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ABSTRACT: Bariatric procedures such as the Roux-en-Y gastric bypass (RYGB) operation offer profound metabolic enhancement in addition to their well-recognized weight loss effects. They are associated with significant reduction in cardiovascular disease risk and mortality that suggests a surgical modification on cardiac metabolism. Metabolic phenotyping of the cardiac tissue and plasma post surgery may give insight into cardioprotective mechanisms. The aim of the study was to compare the metabolic profiles of plasma and heart tissue extracts from RYGB- and sham-operated Wistar rats to identify the systemic and cardiac signature of metabolic surgery. A total of 27 male Wistar rats were housed individually for a week and subsequently underwent RYGB (n=13) or sham (n=14) operation. At week 8 post operation, a total of 27 plasma samples and 16 heart tissue samples (8 RYGB; 8 Sham) were collected from animals and analyzed using 1H nuclear magnetic resonance (NMR) spectroscopy and ultra-performance liquid-chromatography (UPLC-MS) to characterize the global metabolite perturbation induced by RYGB operation. Plasma bile acids, phosphocholines, amino acids, energy-related metabolites, nucleosides and amine metabolites, and cardiac glycogen and amino acids were found to be altered in the RYGB operated group. Correlation networks were used to identify metabolite association. The metabolic phenotype of this bariatric surgical model inferred systematic change in both myocardial and systemic activity post surgery. The altered metabolic profile following bariatric surgery reflects an enhancement of cardiac energy metabolism through TCA cycle intermediaries, cardiorenal protective activity and biochemical caloric restriction. These surgically-induced metabolic shifts identify some of the potential mechanisms that contribute towards bariatric cardioprotection through gut microbiota ecological fluxes and an enterocardiac axis to shield against metabolic syndrome of cardiac dysfunction. 
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INTRODUCTION
The global rise in the prevalence of weight gain and metabolic syndrome is associated with a worldwide proliferation of toxic metabolic environments that has led to obesity reaching epidemic levels.1 The multi-systemic nature of obesity results in several co-morbidities that together contribute to escalating healthcare costs and an increased medical work force burden. Heart disease is amongst the most significant obesity co-morbidities, which can result in obesity cardiomyopathy as a consequence of the direct detrimental activity of adipocytes on cardiomyocytes. In addition, obesity contributes to cardiovascular disease indirectly via the associated conditions of metabolic syndrome and type 2 diabetes mellitus, which also initiate harmful activity on cardiac geometry and function.2,3

Bariatric surgery is currently the most successful therapy for morbidly obese individuals to achieve sustained weight loss and a global improvement of obesity co-morbidities. In the current era, the most common modern procedures include the Roux-en-Y Gastric Bypass (RYGB), the adjustable gastric band and the sleeve gastrectomy. The marked beneficial effect of these operations has resulted in the introduction of the term metabolic surgery to reflect their systemic metabolic actions, which are directly modulated after surgery through the B.R.A.V.E. effects (Bile flow alteration; Reduction of gastric size; Anatomical gut rearrangement and altered flow of nutrients; Vagal manipulation; and Enteric gut hormone modulation).4 

Epidemiological studies evaluating the cardiovascular risk changes of bariatric surgical patients compared to patients undergoing non-surgical weight loss therapy reveal an approximate 40-60% decrease in fatal cardiovascular events after surgery,5,6,7 and data from meta-analyses8 suggest that bariatric operations confer a greater benefit to cardiovascular risk parameters when compared to other weight loss modalities. This is supported by evidence that surgery beneficially modulates type 2 diabetes mellitus, metabolic syndrome and the biochemical lipid profile in patients following surgery, whilst echocardiographic studies have shown that surgery offers significant improvements in cardiac geometry, diastolic dysfunction and contractility.2,3

We have previously demonstrated that bariatric surgery profoundly influences gut microbial-host metabolic cross-talk, which alters the systemic metabolic profile in a Wistar rat model.9 Secondly we have also highlighted that the beneficial cardiac effects of bariatric procedures likely derive from more than solely weight loss but rather from multiple direct metabolic actions through the so-called entero-cardiac axis.2,3 However, the metabolic changes in the heart following bariatric surgery have not been well described. In this study, our goal was to quantify RYGB-induced differences in the myocardial and plasma metabolic profile in an established rat model of bariatric surgery.

