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Abstract

:

Systemic lupus erythematosus (SLE) is a chronic inflammatory disease, and several studies have suggested possible early RV involvement. Aim of the study was to evaluate the 3D echo parameters of the right ventricle (RV) and the metabolomic profile to correlate both with SLE severity. Forty SLE patients, free of cardiovascular disease, were enrolled and the following 3D parameters were evaluated: the RV ejection fraction (RV-EF), longitudinal strain of the interventricular septum (Septal LS), longitudinal strain of the free wall (Free-LS) and the fractional area change (FAC). In addition, a metabolomic analysis was performed. Direct correlations were observed between TAPSE values and the RV 3D parameters. Then, when splitting the population according to the SDI value, it was found that patients with higher cumulative damage (≥3) had significantly lower FAC, RV-EF, Septal LS, and Free-LS values; the latter three parameters showed a significant correlation with the metabolic profile of the patients. Furthermore, the division based on SDI values identified different metabolic profiles related to the degree of RV dysfunction. The RV dysfunction induced by the chronic inflammatory state present in SLE can be identified early by 3D echocardiography. Its severity seems to be related to systemic organ damage and the results associated with a specific metabolic fingerprint constituted by 2,4-dihydroxybutyric acid, 3,4-dihydroxybutyric acid, citric acid, glucose, glutamine, glycine, linoleic acid, oleic acid, phosphate, urea, and valine.
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1. Introduction


Systemic lupus erythematosus (SLE) is a systemic chronic disease characterized by the aberrant activity of the immune system that leads to a highly variable course and prognosis. SLE affects nearly 1.5 million people in the United States, and its prevalence is three- to four-folds higher in Black than in White females [1].



Cardiovascular diseases (CVD) represent the leading cause of morbidity and mortality in SLE. A particular challenge is pulmonary arterial hypertension (PAH) in SLE patients as a complication of their autoimmune disease, which has impacts on the quality of life and prognosis.



This serious complication has a prevalence ranging from 9.3% to 14% and is characterized by a progressive increase in pulmonary vascular resistance with vascular remodeling, right ventricular failure, intolerance to exercise, and death [2].



In this setting, right ventricular failure is the leading cause of death; the right ventricle’s (RV) ability to adapt to the increase in pulmonary vascular resistance associated with pulmonary arterial hypertension plays a crucial role in determining the survival and functional capacity of these patients [3].



A previous study showed an early and subclinical reduction in RV longitudinal function in SLE patients depending on their SLE organ damage score [4]. On the other hand, SLE pathophysiology, related to the cytokine asset, subtends the magnitude of organ damage [5].



Organ damage also involves the heart; increasing findings indicate myocardial inflammation as a pathophysiologic process leading to heart failure [6].



The complex inflammatory response related to cytokine effects contributes, together with the increased RV after-load due to autoimmune diseases such as SLE, to the RV (mal)adaptive remodeling that occurs in RV dysfunction, which is similar to what is known regarding left ventricle hypertrophy and failure [6].



Moreover, our group has already demonstrated the metabolomic utility in investigating cardiovascular diseases [7] and cardiac involvement in autoimmune pathologies [8].



On these bases, we performed a metabolomic analysis based on both 1H-Nuclear magnetic resonance spectroscopy (1H-NMR) and gas chromatography/mass spectrometry (GC/MS) to better clarify the metabolic milieu through which RV dysfunction develops. In addition, we used 3D speckle tracking echocardiography (STE) to evaluate the RV’s performance and correlated its systolic parameters with the metabolic profiles identified using metabolomic analyses.




2. Materials and Methods


We consecutively enrolled 40 SLE patients coming from the Clinical Immunology Outpatient Clinic of the AOU of Cagliari; among these, we selected subjects free of cardiovascular pathology—including coronary artery disease, hypertensive heart disease, cardiomyopathies, valvopathy greater than a moderate degree, previous deep vein thrombosis, or pulmonary embolism. Moreover, we enrolled in analysis those in whom the 3D acquisitions were of sufficient quality to guarantee adequate ventricular volume tracking during analysis.



The Institutional Ethics Committee (Azienda Ospedaliero—University of Cagliari) approved the study (Protocol PG/2015/1859, 2 February 2015), which was performed according to the Declaration of Helsinki. Participants, informed of the study aims and methodology, expressed written consent to enrollment before inclusion. All patients underwent clinical evaluation and 12-lead electrocardiogram; moreover, we performed echocardiography with the evaluation of standard systo-diastolic parameters and 3D acquisitions for the assessment of the following RV parameters: end-diastolic volume (VTD), end-systolic volume (VTS), ejection fraction (RV-FE), longitudinal strain of the SIV (Septal LS), longitudinal strain of the free wall (Free-LS), and the fractional area change (FAC). In addition, venous blood samples were collected from all patients for cytokine assays and metabolomic analysis.



2.1. Standard Echocardiography


We performed standard mono- and two-dimensional, as well as color Doppler echocardiography by measuring the ventricular volumes and thicknesses and calculating the left ventricle ejection fraction (LVEF) using the Simpson’s biplane method; a value ≤ of 50% was considered abnormal. Subsequently, to evaluate the diastolic function, we recorded the flow velocities of the pulsed Doppler in the four apical chambers view; moreover, we used tissue Doppler imaging (TDI) with the sample volume in the basal portion of the interventricular septum (IVS) and lateral wall. We evaluated the LV longitudinal function by measuring the following parameters of the mitral valve annulus: peak systolic velocity (S wave), peak velocity in proto-diastole (E′ wave), peak velocity of atrial contraction (A′ wave), and LV isovolumetric relaxation time (IVRT). Furthermore, we acquired the raw data using the STE technique.




