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Abstract:
Cardiovascular disease (CVD) remains one of the primary causes of death after kidney transplantation (KTX). Cyclosporine (CsA) metabolites may play a role in CVD. Metabolic ratio (MR) may be considered a measure of intraindividual differences of CsA metabolism. The study was aimed at analysis of associations of CVD with indices of CsA metabolism: MRs and dose-adjusted CsA concentrations (C/D and C/D/kg).
The study was performed in the Department of Immunology, Transplant Medicine, and Internal Diseases of the Medical University of Warsaw and involved 102 KTX recipients. Whole blood concentrations of cyclosporine A, AM1, AM9, AM4N, demethylcarboxylated (dMC-CsA), dihydroxylated (DiH-CsA), trihydroxylated (TriH-CsA) cyclosporine metabolites were determined by liquid chromatography coupled with tandem mass spectrometry.
Lower AM9/CsA were observed in diabetics. Patients with coronary disease and/or myocardial infarction had lower dMC-CsA/CsA and higher AM4N/CsA. Supraventricular arrhythmia was associated with higher AM1/CsA and AM4N/CsA. Hypertriglyceridemia (hTG) was associated with lower AM9/CsA, higher C/D and C/D/kg. Hyperuricemia and/or gout were associated with higher D/C and AM1/CsAMR. Decrease of AM9/CsA and AM4N and higher D/C were associated with overweight/obesity. Systolic blood pressure (BP) positively correlated with dMC-CsA/CsA and negatively with C/D/kg. Diastolic BP correlated positively with AM1/CsA, dMC-CsA/CsA, DiH-CsA/CsA and TriH-CsA/CsA.
We have demonstrated the association of coronary disease/myocardial infarction, supraventricular arrhythmia, hypertriglyceridemia, hyperuricemia/gout, overweight/obesity and elevated arterial BP with higher MRs of AM1, AM4N, dMC-CsA, DiH-CsA and TriH-CsA, and lower MRs of AM9, which may indicate deleterious and favourable effects of individual CsA metabolites on cardiovascular system and suggest engagement of specific enzymatic pathways.
Introduction
Cardiovascular disease (CVD) remains one of the primary causes of death after kidney transplantation (KTX) [1, 2]. It is estimated that cardiovascular causes (cardiac arrhythmia, cardiac arrest, heart failure, acute myocardial infarction and coronary disease) account for 28% of deaths after KTX and kidney transplant recipients have a 6.4% higher risk of deaths or major cardiovascular event compared with the general population [1, 3].
Observations and studies conducted since the introduction of cyclosporine A (CsA) to the clinical practice indicate the existence of an association between CsA therapy and cardiovascular morbidity and mortality [4, 5]. Despite many years of research, it has not been determined with certainty whether CsA metabolites play a role in the occurrence of nephrotoxic effects and cardiovascular morbidity. 
It is suggested that due to variable metabolic activity resulting from genetic polymorphisms of cytochrome P450 CYP3A4, CYP3A5 and glycoproteine P, as well as various extragenetic factors, rate of formation of individual CsA metabolites can differ significantly between individuals [6-8]. Cyclosporine metabolites AM1, AM9 and AM4N are considered the first-generation metabolites formed during phase I metabolism and may be detected in the blood [9]. The main P450 enzyme metabolizing CsA is CYP3A4 which contributes to approximately 80% of phase I metabolism and leads to formation of AM1, AM9 and AM4N [10, 11]. Cytochrome CYP3A5 has been also shown to metabolize CsA contributing mainly to formation of AM9 [11]. Metabolic ratio (MR) has been proposed as a parameter calculated by dividing metabolite concentration by the parent drug concentration. It can be considered a measure of variability of concentrations of individual CsA metabolites [12]. The concentration to daily dose ratio or dose-adjusted concentration: C/D [ng/mL/mg/day] and dose/kg-adjusted concentration: C/D/kg [ng/mL/mg/kg/day] may be considered as a general measure of rate of cyclosporine metabolism [7, 13].
