.

In this study, seven out of 55 cats were diagnosed using the A31P-LAMP assay coupled with the LFD test, all seven cats were used in various DNA concentrations (from 0.0001 to 0.00001 ng/μl) to detect A31P mutation. The results showed that 0.00001 ng/μl of DNA concentration is the minimal amount that was able to detect A31P mutation with the LFD test in all seven cats (Figure 7). The accumulated finding indicated that the LFD test provided more sensitivity to identify A31P-LAMP product than agarose gel electrophoresis.
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FIGURE 7. The results of A31P-LAMP reaction from various DNA concentrations (10–0.00001 ng per μL) for identifying MYBPC3-A31P mutation in Maine Coon cats by agarose gel electrophoresis (A). Detection of the DNA (10–0.00001 ng per μL) of MYBPC3-A31P mutation using the recombinase polymerase amplification-LFD test (B). NTC, negative control.





DISCUSSION

The MYBPC3-A31P mutation is of great concern in Maine Coon cats due to the severity of the pathogenesis and the HCM disease progression (26). According to our findings in the recruited study animals, the MYBPC3-A31P mutation rate was 14.55%, which is low. In concordance with our recent prior publication, the mutation rates of MYBPC3-A31P and A74T in Maine Coon cats accounted for 21.43% in Thailand (23). The prevalence of MYBPC3-A31P mutations worldwide (not included in Thailand) is around 34% (27). Moreover, a study in a large European region showed that the prevalence of Maine Coon cats with the MYBPC3-A31P mutation was 41.5% (28).

To date, the gold standard for the detection of MYBPC3-A31P mutations is DNA sequencing. However, this method has various limitations, such as complicated processes, time-consuming, a prohibitive cost, and requiring special equipment. Over the past few decades, many researchers have attempted to develop better techniques for detecting SNP gene mutations. There is currently no perfect screening test that can be applied as a simple diagnostic tool for SNP gene mutations, especially MYBPC3-A31P mutations in cats.

This is the first study applying a LAMP coupled with an LFD test for screening MYBPC3-A31P mutations. Our findings demonstrated that A31P-LAMP associated with the LFD test can distinguish between wild-type cats and mutant cats with the MYBPC3-A31P mutation (Figure 6). Nevertheless, this technique has some limitations due to its inability to differentiate between homozygous and heterozygous mutation carriers.

After successfully developing a specific design of A31P-LAMP, the A31P-LAMP amplification was optimized for temperature and time (Figure 5). We found that the designed A31P-LAMP can be amplified in wide ranges of temperatures and with various equipment, such as thermocyclers, heated blocks, and water baths. This is consistent with a previous study, where the researchers developed a LAMP for detecting the Mycobacterium leprae pathogen that causes Hansen's disease. The researchers were able to conduct LAMP amplification in both a heated block and a water bath (29). Moreover, in this study, the average time to perform the MYBPC3-A31P test with LAMP was ~110 min, including the process of DNA extraction, DNA amplification, and SNP detection. These data indicated that the designed A31P-LAMP required less time than other methods for SNP detection, such as PCR with DNA sequencing. PCR with DNA sequencing takes a long time due to the numerous steps, including DNA extraction, PCR, purification of PCR products, and DNA sequencing methods (30).

The designed A31P-LAMP can be clinically utilized as a rapid assay for MYBPC3-A31P mutation detection. To reduce the SNP detection time, in future studies, DNA from various samples, such as blood, dry blood spots (DBSs), hair follicles, or buccal swaps, will be extracted with sodium hydroxide (NaOH). This method can save time for DNA extraction owing to its simple DNA extraction procedure (31).

The LFD test is a widely accepted technique for detecting LAMP products. Following numerous lines of previous evidence, a LAMP assay combined with an LFD test was initially used for detecting several diseases not only in animals but also in humans. For instance, LAMP with the LFD test has been reported for use in the detection of the hepatitis B virus in human fields (32). In this publication, the LAMP products were detected by agarose gel electrophoresis, LFD tests, and gold nanoparticles (AuNPs). The three methods had the same accuracy for hepatitis B virus detection. In humans infected with Plasmodium falciparum, LAMP with an LFD for specific SNP detection (Pf SNP-LAMP-LFD) was applied to investigate malarial disease. It has been reported that malarial disease is associated with antifolate molecular resistance to manage antimalarial drug strategies (33).

LAMP combined with LFD has been applied to detect hepatopancreatic parvovirus in shrimp (34). They documented that this method is more sensitive than one-step PCR with agarose gel electrophoresis due to the lower DNA concentration. In terms of the objective of this study, the combination of LAMP with the LFD test had superior sensitivity for the detection of the designed LAMP product compared with agarose gel electrophoresis at 0.00001 ng/μl (Figure 7). Based on these promising results, the designed A31P-LAMP coupled with the LFD test is a reliable assay for MYBPC3-A31P mutation screening. Similar to the previous study (35), our results showed that the LAMP assay only took 110 min, this method provides on-site detection of a pathogen without requiring complex equipment. The LAMP assay is a rapid, simple, and sensitive test. Therefore, the A31P-LAMP assay could be more suitable as a screening point-of-care test for detecting the MYBPC3-A31P mutation in Maine Coon cats than the conventional PCR methods. In our pilot study, only 7/55 cats (12.73%) were diagnosed using the A31P-LAMP assay coupled with the LFD test, which was a limitation. For future work, it will be useful to increase the number of cats tested; however, we still gained valuable results by using the A31P-LAMP-LFD test in this study. Another limitation was that we did not investigate the efficacy of diagnostic examinations, such as the sensitivity and specificity, for MYBPC3-A31P diagnosis with the A31P-LAMP assay coupled with the LFD test. This should be further investigated in a larger population of Maine Coon cats.

Novel methods for genetic testing of the MYBPC3-A31P mutation play a crucial role in reducing the effects of familial HCM in Maine Coon cats (26, 36). According to the American College of Veterinary Internal Medicine (ACVIM) consensus statement guidelines for the classification, diagnosis, and management of cardiomyopathies in cats, MYBPC3-A31P screening is suggested to decrease the abnormal gene pool and reduce HCM development in Maine Coon cats (26, 36). In this study, the A31P-LAMP method coupled with the LFD test is a rapid diagnostic tool for detecting MYBPC3-A31P mutations.



CONCLUSION

Loop-mediated isothermal amplification for the MYBPC3-A31P mutation (A31P-LAMP) coupled with an LFD test has enormous potential for screening the crucial SNP mutation of the sarcomeric protein in Maine Coon cats with HCM. Due to its high sensitivity and simple evaluation, this technique can be readily applied for on-site routine examinations in pedigree breeding in cats.
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Myxomatous mitral valve disease (MMVD) is the most common cause of congestive heart failure in dogs, and although complications of MMVD to the lungs and kidneys have been identified, complications to the gut are less well understood. The intestinal microbiota is an important factor in the gut, and although the association between heart disease and the intestinal microbiota has been shown in human medicine, it is unknown in dogs. The study aimed to evaluate the relationship between MMVD and gut microbiota. A total of 69 healthy Chihuahuas and Chihuahuas with MMVD were evaluated for cardiac health by echocardiography and chest radiography and grouped according to ACVIM guidelines. Fecal samples were collected from all cases and 16S rRNA sequencing was used to reveal the intestinal microbiota. There were significant differences in LA/Ao, LVIDd, E vel, VHS, and VLAS with the severity of ACVIM. On the other hand, there were no significant differences in the diversity and composition of gut microbiota among the groups. The present study did not identify the effects of MMVD on the gut microbiota.