2.2. The 3D Echocardiography


We acquired the “full-volume” 3D datasets using a complete matrix array transducer (Vivid E80, GE Healthcare, Boston, MA, USA) with the probe positioned in apical view; then, during a brief breath interruption, we carried out the acquisition. We used six electrocardiographic-gated consecutive heartbeats acquired during an end-expiratory apnea (multi-beat acquisition) to generate the whole volume. Subsequently, we verified the acquisition quality in 12-slice display mode to exclude stitching artefacts and ensure that the entire RV cavity and walls were included in the total volume with optimal RV border visualization. Data sets deemed adequate were digitally stored in raw data format and exported to a dedicated workstation equipped with commercially available software (4D RV-Function, TomTec Imaging Systems, Gmbh, Unterschleissheim, Germany) for offline analysis. Every RV full-volume 3D dataset automatically produced three standard views (planes): four-chamber, coronal, and sagittal. An operator traced the endocardial border at the end-diastole and end-systole for the three predefined RV planes, and then an automated border detection algorithm completed the tracking. When needed, the same operator corrected the endocardial borders frame-by-frame to minimize artefacts. Papillary muscles of the tricuspid valve, moderator band, and endocardial trabeculae were considered part of the RV cavity. After automatically tracking RV contours over the entire cardiac cycle using 3D technology, we obtained the RV end-diastolic and end-systolic volume (RV EDV and ESV, respectively), RVEF, and stroke volume (SV). Furthermore, we derived both the RV-free lateral wall (RVLS Free) and the interventricular septum (RVLS Septal) 3D STE longitudinal Strain (LS).




2.3. The 1H-NMR Spectroscopy


An expert operator centrifuged at 4000 rpm for 15 min at 4 °C the heparinized blood samples immediately after the collection, then stored the supernatant at −80 °C. Eight hundred μL of plasma was centrifuged at 4500 rpm for 10 min at 4 °C; four hundred μL of plasma was thawed and then subjected to extraction in chloroform/methanol solution of 1.2 mL of chloroform/methanol 1:1 in 175 μL of H2O, which was centrifuged at 4500 rpm at 4 °C for 30 min; the lipophilic and hydrophilic components, separated after centrifugation, were dried using an Eppendorf concentrator (Hamburg, Germany) and stored at −80 °C until the time of NMR analysis.



For the NMR experiments, we used a Varian UNITY INOVA 500 spectrometer operating at 499.839 MHz for proton and equipped with a 5 mm double-resonance probe (Agilent Technologies, Santa Clara, CA, USA). The 1H-NMR spectra were acquired using the following parameters: 300 K with a spectral width of 6000 Hz, a 90° pulse, an acquisition time of 2 s, a relaxation delay of 2 s, and 256 scans. To suppress the residual water signal, we applied a CPMG pre-saturation technique.



Obtained 1H-NMR spectra were pre-processed using ACDlab Processor Academic Edition (Advanced Chemistry Development, version 12.01, 2010) with 0.1 Hz line broadening that was zero-filled to 64 K and Fourier transformed. Subsequently, each spectrum was phased and baseline corrected, and the chemical shifts were referred to trimethylsilylpropanoic acid (TSP) peak level resonance at 0.00 ppm. The operator reduced 1H-NMR spectra into consecutive integrated spectral regions—named “bins”—of equal width (0.04 ppm) corresponding to the region 0.50–8.66 ppm. To remove the variation effect in the pre-saturation of the residual water resonance, we excluded the spectral region between 4.74 and 4.94 ppm from the analysis. Furthermore, to minimize the effects of the variable concentration among different samples, we normalized the integrated area within each bin to a constant sum of 100 for each spectrum. Finally, the obtained dataset was imported into SIMCA-P (version 14.0. Umetrics, Malmo, Sweden) program and Pareto scaled prior to analysis.




2.4. GC/MS


We centrifuged all study participants’ specimens at 2000 rpm for 10 min, then transferred supernatant in Eppendorf tubes and stored it at −80 °C until analysis. Plasma samples were thawed at room temperature. To form a pooled sample for quality control and an average composition sample to analyze, we collected 100 μL of each sample. An amount of 400 μL of plasma was treated with 1200 μL of cold methanol in 2 mL Eppendorf tubes, which was vortex mixed and centrifuged for 10 min at 14,000 rpm (16.9 G). An amount of 400 μL of the upper phase was transferred in glass vials (1.5 mL) and evaporated to dryness overnight in an Eppendorf vacuum centrifuge (Eppendorf SE, Hamburg, Germany). An amount of 50 μL of a 0.24 M (20 mg/mL) solution of methoxylamine hydrochloride in pyridine was added to each vial; samples were vortex mixed and left to react for 17 h at room temperature in the dark. Then, 50 μL of MSTFA (N-Methyl-N-Trimethylsilyltrifluoroacetamide) was added and left to react for 1 h at room temperature. As internal standard, the derivatized samples were diluted with hexane (100 μL) with tetracosane (0.01 mg/mL), just before GC/MS analysis [9]. Samples were analyzed using an Agilent 5975C interfaced to the GC 7820 (new 5977B/7890B) equipped with a DB-5 ms column (J&-W), with an injector temperature at 230 °C, detector temperature at 280 °C, and a helium carrier gas flow rate of 1 mL/min. The GC oven temperature program was 90 °C initial temperature with 1 min hold time and ramping at 10 °C/min to a final temperature of 270 °C with 7 min hold time. An amount of 1 μL of the derivatized sample was injected in split (1:4) mode. After a solvent delay of 3 min, mass spectra were acquired in full scan mode using 2.28 scans/s with a mass range of 50–700 Amu [9].



Each acquired chromatogram was analyzed using the free software AMDIS (Automated Mass Spectral Deconvolution and Identification System; http://chemdata.nist.gov/mass-spc/amdis, accessed on 25 November 2020) that identified each peak by comparison of the relative mass spectra and the retention times with those stored in an in-house library comprising 255 metabolites. Other metabolites were identified using NIST08 (National Institute of Standards and Technology’s mass spectral database) and the Golm Metabolome Database (GMD, (http://gmd.mpimp-golm.mpg.de/), accessed on 25 November 2020). Through this approach, 113 compounds were accurately identified, while 28 other metabolites were tentatively assigned by relying on GMD and NIST libraries. AMDIS analysis produced an Excel datasheet that was successively subjected to chemometric analysis [9].




2.5. Multi-Variate Statistical Analysis


We applied partial least square analysis (PLS), a supervised regression analysis method, and partial least square discriminant analysis (PLS-DA), which uses a Y-matrix containing information about the a priori class to which the sample belongs and which is used to evaluate the statistical significance of the classification [10].