The study was aimed at analysis of associations of CVD with cyclosporine metabolites and indices of CsA metabolism: CsA metabolites’ metabolic ratios and dose-adjusted CsA concentrations.
Materials and methods
The study was performed in the outpatient clinic of the Department of Immunology, Transplant Medicine, and Internal Diseases of the Medical University of Warsaw (MUW). The study involved 102 KTX recipients from each of whom 2 mL of blood was collected during the routine outpatient visit. The study group consisted of 49 females (48%), mean age was 50.6 years (SD 12.4), median time from KTX was 116.5 months (IQR 59.3-170.8).
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9]The collected blood specimens were analysed by liquid chromatography coupled with tandem mass spectrometry (LC-MS-MS) using Waters Acquity Ultra Performance Liquid Chromatograph coupled with Waters TQ-S triple-quadrupole mass spectrometer (Waters, Manchester, UK) as described previously [14]. We have determined whole blood concentrations of cyclosporine A, AM1, AM9, AM4N, demethylcarboxylated cyclosporine metabolites (dMC-CsA), dihydroxylated cyclosporine metabolites (DiH-CsA) and trihydroxylated cyclosporine metabolites (TriH-CsA). The mass spectrometer operated in the multiple-reaction monitoring (MRM)- positive electrospray ionization (ESI) mode. For all analytes mass spectrometer optimized settings were as follows: capillary voltage = 2.5 kV, desolvation temperature = 200ºC, cone gas flow = 150 L/h, desolvation gas flow = 800 L/h, source temperature = 150°C. The ion transitions were m/z 1219.876> 1202.658 and m/z 1219.876> 1184.812 for CsA, m/z 1223.8> 1206.5 for CsA-D4 (used as internal standard), m/z 1218.68> 425.6 and m/z 1218.68> 1182.85  for AM1, m/z 1218.68> 212.4 and m/z 1218.68> 449  for AM9, m/z 1188.64> 661.49 and m/z 1188.64> 1170.7   for AM4N, m/z 1251.865> 1234.839   for DiH-CsA, m/z 1267.86> 1250.83 for TriH-CsA, m/z 1249.88> 1232.85 for dMC-CsA .Only first was used as quantification transition. The calibration curves range were 0.5-1000ng/ml,  2-1500ng/ml and 0.2-100ng/ml for CsA, AM1 and AM4N, respectively. Concentration of AM9 was calculated using AM1 calibration curve, other CsA metabolites concentrations were quantified using CsA calibration curve.Clinical and laboratory data were extracted from patients’ medical records and included in dedicated database.
Compliance with Ethical Standards
The study protocol was approved by the MUW Ethical Committee. Before the study procedures all patients have given their written informed consent. All procedures performed were in accordance with the ethical standards of the MUW Ethical Committee and with the 1964 Helsinki declaration and its later amendments. This article does not contain any studies with animal performed by any of the authors.
Statistical analysis
All calculations were performed using IBM SPSS software (IBM Corp., Armonk, NY, USA). Shapiro-Wilk and Bartlett’s tests were used for identification of normally distributed variables for continuous and categorical variables respectively. Variables with normal distribution are presented as mean and standard deviation (SD) and were analysed using Pearson correlation coefficient, Student’s t-test; not-normally distributed variables are presented as median and interquartile range (IQR) and were analysed using Spearman correlation coefficient and U Mann-Whitney test. Multivariable analyses were performed by logistic regression and included independent variables: patients’ age and gender, eGFR, time from KTX, steroid therapy, pMPA therapy and CsA concentration or daily dose. The differences were considered statistically significant when p<0.05.
Results
Demographic, clinical and laboratory data of the study participants are summarized in table 1. Analysis of associations between dose-adjusted and dose/kg-adjusted CsA concentrations has revealed negative correlations of AM9/CsA with C/D (r=-0.32, p=0.01) and of dMC-CsA/CsA (r=-0.5, p=0.03).