Keywords: Chihuahua, fractional shortening, intestinal complication, intestinal microbiota, myxomatous mitral valve disease


INTRODUCTION

Much research has been done on the relationship between heart disease and the gut, and the concept of “Heart-Gut Axis” is well known. An important factor in understanding the function of the gut is the intestinal microbiota. In human medicine, it has been proven that the intestinal microbiota is involved in the pathogenesis of the cardiovascular disease, and it has been reported that lowering the blood concentration of trimethylamine N-oxide, a metabolite of intestinal bacteria, reduces the risk of cardiovascular disease (1–5). In addition, functional and morphological changes in the gut are induced in patients with heart failure, which in turn affects the gut microbiota. In both conditions, heart failure with preserved ejection fraction and heart failure with reduced ejection fraction, there were changes in the gut microbiota (6, 7). It has been reported that changes in the gut microbiota and the effects of heart failure on the intestinal tract can lead to systemic inflammation (8–12). Thus, in human medicine, the relationship between heart disease and intestinal microbiota has been the focus of much research and attention. Although research on the intestinal microbiota in veterinary medicine lags that in human medicine, it has been active in recent years due to the widespread use of 16S rRNA sequencing (13). The relationship between inflammatory bowel disease and intestinal microbiota has been reported, and the relationship between disease and intestinal microbiota has attracted attention in veterinary medicine, but there have been no reports on heart disease and intestinal microbiota (14).

MMVD is the most common cause of congestive heart failure in dogs. Cavalier King Charles Spaniels, Maltese, and Toy Poodles are reported to be the predominant breeds, and in clinical practice, MMVD is commonly seen in Chihuahuas due to many dogs kept. If MMVD worsens, it can cause fatal complications such as pulmonary edema and arrhythmia. It has been suggested that heart failure due to long-term MMVD can cause decreased blood flow throughout the body, leading to ischemic injury to vital organs such as the kidney and pancreas (15–17). We clarified the intestinal complications of MMVD using intestinal mucosal injury markers (I-FABP and D-Lactate) (18). To further understand the intestinal complications of MMVD, we investigated the fecal samples from MMVD-affected and healthy Chihuahuas using 16S rRNA gene sequencing to reveal the intestinal microbiota.



MATERIALS AND METHODS


Animals

This study was approved by the Rakuno Gakuen University, School of Veterinary Medicine Institutional Animal Care and Use Committee (approval No. VH19A10). Dogs sampled at two institutions, Yokohama Yamate Dogs and Cats Medical Center and Tokyo Veterinary Cardiology Center, from April 2019 to May 2020 were included in the study. The breed was limited to Chihuahuas only. All Chihuahuas that met the following inclusion criteria and came to the hospital during the study period were included: (1) adult dogs; (2) consented to the study; (3) provided a fecal sample; (4) no cardiac disease not associated with MMVD; (5) no fatal comorbidities. Most of the healthy Chihuahuas came to the hospital for checkups and preventive medical care such as rabies vaccines. Patients with diseases secondary to MMVD (e.g., pulmonary hypertension or chronic kidney disease) were included; however, patients with other cardiac diseases (e.g., cardiac tumor or epicardial disease) were excluded. After obtaining the owner's consent, physical examination (weight and body condition score [BCS]), auscultation (presence and intensity of heart murmur), medical history, current medical history, medications, antibiotics, and the usual diet were recorded in all cases. In all the cases, chest radiography and echocardiography were performed to evaluate the heart.



Heart Examination

In all cases, the heart was evaluated by chest X-ray and echocardiography. Echocardiography was performed according to standard techniques, using a Xario (TOSHIBA, probe: PST-50AT, 5MHz) at the Yokohama Yamate Dogs and Cats Medical Center and a LOGIC e9 (GE Health care Japan, probe: 6S) at the Tokyo Veterinary Cardiology Center (19). Data were collected by two examiners, and all examinations were performed in a quiet room. Echocardiography included the subjective evaluation of the valve structure and function; mitral regurgitation (MR) jets on color Doppler examination in four-lumen cross-sectional images, left atrium to aorta ratio (LA/Ao) at diastole, left ventricular septal wall thickness at diastole (IVSd), left ventricular posterior wall thickness at diastole (LVPWd), left ventricular internal diameter at diastole (LVIDd), normalized left ventricular internal diameter (LVIDDN) (20), left ventricular internal diameters in systole (LVIDs), fractional shortening (FS), left ventricular ejection fraction (LVEF), and left ventricular inflow velocity waves (Evel, Avel) were evaluated and recorded.Chest X-rays were taken at maximal right lateral inspiration for the presence of pulmonary edema and a recording of VHS, and VLAS was measured according to previous reports (21, 22). The ACVIM guidelines were used for the severity of MMVD (23).



DNA Extraction From Fecal Samples

Fecal samples were collected using a specimen collection kit (Fecal collection container F, Fujifilm Wako Pharmaceutical) and sent to Anicom Insurance Inc. Add 200 μL of fecal samples and 810 μL of the lysis buffer (containing 224 μg/mL ProtenaseK) provided with the schematic kit to a Precellys 2 mL Soft Tissue Homogenizing Ceramic Beads Kit (KT03961-1-003.2, Bertin Instruments, France), and bead fragmentation (6,000 rpm, fragmentation 20 s, interval 30 s, fragmentation 20 s) was performed with a bead homogenizer Precellys Evolution (Bertin Instruments). The specimens were then lysed with Proteinase K by placing them on a heat block at 70°C for 10 min. Subsequently, Proteinase K was inactivated by placing the specimens on a heat block at 95°C for 5 min. The lysed samples were subjected to automated DNA extraction using chemagic 360 (PerkinElmer) and chemagic kit stool protocol to obtain 100 μL of DNA extract.



16S rRNA Gene Amplicon Sequencing

The DNAs were subjected to 16S rRNA gene amplicon sequencing. The V3–V4 regions of the 16S rRNA gene were amplified by PCR using the primers described in the Illumina 16S Sample Preparation Guide (Illumina, San Diego, CA, USA) as follows: forward, 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG–CCTACGGGNGGCWGCAG-3′; reverse, 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA-GGACTAC- HVGGGTATCTAATCC-3′. PCR amplification was performed using the KAPA HiFi HotStart Library Amplification Kit (Kapa Biosystems, Wilmington, MA, USA). Each PCR product was purified using an Agencourt AMPure XP Beads Kit (Beckman Coulter, Pasadena, CA, USA) and quantified using a Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). One hundred nanograms of each amplicon were subjected to a second PCR round for indexing, using a Nextera XT Index Kit v2 (Illumina). After purification, the PCR products were quantified with a NanoPhotometer (Implen, Westlake Village, CA, USA) and pooled into one tube at a final concentration of 1.6 ng/μl. The concentration of the pooled DNA library was validated using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). After denaturation with NaOH,850 μl of 9pM DNA library and 150 μl of 9p M PhiX were mixed and subjected to pair-end sequencing using Illumina MiSeq with a MiSeq Reagent Kit v3 (600 cycles; Illumina).



Processing of 16S rRNA Gene Amplicon Sequencing

The sequence data were processed using Quantitative Insights into Microbial Ecology 2 (QIIME 2) v2019.4.0 (24). The DADA2 software package v2019.4.0 incorporated in QIIME 2 was used to correct the amplicon sequence errors and to construct an amplicon sequence variant (ASV) table. The ASV table was rarefied. Microbial taxonomy was assigned using a Naïve Bayes classifier trained on the SILVA 132 99 % database.



Microbial Diversity

Metrics of alpha diversity, including Shannon's index (Shannon), and those of beta diversity, including unweighted UniFrac and weighted UniFrac (weighted UniFrac), were examined using QIIME2. These diversity metrics were statistically analyzed by the method described below.



Statistical Analysis

Case data were entered into a spreadsheet, and statistical analysis was performed using SPSS software (SPSS statistics ver 24.0 IBM Japan, Ltd., Tokyo, Japan). Age, weight, and BCS were subjected to a one-way analysis of variance using the Turley-Kramer post-hoc test. For gender and medications, Fisher's exact test was used. Values for each group obtained by echocardiography and chest radiography were subjected to a one-way analysis of variance using the Turley-Kramer post-hoc test.