2.6. Univariate Statistical Analysis


We compared continuous variables (anthropometric, clinical-laboratory, echo-cardiographic data) using the two-tailed t-test for non-paired samples and the exact Fisher test for the categorical ones, wherein a corrected value of two-tailed p < 0.05 was considered statistically significant. The analyses were performed using IBM SPSS v. 25.





3. Results


The anthropometric and clinical data of the population are shown in Table 1.



The average age of the enrolled population was 45.6 ± 12.2 years, with height and weight within the general population range (164 ± 7 cm and 62.9 ± 11.4 Kg, respectively) and a normal BMI (23.4 ± 4.3 Kg/m2). All SLE patients met the 2012 International Collaborating Clinics (LICUS) criteria [11].



Detailed clinical history was collected, including disease duration, current use, and cumulative glucocorticoid dosing; patients did not use other anti-inflammatory drugs except COX-2 inhibitors as needed. Cumulative organ damage was calculated with the Lupus International Collaborating Clinic/American College of Rheumatology (SDI) systemic damage index [12,13].



3.1. Standard and Advanced Echocardiography


1. The patients, examined as a whole, showed normal echocardiographic parameters (Table 2), with normal LV size, wall thickness, and systolic function, a normal diastolic function or impaired relaxation, and regular left atrium dimensions. In addition, the standard parameters of the right sections were found to be normal in all the patients, except for the M-Mode TAPSE, which was reduced in the subjects with a higher SDI.



2. The 3D RV evaluation showed values aligned with the literature for SLE patients (Figure 1) [4]. We also obtaining a high significative direct correlation between the M-Mode-Derived TAPSE values and the parameters of RV systolic function evaluated by 3D ultrasound (Figure 1).



3. Subsequently, to evaluate the possible presence of RV dysfunction due to the underlying disease, we split the population according to the SDI values in patients with the absence of cumulative systemic damage (score = 0) and patients with more significant impairment (score ≥ 3).



4. Patients with higher cumulative damage showed statistically significantly lower RVEF, RVLS septal, RVLS Free, and FAC values than individuals with minimal impairment (Figure 2).




3.2. Metabolomics


1H-NMR: The metabolomic analysis highlighted a statistically significant correlation between the metabolism of the enrolled subjects and the RVLS septal, while the correlation with the RVLS Free did not reach significance (p = 0.09).



Subsequently, we verified whether the division into two groups carried out based on SDI values allowed us to identify different metabolic profiles related to the degree of RV dysfunction identified with 3D echocardiography; the built OPLS-DA model showed good values of R2 (R2X = 0.529; R2Y = 0.926) and Q2 (0.635), which were confirmed by ANOVA cross-validation (p = 0.04).



GC/MS: Analyses carried out using GC/MS allowed us to find significant correlations between the metabolism of LES patients and several 3D RV systolic parameters: RVEF, RVLS Free, and RVLS Septal (Figure 3).



In addition, in the GC/MS-based analysis, an OPLS-DA was able to identify SLE patients with the absence or severe degrees of both RV dysfunction and organ damage (Figure 3). Moreover, a three-class PLS-DA also highlighted a significant clustering in three groups based on the SDI score: Low (0), Intermediate (1–2) and High (≥3). All the analyses showed, beyond the significant p-value, good values for the R2 and Q2 (Table 3).



For every PLS-DA, we evaluated the variables important in prediction (VIP); the metabolites that were significantly involved in the observed correlations and clustering both at the multi-variate and univariate analyses were: 2,4-dihydroxybutyric acid, 3,4-dihydroxybutyric acid, citric acid, glucose, glutamine, glycine, linoleic acid, oleic acid, phosphate, urea, and valine (Table 4).



Overall, these results allow us to hypothesize that SLE causes progressive RV dysfunction, which was correlated to the severity of the cumulative damage and associated with a specific metabolic fingerprint.





4. Discussion


RV failure represents the leading cause of morbidity and mortality in SLE patients and substantially impacts the quality of life and prognosis in these subjects.



Buonauro et al. already demonstrated a reduction in the 3D FE, RVLS septal and RVLS free values in SLE patients compared with healthy controls [4]. In our study, we observed an alteration in the values of the 3D RVFE, both for the RVLS septal and RVLS free, as well asthe FAC. In addition, all these RV systolic indices derived from 3D echocardiography were directly correlated to the M-Mode-Derived TAPSE.



It is known how the TAPSE correlates with the RVFE measured with the scintigraphic method and with right cardiac catheterization [14,15], and its prognostic value has been ascertained [16,17,18,19]; the observed strong correlation with the parameters derived from 3D ultrasound confirmed the reliability of these data and strengthens their clinical significance.



In line with these data, the evidence of a more significant RV function impairment in patients with higher SDI values was found, which, therefore, led to a higher burden of organ damage. In addition, the reduction in TAPSE measured with the M-Mode in the SDI ≥ 3 group was associated with the reduction in systolic function parameters, both of those based on the study of size (FAC and RVFE) and those derived from myocardial deformation (RVLS septal and RVLS free) [4].



Tektonidou et al. found diastolic dysfunction of the RV and antibodies syndrome in SLE patients, regardless of the presence of valvular disease and RV systolic dysfunction [20]. In another study carried out in patients with SLE and PH, RV systolic function parameters were smaller than in control subjects and SLE patients who were free of PH [21].



Leal et al., using 2D echocardiography and LS evaluation, identified a subclinical systolic dysfunction of the RV in children with childhood-onset SLE [22].



Despite these exciting results, 3D ultrasound is superior to 2D; in fact, the 3D volumetric reconstruction of cardiac structures is not based on geometric assumptions, but on the direct measurement of volumes and, therefore, of the EF. Quantifying RV geometry and function using 3D ultrasound was reproducible and accurate, even when compared with cardiac MRI [23,24].



Vitarelli et al. demonstrated the prognostic value of 3D RVEF in patients with acute pulmonary embolism, which is a clinical condition in which increased pulmonary pressures are often present [25].



Although few studies have evaluated the association between 3D LS and clinical outcomes, its feasibility has also been confirmed in clinical practice [26].



Also, in our study, the 3D evaluation allowed for unmasking an early longitudinal dysfunction of the RV that was correlated with the severity of the patients’ global organ damage.