We have observed lower AM9/CsA in patients with diabetes mellitus (DM) (61.5 [IGR: 49.2-71.4] vs 74.8 [IQR: 60.1-90.1], p=0.03) and it was confirmed in multivariable analysis (β=-0.04, OR=0.96, 97.5% CI 0.93-0.99, p-0.01) (Figure 1A).
Patients with coronary disease (CD) and/or myocardial infarction (MI) had lower dMC-CsA/CsA ratios (0.53 [IQR: 0.43-0.6] vs 0.84 [IQR: 0.62-1.14], p=0.02). In multivariate analysis CD/MI was associated with higher AM4N/CsA (β=0.83, OR=2.3, 97.5% CI 1.1-5.3, p=0.03).
Supraventricular arrhythmia (SVA) was associated with higher AM1/CsA (471.6 [IQR: 460.8-483.7] vs 389.1 [IQR: 317.0-461.6], p=0.046) and AM4N/CsA (3.9 [IQR: 2.5-4.3] vs 2.8 [IQR: 2.1-3.6], p=0.03) which was confirmed in multivariate analysis (β=1.24, OR=3.5, 97.5% CI 1.6-10.4, p=0.007).
Hypertriglyceridemia (hTG) was associated with lower AM9/CsA (61.3 [IQR: 52.2-74.9] vs 74.3 [IQR: 61.8-94.6], p=0.008) which was confirmed in multivariate analysis (β=-0.02, OR=0.98, 97.5% CI 0.95-0.99, p=0.04). There was also a negative correlation of TG levels with AM9/CsA (β=-5.6, p=0.0003) (Figure 1C). hTG was associated with lower metabolism rate expressed by higher dose-adjusted CsA concentrations: C/D (53.7 ng/mL/mg/day [IQR: 38.9-67.2] vs 32.6 ng/mL/mg/day [IQR: 29.0-41.2], p=0.000001) and C/D/kg (0.65 ng/mL/mg/kg/day [IQR: 0.54-0.84] vs 0.49 ng/mL/mg/kg/day [IQR: 0.45-0.59], p=0.008). It was confirmed in multivariate analysis for C/D (β=0.11, OR=1.12, 97.5% CI 1.05-1.21, p=0.002) and C/D/kg (β=3.9, OR=51, 97.5% CI 2.5-2609, p=0.03).
In patients with hyperuricemia and/or gout we have observed higher dose-adjusted CsA concentrations D/C (60.5 ng/mL/mg/day [IQR: 43.4-71.4] vs 37.2 ng/mL/mg/day [29.1-48.0], p=0.001), which was confirmed in multivariate analysis (β=0.04, OR=1.04, 97.5% CI 1.01-1.08, p=0.02). Multivariate analysis has revealed association of higher AM1/CsA with hyperuricemia and/or gout (β=0.006, OR=1.08, 97.5% CI 1.002-1.01, p=0.01).
Decrease of AM9/CsA was associated with overweight and obesity (51.0 [IQR: 46.8-61.4] vs71.4 [IQR: 59.6-84.4], p=0.001) (Figure 1D) with similar trend for AM4N/CsA (2.32 [IQR: 1.95-2.8] vs 2.83 [IQR: 2.23-3.7], p=0.054), and it was confirmed in multivariate analysis (β=-0.06, OR=0.04, 97.5% CI 0.89-0.98, p=0.004 and β=-0.85, OR=0.43, 97.5% CI 0.18-0.86, p=0.03, respectively). There was also negative correlation of AM9/CsA with BMI (r=-0,39, p=0.00001) confirmed in multivariate analysis (β=-.07, p=0.003) (Figure 1B), which revealed also a positive correlation of dMC-CsA/CsA with BMI (β=4.9, p=0.003). In patients with obesity/overweight we have observed higher dose-adjusted CsA concentrations D/C (63.7 ng/mL/mg/day [IQR: 48.9-73.5] vs 40.0 ng/mL/mg/day [IQR: 30.7-55.9], p=0.02) and it was confirmed in multivariate analysis (β=0.06, OR=1.07, 97.5% CI 1.01-1.13, p=0.02).