RESULTS


Animals

We collected a sample of 69 cases, ranging in age from 3 to 12 years, which were divided into four groups: Healthy chihuahuas (H) (n = 19), B1 (n = 21), B2 (n = 15), and C/D (n = 14) (Table 1). Of the 14 cases in Group C/D, 3 samples were taken at presentation to the hospital in a hypoxemic crisis of fulminant pulmonary edema. The remaining 11 cases were sampled on stable on medication at a scheduled recheck. There were no cases there that were excluded after sample collection. Group H had a predominantly lower mean age compared to the other groups. One case each in groups B1 and C/D was on antimicrobial medication. They were administered erythromycin and enrofloxacin, respectively. The following comorbidities were observed in each group. Group H: canine atopic dermatitis (CAD) (n = 2), chronic kidney disease (CKD) (n = 1), epileptic seizures (n = 1), and food allergy (n = 1). Group B1: CAD (n = 1), cholelithiasis (n = 1) hypoadrenocorticism (n = 1), and hypothyroidism (n = 2). Group B2: CAD (n = 1), CKD (n = 2), diabetes mellitus (n = 1), tracheal collapse (n = 2), and hypothyroidism (n = 1). Group C/D: CKD (n = 7), tracheal collapse (n = 2). Owing to worsening cardiac disease, many patients were taking cardiac medications, and all the patients in Group C/D were taking angiotensin-converting enzyme inhibitors (ACI) and pimobendan. The three patients in Group B2 on loop diuretics (furosemide: 1.1 ± 0.6 mg/kg/day) had no history of heart failure and, were being prescribed for cough reduction. Nine patients in Group C/D were taking loop diuretics (trasemide: 0.33 ± 0.23 mg/kg/day). The dietary content is summarized in Table 2.


Table 1. Patient characteristics of healthy Chihuahuas (H) and Chihuahuas with myxomatous mitral valve disease divided into three groups (B1, B2, and C/D).
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Table 2. Patient diet data in healthy Chihuahuas (H) and Chihuahuas with myxomatous mitral valve disease divided into three groups (B1, B2, and C/D).

[image: Table 2]



Echocardiography and Chest Radiography

Echocardiography, VHS, and VLAS findings are presented in Table 2. LVIDd was higher in groups B2 and C/D than in groups H and B1; however, there was no significant difference between groups B2 and C/D. The E wave also increased with severity, with group C/D having the highest increase. VHS and VLAS were also higher with worsening cardiac disease, with Group C/D having higher values than the other groups.



Intestinal Microbiota Analysis

The ACVIM stage classification showed no significant difference in alpha diversity between the groups (Figure 1). In terms of the composition of the intestinal microbiota at the phylum level, most cases were dominated by bacterial species in the following order: Firmicutes, Bacteroides, Proteobacteria, Fusobacterium, Actinobacteria (Figure 2). There was no significant difference in the composition of the intestinal microbiota at the phylum level between the groups. Firmicutes/Bacteroidetes ratio was 82.6 ± 383.7.


[image: Figure 1]
FIGURE 1. α-diversity: Shannon index based on operational taxonomic unit abundance of healthy Chihuahuas (H) and Chihuahuas with myxomatous mitral valve disease divided into three groups (B1, B2, and C/D).
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FIGURE 2. Abundances of taxa in the intestinal microbiota of healthy Chihuahuas (H) and Chihuahuas with myxomatous mitral valve disease divided into three groups (B1, B2, and C/D) (phylum level).





DISCUSSION

As shown in Table 3, there was a tendency for the measurements obtained by echocardiography and chest radiography to worsen with increasing severity of MMVD. LA, LA/Ao, E vel, VHS, and VLAS were significantly increased in heart failure dogs compared with other groups, suggesting that they are important items indicating the severity of MMVD. LA/Ao and E vel have been reported to be important parameters that can be poor prognostic factors in MMVD, and the results of this study are consistent with previous reports (25). FS and LVEF did not differ significantly, although there was a trend toward increased values due to worsening MMVD. Worsening of MMVD has been reported in the past to increase FS, which was also true in this study, although the difference was not significant (26). FS is influenced by a variety of factors, including age, sex, breed, concomitant disease, preload, post load, and wall stress (20, 27–29). Also, many of the patients in this study were taking pimobendan internally. Pimobendan has been reported to increase FS and may have influenced this study (30). It has also been reported that the more severe the myocardial failure, the less FS that was elevated in MMVD (26). This study is difficult to evaluate because no histological examination of the myocardium was performed, but the influence of such a condition on the results should be considered.


Table 3. Echocardiographic and radiographic data in healthy Chihuahuas (H) and Chihuahuas with myxomatous mitral valve disease divided into three groups (B1, B2, and C/D).
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As shown in Figures 1, 2, there was no difference in α diversity or composition of the gut microbiota among the groups classified by the ACVIM guidelines in the gut microbiota analysis. In a study by Sandri et al. (31), the gut microbiota of dog was found to be composed of Firmicutes (43%), Bacteroidetes (19.8–26.9%), Fusobacteria (4.7–11%), and Proteobacteria (1.3–4.3%); in another study, it was found to be composed of Firmicutes (84% of all sequences), Bacteroidetes (2.9%), Fusobacteria (3.2%), Proteobacteria (7.8%) and Actinobacteria (1.7%) (32). These differences are thought to be due to individual and animal differences in intestinal microbiota (33). The intestinal microbiota of each case obtained by this study was consistent with previous reports in dogs. Human medicine has reported changes in gut microbiota composition in heart failure patients (6, 7). In this study, the FS and LVEF of heart failure dogs were normal and there was no obvious decrease in cardiac output. Decreased cardiac output has been reported to reduce blood flow to the intestinal tract and enteric membrane arteries, resulting in changes in the composition of the intestinal microbiota (6, 10). Considering the results of this study, it is possible that there is no obvious change in the composition of the gut microbiota in dogs with heart failure that do not have a reduced cardiac output. Next, we need to study the composition of the gut microbiota in dogs with heart failure due to MMVD with reduced cardiac output.

The intestinal microbiota is said to be affected by various factors such as individual differences and living environment, and it has been reported in dogs that it also changes with age. The age of Group H was lower in this study, and the difference in age between the groups may have affected the results. Chihuahuas are the preferred breed for MMVD, and the Chihuahuas that did not have MMVD tended to be sampled at a relatively young age (34–37). On the other hand, there is no significant age difference between the groups affected by MMVD (B1, B2, C/D), and comorbidities and medications administered need to be considered. The major difference was the presence of diuretics and the presence of CKD. In Group C/D, 9/14 patients were taking diuretics due to worsening MMVD, and in Group B2, 3/15 patients were taking diuretics. Diuretics in Group B2 were used to reduce cough and were used at lower volumes than in Groups C/D. In human medicine, chronic kidney disease has been reported to affect the intestinal microbiota (38). The accumulation of urea in the blood due to decreased renal function increases urea efflux in the intestine, and urease-containing intestinal bacteria increase ammonia concentration in the intestine, affecting the intestinal microbiota (39). The possibility of intestinal ischemia and acidosis due to uremia has also been suggested. We need to consider the possibility that the dogs in this study had various comorbidities (e.g., CAD, hypothyroidism, etc.) that may have affected the results.

Two cases were taking antibiotics and many cases were taking ACE-I internally. It has been reported that antibiotics and ACE-I affect the intestinal microbiota, which may have influenced the results of this study (40). In addition, the number of cases in group C/D was less than the other groups (H, B1, B2) in this study. It is necessary to consider the possibility that this may have affected the results.

The effect of diet on intestinal microbiota has been reported in dogs (33, 41). Specifically, dogs fed a natural diet have more diverse and abundant microbial composition in the gut microbiota than dogs fed a commercial feed. In this study, there was no uniformity in the diets, as shown in Table 2. In addition, the treatment diet contained several dietary fibers, including prebiotics. It is highly possible that the lack of uniformity in diet content and composition affected the gut microbiota, and the results of this study should be discussed in this light.

