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Abstract

:

Coenzyme Q10 (Q10) is a mitochondrial cofactor and an antioxidant with the potential to combat oxidative stress in heart failure. This study aims to determine the pharmacokinetics of repeated oral dosing of Q10 in Cavalier King Charles Spaniels (CKCS) with spontaneous myxomatous mitral valve disease (MMVD) and to evaluate echocardiographic parameters, circulating cardiac biomarkers, and quality of life (QoL) after treatment. The study is a randomized, placebo-controlled, single-blinded crossover study. Nineteen CKCS with MMVD were randomized to receive 100 mg Q10 (ubiquinone) bi-daily for three weeks, then placebo (or in reverse order). Clinical examination, blood sampling, echocardiography, and QoL assessment were performed before and after each treatment phase. Q10 plasma concentrations were determined in plasma using a validated high-performance liquid chromatography method using electrochemical detection (HPLC-ECD). Eighteen CKCS were included in the analyses. Total plasma concentration of Q10 increased significantly (p < 0.0001) from baseline (median, 0.92 µg/mL; interquartile range (IQR), 0.70–1.26) to after treatment (median, 3.51 µg/mL; IQR, 2.30–6.88). Thirteen dogs reached the threshold of a total plasma Q10 concentration of ≥2.0 µg/mL. The average half-life (T1/2) of Q10 was 2.95 days (IQR, 1.75–4.02). No significant differences were observed in clinical MMVD severity, and the owner perceived QoL between Q10 and placebo treatment. The solubilized Q10 formulation was well-tolerated in the dogs. Individual variation in plasma concentrations was observed following oral treatment. A long-term placebo-controlled trial is warranted in dogs with MMVD to determine long-term efficacy on the clinical severity of MMVD.
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1. Introduction


Myxomatous mitral valve disease (MMVD) is the most common heart disease in dogs [1] and an important cause for the development of congestive heart failure (CHF). The Cavalier King Charles Spaniel (CKCS) is a breed especially prone to develop MMVD at an early age [2,3]. The median survival time from onset of CHF in dogs with MMVD is less than 12 months when using the currently recommended medical therapy [4]. To increase the life expectancy and quality of life (QoL) in dogs with severe MMVD, novel treatment strategies are needed.



Coenzyme Q10 (Q10) is a vitamin-like, lipophilic endogenous substance with high abundance in the mitochondrial membranes of all organs [5]. Q10 exists as a redox couple consisting of reduced (ubiquinol) and oxidized (ubiquinone) fractions between which an in vivo equilibrium exists. Q10 serves two primary functions: (i) Being an energy transferring molecule in mitochondrial oxidative phosphorylation, ubiquinone assists in the production of adenosine triphosphate (ATP), which is used as energetic fuel in cellular processes, including muscle contraction and relaxation [6], and (ii) ubiquinol is a potent antioxidant, protecting cells from oxidative damage from free radicals [7]. In the circulating blood, the vast majority of Q10 exists as ubiquinol [8].



Mitochondrial dysfunction and oxidative stress are known to play a role in the progression of heart failure [9,10,11]. The rationale for using Q10 as a dietary supplement in patients with heart failure is to support mitochondrial function and combat excessive amounts of reactive oxygen species. By raising the endogenous Q10 concentration above a certain level using oral supplementation, it has been shown that myocardial Q10 concentrations increase accordingly [12]. The availability of orally delivered Q10 to the heart muscle is primarily by micellar absorption in the small intestine, transport through the enterocytes by yet unknown transport mechanisms, and attachment to chylomicrons, which are taken up by the lymphatic system and passaged to the systemic circulation [13].



A minimum concentration of total circulating Q10 concentration of 2.0 μg/mL was proposed as a relevant target concentration in human heart failure patients [14]. This is above normal endogenous circulating concentrations reported in both healthy adult humans (means of serum Q10 concentration range: 0.6–1.0 μg/mL) [15] and in dogs (0.4–1.5 μg/mL) [16,17]. In a recent clinical trial done in human heart failure patients (Q-SYMBIO), the 2.0 μg/mL concentration of total circulating Q10 was used as a target with the administration of 300 mg ubiquinone daily and showed a positive effect of Q10 on clinical endpoints [18]. The mechanisms underlying the demonstrated clinical efficacy in patients with congestive heart failure are currently not known.