Pieretti et al. had already shown that, in SLE patients without clinical or echocardiographic evidence of valvular or coronary artery disease, the SDI could predict an increase in LV mass [27]. The SDI was associated with RV damage in both Buonauro et al.’s and our studies [4]. Compared to the work of the Neapolitan group, in which RV involvement was only identifiable using the 3D STE technology, but not through the standard (TAPSE and tricuspid E/A ratio) or 3D volumetric (EF) parameters, our results show a reduction in the RVEF, FAC and TAPSE; this difference is likely due to the different SDI cut-off values used to divide patients: ≥1 in the case of Bonauro et al., ≥3 in ours.



The finding of early and subclinical impairment of the RV systolic function is not simple instrumental data; it represents a critical issue, since RV dysfunction is associated with poor prognosis and higher mortality risk in comparison with subjects with a preserved systolic capacity, as was already highlighted in patients affected by PH [28].



Moreover, both left and right ventricular dimensions and function modifications correlate with prognosis [29,30] and response to therapies [31,32].



On these bases, the evaluation of the RV is of outstanding importance and could become a routine practice for cardiologists in the setting of both primary and secondary cardiovascular diseases. In the setting of SLE, the degree of longitudinal dysfunction of the RV is, on the whole, associated with the extent of organ damage measured with the SDI.



Inflammation is a biological defense system, which is essential in response to pathogenic noxae, such as infections or tissue damage, and it is supported by the activity of the immune system in order to ensure survival. Inflammatory responses may be considered as part of a classic homeostatic system, which maintains the normal function of organs and systems [33].



In the heart, the activation of “sterile” inflammatory processes is mainly similar to that observed during infections: this involves the release of vasoactive peptides; the expression in cardiac cells (cardiomyocytes, fibroblasts, endothelial cells) of adhesion molecules (such as vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion molecule (ICAM)-1), which promote the myocardial recruitment of inflammatory cells (neutrophils, macrophages, lymphocytes); the release of inflammatory cytokines and chemokines; and the activation of adaptive immune responses mediated by T cells [34,35,36,37].



The activation of inflammatory processes in the RV is associated with and contributes to its remodeling and progression to dysfunction [33,38,39].



In RV failure, a high expression of cytokines and chemokines modulates numerous intracellular pathways in cardiac cells, thus leading to hypertrophy and the death of cardiomyocytes, mitochondrial dysfunction, endoplasmic reticulum stress, and cardiac fibrosis, which is characterized by fibroblastic proliferation and differentiation, as well as collagen deposition [35,37].



Furthermore, these inflammatory mediators can also alter the myocardium’s metabolic processes and the cardiomyocytes’ contractile properties.



This data seems to be confirmed by the results of the metabolomic analysis, which showed a direct correlation between RV systolic parameters, such as EF and LS, and the metabolism of SLE patients.



Our group had already demonstrated a correlation between the LV longitudinal systolic function, assessed by the longitudinal strain rate, and the metabolic profile of healthy subjects and patients suffering from heart failure of increasing degrees [40].



Few works in the literature evaluate metabolism in pulmonary hypertension and RV failure; our study is the first in humans to investigate the correlation between metabolism and RV systolic function in SLE patients who are PH-free, with traditional parameters of systolic function that are still within normal limits, but with echocardiographic evidence of subclinical RV dysfunction.



The correlation between the RVEF and RVLS septal and the RVLS free and metabolism suggests that, even in the RV, the biogenesis of chemical energy is fundamental for maintaining contractile function. It is well known that myocardium metabolism is based, in physiological conditions, on the preferential use of free fatty acids, while, in the course of the disease, it switches to the consumption of glucose [41].



In line with this hypothesis, various studies have shown impairment in the energy metabolism of the RV over the course of hypertrophy/failure.



RV maladaptive alterations involve aerobic glycolysis (resulting from a transcriptional upregulation of pyruvate dehydrogenase kinase) and glutaminolysis (which reflects the activation of cMyc induced by ischemia) [42].



Accordingly, our findings show the importance of glucose, fructose, citric acid, glutamine, ketone bodies, oleic, and linoleic acids in determining the clustering of impairment degree and the correlations with the echocardiographic parameters of RV systolic function.



Overall, these findings seem to point out a disarrangement of the energetic metabolism of the RV, and it has already been demonstrated that, in experimental RV hypertrophy, the glycolytic metabolic shift is associated with RV dysfunction [43]. This metabolic switch that shunts glucose metabolites from the mitochondria to glycolysis to maintain ATP production is common to what happens in left ventricular heart failure [6], and it seems to prevent toxic ROS production [44].



More recently, Fowler’s group demonstrated that an altered functioning of the creatine kinase system is present in the decompensated RV and that an improvement in energy metabolism could be one of the causes of the better survival of rats with PH that were treated with beta-blockers [45]. In line with this observation, our analysis highlighted the importance of glycine, an amino acid involved in creatine synthesis, that demonstrated a protective effect against reoxygenation injury in the mitochondria of cardiomyocytes subjected to ischemia or Ca2+ stress under normoxia [46]; furthermore, this metabolite could have a prominent role in preserving energy production in the mitochondria of myocytes during acute cellular stress [47].



Another metabolite that suggests an energetic metabolism alteration is the urea, whose cycle upregulation can increase the contribution of arginine to the Krebs cycle through the generation of fumarate, which acts as a Krebs cycle intermediate [48]; in addition, the urea cycle was involved in the development of PH in rats [49].



In this context, cytokines play a crucial role [50]: among these, interleukin (IL)-1 [51], tumor necrosis factor (TNF)-α [52], and IL-6 [53] are involved in SLE pathophysiology, but they are also involved in the development and progression of RV dysfunction [33].




5. Conclusions


In conclusion, our study confirms the efficacy of 3D echocardiography in identifying RV function subclinical changes in SLE patients, especially in the absence of clinical evidence of cardiovascular disease. Furthermore, the alteration of RV systolic function, which underlies the existence of subclinical damage to the RV myocardium, correlates with SLE patients’ metabolisms, and the latter results are different based on the SDI values.



The ability of the OPLS-DA to discriminate between the groups based on the SDI score, together with the correlation between metabolism and RV systolic function parameters, seem to suggest that the subclinical dysfunction identified in SLE patients results from myocardial damage that is induced through various mechanisms, including oxidative stress and by inflammatory cytokines; this damage would subsequently be superimposed on alterations in energy metabolism that would likely be similar to those observed in left ventricular decompensation, which would perpetuate and aggravate RV dysfunction.