In this study, we were not able to confirm changes in the gut microbiota according to ACVIM stage. However, because this study was a clinical trial, there were a variety of factors in each case, and the influence of these factors on the results of this study cannot be measured. In the future, it is necessary to conduct a study with uniform conditions.
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H(n=19) Bi(n=21) B2(n=15) C/D (n=14) P-value for all

LA (mm) 182£2.2 152+2.7 23346154 320+ 7.49 <0.001
Ao (mm) 941£10 10212 10913° 106£13° 0.005
LA/AO 14+£02 16+02 2.1+£06°¢ 3.1+090°¢! <0.001
IVSDd (mm) 5212 5208 4609 44212 0.062
LVPWd (mm) 54£09 5610 5108 51£12 0.202
LVID (mm) 170426 191434 25543454 275410 <0.001
LVIDs (mm) 10.8:£26 120£22 14.1£23° 155£3.6% <0.001
LVIDDN 17£02 18:£0.1 19£0.1° 19£02° <0.001
E vel (m/s) 0601 07+0.2 09+02° 1.3:+£0500! <0.001
Avel (m/s) 06:£02 0802° 10£02° 08+£03 <0.001
MR vel (m/s) nothing 57£06 54+05 5306 0.286
FS (%) 357463 360£67 388+ 129 44.4£110° 0.037
LVEF (%) 683:+£8.4 675476 720+£90 726117 0.338
VHS (v) 92£09 9.4+08° 10.640.7 %9 151200 <0.001
VLAS (v) 20+02 23+03° 3.1+£030¢ 38+ 040! <0.001

Date are presented as mean = standard deviation (SD).
LA, et atrium; Ao, aorta; LA/Ao, maximal diastolic left atral body-to-aortic root diameter ratio in the right, parastemal, short-axis view of the heart base; IVSTd, iterventricular septum
thickness in diastole; LVPWA, left ventricular posterior wall thickness in dliastole; LVIDd, left ventricular internl diameter in diastole; LVIDS, left ventricular internal diameter in systole;
LVIDDN, left ventricular interal ciameter in diastole, indexed to the bodyweight; E vel, early wave velocity; A vel, atrium wave velocity; MR vel; mitral regurgitetion velocity; FS, shortening
fraction; LVEF, left ventriculer ejection fraction; VHS, vertebral heart score; VLAS, vertebral left atiel size.

P-value for all: Results of the overall ANOVA F-test.

Pairwise comparisons were made using the Tukey-Kramer test.

aStatisticall significant difference between H and B1 (P < 0.05).

bStatisticaly significant difference between H and B2 (P < 0.05).

Statisticaly significant difference between H and C/D (P < 0.05).

IStatistically significant difference between B1 and B2 (P < 0.05).

*Statisticaly signiicant difference between B1 and C/D (P < 0.05).

Statistically significant difference between B2 and C/D (P < 0.05).
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Parameters Overall cats A31P-LAMP-LFD

(n =55) h=7)
Age (months) 2254+3.22 2457 +5.94
Weight (kg) 573+£085 556 % 0.48
Meale [number (%)] 30/55 (54.55%) 417 (657.14%)

MYBPC3-A31P mutation [number (%)) 8/55 (14.55%) 477 (57.14%)
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Primer Sequence (5-3) Length (bp) Tm (°C) GC (%)

A31P forward  AGCCTTCAGCAAGAAGCCA 19 51.1 53
A31Preverse  CAAACTTGACCTTGGAGGAGC 21 54.4 52
F3-A31P CCATTGGCCCATCTCAGTC 19 53.2 58
B3-A31P TGCGTAGGGTCCCTGGTC 18 54.9 67
FIP-A31P CCTCGAACACAGCAGAGC- 38
TCAGCCTTCAGCAAGAAGCC
BIP-A31P Biotin- 39
GGCAGTGACATCAGCGCCA-
CTGTCAGAGTGTGCCTCGTG
A31P-probe  6-FAM- 20 53.8 55
AGAGCGGTCAGGAGTAAAGG

The underline represents the MYBPC3-A31P SNP area on the A31P-LAMP primer.
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Variable Control B2 c+D Overall
N.=11 9 N.=19 7 p-value
BUN (mg/di) 43 (26-50) 36 (32-51) 50 (35-58.36) 65 (50-116) o* <0.001
Total protein (/L) 72.9(70.0-78.9) 71.8(66.8-76.2) 69.9 (66.6-71.7) 725 (60.4-81.1) 052
Albumin (g/L) 30.7 (28.4-31.7) 31.1(20.6-32.4) 29.4 (27.3-33.7) 28.9(26.8-33.5) 0.13
Creatinine (mg/dl) 10(1.0-12) 10(0.8-1.1) 1.1(0.8-15) 1.4(1.1-1.69° <0.001
Cholesterol (mg/d) 272 (214-299) 236 (195-279) 210.5 (164-231) 211 (172-269) 0.10
Triglycerides (mg/d) 74 (48-139) 62.5 (48-88) 53.5(35-68) 69.5(44.5-79) 020
Galoium (mg/cl) 105 (10.0-10.7) 102 0.7-10.6) 10.1 (9.6-10.3) 10.3 (9.6-108) 028
Phosphorus (mg/di) 40(3.7-55) 3.4(30-42) 36 (28-4.0) 39(3.4-5.1) 0.02
Na* (mEq/L) 147.4 (144.2-153.6) 148 (144.5-1513) 148.8 (143.2-150) 147.4 (144.9-152) 095
K* (mEqL) 49(436.1) 46(4.4-4.7) 46(4.2-4.9) 43(4.0-4.6) 0.09
UsG 1,029 (1,020-1,044) 1,026 (1,018-1,043) 1,028 (1,018-1,038) 1,014 (1,012-1,017.5)" o4 0.002
PU/CU 0.1(0.02-0.1) 0.1(0.1-03) 02(0.1-0.4) 0.1(0.1-03) 023
RBC (10%l) 7.3(6.7-7.7) 7.0 (6.4-7.5) 6.8(6.1-7.7) 7.3(6.1-8.0) 061
WBG (10%/p) 8.4(6.0-9.9) 80(7.3-9.3) 9.1 (7.3-12.6) 145 (9.6-22.5)" <0.001
NT-proBNP (pmol/L) 372 (249-529) 434.5 (342.6-584.5) 1,423 (798-3,984) " 4,062 (2,169-5,482) <0.001
SDMA (umol/L) 0.4(0.35-0.45) 0.4(0.3-05) 0.4(03-06) <0.001
ADMA (umol/L) 19(1.7-23) 18(1.6-2.3) 2.0 (1.6-2.4) 25(2.1-3.0/* <0.001
L-Arg (mol/L) 95.1(76.4-127.3) 105.8 (85.7-126.5) 124.3 (86.6-143.8) 103 (73.1-138.5) 059
L-Arg/ADMA 47.2 (37.1-63.0) 50.9 (44.2-68.9) 51.9 (39.4-65.9) 41.7 (27.6-46.07* <0.001

Date are presented as median and interquartie range.
Significant overall P values are reportedin bold.

N., number of dogs; ADMA, asymmetric dimethylarginine; BUN, blood urea nitrogen; L-Arg, L-arginine; L-Arg/ADMA, L-arginine to ADMA ratio; NT-proBNR, N-terminal prohormone of
brain natriuretic peptide; RBC, red blood cel; PU/CU, urinary protein to creatinine ratio; SDMA, symmetric dimethylerginine; WBC, white blood cell; USG, urine specific gravity.

"< 0.05 in comparison with H.

*'p< 0.01 in comparison with H.

*'p< 0.001 in comperison with H.
°p< 0.05 in comparison with B1.
% p< 0.001 in comparison with B1.
* p< 0.05 in comparison with B2.
# 5. 0.01 in comparison with B2.
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Parameter SDMA ADMA L-arginine L-arginine/ADMA

r P r ! r P T P
Age 0.426 <0.001 0.300 0.002 —-0.106 0.30 -0.328 0.001
BW 0.108 032 0220 003 0.385 <0.001 0.142 017
BUN 0.472 <0.001 0.391 <0.001 0.120 0.24 -0.438 <0.001
Total protein 0.044 0.67 0.026 0.80 —0.046 0.65 -0.029 0.77
Albumin —0.241 0.02 -0.123 0.23 0.106 0.30 0.238 0.02
Creatinine 0.604 <0.001 0.462 <0.001 —0.094 0.36 -0.457 <0.001
Cholesterol -0.019 0.85 —0.002 097 -0.077 0.45 -0.076 0.46
Triglycerides 0.049 0.67 0.100 0.38 0.121 0.29 0.095 0.41
Calcium 0.120 0.24 0.152 0.14 —0.001 0.02 —-0.133 0.20
Phosphorus 0.099 0.33 0.207 0.04 0.190 0.06 —0.024 0.82
Na* 0.156 0.14 0173 0.10 -0.071 0.50 -0.182 0.08
K* 0.022 083 0.061 056 0.268 0.01 0.129 022
usG —0.360 0.002 -0.392 0.001 0.001 0.98 0.333 0.005
PU/CU —0.146 0.23 —0.084 0.49 0.083 0.49 0.071 0.56
RBC 0.068 0.50 0.146 0.16 0.128 0.21 0.037 0.72
WBC 0.281 0.005 0.199 0.05 -0.016 0.87 -0.187 0.07
NT-proBNP 0.489 <0.001 0.336 0.008 —0.070 0.59 -0.414 <0.001