EXPERIMENTAL SECTION
Animal model and sampling
A total of 27 Male Wistar rats were individually housed under a 12 hour /12 hour light/dark cycle at a room temperature of 21±2 ºC. Water and standard chow were available ad libitum, unless otherwise stated.  All experiments were performed under a license issued by the Home Office UK (PL 70-6669). Animals were acclimatized for 1 week prior to surgery and were randomized to gastric bypass (n=13) or sham (n=14) operation according to our previously described technique.9

Preoperatively, rats were food deprived overnight for 12 hours with water available ad libitum. Rats were weighed, and then anesthetized with isofluorane (4% for induction, 3% for maintenance). Preoperative antibacterial prophylaxis was administered intra-peritoneally (1 ml of an Amoxicillin/Flucoxacillin solution, both at 12.5 mg/ml for all animals). Surgery was performed on a heating pad to avoid decrease of body temperature during the procedure. The abdomen of each rat was shaved and disinfected with surgical scrub and a midline laparotomy was performed. 

The sham procedure consisted of a 7 mm gastrotomy on the anterior wall of the stomach with subsequent closure (interrupted prolene 5-0 sutures) and a 7 mm jejunotomy with subsequent closure (running prolene 6-0 suture). In the gastric bypass procedure, the proximal jejunum was divided 15 cm distal to the pylorus to create a biliopancreatic limb. After identification of the cecum, the ileum was then followed proximally to create a common channel of 25 cm. Here, a 7 mm side-to-side Jejuno-Jejunostomy (running prolene 7-0 suture) between the biliopancreatic limb and the common channel was performed. The gastric pouch and alimentary limb were anastomosed end-to side using a running prolene 7-0 suture. The gastric remnant was closed with interrupted prolene 5-0 sutures. The complete bypass procedure lasted approximately 60 minutes and the abdominal wall was closed in layers using 4-0 and 5-0 prolene sutures. Approximately 20 minutes before the anticipated end of general anesthesia, all rats were injected with 0.1 ml of 0.3% buprenorphine subcutaneously to minimize postoperative discomfort.  Immediately after abdominal closure, all rats were injected subcutaneously with 5 ml of normal saline to compensate for intra-operative fluid loss. After 24 hours of wet diet (normal chow soaked in tap water), regular chow was offered on postoperative day 2.

At 8 weeks post operation, a total of 27 plasma samples and 16 (8 RYGB; 8 Sham) heart samples were collected from animals and all samples were subsequently snap-frozen and stored at −80° C. 

Heart sample extraction
A total of 16 left side heart samples (≈400 mg) were put into a 2 ml Eppendorf tube containing a metal ball, 0.5 ml of prechilled chloroform:methanol mixture (v:v, 2:1) and 0.5 ml of prechilled water. The Eppendorfs were placed in a TissueLyser and shaken for 8 min at 25 Hz, and then centrifuged at 4 °C for 10 min at 10,000 x g. The top aqueous layer was transferred in to a 7 ml container and the lower lipid phase was transferred into a 5 ml glass vial. The above procedure was repeated 3 times on the remaining pellet and the aqueous and chloroform phases from the same sample were combined with previous phases. The aqueous phase was divided into two equal aliquots and then speed vacuumed to dry. The organic phase was left in the fume hood to evaporate overnight. 

Sample preparation for NMR spectroscopic analyses 
Plasma samples were thoroughly defrosted and vortexed for 15 s prior to mixing an aliquot of 300 μl with 250 μl of saline containing 20% deuterium oxide (D2O) for the magnetic field lock. The resulting mixture was centrifuged at 10,000 x g for 10 min and 540 μl of supernatant was transferred into a NMR tube with an outer diameter of 5 mm pending 1H NMR spectral acquisition. 

Prior to 1H NMR analysis, the dry extracts obtained from the aqueous phase were resuspended in 600 μl 0.2 M sodium phosphate buffer (D2O:H2O=1:4, v:v, 0.01% of sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 [TSP], pH=7.4), centrifuged for 10 min at 10,000 x g and 580 μl of supernatant was transferred into a NMR tube with an outer diameter of 5 mm pending 1H NMR spectral acquisition.