To the best of our knowledge, there are no previous studies evaluating pharmacokinetic properties and clinical efficacy of Q10 in dogs with naturally occurring heart disease or heart failure. The aim of this study, therefore, was twofold: (i) To analyze the basic pharmacokinetic properties of repeated oral dosing of Q10 formulated as ubiquinone solubilized in vegetable oil and (ii) to investigate if short-term repeated oral dosing with Q10 has a positive effect on clinical parameters of MMVD and QoL in CKCS.



We hypothesized as the primary endpoint that a total Q10 plasma concentration of ≥2.0 μg/mL would be reached with oral Q10 supplement (100 mg twice daily) in CKCS. Secondly, we hypothesized that treatment with Q10 would enhance the QoL in dogs with severe heart disease and improve clinical endpoints related to clinical MMVD severity, including echocardiographic measures and circulating cardiac biomarkers.




2. Materials and Methods


2.1. Animals


The study was a randomized, single-blinded crossover clinical trial comparing ubiquinone (Q10) treatment with a placebo. The study was conducted at the Department of Veterinary and Animal Sciences, University of Copenhagen. The study protocol was approved by the Experimental Animals Inspectorate (License number: 2016-15-0201-01074) and by the Danish Medicines Agency, and written informed consent was obtained from owners of dogs enrolled in the study.



Inclusion criteria were: Pedigree-bred CKCS above four years of age with a diagnosis of MMVD classified as American College of Internal Medicine (ACVIM) stage B2 or C according to previously described criteria [19]: Left ventricular internal diameter at end-diastole normalized to bodyweight (LVIDDN) ≥1.7, left atrial to aortic root ratio (LA/Ao) ≥1.6, vertebral heart sum (VHS) >10.5 and presence of a characteristic systolic heart murmur with minimum 3/6 in intensity.



Dogs were excluded if they had echocardiographic signs of other cardiac diseases than MMVD, any signs of significant systemic disease on blood work and clinical examination, or respiratory disease, was revealed by thoracic X-rays. Pregnancy and lactation were also exclusion criteria, as was the use of corticosteroids and nutritional supplements containing antioxidants for at least 30 days. Treatment with other types of medication, including cardiac treatment, did not exclude the dogs—but treatment dose and frequency had to be unchanged for at least 30 days prior to study start and throughout the entire study period.




2.2. Experimental Design


Dogs were randomized in blocks of four dogs into one of two groups (Q10 in the first phase with crossover to placebo or placebo first with crossover to Q10) according to a randomization plan generated using the website www.randomization.com [20]. The first phase was followed by a 2-week washout period. The order of treatments was blinded to the owner of the dog. Dogs presented in the clinic at four visits: Before (T0) and after (T1) the first treatment phase and before (T2) and after (T3) the second treatment phase (Figure 1).



Prior to the examinations, dogs were food fasted for 6–18 h. Initially, at each visit, the history of the dog was recorded, and bodyweight (BW) was obtained. A questionnaire evaluating the owner’s perception of their dogs’ QoL during the past seven days was completed, either on arrival to the clinic or at home, prior to the visit, for ensuring that the same family member answered the questionnaire each time. One owner of each dog was asked to grade the following items: Exercise intolerance, demeanor, appetite, nocturnal dyspnea, cough, respiratory effort, and syncope, as previously described with modification [19]. An overall score ranging from 7 to 28 was obtained with the lowest score indicating the best QoL.



Using the same standardized procedures for each of the visits (T0–T3), the dogs then underwent a clinical examination, blood sampling, echocardiography, and blood pressure measurement using high-definition oscillometry (High Definition Oscillometry device; S + B MedVET Babenhausen, Germany). Thoracic radiographs were digitally recorded in three dimensions at T0, and off-line analysis of the VHS was done by the same observer (Liselotte B. Christiansen) using free and open source code software (Horos Viewer for Mac OS X, Nimble Co LLC, MD, USA).




2.3. Study Medication


The Q10 formulation was gelatin capsules containing ubiquinone dissolved in vegetable oil at a dosage of 100 mg/dog twice daily. Identical placebo capsules were produced, and both products were manufactured according to Good Manufacturing Practices (GMP) guidelines and supplied in identical sealed, screw-top containers provided by PharmaNord Aps (Vejle, Denmark). Owners received 50 capsules, enough for three weeks, with four days’ supply to spare. Owners were instructed to note each treatment and the presence of any adverse reactions observed on a designated chart and to obtain their dog’s respiratory sleeping rate once every day. Adherence was assessed by counting the remaining capsules that were in the containers by the owners and were calculated using the formula: % Adherence = 100 × (number of dispensed capsules minus the number of returned capsules)/number of prescribed tablets.