Significant overall P values are reported in bold. ADMA, asymmetric dimethylarginine; BUN, blood urea nitrogen; BW, body weight; NT-proBNF. N-terminal prohormone of brain natriuretic
peptide; PU/CU, urinary protein to creatinine ratio; RBC, red blood cell: SDMA, symmetric dimethylarginine; WBC, white blood cell: USG, urine specific gravity.
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Parameter

VHS
LAVAo
LVIDd
LVIDd-N
LVIDs.
LVIDs-N

FS (%)
MVE

MV A

MV EA
VE

VA
TVEA

TR Vimax
Latvv E/E°
SepMV E/E?
VEE

0.284
0.449
0.266
0.262
0.011
0.011
0.350
0.366
0.043
0244
0.107
-0058
0.042
0.301
0410
0.500
-0.131

SDMA
P r
003 0365
<0.001 0.424
0009 0347
001 0267
091 0138
091 0.105
<0001 0250
<0001 0339
068 0078
002 0213
040 0048
0.66 -0.089
075 -0011
001 0475
0001 0522
<0.001 0478
035 ~0.240

ADMA

P

0.004
<0.001
<0.001

0.009

0.18

0.31

0.02

<0.001

0.45

0.04

0.72

0.49

0.92

0.15
<0.001
<0.001

0.08

0.330
0.083
0.305
0.083
0.330
0.169
—0.145
0.085
0.001
0.010
-0.158
-0.153
-0.014
0.062
0.263
0.030
—0.149

L-arginine

P

0.01
0.42
0.003
0.43
0.001
0.103
017
073
0.99
0.92
0.21
0.24
091
0.67
0.05
0.82
0.29

L-arginine/ADMA

r

-0.087
-0.204
-0.038
-0.159

0.139

0.020
-0.308
-0.266
-0.097
-0.145
-0.138
0027
—0.040
-0.048
-0.196
-0.324
-0.023

P

0.50
0.004
071
0.12
0.18
0.84
0.003
0.009
0.36
0.17
0.27
0.83
0.76
0.69
0.14
0.01
0.87

Signiicant overall P values are reported in bold. VHS, vertebral heart score; LA/Ao, leftatrium to aortic root diameter ratio; LVIDG), Left ventricular interal diameter in diastole; LVIDG-N,
Left ventricular internal diameter in dlastole normalized!for body weight; LVIDs, Left ventricular internal diameter in systole; LVIDs-N, Left ventriculer internal diemeter in systole normalized
for body weight; FS, fractional shortening; MV E, mitral vaive early diestolic velocity; MV A, mitral vaive late dlastolic velocity; TV E, tricuspidl valve early diastolic velocity; TV A, tricuspicel
valve late diastolic velocity; TR Vmex, ricuspid regurgitation peak velocity; LatlMV ", peak velocity of early diastolic ateral mitral annuler motion; SepMV E?, peak velocity of eary diastolic
septal mitral annular motion; TV E, peak velocity of early diastolic lateral tricuspid annular motion.
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Parameter Control Bt B2 c+D overall
p-value
N. of dogs (%) 11(11) 39 (41) 19 (20) 27 (28)
Age () 9(7-12) 11(8-13) 12(11-14) 12 (10-14)* 001
BW (Kg) 9(7.2-17.5) 10.5 (8-13.6) 7.3 (6.4-10.9) 9(75-138) 023
Sex M/F 38 22117 1277 15/12 o027
Breed (N.) Mongrel (4), Miniature Mongrel (18), CKCS (6), Mongrel (10), CKCS (3), Mongrel (17), Jack Russell 041
Pinscher (2), Australian Dachshund (2), Jack Russell ~ Pomeranian Fox, Miniature  Terrier (2), Yorkshire Terrier,
Shepherd, Beagle, WHWT,  Terrier (2) English Setter (2),  Schnauzer, Miniature Beagle, Bolognese, Border
English Bulldog, Pug (1) Maltese, Fox Terrier, Pinscher, Bolognese, Colle, Shih-Tzu, Maltese,
Russian Toy, Yorkshire Shih-Tzu, Greyhound (1) Epagneul Breton, English
Terrier, Miniature Pinscher, Setter (1)
Miniature Schnauzer, Spitz,
Cocker Spaniel, Pug (1)
PH (%) 00 1(25) 4@1) 005
Cardiovascular treatment, 00 8(20) 12 (63 <0.001
N. (%)
Furosemide, N. (%) 00 5(13) 4(21) 23(88)
[doses range] mg/kg 05-5.0] [0.6-4.0) 0.6-90]
Benazepri, N. (%) 00 7(18) 5(26) 20(74)
[doses range] mg/kg 0208 [0.16-0.5) [025-1.1)
Spironolactone, N. (%) 00 10) 00 622
[doses range] mg/kg 23] [1.0-30]
Pimobendan, N. (%) 00 2(5) 947 19.(70)
[doses range] mg/kg [05-0.6] [0.4-08] [0.1-08]

Data are presented as median and interquartie range.
N., number of dogs; BW, bodyweight; PH, pulmonary hypertension; H, clinically healthy dogs; B, dogs with myxomatous mitral valve disease (MMVD) belonging to B1 stage (American
College of Veterinary Intemal Medicine (ACVIM) guidelines); B2, dogs with MMVD belonging to B2 stage (ACVIM guidelines); C+D, dogs with MIMVD belonging to C and D stage (ACVIM

guidelines); M/F, melefemle; CKCS, Cavlier King Charles Spaniel; PH, pulmonary hypertension; WHWT, West Highland White Terrier
*p < 0.05 in comparison with H.

'p < 0.007 in comparison with B1.
“p < 0.001 in comparison with B2.
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Parameters Mean + SEM

ACVIM classification [number (%)]

Stage B 656
Stage C 344
VHS 11.54 £ 1.43
LAVAO ratio 1,69 +£0.05
EDV (ml) 40.75 + 3.19
ESV (m) 17.35+ 183
LVIDd (crm) 3.04+0.10
LVIDs (om) 205 +0.09
€ deceleration time (ms) 107.37 +3.29
FS (%) 28,07 +0.94
RV parameters

RV basal diameter (cm) 1.22:£005
RV mid diameter (cm) 0.93 £0.04
RV longtudinal diameter (cm) 2.27£0.09
FAC (%) 20.86 + 1.44
TAPSE (cm) 1.22:£006
TR [number (%)]

Mid 60
Moderate 40

VHS, vertebral heart score; LAVAO retio, leftatrium/eorta ratio; EDV, end-diastolic volume;
ESV, end-systolic volume; LVIDd, left ventriculer internal diameter during diastole; LVIDs,
left ventricular internal iamefer during systole; FS, fractional shortening; RV, right ventricle;
FAC, fractional area change; TAPSE, tricuspid annular plane systolic excursion; TR,
tricuspid regurgitation. Data are shown as mean + SEM.
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Variables Intra-observer Inter-observer

oV (%) icc P oV (%) icc P
PAAO 42 094 <0.001 59 0.80 0012
RVEDA 4.1 0.99 <0.001 8.6 0.82 < 0.001
RVESA 58 094 <0.001 1.4 0.66 0012
RVWTd 32 093 <0.001 65 0.80 0.004
RV FAC 50 081 0.001 88 050 0,002
TAPSE 34 090 <0.001 59 0.80 0.002
RV’ 28 097 <0.001 29 095 <0.001
RV MPI 78 0.88 <0.001 123 0.64 0.002
RV SV 44 098 <0.001 89 094 <0.001
RV-SLaseg 44 093 <0.001 50 092 <0.001
RV-SLaseg 6.1 095 <0.001 93 0.89 <0.001
RV-SLoseg 52 090 <0.001 72 085 <0.001
RV-SrLeseg 58 094 <0.001 76 093 <0.001

3seg, only right ventriculer free wel analysis; 6seg, right ventricular global analysis; Cl, confidence interval; CV, coefficient of variation; ICC, intra- or inter-class correlation coefficients;
PA:Ao, pulmonary artery to aortic diameter ratio; RV FAC, right ventriculer fractional area change; RV MPI, right ventriculer myocardial performance index; RV s', tissue Doppler
imaging-derived peak systolic myocardial velocity of leteral tricuspid annulus; RV SV, right ventricular stroke volume; RVEDA, end-diistolc right ventricular area; RVESA, end-systolic
right ventricular area; RV-SL, right ventriculer longtudinal strain; RV-StL, right ventricular longitudinal strain rate; RVWTd, end-dlastolic right ventriculer wall thickness; TAPSE, tricuspid
annular plane systolic excursion.
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Variables Baseline

Pulmonary arterial pressure (mmHg)

Systole 20.0 (17.3,24.6)
Mean 12.8 (1.0, 15.0)
Diastole 6.4 (5.1,9.0)
Systemic arterial pressure (mmHg)

Systole 126 (116, 134)
Mean 92 (88, 97)
Diastole 80(70,82)
Heart rate (oprr) 8881, 115)

Continuous variables were displayed as median (interquartie range).
@The value is significanty different from the Baseline (P < 0.050),
bThe value is significantly different from the sPAP30 (P < 0.050).
©The value is significantly different from the sPAPA0 (P < 0.050).