Nuclear magnetic resonance spectroscopy of plasma and heart extracts.
1H NMR spectra of plasma and heart aqueous extract samples were obtained using a Bruker 600 MHz spectrometer (Bruker; Rheinstetten, Germany) at the operating 1H frequency of 600.13 MHz with a temperature of 300 K. A standard NMR pulse sequence (recycle delay [RD]-90o-t1-90o-tm-90o-acquisition) was applied to acquire 1-dimensional (1-D) 1H NMR spectral data, where t1 was set to 3 μs and tm (mixing time) was set to 100 ms. Suppression of the water peak was achieved using selective irradiation during RD of 2 s and tm. A 90 degree pulse was adjusted to approximately 10 μs. A total of 128 scans for heart aqueous extracts and 256 scans for plasma samples were collected into 64 k data points with a spectral width of 20 ppm. A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [RD-90-(-180-)n-acquire FID] was applied additionally to plasma samples to better visualize the signals of the low molecular weight metabolites. For the CPMG experiment, a spin relaxation delay (2n) of 64 ms was used. A series of 2-D NMR spectra including 1H-1H correlation spectroscopy (COSY) and 1H-1H total correlation spectroscopy (TOCSY) were acquired on the selected urine and faecal extract samples for the purpose of metabolite annotations. The standard parameters for these spectral acquisitions were previously reported.10

NMR spectral data processing
1H NMR spectra of plasma and heart aqueous extracts were manually phased, referenced (to TSP at  0.0 in the case of the cardiac spectra and to anomeric -glucose proton at 5.223 in the case of plasma) and baseline-corrected in TopSpin 3.0 (Bruker, Germany). The resulting NMR spectral data ( 0-10) were imported to MATLAB software and binned into 20 K data points with the resolution of 0.0005 ppm using a script developed in house (Dr. O. Cloarec). The water peak region (4.62-5.05) was removed in order to minimise the effect of the artificially disordered baseline. Normalisation to the total spectral area was performed on the remaining plasma spectral data, whereas the peak alignment and subsequent probabilistic normalisation were carried out on the spectral data of heart aqueous extracts in order to take into account differences in dilution factor and tissue weight. Principal component analysis (PCA) and OPLS-DA (orthogonal partial least squares-discriminant analysis) were carried out on the resulting NMR spectral datasets using SIMCA (P+11.5) and MATLAB (2010a) software. The selected peak integral of metabolites that are highly correlated with classification of RYGB vs. sham (r2 > 0.52) were further evaluated using a two-tailed student’s t-test.

Sample preparation for UPLC-MS analysis 
A total of 50 μl plasma sample was mixed with 150 μl of prechilled methanol, placed in -20 °C freezer for 20 min then centrifuged at 10,000 x g for 10 mins after thawing. A total of 160 μl of supernatant was transferred into a new Eppendorf tube and speed vacuumed for 2.5 hours at 45 °C. The dry mass was resuspended in 120 μl of HPLC-grade water, vortexed, sonicated for 10 min at 25 °C and centrifuged for 2 min at 10,000 x g. A total of 90 μl of supernatant was transferred into a 96-well plate and another 20 μl of supernatant from each sample was mixed to form a sample for quality control.

The 2nd aliquot of the aqueous phase extracts of heart tissue was resuspended into 1 ml of HPLC-grade water, vortexed and spun at 10,000 x g for 10 min. A total of 200 μl supernatant was transferred into a 96-well plate and another 50 μl supernatant from each sample was taken to form a sample for quality control. The organic phase was resuspended in 3 ml of water:methanol mixture (v:v, 1:5), sonicated for 10 min and vortexed. Similar to the aqueous phase, 200 μl of supernatant was transferred into a 96-well plate and another 50 μl supernatant from each sample was taken to form a composite sample for quality control.

UPLC-MS analysis of plasma and heart tissue extracts

UPLC-MS analyses were performed on both aqueous and organic extracts using an Acquity UPLC system coupled with a LCT Premier time-of-flight mass spectrometer (Waters, Manchester, UK), operating in both positive (ESI+) and negative (ESI-) electrospray ionization modes. The reversed-phase chromatography was performed with a HSS T3 Acquity column (2.1 × 100 mm, 1.7 µm, Waters Corp., Milford, MA) for all samples. The injection volume was 5 μl. For plasma samples, chromatography was carried out at 40 °C with a flow rate of 0.5 ml/min. Mobile phase A was water with 0.1% formic acid and B was methanol with 0.1% formic acid. For both ESI+ and ESI-, the initial gradient was 99.9% water for 2 min, this was linearly changed to 50% water at 12 min and held for 1 min, then linearly changed to 0.1% at 17 min for 4 min, then altered back to the initial gradient at 23 min, and finally followed by a 3-min re-equilibration phase. 