2.4. Blood Sampling and Blood Analyses


A jugular venous blood sample was drawn into two serum separator clot activator tubes, one heparin tube, and two dipotassium ethylenediaminetetraacetic acid (K2EDTA) tubes using a 21 gauge butterfly catheter connected to a vacutainer system. Heparinized tubes were kept on wet ice in a lightproof container until centrifugation to prevent ex vivo oxidation of Q10 [22]. Within 30 min for the heparinized blood and one K2EDTA tube, and after 30 min for the serum tube, blood was centrifuged at 3000× g for 10 min at 4 °C and the supernatants were aliquoted into microcentrifuge tubes. One portion of serum and 1 K2EDTA tube of stabilized whole blood were delivered to the Veterinary Diagnostic Laboratory (Department of Veterinary Clinical Sciences, University of Copenhagen, Frederiksberg, Denmark) for evaluation of complete blood count (CBC) and a standard biochemistry profile. A manual platelet count was performed after adding 20 µL of ethylenediaminetetraacetic acid (EDTA)-stabilized blood to 380 µL of stromatolytic solution, as previously described [23]. The remaining serum and plasma aliquots were immediately stored at −80 °C for later batch analyses. Serum concentrations of the cardiac myocyte injury marker cardiac troponin-I (cTnI) were analyzed in duplicates using the sensitive Siemens ADVIA Centaur cTnI-ultra assay [24].



EDTA stabilized plasma was shipped to a reference laboratory on dry ice, and concentrations of the cardiac biomarker N-terminal pro-brain natriuretic peptide (NT-proBNP) were analyzed in duplicates using a commercial ELISA (Idexx Bioresearch, Ludwigsburg, Germany).




2.5. Echocardiography


Standardized transthoracic echocardiographic views [25] were recorded from the right parasternal and left apical windows by one trained examiner (Lisbeth H. Olsen) using a Vivid E95 echocardiographic system with a 6S transducer (GE Healthcare Denmark, Brøndby, Denmark) and with continuous electrocardiography (ECG) recording. A standardized echocardiographic protocol using 2-D, M-mode, Color Doppler, and spectral Doppler was followed, as previously described [26].



At the first visit, the bodyweight normalized left ventricular internal diameter in diastole (LVIDDN) and left atrial-to-aortic ratio (LA/Ao) were determined for the purpose of staging the dog into ACVIM class. This was done on five consecutive cardiac cycles off-line after the examination. Left atrial (LA) and aortic (Ao) diameters were measured at the right parasternal short-axis view, and a ratio calculated [27]. The internal diameter of the left ventricle in diastole (LVIDD) was measured and normalized to bodyweight using 2D guided M-mode at the right parasternal short-axis view [28].



Fractional shortening was calculated from left ventricular dimensions obtained using M-mode [29] and the ejection fraction was calculated from measurements obtained using a 2D right parasternal long-axis view, as previously described [30]. All echocardiographic measurements were done off-line using EchoPac software (EchoPAC PC. Version 202, GE Healthcare Denmark, Brøndby, Denmark) with the observer (Maria Josefine Reimann) blinded to the treatment (Q10 or placebo).




2.6. Pharmacokinetic Assessment


In six of the dogs, blood samples were drawn from the jugular vein into one heparinized tube on five consecutive days following a treatment period. The first blood sample was taken in the morning following the last administration of Q10, and the following blood samples were obtained with 24 h interval. All the participating dog owners were invited to deliver the additional blood samples from their dogs, and six of them came for the extra visits with their dog. The blood samples were scheduled by the veterinarian (LBC) to take place following the treatment phase with Q10 without notification of the owner of the treatment sequence.




2.7. Q10 Concentration by High-Performance Liquid Chromatography-Electrochemical Detection


Heparinized plasma samples obtained at the end of each treatment period in all dogs and from six dogs on five consecutive days following Q10 treatment were analyzed for Q10 concentrations (total, reduced, and oxidized Q10) using high-performance liquid chromatography (HPLC) with electrochemical detection, as previously described [17].



In brief, 75 µL of 1-propanol and 10 µL BHT (10 mg/mL in 96% ethanol) was added to 25 µL of canine plasma. The solution was mixed and centrifugation at 16,000× g in 2 min at 4 °C. The supernatant was analyzed immediately in duplicate on an HPLC system equipped with a Waters Nova-pak C18 column (150 × 3.9 mm; 4 µm, 60 Å) employing a mobile phase consisting of 20 mM LiPerChl·3H2O dissolved in ethanol/methanol/2-propanol (75:16.7:8.3, v/v/v). Detection was achieved using an RS6011 ultra-analytical cell (Thermo Scientific, Waltham, MA, USA) set at 500 mV as specified in detail elsewhere [17]. Intra- and inter-day precisions were below 6.5% and recoveries were between 89 and 109%.