SPAP30

33.0(30.0,34.6)
168 (16, 204
88(83,12.6)

124 (113, 187)
91 (78, 106)
75 (65, 87)
9991, 120)

SPAP40

42.3(40.4, 47.87
217 (183, 23,9/
11.8(7,17.2)

132 (116, 136)
97 (81, 107)
82 (64,93)
102 (82, 124)

SPAP50

52.4(60.7, 52,97
29.4(27.9,33.7p%
16.1(15.4, 18.8

130 (130, 131)
99 (91, 102)
80 (73, 88)
94 (64, 112)

Chronic

51.4 (503, 5.9
30.1 (203, 31.95%
16.3(15.2, 19.4)%

128 (120, 142)
93(82,98)
69 (60, 77)
8481, 100)
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Variables Baseline sPAP30 sPAP40 sPAP50 Chronic

PAA 080(0.78, 0.81) 0.78(0.76, 0.81) 0.78(0.74,0.79) 0.92 (085, 099 0.7 (0.96, 0.9
RVEDA index (cm?/kg®%) 1.43 (1.1, 1.44) 1.08(0.91,1.17) 1.02 (0.96, 1.27) 1.08 (0.96, 1.14) 1.47 (1.28,1.63
RVESA index (cm?/kg®529) 0.77 (060, 0.85) 0.73 (055, 0.62) 0.72 (052, 0.82) 065 (0.60, 0.72) 099088, 1.10°
RVWTd (mm) 3.7(34,38) 40(38,42) 4.4(39,49) 4.9(45,50° 5.6(5.2,6.1)%
RV FACh (9/kg™0%") 3.7 (49.1,61.0) 47.9(46.3,5022) 440 (42.7,56.6) 47.7 (416,50.1) 37.1 (867, 40.0)
TAPSEN (mm/kg®®3) 6.2(5.9,6.6) 55(39,59) 6.2 (6.0,6.6) 59(6.3,6.4) 4.6(4.3,5.57
RV’ (cms) 11.0 (106, 12.2) 11.8(9.8,14.0) 18.1 (1.6, 14.8) 18.4 (1.6, 14.7) 9.1(7.6,11.0)
RV MPI 0.41(0.36, 0.49) 0.41(0.39, 0.56) 055 (0.43, 0.64) 055 (0.44, 0.62) 0.72(0.68, 0.76)*
RV SV (mL) 185 (16.1, 19.4) 15.0(10.9, 16.6) 15.5(13.4,17.6) 16.9(16.7,21.7) 218 (208, 23.4)°

RV CO (L/min) 15(1.3,22) 15(1.4,16) 15(1.3,1.9) 15(1.4,1.6) 1.8(1.7,2.1)

PA:Ao, pulmonary artery to aortic diameter ratio; RV CO, right ventricular cardlac output; RV FAC, right ventriculer fractional area change normalized by body weight; RY MP, right
ventriculer myocardial performance index; RV s', tissue Doppler imaging-derived peak systolic myocardial velocity of lateral tricuspid annulus; RV SV, right ventricular stroke volume;
RVEDA index, end-diastolic right ventricular area normalized by body weight; RVESA index, end-systolic right ventricular area normalized by body weight; RYWT, end-diastolic right
ventricular wall thickness; TAPSERn, tricuspid annular plane systolic excursion normalized by body weight.

Continuous variables were displayed as median (interquartie range).

“The value is significantly cfferent from Baseline (P < 0.050).

®The value s significantly different from SPAP30 (P < 0.050).

The value is significantly different from sPAP40 (P < 0.050).
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Estimated sPAP = 4 x (TR velocity)2 + RAP
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Parameters

Stage B (%)
Stage C (%)

LWVAO ratio

VD (cm)

LVIDs (em)

EDV (m)

ESV (m)

E deceleration time (ms)
FS (%)

Group A

40%
18%
1.69 + 0.05
272£0.20
194+0.18
33.96 + 5.83
14.0 £ 3.70
126.38 + 2.61
3204137

Group B

8%
34%
1.95+0.09
3.12£0.14
231011
4154+ 434
2041 £227
90.08 + 3.33
2588 +0.75

P-value

0.0007
NS
0.0826
NS
NS
0.0001
0.0002

Group A included dogs with normal right ventricular function, and group B included dogs
with impaired right ventricular function.
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Parameters

RV basal diameter (cm)
RV mid diameter (cm)
RV long diameter (cm)
FAC (%)

TAPSE (cm)

TR [number (%)]

Mid

Moderate

Group A

1.10 £0.06
0.90 £+ 0.06
218 £0.10
37.06 +1.56
1.31+£0.07

80
20

Group B

132 £0.08
0.95 £ 0.07
235+0.16
2238 +£1.21
1.09 £ 0.07

36
64

P-value

0.0302
NS
NS

0.0001

0.0286

Group Aincluded dogs with norml right ventricular function, and group B included dogs
with impaired right ventricular function.
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Parameters Group A Group B

Age in years 10.2:+0.82" 12.49 + 063"
Male (%) 28 30

Group A included dogs with normal right ventriculer function, and group B included dogs
with impaired right ventricular function.
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Variables

Age (month)

Sex (male/female)
Body weight (kg)
Heart rate (bpm)
Diagnosis

CHF (present/past)

Pulmonary hypertension

Healthy cats (n =16) CM (n=19) CHF (n=13)

65 (20-139) 48(34-76) 97 (46-139)
o7 12/7 8/5
42(36-4.9) 39(34-42) 46(41-55)
198 (176-225)  170(158-199) 209 (184-283)

HCM=18  HCM=4

RCM RCM=9
0/0 0/0 8/4
0(0%) 0(0%) 4(31%)

CM, cardiomyopathy; CHF, congestive heart failure. Continuous variables were displayed
as median (interquartile range).
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Variables Healthy cats (1 =16)  CM (1 =19) CHF (n=13)

Who 1.4(1.2-1.5) 15(1.1-15) 22(1.8-3.0)*"
LVIDd (mm) 14.2 (13.6-15.6) 133 (12.6-14.8) 162 (18.7-17.5)
FS (%) 49.8(41.3-53.0) 41.0(87.1-43.4)  87.3 (27.9-52.0)
EA 08(0.8-1.2) 09(0.7-1.2) 342588
e’ 7.9(7:3-10.1) 14.4(10.7-19.7) 127 (11.7-17.4)
RAD (mm) 9.2(8.4-108) 106 8.1-11.9)  10.8(102-13.4)
RVIDd (mm) 5.7 (4.7-6.4) 4.7 (3.6-6.6) 7.7 (5.6-9.9¢"
RVFWd (mm) 1.7 (1.6-2.0) 20(1.8-22) 23@2.1-25)"
TAPSE (mm) 9.4(7.8-11.1) 8.2 (7.6-9.5) 6.6(65.5-8.2"
RV’ (cms) 105 (8.6-132) 9.4 (82-11.0) 7.9 (62-97)