Using multivariable analysis we have found positive correlation of systolic blood pressure (SBP) with dMC-CsA/CsA (β=9.8, p=0.04), and negative correlation with dose/kg-adjusted CsA concentration C/D/kg (β=-21.3, p=0.03). Diastolic blood pressure (DBP) correlated positively with AM1/CsA (r=0.22, p=0.03 and β=0.02, p=0.03), dMC-CsA/CsA (β=11.3, p=0.0005), DiH-CsA/CsA (r=0.34, p=0.001 and β=0.12, p=0.0006) and TriH-CsA/CsA (β=2.2, p=0.002).
There were no statistically significant differences nor correlations for arterial hypertension, peripheral artery disease, stroke, ventricular arrhythmia, hypercholesterolemia and CVD in general.
Discussion
The first interesting finding was the general lack of associations between dose-adjusted (C/D) and dose/kg-adjusted (C/D/kg) CsA concentrations with metabolic ratios of individual cyclosporine metabolites. If we assume that C/D and C/D/kg ratios are a general measure of the rate of CsA metabolism, then their higher values should occur in so called “poor metabolizers”. Those subjects should have lower MR values. However, the inverse relationship was demonstrated only for AM9/CsA and C/D, and dMC-CsA/CsA. This probably means that the greater metabolic clearance of the drug does not fully reflect the extend of the formation of individual metabolites. Thus, C/D and C/D/kg ratios cannot be used as a surrogate for direct measurements of individual CsA metabolite concentrations.
It is well established that CsA therapy is associated with cardiovascular disease including high incidence of arterial hypertension [15, 16]. Histopathological changes affecting cardiac muscle both in atria and ventricles, such as degenerative changes, myocardial fibrosis and myofibrils’ disorganization, were also described [17-19]. Searching for the causes of this complications has led to the identification of certain mechanism that link CsA to adverse effects on the cardiovascular system [5]. In this context the effect of CsA metabolites was also suspected, however small number of studies were carried out to clarify this issue and they have concentrated mainly on histopathological issues or unfavourable influence of parent drug cyclosporine A (18, 20). The majority of studies analysed mechanism of nephrotoxicity and vasoconstriction pointing at cyclosporine, AM4N, AM1 and AM9 as having the highest nephrotoxic potency [21]. Tubular and mesangial cells viability and proliferation are inhibited mainly by cyclosporine, AM9, AM1A, AM1c, AM1c9 AM4N, AM1 and AM19 [22, 23].
Our analyses revealed significant associations of higher AM4N/CsA MR with coronary disease/myocardial infarction and supraventricular arrhythmia. This may suggest both the deleterious effect of AM4N on coronary arteries and the promotion of atherosclerotic processes, as well cardiomyocyte damage also at the level of atria. Interestingly, the occurrence of obesity/overweight and higher BMI was accompanied by lower metabolic ratios of AM4N/CsA and AM9/CsA. In contrast, in obese/overweight KTX recipients higher dMC-CsA/CsA and dose-adjusted CsA concentrations were observed. Differences in the direction of relationships between MRs of individual metabolites and dose-adjusted CsA concentrations emphasize the variability of the proportion of studied metabolites with respect to general rate of CsA metabolic clearance.