2.8. Statistical Analyses


Statistical analyses were conducted using statistical software (SAS version 9.4, SAS Institute Inc., Cary, NC, USA) with a significance level set at p < 0.05. Graphics of data were designed using GraphPad Prism (Version 8.0, La Jolla, CA, USA) or Microsoft Excel (version 15.37, Microsoft Corporation, Redmond, WA, USA) for pharmacokinetic data. Data are presented as medians and interquartile ranges (IQR) unless otherwise stated.



Basic characteristics of the dogs randomized to either treatment sequence were compared using non-parametric tests: Continuous variables were tested using the Wilcoxon signed-rank sum test, and categorical data were compared using Fisher’s exact test.



A linear mixed model with backward reduction, taking repeated measurements into account, was applied to test if there was an effect of Q10 treatment and treatment sequence (Q10 or placebo first) on the primary and secondary endpoints. These were Q10 concentrations in plasma (total, oxidized, and reduced, respectively), the oxidation rate of Q10 (percentage of total Q10 that was oxidized), echocardiographic markers and circulating biomarkers of disease severity, serum biochemistry, and QoL score. Treatment (Q10 or placebo), treatment sequence, and the interaction between them were class variables, and in addition, the baseline value (T0) was included as explanatory variables. The dog was included as a random variable in the statistical model.



A linear model was applied with the purpose of testing if there was a disease progression or a carry-over effect from the first baseline measurement (T0) to the second baseline measurement (T2). This was done by testing if the delta value between T2 and T0 was significantly different from zero. The same model was used to test if a difference between T0 and T2 was dependent on whether Q10 or placebo was administered in the first sequence.



The residuals of the linear models were tested for normality using a Shapiro–Wilks test in combination with assessment of homogeneity of variances by visual inspection of residuals, QQ plots, and histograms. Where necessary, transformations of response variables using either the natural logarithm, square root, or the inverse value were done to obtain the best fit for the linear model.





3. Results


3.1. Study Population


From November 2017 to November 2018, 34 CKCS were screened for eligibility to participate in the study. Nineteen dogs met the inclusion criteria and were randomized to receive either Q10 (n = 9) or placebo (n = 10) in the first phase of the study. One of the dogs (ACVIM group C) was subsequently excluded, due to early treatment discontinuation during the first treatment phase (placebo) because of undefined clinical signs of discomfort reported by the dog owner. No data from this dog were included in the analyses. The basic characteristics of the remaining 18 dogs are shown in Table 1. One dog (ACVIM group B2) was withdrawn from the study during the wash out period following the first treatment phase (placebo). This dog turned ill acutely and was euthanized in primary practice after being diagnosed with giardiasis. Data obtained at T0 and T1 for this dog were included in the analysis with data points from T2 and T3 as missing data. Seventeen dogs completed the entire study.



The dogs randomized to each of the two treatment sequences were similar with respect to age, sex distribution, ACVIM class, use of cardiac medication, BW, echocardiographic parameters, hematology and serum biochemistry parameters, total Q10 plasma concentration, and oxidation rate of Q10 (Table 1). The dogs randomized to receive Q10 in the first phase had significantly higher concentrations of cTnI (p = 0.03) and NT-proBNP (p = 0.03) at baseline (T0) compared to dogs receiving placebo in the first phase of the study and had a significantly higher QoL score (indicating a decrease in QoL).



Out of the 18 dogs included in the analyses, 10 were classified as ACVIM stage B2, and eight dogs were ACVIM stage C. One dog in stage B2 was treated with pimobendan. Other B2 dogs did not receive medication. Stage C dogs were all receiving diuretic treatment (furosemide), and pimobendan, and two dogs were additionally receiving an angiotensin-converting enzyme-inhibitor (benazepril) and spironolactone. Three of the participating dogs were treated with non-steroidal anti-inflammatory drugs (meloxicam (n = 2) and robenacoxib (n = 1)) for control of osteoarthritis. One dog was treated with pregabalin for the management of neuropathic pain.




3.2. Adherence


There were no reports of adverse reactions, and all the owners reported that the capsules were easy to administrate to their dogs. Based on counts of returned capsules, the median adherence was 100% (IQR 99.4–102.1) in the first phase of the study and 100% (IQR 97.5–100) in the second phase of the study.