Author Contributions


M.D. and A.N.: conception, design, analysis and interpretation of data; C.P., W.C., G.C. and C.D.: analysis and interpretation of data; M.D., D.F. and G.M.: drafting of the manuscript or revising it critically for important intellectual content; S.D.G., C.C.D., L.A. and G.M.: final approval of the submitted manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Azienda Ospedaliero—Universitaria of Cagliari (Protocol PG/2015/1859, 2 February 2015).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets used and analyzed during the current study are available from the corresponding author upon reasonable request due to ongoing analyses.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, Y.; Kaplan, M.J. Cardiovascular disease in systemic lupus erythematosus: An update. Curr. Opin. Rheumatol. 2018, 30, 441–448. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, Q.; Tian, Z.; Guo, X.; Lai, J.; Li, M.; Zhao, J.; Liu, Y.; Zeng, X.; Fang, Q. Right Ventricular Function is Associated With Quality of Life in Patients With Systemic Lupus Erythematosus Associated Pulmonary Arterial Hypertension. Heart Lung Circ. 2019, 28, 1655–1663. [Google Scholar] [CrossRef] [PubMed]

	



Galiè, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti, M.; et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT). Eur. Heart J. 2016, 37, 67–119. [Google Scholar] [CrossRef] [PubMed]

	



Buonauro, A.; Sorrentino, R.; Esposito, R.; Nappi, L.; Lobasso, A.; Santoro, C.; Rivellese, F.; Sellitto, V.; Rossi, F.W.; Liccardo, B.; et al. Three-dimensional echocardiographic evaluation of the right ventricle in patients with uncomplicated systemic lupus erythematosus. Lupus 2019, 28, 538–544. [Google Scholar] [CrossRef] [PubMed]

	



Tsokos, G.C. Autoimmunity and organ damage in systemic lupus erythematosus. Nat. Immunol. 2020, 21, 605–614. [Google Scholar] [CrossRef] [PubMed]

	



Dewachter, L.; Dewachter, C. Inflammation in right ventricular failure: Does it matter? Front. Physiol. 2018, 9, 1056. [Google Scholar] [CrossRef] [PubMed]

	



Deidda, M.; Piras, C.; Bassareo, P.P.; Dessalvi, C.C.; Mercuro, G. Metabolomics, a promising approach to translational research in cardiology. IJC Metab. Endocr. 2015, 9, 31–38. [Google Scholar] [CrossRef]

	



Deidda, M.; Piras, C.; Cadeddu Dessalvi, C.; Locci, E.; Barberini, L.; Orofino, S.; Musu, M.; Mura, M.N.; Manconi, P.E.; Finco, G.; et al. Distinctive metabolomic fingerprint in scleroderma patients with pulmonary arterial hypertension. Int. J. Cardiol. 2017, 241, 401–406. [Google Scholar] [CrossRef]

	



Barberini, L.; Noto, A.; Fattuoni, C.; Satta, G.; Zucca, M.; Cabras, M.G.; Mura, E.; Cocco, P. The Metabolomic Profile of Lymphoma Subtypes: A Pilot Study. Molecules 2019, 24, 2367. [Google Scholar] [CrossRef]

	



Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Wold, S. Scaling. In Introduction to Multi- and Megavariate Data Analysis Using Projection Methods (PCA & PLS); Umetrics: Umea, Sweden, 1999; pp. 213–225. [Google Scholar]

	



Gladman, D.D.; Goldsmith, C.H.; Urowitz, M.B.; Bacon, P.; Fortin, P.; Ginzler, E.; Gordon, C.; Hanly, J.G.; Isenberg, D.A.; Petri, M.; et al. The Systemic Lupus International Collaborating Clinics/American College of Rheumatology (SLICC/ACR) Damage Index for systemic lupus erythematosus international comparison. J. Rheumatol. 2000, 27, 373–376. [Google Scholar]

	



Gladman, D.; Ginzler, E.; Goldsmith, C.; Fortin, P.; Liang, M.; Urowitz, M.; Bacon, P.; Bombardieri, S.; Hanly, J.; Hay, E.; et al. The development and initial validation of the Systemic Lupus International Collaborating Clinics/American College of Rheumatology damage index for systemic lupus erythematosus. Arthritis Rheum. 1996, 39, 363–369. [Google Scholar] [CrossRef] [PubMed]

	



Gladman, D.D.; Ibanez, D.; Urowitz, M.B. Systemic lupus erythematosus disease activity index 2000. J. Rheumatol. 2002, 29, 288–291. [Google Scholar] [PubMed]

	



Kaul, S.; Tei, C.; Hopkins, J.M.; Shah, P.M. Assessment of right ventricular function using two-dimensional echocardiography. Am. Heart J. 1984, 107, 526–531. [Google Scholar] [CrossRef]

	



Ghio, S.; Raineri, C.; Scelsi, L.; Recusani, F.; D’armini, A.M.; Piovella, F.; Klersy, C.; Campana, C.; Viganò, M.; Tavazzi, L. Usefulness and limits of transthoracic echocardiography in the evaluation of patients with primary and chronic thromboembolic pulmonary hypertension. J. Am. Soc. Echocardiogr. 2002, 15, 1374–1380. [Google Scholar] [CrossRef] [PubMed]

	



Altmann, K.; Printz, B.F.; Solowiejczyk, D.E.; Gersony, W.M.; Quaegebeur, J.; Apfel, H.D. Two-dimensional echocardiographic assessment of right ventricular function as a predictor of outcome in hypoplastic left heart syndrome. Am. J. Cardiol. 2000, 86, 964–968. [Google Scholar] [CrossRef]

	



Lindström, L.; Wilkenshoff, U.M.; Larsson, H.; Wranne, B. Echocardiographic assessment of arrhythmogenic right ventricular cardiomyopathy. Heart 2001, 86, 31–38. [Google Scholar] [CrossRef]

	



Miller, D.; Farah, M.G.; Liner, A.; Fox, K.; Schluchter, M.; Hoit, B.D. The relation between quantitative right ventricular ejection fraction and indices of tricuspid annular motion and myocardial performance. J. Am. Soc. Echocardiogr. 2004, 17, 443–447. [Google Scholar] [CrossRef]