For heart aqueous extracts, chromatography was carried out at 50 °C with a flow rate of 0.4 ml/min. The mobile phases were the same as for plasma samples. The initial gradient was 99.9% water for 2 min, linearly changed to 75% water at 6 min (ESI+/-), subsequently changed to 20% water at 10 min (ESI+) or 8 min (ESI-), reduced to 10% at 12 min (ESI+) or to 7% at 14 min and 3% at 15 min (ESI-), and 0.1% at 21 min or 19 min (ESI-) and held for 2 min (ESI+/-), followed by a 3-min re-equilibration phase (ESI+/-).

ESI conditions were as follows: source temperature 120 °C, desolvation temperature 350 °C, cone gas flow 25 L/h, desolvation gas flow 900 L/h, capillary voltage for ESI+ 3200 V and ESI- 2400 V, sample cone voltage 35 V, m/z range 50-1000 with scan time of 0.2 s and an interscan delay of 0.01 s. Data were collected in centroid mode. Leucine enkephalin (MW =555.62 Da) (200 pg/μL in acetonitrile/water 50:50) was used as a lock mass with an analyte-to-reference scan ratio of 24:1. A quality control (QC) sample was injected 6 times prior to running test samples and injected once every 10 injections to monitor the instrumental performance stability.

UPLC-MS data processing
A total of six datasets were derived from plasma, aqueous and organic heart extracts with spectra acquired in both positive and negative ionization modes. Each dataset was pre-processed and analysed separately using XCMS software in R environment via six steps: (1) filtration and peak identification; (2) matching peaks across samples; (3) retention time correction; (4) peak re-grouping; (5) filling missing peaks; (6) median fold change normalisation. The resulting datasets were 2 dimensional, containing peak intensities with sample IDs as observations and combination of retention time and m/z ratio as variables. The data were then imported into SIMCA 12.0.1 for further PCA and PLS-DA analysis using a pareto scaling method. The intensities of metabolites that correlated highly with classification (r > 0.52) were further evaluated using a two-tailed student’s t-test and the coefficient of variation (CV) of each ion was calculated.

Network Correlation Analysis
Metabolites that were found to be significantly altered in plasma and heart tissue were used as input variables for network correlation analysis. Spearman correlation was performed in R 2.12.2 and cut-off values of 0.55 and 0.75 were applied to plasma and heart metabolites, separately, the difference in cut-off values being a function of the different group sizes. The correlation values were subsequently imported into Cytoscape 2.8.3 to obtain network analysis plots in a degree sorted circle layout in order to ascertain phenotypic similarities in response to RYGB surgery.

RESULTS
RYGB operation alters plasma metabolic profiles
The global plasma metabolite profile, as determined by both 1H NMR spectroscopy and UPLC-MS, of Wistar rats 8 weeks post RYGB surgery were markedly different from sham-operated animals. The three datasets, MS ESI+, ESI- and NMR spectra, exhibited clear separation between SHAM and RYGB rats along the PLS component (Figures 1A, 1B and 2) attributed to changes in relative proportion of bile acids, phosphocholines, amino acids, energy-related metabolites, nucleosides and amine metabolites, which are summarised in Table 1. With the exception of 1-stearoylglycerophosphocholine in negative mode (CV=26.6), the CVs of metabolites detected by UPLC-MS were under 10% indicating that the data were robust, which was further supported by the tight clustering of QC samples in the scores plots (subsequently removed for visualization purposes). 


Energy related metabolites were found to be perturbed, evidenced by increased circulation levels of citrate, a tricarboxylic acid (TCA) cycle intermediate, pyruvate, a glycolysis end product, acetate, a short chain fatty acid and decreased plasma glycerol, a lipolysis product. We also observed higher concentrations of alanine, trimethylamine-N-oxide (TMAO), formate, lysine and glycocholic acid in the plasma after the RYGB operation compared with sham-operated animals, whereas RYGB rats had lower plasma levels of glycerol, 2-deoxycytidine, phenylalanine and N/O-acetylated glycoproteins.

Effects of RYGB on cardiac metabolism

The RYGB procedure induced systemic (RYGB, 259.1±36.1 g; SHAM, 419.8±25.3 g; p<0.001)9 and cardiac weight loss (RYGB, 0.97±0.19 g; SHAM, 1.29±0.17 g; p=0.003) in the RYGB group compared to the sham controls at 8 weeks. Clinical data have shown that bariatric surgery plays a beneficial role in improving cardiac functions and blood lipid profiles. Therefore, we explored the metabolic signatures of heart tissue after RYGB, which demonstrated substantial alterations both in aqueous and organic compartments with the aqueous extracts showing higher predictive ability for surgical modifications as indicated by the Q2Y value statistically derived from PLS-DA models (0.85 for aqueous data and 0.76 for organic data from the positive mode acquisition: Figure 3). 