3.3. Plasma Q10 Concentrations


The total Q10 concentration in plasma at baseline (T0) was 0.92 (0.70–1.26) µg/mL.



Plasma concentrations of total Q10 increased significantly (p < 0.0001) after three weeks of Q10 treatment compared to placebo (Figure 2a). The maximum concentration (Cmax) of total Q10 following supplementation was 3.51 (2.30–6.88) µg/mL. Thirteen dogs reached the primary endpoint of a total Q10 plasma concentration of ≥2.0 µg/mL (Figure 2a).



The concentrations of reduced Q10 in plasma increased significantly with Q10 treatment (p < 0.0001, Figure 2b) compared to placebo, as did the concentration of oxidized Q10 in plasma (p < 0.0001, Figure 2c). At baseline (T0), the Q10 oxidation rate was 3.2 (2.2–3.6)%. Treatment with Q10 or placebo did not cause the oxidation rate of Q10 to change, but the statistical analyses showed an increased oxidation rate of Q10 in the second treatment phase compared to the first treatment phase (p = 0.03) independent of which treatment was used (Q10 or placebo). This change in oxidation rate over time was driven by a statistically significantly higher concentration of oxidized Q10 in the second treatment phase (p < 0.0001) compared to the first phase that was occurring for unknown reasons.



Comparison of plasma concentrations of Q10 between the two baseline examinations (T0 and T2) revealed that dogs treated with Q10 in the first treatment phase had a significantly higher concentration of total and reduced Q10 in plasma at T2 compared to T0 (both p = 0.009) indicating a carry-over effect. The Q10 oxidation rate was not significantly different between T0 and T2 (p = 0.055).



In the two dogs reaching the highest concentrations of total Q10 (9.6 and 9.7 µg/mL) after treatment with Q10, the total circulating Q10 concentration remained elevated at T2, indicating that the washout period was not sufficient to reach baseline concentrations. On the last examination (T3), both dogs had returned to a plasma concentration below their baseline concentrations (T0).




3.4. Pharmacokinetic Analyses


Figure 3 shows concentration vs. time observations for six dogs after discontinuation of Q10 administration. The elimination phase of Q10 in plasma was assumed to follow first order kinetics, as previously described in dogs [31]. The elimination rate constant was estimated for each dog using exponential regression and used to calculate the half-life (T1/2) of Q10 from the formula T1/2 = ln(2)/k. An average T1/2 of 2.95 (IQR 1.75–4.02) days was found based on the elimination curves in six dogs. Two data points were missing in the analyses, due to sampling of heparinized blood being unsuccessful in one dog and an analytical error in one plasma sample (Figure 3).




3.5. Secondary Endpoints


Treatment with Q10 did not significantly change echocardiographic parameters compared to placebo. Bodyweight, QoL score, serum concentrations of cholesterol, alanine aminotransferase (ALT) and creatinine, circulating biomarkers cTnI and NT-proBNP, hematocrit, and platelet count were all unchanged by treatment with Q10 compared to placebo (Table S1). In two dogs, data were missing for NT-proBNP, due to unsuccessful EDTA blood sampling. In one dog, no blood could be drawn at its second visit, resulting in missing data on all blood parameters from this dog. Five data points were missing in plasma concentrations of Q10: Sampling of heparinized blood was unsuccessful after the placebo treatment period in two dogs, one dog that was discontinued during the washout period missed data from before and after placebo treatment, and in one dog, there was an analytical error causing the plasma concentration after Q10 treatment to be missing (Figure 1 and Figure 2).



Comparison of echocardiographic parameters, circulating biomarkers, and QoL score at examinations T0 and T2 revealed no statistically significant changes, indicating no disease progression between the time points.





4. Discussion


Several formulations of Q10 are on the market, but dose recommendations to dogs are based on an anecdotal background. In this placebo-controlled clinical trial, we investigated plasma concentrations of Q10 in CKCS with severe MMVD before and after three weeks supplementation with Q10. The solubilized formulation of Q10 was well tolerated in all dogs. The primary endpoint of the total Q10 plasma concentration of ≥2.0 μg/mL was reached in 13 out of 16 dogs. A 3-week period of treatment with Q10 did not significantly improve echocardiographic indices of MMVD severity, circulating cardiac biomarkers, or owner perceived QoL compared to placebo. Pharmacokinetic analyses resulted in an estimated terminal T1/2 of 2.95 days. Our results are relevant when considering treatment dose and dose interval of Q10 in dogs and for the planning of future clinical trials of longer duration.