	



Samad, B.A.; Alam, M.; Jensen-Urstad, K. Prognostic impact of right ventricular involvement as assessed by tricuspid annular motion in patients with acute myocardial infarction. Am. J. Cardiol. 2002, 90, 778–781. [Google Scholar] [CrossRef]

	



Tektonidou, M.G.; Ioannidis, J.P.; Moyssakis, I.; Boki, K.A.; Vassiliou, V.; Vlachoyiannopoulos, P.G.; Kyriakidis, M.K.; Moutsopoulos, H.M. Right ventricular diastolic dysfunction in patients with anticardiolipin antibodies and antiphospholipid syndrome. Ann. Rheum. Dis. 2001, 60, 43–48. [Google Scholar] [CrossRef]

	



Hsiao, S.H.; Lee, C.Y.; Chang, S.M.; Lin, S.K.; Liu, C.P. Right Heart Function in Scleroderma: Insights from Myocardial Doppler Tissue Imaging. J. Am. Soc. Echocardiogr. 2006, 19, 507–514. [Google Scholar] [CrossRef]

	



Leal, G.N.; Silva, K.F.; França, C.M.; Lianza, A.C.; Andrade, J.L.; Campos, L.M.; Bonfá, E.; Silva, C.A. Subclinical right ventricle systolic dysfunction in childhood-onset systemic lupus erythematosus: Insights from two-dimensional speckle-tracking echocardiography. Lupus 2015, 24, 613–620. [Google Scholar] [CrossRef] [PubMed]

	



Maffessanti, F.; Muraru, D.; Esposito, R.; Gripari, P.; Ermacora, D.; Santoro, C.; Tamborini, G.; Galderisi, M.; Pepi, M.; Badano, L.P. Age-, body size-, and sex-specific reference values for right ventricular volumes and ejection fraction by three-dimensional echocardiography: A multicenter echocardiographic study in 507 healthy volunteers. Circ. Cardiovasc. Imaging 2013, 6, 700–701. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.; Zhu, M.; Amacher, K.; Wu, X.; Sahn, D.J.; Ashraf, M. Non-invasive Evaluation of Right Ventricular Function with Real-Time 3-D Echocardiography. Ultrasound Med. Biol. 2017, 43, 2247–2255. [Google Scholar] [CrossRef] [PubMed]

	



Vitarelli, A.; Barillà, F.; Capotosto, L.; D’Angeli, I.; Truscelli, G.; De Maio, M.; Ashurov, R. Right ventricular function in acute pulmonary embolism: A combined assessment by three-dimensional and speckle-tracking echocardiography. J. Am. Soc. Echocardiogr. 2014, 27, 329–338. [Google Scholar] [CrossRef] [PubMed]

	



Muraru, D.; Spadotto, V.; Cecchetto, G.; Aruta, P.; Ermacora, D.; Jenei, C.; Cucchini, U.; Iliceto, S.; Badano, L.P. New speckle-tracking algorithm for right ventricular volume analysis from three-dimensional echocardiographic data sets: Validation with cardiac magnetic resonance and comparison with the previous analysis tool. Eur. J. Echocardiogr. 2015, 17, 1279–1289. [Google Scholar] [CrossRef]

	



Pieretti, J.; Roman, M.J.; Devereux, R.B.; Lockshin, M.D.; Crow, M.K.; Paget, S.A.; Schwartz, J.E.; Sammaritano, L.; Levine, D.M.; Salmon, J.E. Systemic lupus erythematosus predicts increased left ventricular mass. Circulation 2007, 116, 419–426. [Google Scholar] [CrossRef]

	



Lewis, R.A.; Johns, C.S.; Cogliano, M.; Capener, D.; Tubman, E.; Elliot, C.A.; Charalampopoulos, A.; Sabroe, I.; Thompson, A.A.R.; Billings, C.G.; et al. Identification of Cardiac Magnetic Resonance Imaging Thresholds for Risk Stratification in Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care Med. 2020, 201, 458–468. [Google Scholar] [CrossRef]

	



Galloo, X.; Stassen, J.; Hirasawa, K.; Mertens, B.J.A.; Cosyns, B.; van der Bijl, P.; Delgado, V.; Ajmone Marsan, N.; Bax, J.J. Prognostic Implications of Right Ventricular Size and Function in Patients Undergoing Cardiac Resynchronization Therapy. Circ. Arrhythmia Electrophysiol. 2023, 16, e011676. [Google Scholar] [CrossRef]

	



Kramer, D.G.; Trikalinos, T.A.; Kent, D.M.; Antonopoulos, G.V.; Konstam, M.A.; Udelson, J.E. Quantitative evaluation of drug or device effects on ventricular remodeling as predictors of therapeutic effects on mortality in patients with heart failure and reduced ejection fraction: A meta-analytic approach. J. Am. Coll. Cardiol. 2010, 56, 392–406. [Google Scholar] [CrossRef]

	



Valli, F.; Bursi, F.; Santangelo, G.; Toriello, F.; Faggiano, A.; Rusconi, I.; Vella, A.M.; Carugo, S.; Guazzi, M. Long-Term Effects of Sacubitril-Valsartan on Cardiac Remodeling: A Parallel Echocardiographic Study of Left and Right Heart Adaptive Response. J. Clin. Med. 2023, 12, 2659. [Google Scholar] [CrossRef]

	



Weckbach, L.T.; Stolz, L.; Chatfield, A.G.; Fam, N.P.; Stephan von Bardeleben, R.; Davidson, C.J.; Hahn, R.T.; Hausleiter, J. Right Ventricular Reverse Remodeling after Transcatheter Tricuspid Valve Replacement in Patients with Heart Failure. J. Am. Coll. Cardiol. 2023, 81, 708–710. [Google Scholar] [CrossRef] [PubMed]

	



Dewachter, C.; Belhaj, A.; Rondelet, B.; Vercruyssen, M.; Schraufnagel, D.P.; Remmelink, M.; Brimioulle, S.; Kerbaul, F.; Naeije, R.; Dewachter, L. Myocardial inflammation in experimental acute right ventricular failure: Effects of prostacyclin therapy. J. Heart Lung Transplant. 2015, 34, 1334–1345. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.Y.; Nuñez, G. Sterile inflammation: Sensing and reacting to damage. Nat. Rev. Immunol. 2010, 10, 826–837. [Google Scholar] [CrossRef]