CM, cardiomyopathy; CHE, congestive heart failure; LA/Ao, left atrial-to-aortic diameter
ratio; LVIDd, end-diastolic LV intemal diameter; FS, fractional shortening; E/A, peak
velocity of the early diastolic wave-to-peak velocity of the late diastolic wave ratio; E/e',
peak velocity of the early diastolic wave-to-earty diastolic myocardial velocity of the septal
mitral annulus ratio; RAD, right atrial diameter; RVIDd, end-diastolic right ventricular
internal dimension; RVFWG, end-diastolic right ventricular free wall thickness; TAPSE,
tricuspid annulus plane systolic excursion; RV ', systolic myocardial velocity of the
lateral tricuspid annulus. Continuous variables were displayed as median (interquartie
range). *The value is significantly diferent from the healthy cats (P < 0.05). TThe value
is significantly different from that of cardiomyopathy group (P < 0.05).
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Variables Univariate analysis Multivariate analysis

Odds ratio (95%Cl) P Oddsratio (95%Cl) P

Healthy cats + CM vs CHF

Ao 1.44(1.16-1.78) <0.01 1.40 (1.12-1.75) <0.01
RVIDA 1.06(1.02-1.10) <001

LV-SC AP 1.44(1.13-1.83) <0.01 1.69 (1.06-2.36) 0.02
RV-SL 280(1.44-6.43 <001

CM vs CHF

LVIDd 1.06 (1.01-1.12) 002

AVIDd 1.05(1.01-1.09) 001 1.07 (1.00-1.18) 001
LV-SCAP  1.30(1.02-1.65) 003

RV-SL 224(1.16-435) <001 1.34 (1.07-1.68) 001

M, cardiomyopathy; CHF, congestive heart feilure; Cl, confidence intervl; LA/Ao, left
atial-to-aortic diameter ratio; RVIDd, end-diastolic right ventricular internal dimension; LV-
SCAR peak global strain in the circumferential direction at the level o the apical levels of
theleft ventricie; RV-SL, peak global strain in the longitudinal direction of the right ventricle;
LVIDd, end-diastolic LV intemal diameter; RVIDd, end-diastolic right ventricular internal
dimension. Continuous variables were displayed as median (interquartile range).
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Variables AUC (95%Cl)

Healthy cats + CM vs. CHF

LARo 087 (0.71-1.00)
RVIDA 0.78 (0.61-0.96)
LV-SCAP  0.84(0.72-0.97)
RV-SL 0,86 (0.72-1.00)
CMvs. CHF

LviDd 0.74 (0.56-0.95)
RVIDA 080 (0.63-0.96)
LV-SC AP 0.76 (0.59-0.93)
RV-SL 086 (0.71-1.00)

Cutoff

207
6.62
16.16
24.09

162
6.85
15.16
24.09

Sensiti

0.77
0.77
0.92
0.77

0.54
0.69
092
0.77

Specificity

1.00
0.80
0.74
091

1.00
0.84
058
0.90

CM, cardiomyopathy; CHF, congestive heart failure; AUC, area under the curve; Cl,
confidence interval; LA/Ao, left atrial-to-ortic diameter ratio; RVID, end-diastolic right
ventricular internal dimension; LV-SC AP, peak global strain in the circumferential direction
at the apicallevel of the left ventricie; RV-SL, peak global strain in the longitudinal direction
of the right ventricle; LVIDd, end-diastolic LV internal diameter; RVIDd, end-diastolic right

ventricular internal dimension.





OPS/images/fvets-08-771244/crossmark.jpg
©

2

i

|





OPS/images/fvets-08-771244/fvets-08-771244-g001.gif
eanilisn e,






OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fvets-08-773035/math_3.gif





OPS/images/fvets-08-773035/math_4.gif





OPS/images/fvets-08-773035/math_5.gif





OPS/images/fvets-08-773035/fvets-08-773035-t003.jpg
RAP
Estimated SPAP
RVOT velocity

E velocity
LVIDON

E:’ sep

Ex¢ lat

TR velocity

RAA index
RVEDA index

R

0.76*
0.66"
0.017
0.1
—0.42
0.41
-0.06
06
0.61
033

Pb

P-value

0.014
0.035
0.96
077
022
023
0.88
0.07
0.06
035

R

0.68*
0.32
-02
-0.03
0.15
02
-0.24
0.1
0.19
0.18

RC

P-value

0.03
0.12
0.59
0.94
0.67
0.59
05
0.78
0.6
06

E velocity, early diastolic mitralinflow velocity; €', early diastolic wave signal as measured
by Tissue Doppler imaging; lat, mitral annulus at the left ventriculer lateral wall; LVIDDN,
nommalized left ventriculer internal dimension in diastole; Pb, backward pressure; RAA
index, right atrial area index; RC, reflection coefficient; RVEDA index, right ventricular
end-diastolic area index; RVOT, right ventricular outflow tract; RAP, right atriel pressure;
Estimated sPAR, estimated systolic pumonery arterial pressure; sep, mitral annulus at the

septal wall; TR velocity, tricuspid regurgitation flow velocity.

*p < 0.05.
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RAP
Estimated SPAP
RVOT velocity
€ velocity
LVIDDN

£ sop

Exe lat

TR velocity
RAAindex
RVEDA index

R?

0.54*
0.44*
0.0003
0011
0.18
0147
0.003
036
0.374
0.10

Pb

P-value

0.0156
0.036
0.96
077
0.23
0.24
0.88
0.085
0.06
0.36

R?

0.48*
0.042
0.04
0.0007
0.023
0.039
0.058
0.01
0.03
0.03

RC

P-value

0.03
057
0.59
094
0.67
0.59
05
0.78
0.06
0.61

E velocity, early diastolic mitralinflow velocity; €, early diastolic wave signal as measured
by Tissue Doppler imaging; lat, mitral annulus at the left ventricular lateral wall: LVIDDN,
nommalized left ventriculer internal dimension in diastole; Pb, beckward pressure; RAA
index, right atrial area index; RC, reflection coefficient; RVEDA indlex, right ventricular
end-diastolic area index; RVOT, right ventricular outflow tract; RAP, right atrel pressure;
Estimated sPAR, estimated systolic pulmonary arterial pressure; sep, mitral annulus at the

septal wall; TR velocity, tricuspid regurgitation flow velocity.

p < 0.05.
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Conventional echo Pre-operative  Post-operative  P-value
parameter

LVIDd, mm 34.6+5.1 236+ 4.05 <001
LVIDDN 2274026 1524019 <001
Ao 2334028 1.52 4018 <001
FS (%) 194£62 326:£6.1 <001
E velocity, cmv/s 139.3 +24.2 77.98 4133 <001
EA 15£0.42 0.77£022 <001
E' sep, cm/s 86426 534167 0.04
A sep, onvs 694073 55228 008
E:E sep, cm/s 17.2+46 16.8 +6.23 07

E lat, /s 8716 5.47 £1.07 <001
A lat, cm/s 7927 494155 <001
EE lat, cm/s 16846 1503 +3.13 056
RVOT velocity, cmv's 78.6 £ 19.1 106 19.1 0.04
ACTET 0.4£009 0.52:40.05 0.16
MPA:AO 1.02£0.13 101£0.1 039
TR veloaity, m/sec 3.79£0.49 2.81+039 <001
RAA index 77435 66+17 069
RVEDA index 100£35 8931 037

Data are expressed as means . P-values represent significant statistical differences
between pre-operative and post-operative echo parameters.

A, late diastolic wave signal as measured by Tissue Doppler imaging; E velocity, early
diastolic mitral inflow velocity; E', early diastolic wave signal as measured by Tissue
Doppler imaging; E:A, the ratio of peak velocity of early diastolic transmitral flow to peak
velocity of late diastolic transmital flow; FS, fractional shortening; LA/Ao, the ratio of the
left atrial dimension to the ortic annulus dimension; lat, mitral annulus at the left ventricular
lateral wall; LVID, left ventricuar internal dimension in diastole; LVIDDN, normalized left
ventricular internal dimension in diastole; MPA/AO, main pulmonary artery/aorta; RAA
index, right atrial area indlex; RVEDA indiex, right ventricular end-dlastolic areaindex; RVOT,
right ventricular outflow tract; S', systolic wave signal as measured by Tissue Doppler
imaging; sep, mitral annulus at the septal wall; TR, tricuspid regurgitation.
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Wave reflection parameter Pre-operative Post-operative P-value

Forward pressure (P, mmHg 286117 21064 077
Backward pressure (Pb), mmHg 88+59 50£32 0,037
Reflection coefficient (RC = Po:P) 087 £0.15 022041 <001

Data are expressed as means . P-values represent significant statistical differences
between pre-operative and post-operative wave reflection parameters. Pb, backward
pressure; RC, reflection coefficient.
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LA/AC Creatinine

Variables RCE + SE P RCE + SE P R?
ADMA 0.383 £0.104 <0.001 0.286+0.184 0.12 0.18
SDMA 0113 £0.042 <001 0307 £0074 <0001 027

L-arginine/ADMA —5.040 +2.816 0.08 —15.988 £4.992 0.001 0.16

Regression coefficients estimates, their stendard errors and the determination coefficient
of the model (R?) were reported.