In 1998, Langsjoen and Langsjoen defined the therapeutic target concentration of Q10 to human patients with heart failure to be at least 2.0 μg/mL, which is above the endogenous circulating concentration [14]. Although others have suggested a higher therapeutic concentration for effective treatment of patients with heart failure (2.4 μg/mL in a human clinical trial) [32], the 2.0 μg/mL cut-off has been widely accepted. In experimental dogs, Harker-Murray et al. showed a positive effect of Q10 treatment in pacing-induced heart failure when reaching a circulating Q10 concentration of 2.0 μg/mL [33]. In the aforementioned Q-SYMBIO study, showing a positive effect on major cardiovascular outcomes in patients treated with Q10 compared to placebo [18], the 2.0 μg/mL target concentration of total Q10 was also applied.



Endogenous concentrations of circulating Q10 in laboratory-bred [31,33,34,35] and privately-owned dogs [16,17] were similar to human endogenous reference levels [15]. On this background, we applied the 2.0 μg/mL concentration as the primary endpoint. All dogs had endogenous concentrations below this concentration before treatment. This is in line with previous studies and suggests a concentration of Q10 above the endogenous level being necessary for the distribution of Q10 to tissues [14].



Three dogs did not fulfill the primary endpoint. For two reasons, this was unexpected. First, the dose (100 mg twice daily per dog, corresponding to a mean dose of 23 mg/kg/day) of Q10 relative to BW was comparably higher than the 300 mg/day (corresponding to an average daily dose of 4 mg/kg/day) used in adult humans in a recent clinical trial [18]. When designing the study, the relatively high dose was chosen to ensure a considerable increase in plasma Q10. It has been shown previously that up to a certain level, the circulating Q10 increases with increasing daily oral dose [5]. In dogs, a no adverse effect level of Q10 of 6000 mg/kg/day has previously been determined [31], indicating that Q10 is safe. However, when designing the trial, choosing the same dose to all the dogs was unattended our finding of a considerable individual variation in plasma concentrations of Q10 following treatment. Secondly, we included only purebred CKCS in order to acquire a homogenous population. The baseline endogenous concentrations of Q10 among the CKCS were within a narrow range and comparable to what has been measured in healthy, adult CKCS under identical analytical conditions [17]. Two dogs in the study reached plasma concentrations >9 μg/mL of total Q10, but no obvious similarities in baseline characteristics for these two dogs can explain this variation in plasma concentrations of Q10. Both dogs were males, classified as ACVIM stages C and B2, respectively, and one of them received other cardiac medication.



A high inter-individual variation in the circulating concentrations of total Q10 after treatment with Q10 was previously shown both in single-dose studies in healthy human volunteers [36,37], and in patients with congestive heart failure [32,38,39]. Our similar findings in dogs with MMVD suggest that the same applies to dogs. Because adherence in the study was very good, and owners found it easy to administrate the capsules to dogs, the limited plasma concentration of Q10 in some of the dogs may indicate saturation of intestinal absorption. The hydrophobic properties of Q10 are limiting for intestinal absorption, but the feeding of a fatty meal can enhance absorption [40]. We advised owners to deliver Q10 to their dogs with a meal, but the feeding regime was not standardized, and this may, at least in part, underlie the variability in plasma Q10 concentrations following treatment among the dogs. At this point, it is largely unknown which physiological factors determine the bioavailability of Q10 in individual human beings and in dogs. Differences in gut microbiota among subjects, edema in the gastrointestinal tract of heart failure patients, or differences in enterocyte metabolism are factors that were previously discussed to underlie the unequal bioavailability of Q10 in human subjects [14,36], and the same may be true in dogs, but needs further investigation.



The in vivo oxidation rate of Q10 (i.e., the percentage of total Q10 that is oxidized) is considered a relevant marker of oxidative stress, but the careful treatment of blood samples has to be ensured to prevent ex vivo oxidation of blood samples [41]. We did not observe a change in oxidation rate after Q10 treatment compared to placebo, but intriguingly, a 2.5% higher oxidation rate of Q10 was found in the second treatment phase compared to the first phase. In each phase, half of the dogs were treated with Q10 and the other half with a placebo. Human data report that, on average, 96% of plasma Q10 is reduced, corresponding to an oxidation ratio of 4% [8], which is similar to the 3% measured in the dogs at baseline in the present study. The difference in oxidation rate cannot readily be explained. It is unlikely to be caused by disease progression, as there were no changes in echocardiographic parameters and biomarkers between the first and second phase of the study. Sampling and storage procedures were standardized, and the Q10 analyses were done in one batch with the analyst blinded to treatment and treatment phase. A previous study reported an oxidation rate of circulating Q10 in healthy CKCS of 1.9% [17] that were of a younger age than the CKCS with MMVD used in the present study. Although speculative at this point, aging may have contributed to the small numerical increase to 3% in the oxidation ratio, as this has been shown to occur in human subjects [8]. The presence of MMVD may also underlie the increased oxidation ratio of circulating Q10 in the dogs related to the presence of oxidative stress. The literature contains divergent results on the presence of oxidative stress in the circulation of dogs with naturally occurring valvular heart disease [42,43]. The use of Q10 as an antioxidant to neutralize reactive oxygen species in the circulation and in heart muscle, are highly relevant for further investigation.