	



Frieler, R.A.; Mortensen, R.M. Immune cell and other noncardiomyocyte regulation of cardiac hypertrophy and remodeling. Circulation 2015, 131, 1019–1030. [Google Scholar] [CrossRef] [PubMed]

	



Mann, D.L. Innate immunity and the failing heart: The cytokine hypothesis revisited. Circ. Res. 2015, 116, 1254–1256. [Google Scholar] [CrossRef]

	



Prabhu, S.D.; Frangogiannis, N.G. The biological basis for cardiac repair after myocardial infarction. Circ. Res. 2016, 119, 91–112. [Google Scholar] [CrossRef]

	



Campian, M.E.; Hardziyenka, M.; de Bruin, K.; van Eck-Smit, B.L.; de Bakker, J.M.; Verberne, H.J.; Tan, H.L. Early inflammatory response during the development of right ventricular heart failure in a rat model. Eur. J. Heart Fail. 2010, 12, 653–658. [Google Scholar] [CrossRef] [PubMed]

	



Rondelet, B.; Dewachter, C.; Kerbaul, F.; Kang, X.; Fesler, P.; Brimioulle, S.; Naeije, R.; Dewachter, L. Prolonged overcirculation-induced pulmonary arterial hypertension as a cause of right ventricular failure. Eur. Heart J. 2012, 33, 1017–1026. [Google Scholar] [CrossRef]

	



Deidda, M.; Piras, C.; Dessalvi, C.C.; Locci, E.; Barberini, L.; Torri, F.; Ascedu, F.; Atzori, L.; Mercuro, G. Metabolomic approach to profile functional and metabolic changes in heart failure. J. Transl. Med. 2015, 13, 297. [Google Scholar] [CrossRef]

	



Garcia-Ropero, A.; Santos-Gallego, C.G.; Zafar, M.U.; Badimon, J.J. Metabolism of the failing heart and the impact of SGLT2 inhibitors. Expert Opin. Drug Metab. Toxicol. 2019, 15, 275–285. [Google Scholar] [CrossRef]

	



Ryan, J.J.; Archer, S.L. The Right Ventricle in Pulmonary Arterial Hypertension: Disorders of Metabolism, Angiogenesis and Adrenergic Signaling in Right Ventricular Failure. Circ. Res. 2014, 115, 176–188. [Google Scholar] [CrossRef]

	



Piao, L.; Sidhu, V.K.; Fang, Y.H.; Ryan, J.J.; Parikh, K.S.; Hong, Z.; Toth, P.T.; Morrow, E.; Kutty, S.; Lopaschuk, G.D.; et al. FOXO1-mediated upregulation of pyruvate dehydrogenase kinase-4 (PDK4) decreases glucose oxidation and impairs right ventricular function in pulmonary hypertension: Therapeutic benefits of dichloroacetate. J. Mol. Med. 2013, 91, 333–346. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.W.; Tchernyshyov, I.; Semenza, G.L.; Dang, C.V. HIF-1-mediated expression of pyruvate dehydrogenase kinase: A metabolic switch required for cellular adaptation to hypoxia. Cell Metab. 2006, 3, 177–185. [Google Scholar] [CrossRef] [PubMed]

	



Fowler, E.D.; Hauton, D.; Boyle, J.; Egginton, S.; Steele, D.S.; White, E. Energy Metabolism in the Failing Right Ventricle: Limitations of Oxygen Delivery and the Creatine Kinase System. Int. J. Mol. Sci. 2019, 20, 1805. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Meana, M.; Pina, P.; Garcia-Dorado, D.; Rodríguez-Sinovas, A.; Barba, I.; Miró-Casas, E.; Mirabet, M.; Soler-Soler, J. Glycine protects cardiomyocytes against lethal reoxygenation injury by inhibiting mitochondrial permeability transition. J. Physiol. 2004, 558 Pt 3, 873–882. [Google Scholar] [CrossRef] [PubMed]

	



Ost, M.; Keipert, S.; van Schothorst, E.M.; Donner, V.; van der Stelt, I.; Kipp, A.P.; Petzke, K.J.; Jove, M.; Pamplona, R.; Portero-Otin, M.; et al. Muscle mitohormesis promotes cellular survival via serine/glycine pathway flux. FASEB J. 2015, 29, 1314–1328. [Google Scholar] [CrossRef]

	



Menendez-Montes, I.; Escobar, B.; Gomez, M.J.; Albendea-Gomez, T.; Palacios, B.; Bonzon-Kulichenko, E.; Izquierdo-Garcia, J.L.; Alonso, A.V.; Ferrarini, A.; Jimenez-Borreguero, L.J.; et al. Activation of amino acid metabolic program in cardiac HIF1-alpha-deficient mice. Iscience 2021, 24, 102124. [Google Scholar] [CrossRef]

	



Zheng, H.K.; Zhao, J.H.; Yan, Y.; Lian, T.Y.; Ye, J.; Wang, X.J.; Wang, Z.; Jing, Z.C.; He, Y.Y.; Yang, P. Metabolic reprogramming of the urea cycle pathway in experimental pulmonary arterial hypertension rats induced by monocrotaline. Respir. Res. 2018, 19, 94. [Google Scholar] [CrossRef]

	



Seta, Y.; Shan, K.; Bozkurt, B.; Oral, H.; Mann, D.L. Basic mechanisms in heart failure: The cytokine hypothesis. J. Card. Fail. 1996, 2, 243–249. [Google Scholar] [CrossRef]

	



Italiani, P.; Manca, M.L.; Angelotti, F.; Melillo, D.; Pratesi, F.; Puxeddu, I.; Boraschi, D.; Migliorini, P. IL-1 family cytokines and soluble receptors in systemic lupus erythematosus. Arthritis Res. Ther. 2018, 20, 27. [Google Scholar] [CrossRef]

	



Postal, M.; Appenzeller, S. The role of Tumor Necrosis Factor-alpha (TNF-α) in the pathogenesis of systemic lupus erythematosus. Cytokine 2011, 56, 537–543. [Google Scholar] [CrossRef] [PubMed]

	