ADMA, asymmetric dimethylarginine; LA/Ao, left atrium to aortic root ratio; RCE,
regression coefficient estimate; SOMA, symmetric dimethylarginine; SE, standard error.
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Parameters Overall Control Maine Reference

Mean & SEM population  group  Coongroup  value
BUN (mg%) 3644 £7.16 4293+ 11.67 2428879  15-34
Creatinine (mg%) 201029 228£047 1612018 <20
BUN/Creatinine ratio  17.16£0.99 1848+ 1.51* 14.68£0.78"  7-87
HGB (gm9%) 11224060 1121£081 1125£091 1015
POV (%) 3394171 3479+238 32.15+£244  30-45
RBC (x10%/ul) 742+£043 727064 7.74+054 5-10

WBC 1388 +£1.06 1327 +£1.66 15.18+£0.80 55-19.0
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Parameters
(Mean & SEM)

Age in years
Weight (xg)

Male (number (%))
LAVAO ratio

VSd (em)

LVPWd (cm)

LVIDd (cm)

IVSs (cm)

LVPWs (cm)

LVIDs (om)

Fractional shortening (%)

Control
group

501 % 1.40
4,08+ 030"
6/17 (35 %)
1.48 £0.05
058+ 0.02
0.56 £ 0.03
1.21+009
0630.02
064 +0.03
082007
4250 +1.70

Values showed as mean + SEM, P < 0.001

Maine Coon
group

1.97 + 040
572:£027"
8/14 (55 %)
1504 0.12
0.60 0,03
0.71 £ 0.06
1,58+ 008
073003
0.784+0.05
1.02 4 0.08
37.90 +8.00

Reference
value

P =0.065
P <0.001
0.97-1.39
0.347-0.621
0.343-0.634
1.076-1.883
0.571-1.022
0.578-0.989
0.495-1.103
39.9-64.3
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Variables

Age, years
Male, n (%)

BSA, m?

Heart rate, bpm
Systolic BP, mmHg
Diastolic BP, mmHg
Pulmonary hypertension, n (%)
Mid

Moderate

Severe

NTProBNP, pmol/L
Echocardiography
Ao

EDVI

ESVI

IVSdN

LVPWAN

LVIDAN

LVIDsN

RWT

Diagnosis

Healthy (n = 10)

256 +0.46
10 (100)
0.49 0,02
182 12
12848
79+4
0(0)

0
0
0
430 + 159

1184007
79.63 £ 11.02
24004422

0.44 007

043 £0.07

15840.10

0.94+0.08

0.49 +0.09
Healthy (n = 10)

Eccentric hypertrophy (n = 53)

9.00+ 4540
24 (45)
0.25 0,09
149 £ 21
139+ 14
92+ 16*
26 (49)

10
10
6
2,836 + 2,923

170 +0.44°

113.30 £ 71.96

27.42 +36.80
043£0.14
0.43:+0.10
1.7440.49
0.89 £ 0.41
0.49:+0.17

MMVD (1 = 35) PDA (0 = 18)

Concentric hypertrophy (1 = 15)

6.49:+522
8(53)
0312012
138+ 33
135+ 19
96+ 16*
12 (80)
2
o
10
2,216+ 2,555

130 +0.15°
34,09+ 31.21°
8.63:+9.67
0.63+0.11°°
0.55 £ 0.15%
1.13 & 0.40°0
0.57 +0.26%
1.09 & 0.50°°

PS (n = 7) MMVD-HAC (1 = 4) CH-NCC (n = 3) TOF (n = 1)

P

<0.001

<0.0001
0.056
0.072
0.021

0.038

<0.0001
<0.001
0.123
<0.0001
<0.001
<0.0001
0010
<0.0001

BP, blood pressure; BSA, body surface area; CH-NCC, concentric hypertrophy by non-cardiac cause; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; VSN,
normalized value of end-diastolic interventricular septal thickness; LA/Ao, ratio of left atrium to aorta; LVIDAN, normalized value of end-diastolic left ventricular internal dimension;
LVIDsN, normalized value of end-systolc left ventricular interal dimension; LVPWaN, normalized value of end-castolic left ventricular free wall thickness; MMVD, myxomatous mitral
valve degeneration; MMVD-HAC, myxomatous mitral valve degeneration with concurrent hyperadrenocorticism; NT-proBNP. N-terminal pro B-type natriuretic peptide; PDA, patent
ductus arteriosus; PS, pulmonic stenosis; RWT; relative wall thickness; TOF, tetralogy of Fellot.
Continuous variables were expressed as means = standard deviations.

2p < 0.05 compared with the Healthy group, ®p < 0.05 compared with the Eccentric hypertrophy group in the post-hoc comparison.
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Variables Healthy (n = 10) MMVD (n = 35) PDA (n =21) PS(n=1) p

Age, years 255 +0.46 11.72 £ 2430 352 £ 2.40° 226+ 1.85° <0.0001
Male, n (%) 10(100) 22(63) 3(14) 5(71)

BSA, m? 0.49 0,02 0.26.+0.08" 024£0.11° 0330.10 <0.0001
Heart rate, bpm 1824 12 151+23 146 £ 19 131423 0023
Systolic BP, mmHg 12848 142 £ 130 134 %17 136 % 11 0014
Diastolic BP, mmHg 79%4 96+ 15° 8722 99+ 10 0,005
Pulmonary hypertension, n (%) 0() 25 (71) 3(14) 7 (100)

Mild 0 10 0 0

Moderate 0 9 1 0

Severe 0 6 2 7

NTProBNP, pmol/L 439 + 159 2,939+ 2,611° 2,581 +3,379° 1,750 + 1,583 <0001
Echocardiography

Who 1.18 007 1.79 £ 047 1.51 0340 1.31 £ 008 <0.0001
EDVI 7963 + 11.02 96,00 + 45.93 130.00  96.87 28.30 + 15,645 0,001
ESVI 24.00 +4.22 1392 % 11.03 45.94 = 51.63° 7.00 £ 7.920¢ <0.001
IVSdN 0.4 +0.07 045+ 0.14 0.44 £0.18 0.60 & 0,0720¢ 0011
LVIDAN 1.68 +0.10 1.63+0.43 1.86 +0.56 1.02 £0.245¢ 0,001
LVIDsN 094 0,08 072025 1.12 £051° 054 1 0.228¢ <0001
RWT 0.49 0,09 052+0.18 0.48 +0.22 1.08 + 0.4320¢ 0.001
Symptomatic, n 0 27 21 7

ACVIM stage, n

B NA 8 NA NA

€ NA 22 NA NA

D NA 5 NA NA

ACVIM, American College of Veterinary Intemal Medicine; B, blood pressure; BSA, body surfece area; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; VSN,
normalized value of end-diastolic interventriculer septal thickness; LAVAo, ratio of left atrium to aorte; LVIDGN, normalized value of end-diastolic left ventricular intemal dimension;
LVIDSN, normalized value of end-systolic left ventriculer internal cimension; MMVD, myxomatous mitral valve degeneration; NA, not applicable; NT-proBNP, N-terminl pro B-type
natriuretic peptide; PDA, patent ductus arteriosus; PS, pulmonic stenosis; RWT, relative wall thickness.

Continuous variables were expressed as means = standard deviations.

ap < 0.05 compared with the Healthy group, ®p < 0.05 compared with the MMVD group, °p < 0.05 compared with the PDA group in the post-hoc comparison.