In the veterinary literature, there are empirical recommendations for using Q10 as a supplement, especially in dogs with dilated cardiomyopathy [44], but there are no studies justifying the dose recommendations or showing effects on clinical parameters. Significant reductions in circulating concentrations of NT-proBNP and improvement of QoL were seen in the human Q-SYMBIO trial, using the same formulation of Q10 as used in the present study [18]. No similar significant improvements in NT-proBNP levels and QoL were observed in the dogs treated with Q10. Our study may have been underpowered or the treatment phases too short for a significant difference to occur in both treatment phases. A major difference between cardiovascular outcome trials done in human patients with a positive effect of Q10 and the present study in dogs is the duration of treatment. In the Q-SYMBIO trial, patients had been treated for two-years at the time a significant difference in cardiovascular outcome was observed, while at week 16 and 106, no significant improvements were observed. The CKCS in the present study were treated for only three weeks. In another human study, in which the pharmacokinetic parameters in the human subjects resembled our findings in dogs, there were also no statistically significant effects of Q10 on echocardiographic parameters after six months of treatment [38]. Although short-term daily treatment (12 weeks or less) with 100 mg CoQ10 has been shown to improve left ventricular ejection fraction and clinical signs of heart failure in studies in human patients [45], there seems to be agreement among human studies that a positive effect of Q10 on the heart requires chronic treatment and a minimum treatment period of three months has been suggested [46]. It is currently unknown if prolonged treatment with Q10 enhances cardiac health in dogs, while no controlled prospective studies have been undertaken.



Our study has some limitations. As mentioned previously, dog diets were not standardized, except for food fasting prior to obtaining blood samples. Additionally, some of the dogs received cardiac medication and other pharmaceuticals that cannot be excluded to affect pharmacokinetic parameters of Q10 in dogs, although their interactions with Q10 have not previously been described. Q10 is endogenously synthesized in cells but also supplied with food, with meat containing the highest amount [47]. However, it has been proposed that the endogenous, circulating concentration of Q10 is only very little affected by diet [48]. The baseline endogenous concentrations of Q10 among the dogs in the study were within a quite narrow range, and similar to concentrations reported previously in CKCS and other breeds [16,17]. We, therefore, gather it unlikely that the diets had a significant impact on endogenous Q10 concentrations. The composition of diets may, as previously described, have affected the absorption of Q10, which in turn could cause the variation in Q10 plasma concentrations seen among the CKCS. This factor may be limiting the possibility of generalizing the data to other dog populations.



This study was pioneering for determining the absorption and pharmacokinetics of a commercially available formulation of Q10 in dogs and for investigating a possible efficacy on clinical parameters related to MMVD. The number of included dogs was, therefore, not determined from power calculations. We did observe a significant increase in plasma concentrations after oral delivery with Q10, indicating that for this purpose, the population was large enough. For observing improvements in clinical parameters of MMVD, the study may have been underpowered and likely of too short duration. Our study provides data that can be included in the calculation of sample sizes in future prospective studies.




5. Conclusions


In conclusion, we show that a gelatin capsule formulation of solubilized Q10 is well tolerated in CKCS with MMVD and is absorbed into the circulation without adverse reactions. There were, however, inter-individual variations in the plasma concentrations with this formulation of Q10 similarly to findings in humans. A dosage of 200 mg/day for three weeks of Q10 does not appear to change the clinical severity of MMVD or QoL in CKCS. The estimated T1/2 of 2.95 days may suggest that every other day treatment in dogs may suffice to keep circulating concentrations of Q10 ≥ 2.0 μg/mL in dogs.



The variation in Q10 plasma concentrations observed among the CKCS suggests initiation of studies investigating the physiological factors determining intestinal absorption of Q10, including dosing and feeding regimens.