Tackey, E.; Lipsky, P.E.; Illei, G.G. Rationale for interleukin-6 blockade in systemic lupus erythematosus. Lupus 2004, 13, 339–343. [Google Scholar] [CrossRef] [PubMed]








[image: Metabolites 13 00781 g001 550] 





Figure 1. Correlation between M-Mode-Derived TAPSE and 3D RV systolic parameters. 
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Figure 2. The 3D-echocardiographic parameters of RV systolic function: * p < 0.01 vs. “SDI = 0” group. 
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Figure 3. (A–C): PLS scatter plots show the correlation between metabolomic and 3D parameters of selected RV systolic function; (D): A 3-class OPLS-DA scatter plot showing the clustering of the metabolic data of patients based on the degree of organ damage evaluated by SDI value. 
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Table 1. Anthropometric and clinical data of the study population.
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	Parameter
	Whole Population
	SDI = 0
	SDI ≥ 3
	p-Value





	Age (years)
	45.6 ± 12.2
	42.9 ± 12.6
	55.8 ± 10.6
	NS



	Male sex (%)
	10.3
	12.5
	20
	NS



	Height (cm)
	164 ± 7
	165 ± 9
	161 ± 7
	NS



	Weight (Kg)
	62.9 ± 11.4
	64.7 ± 12.5
	62.6 ± 12.2
	NS



	BMI (Kg/m2)
	23.4 ± 4.3
	23.7 ± 4.5
	24.1 ± 4.7
	NS



	CKD > stage 3
	1
	0
	1
	NS



	Proteinuria
	3
	3
	0
	NS



	QRISK3 score
	11.7 ± 16.5
	6.5 ± 4.0
	24.8 ± 7.5
	0.03



	Prednisone (mg)
	9.2 ± 8.8
	8.1 ± 11.4
	10.1 ± 7.5
	NS



	SLEDAI
	6.0 ± 4.6
	5.4 ± 5.1
	5.8 ± 5.3
	NS







BMI: Body mass index. CKD: Chronic kidney disease. SLEDAI: Systemic lupus erythematosus disease activity index. NS = Non-Significant.
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Table 2. Echocardiographic parameters of the study population.






Table 2. Echocardiographic parameters of the study population.





	Parameter
	Whole Population
	SDI = 0
	SDI ≥ 3
	p-Value





	EDD (mm)
	44.9 ± 4.1
	45.0 ± 0.7
	43.4 ± 3.6
	NS



	IVS (mm)
	8.4 ± 1.1
	8.4 ± 1.2
	9.1 ± 0.8
	NS



	PW (mm)
	8.8 ± 1.3
	8.5 ± 1.4
	9.4 ± 1.1
	NS



	2D-LVEF (%)
	64.6 ± 4.4
	64.5 ± 4.5
	65.4 ± 5.6
	NS



	3D-EDVI (mL/m2)
	57.6 ± 4.7
	57.3 ± 5.1
	53.6 ± 4.9
	NS



	3D-ESVI (mL/m2)
	20.7 ± 3.9
	20.9 ± 4.7
	19.2 ± 4.2
	NS



	3D-LVEF (%)
	63.9 ± 5.1
	63.5 ± 5.5
	64.2 ± 4.8
	NS



	LAVI (mL/m2)
	26.9 ± 5.8
	24.6 ± 5.4
	30.7 ± 6.4
	NS



	E/E′
	7.9 ± 1.5
	7.8 ± 1.3
	8.9 ± 1.2
	NS



	RV EDD (mm)
	30.8 ± 5.2
	30.4 ± 2.8
	35.5 ± 10.4
	NS



	RV EDV (mL)
	54.7 ± 14.1
	54.3 ± 8.9
	56.2 ± 26.2
	NS



	RV ESV (mL)
	24.6 ± 6.3
	24.4 ± 3.9
	27.5 ± 15.4
	NS



	RV S′ (cm/s)
	12.0 ± 2.3
	12.7 ± 1.8
	11.3 ± 2.6
	NS



	TAPSE (mm)
	20.9 ± 3.3
	21.7 ± 3.1
	18.0 ± 3.1
	<0.05



	Right Atrium area (cm2)
	13.0 ± 2.8
	12.6 ± 2.2
	14.5 ± 4.6
	NS



	PAP (mmHg)
	25.2 ± 11.4
	23.6 ± 5.4
	36.7 ± 23.1
	NS



	SV/ESV
	1.28 ± 0.16
	1.33 ± 0.14
	1.11 ± 0.17
	<0.01



	TAPSE/PAP (mm/mmHg)
	0.83 ± 0.13
	0.92 ± 0.08
	0.49 ± 0.26
	<0.01







EDD: End-Diastolic diameter. IVS: Interventricular septum. PW: Posterior wall. LVEF: Left ventricular ejection fraction. EDVI: End-Diastolic volume index. ESVI: End-Systolic volume index. LAVI: Left atrium volume index. RV TDD: Right ventricular end-diastolic diameter; RV EDV: Right ventricular end-diastolic volume. RV EDV: Right ventricular end-systolic volume. TAPSE: Tricuspid annular plane systolic excursion. PAP: Pulmonary artery pressure. NS = Non-Significant.
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Table 3. Parameters of the OPLS-DA models derived from LES patients’ plasma samples and relative p-values evaluated by ANOVA.
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	Multi-Variate Statistical Models
	RVEF
	RVLS Septal
	RVLS Free





	R2X
	0.863
	0.797
	0.801



	Q2
	0.464
	0.489
	0.392



	p-value (CV-ANOVA)
	0.01
	0.005
	0.022
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Table 4. List of the most significant metabolites obtained by multi-variate and univariate statistical analysis.
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	Metabolite
	VIP Value
	p-Value





	2,4-dihydroxybutyric acid
	1.23512
	≤0.002



	3,4-dihydroxybutyric acid
	1.53081
	≤0.002



	Citric acid
	1.15949
	≤0.02



	Glutamine
	1.0001
	≤0.05



	Glucose
	1.19069
	≤0.001



	Glycine
	1.46283
	≤0.0001



	Linoleic acid
	1.23842
	≤0.0001



	Oleic acid
	1.00864
	≤0.0001



	Phosphate
	1.13964
	≤0.0001



	Urea
	2.10386
	≤0.02



	Valine
	1.12079
	≤0.02
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