Particularly noteworthy is the observation that higher MR AM9/CsA are associated with absence of diabetes mellitus, hypertriglyceridemia, overweight/obesity and lower BMI. Akhlaghi et al. have described lower MR of AM1, AM9, AM1c, AM1c9 and AM19 in patients with diabetes mellitus suggesting that it may be the consequence of reduced hepatic biotransformation in diabetic patients [24]. However, it can be also hypothesised that shifting the balance in the formations of individual CsA metabolites towards AM9 may contribute to the reduction of synthesis of other more harmful CsA metabolites. Thus, the increased formation of AM9 would indicate a favourable cyclosporine metabolic profile in an individual KTX recipient. It may be also important that in the formation of AM9 is involved CYP3A5 isoenzyme, while other cyclosporine metabolites are mainly produced by CYP3A4 [11]. The constellation of activity of these two isoenzymes in a given patients may translate into a final metabolic profile of cyclosporine. In the study group we have performed the analysis of genetic polymorphisms of CYP3A4 and CYP3A5 associated with their enzymatic activity, but the incidence of individual genotypes was too low to allow the analysis of their relationships with CVD. Negative correlation of AM9/CsA with higher triglycerides blood levels may be also the consequence of altered CsA metabolism in patients with dyslipidaemia. It was found that hypercholesterolemia inhibits CsA metabolism and leads to higher C/D AUC [25]. We have not observed relationship between hypercholesterolemia or total cholesterol blood levels. However, in our study group hypertriglyceridemia was associated with higher dose-adjusted and dose/kg-adjusted CsA concentrations. It may suggest that similarly to cholesterol triglycerides could inhibit cyclosporine metabolism.
Similarly to AM4N/CsA MR, increased AM1/CsA ratios were observed in patients with supraventricular arrhythmia, hyperuricemia/gout and higher DBP values suggesting unfavourable effect of this metabolite on cardiovascular system. Higher dMC-CsA/CsA MR was found in overweight/obese patients and in relationship with higher SPB and DBP. The only parameter that correlated with DiH-CsA/CsA and TriH-CsA/CsA metabolic ratio was DBP. This relationship was independent of kidney graft function even though the effect of DiH-CsA and TriH-CsA on eGFR values in KTX patients was observed [26]. It has confirmed our previous preliminary results [27]. This may suggest a similar mechanism that contributes to rise of blood pressure and worsening of renal function in the presence of elevated DiH-CsA and TriH-CsA. We cannot exclude that those adverse effects are associated with endothelin-mediated vascular dysfunction observed during 21-day cyclosporine treatment in rats [28]. The importance of those and maybe other metabolites in inducing a rise in arterial pressure indicated the existence of a negative correlation between dose/kg-adjusted CsA con centration and SBP.
It is the first study revealing associations between cardiovascular disease and individual cyclosporine A metabolites and their metabolic ratios. We have pointed to specific cyclosporine metabolites, such as AM1, AM9, AM4N, dMC-CsA, DiH-CsA and TriH-CsA, which may play significant role in the development of cardiovascular complications after KTX. The observed relationships may also suggest the contribution of P450 isoenzymes activity to the development of CVD. Due to frequency if occurrence of individual gene polymorphism determining enzymatic activity of P450, the study group turned to be too small to test this hypothesis and it is the main weakness of the study.
In conclusion, we have demonstrated the association of coronary disease/myocardial infarction, supraventricular arrhythmia, hypertriglyceridemia, hyperuricemia/gout, overweight/obesity and elevated arterial blood pressure with higher metabolic ratios of AM1, AM4N, dMC-CsA, DiH-CsA and TriH-CsA, and lower metabolic ratios of AM9, which may indicate deleterious and favourable effects of individual cyclosporine metabolites on cardiovascular system and suggest engagement of specific enzymatic pathways.
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Figure 1. Associations of AM9/CsA with clinical and laboratory parameters. A. Lower AM9/CsA levels in patients with diabetes mellitus; B. Negative correlation of AM9/CsA with body mass index; C. Negative correlation of AM9/CsA with blood triglyceryde levels; D. Lower AM9/CsA in patients with overweight/obesity. BMI, body mass index; DM, diabetes mellitus; TG, triglycerydes.
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