A recent study showed that the use of antioxidants (Q10 not included) and fatty acids slowed the progression of spontaneous MMVD in dogs [49]. Ultimately, investigation of long-term use of Q10 in dogs with MMVD and heart diseases of other etiologies are therefore relevant—preferably with dosing tailored in accordance with laboratory testing of Q10 plasma concentrations.
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Figure 1. Flowchart of randomized placebo-controlled crossover study design. A modified CONSORT template [21] was used. Nineteen Cavalier King Charles Spaniels were randomized to one of two treatment arms: Q10 first, placebo second, or placebo first, Q10 second. Seventeen dogs completed the entire study. 
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Figure 2. Plasma concentrations of (a) total Q10, (b) ubiquinone, and (c) ubiquinol before and after treatment with Q10 and placebo. Black lines denote dogs treated with Q10 first, then placebo. Blue lines denote dogs treated with a placebo first, then Q10. Dotted lines indicate the washout period. The vertical line indicates a cut-off of 2.0 μg/mL total Q10 in plasma that was the primary endpoint in the study. Before Q10: n = 17, after Q10: n = 16, before placebo: n = 18, after placebo: n = 16. 
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Figure 3. Elimination curves of plasma total Q10 against time. The plot shows plasma concentration of total Q10 in six dogs after 12, 36, 48, 60, and 72 h after the last treatment with Q10 (time 0) on a semilogarithmic scale. 
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Table 1. Baseline demographics and clinical characteristics of the 18 Cavalier King Charles Spaniels included in the statistical analyses. Dogs were either randomized to receive Q10 first, then placebo (Q10 in phase 1) or to receive placebo first, then Q10 (Q10 in phase 2).
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	Group
	Dogs Randomized to Receive Q10

in Phase 1
	Dogs Randomized to Receive Q10

in Phase 2
	p-Value





	
	N = 9
	N = 9
	



	Sex male/female
	6/3
	7/2
	>0.999



	Murmur intensity 3/4/5
	0/6/3
	1/7/1
	0.58



	Age (years)
	9.2 (9.1–10.0)
	8.7 (8.3–9.0)
	0.16



	Bodyweight (kg)
	8.6 (8.4–9.3)
	9.0 (8.0–9.6)
	0.69



	ACVIM (B2/C)
	5/4
	5/4
	1.0



	Quality of Life (QoL) score
	9 (9–11)
	12 (12–14)
	0.015 *



	Heart rate (bpm)
	124 (120–140)
	112 (100–128)
	0.17



	Systolic blood pressure (mmHg)
	145 (126–151)
	147 (143–167)
	0.29



	VHS
	12.3 (11.6–12.4)
	11.8 (11.5–12)
	0.14



	LVIDDN
	2.0 (1.9–2.5)
	1.9 (1.8–2.0)
	0.20



	FS (%)
	40.6 (40–43.3)
	40.9 (36.3–46.1)
	0.70



	EF (%)
	78.8 (76.4–80.2)
	77.5 (74.3–80.5)
	0.96



	LA/Ao
	2.1 (1.8–2.5)
	1.8 (1.6–2.0)
	0.10



	Hematocrit
	40.2 (38.4–41.2)
	43.7 (38.5–44.5)
	0.18



	Platelet count (× 106 platelets/mL)
	311 (245–372)
	253 (105–272)
	0.35



	Creatinine (μmol/L)
	63 (58–67)
	60 (54–78)
	0.79



	ALT (U/L)
	43 (35–52)
	51 (38–60)
	0.66



	NT-proBNP, ng/mL
	1851 (1577–3438)
	1158 (998–1282)
	0.029 *



	cTnI (ng/mL)
	0.052 (0.039–0.074)
	0.028 (0.027–0.032)
	0.027 *



	Total Q10 concentration in plasma (μg/mL)
	0.85 (0.63–1.36)
	1.00 (0.82–1.14)
	0.66



	Oxidation ratio (%)
	3.38 (2.29–3.58)
	3.07 (2.45–3.25)
	0.60







Data are presented as median (interquartile range). * denotes statistically significant differences between groups. p-values were calculated using a Wilcoxon signed-rank sum test and Fisher’s exact test for categorical data. Abbreviations: ACVIM, American College of Veterinary Internal Medicine; FS, Fractional Shortening; EF, Ejection Fraction; LVIDDN, Left ventricular internal diameter in diastole normalized for bodyweight; LA/Ao, Left atrial to aortic root ratio; ALT, alanine aminotransferase; NT-proBNP; N terminal pro-B type natriuretic peptide; cTnI; cardiac troponin I; VHS, vertebral heart score.
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