Selected metabolites including adenosine-5-monophosphate (AMP), -nicotinamide adenine dinucleotide (NAD), carnitine, malate, pantothenic acid, phenylalanine, pyridoxal 5 phosphate and creatine were shown in Figure 4 in a box plot fashion and additional discriminant metabolites are summarised in Table 2. Glycogen, formate and lysine levels significantly increased post RYGB surgery, whereas the majority of metabolites such as AMP, NAD, carnitine, creatinine glutamine, pantothenic acid, malate, tryptophan, taurine, hypotaurine were found in higher concentrations in sham rats.

Network Analysis of plasma and cardiac metabolites
In order to uncover potential biological connections between metabolites that were found to be significant in differentiating RYGB from sham animals, networks based on Spearman correlation values were constructed for the plasma, heart and the combined plasma and heart tissue data sets (Figure 5). Network analysis showed several strong positive correlations between cardiac nucleotides (e.g. AMP and NAD, r=0.93), plasma bile acids (e.g. glycodeoxylcholic acid and glycocholic acid, r=0.89), cardiac amino acids (e.g. tryptophan and phenylalanine, r=0.91), and cardiac TCA cycle intermediates (e.g. malate and succinate, r=0.87).  Formate and alanine in plasma and lysine in heart were also highly and directly correlated with each other (r=0.86-0.87), whereas cardiac glycogen exhibited strong inverse correlations with malate (r=-0.87), phenylalanine (r=-0.81) and xanthine (r=-0.80) in the heart. Interestingly, cardiac hypotaurine is inversely correlated with plasma TMAO (r=-0.83) and formate (r=-0.80).


DISCUSSION
Bariatric operations induce changes in metabolic activity through the BRAVE effects (Bile flow alteration; Reduction of gastric size; Anatomical gut re-arrangement and altered flow of nutrients; Vagal manipulation; and Enteric gut hormone modulation) and this surgical intervention acts on a global rather the local scale, affecting a wide range of tissues, organs and systems.2,4 The major role of bile acids/salts is to facilitate lipid absorption from the intestine. RYGB anatomy alters the bile flow, allowing delay in contact with ingested nutrients and resulting in substantial disturbance in bile metabolism. Plasma bile acids, in particular, glycocholic acid and putatively assigned glycodeoxycholic acid, were observed to be increased 8 weeks post RYGB in contrast to sham animals, which is consistent with findings in human serum reported by Mutch and colleagues.11 The shortened transit time for bile acid reaching the ileum is likely to result in up-regulation of bile acid re-absorption, evidenced by higher plasma bile acid levels observed in the current study and lower faecal bile acid excretion, as reported in our previous study based on the same batch of Wistar rats undergoing RYGB surgery.9 The effect of RYGB on bile acid regulation is currently incompletely understood owing to the multifactorial BRAVE metabolic footprint of the RYGB procedure. However, bile acid recycling after ileal interposition surgery has previously been reported.12,13 Ileal interposition is a bariatric procedure, involving interposition of distal ileum into the proximal jejunum that has been implemented to manage the severity of metabolic syndrome. This procedure is proposed to act through the “hindgut” mechanism, where the flow of processed nutrients reaches the hindgut with less exposure to the foregut, a phenomenon that subsequently stimulates anti-diabetic activity. The interposed ileal segment has adapted jejunal villi length, mucosal surface area and epithelial jejunal specific gene GATA4 and diminished epithelial ileal specific gene ILBP. However, the segment retained ability to re-absorb bile acids via comparable levels of apical sodium-dependent bile acid transporter (ASBT) with sham ileum and demonstrated significantly increased counts of GLP-1-producing enteroendocrine cells in the villi.12 Bile acids may also stimulate GLP-1 secretion via a bile acid receptor GPBA (TGR5: the cell surface G protein-coupled receptor)-dependent fashion in intestinal L-cells.14,15 Sleeve gastrectomy in male Long-Evans rats was also reported to reduce hepatic CYP7A1 expression, which is a rate-limiting step in hepatic bile acid synthesis. This operation also decreased postprandial plasma triglyceride levels by reducing intestinal triglyceride secretion.16 More interestingly, it reduced the rate of appearance of plasma triglycerides within 6 hours post an oil gavage compared with a pair-fed sham group.16 Taken together, these modulations of bile acid absorption and function following bariatric surgery suggest that some of these alterations in bile acid signature may provide potential mechanisms of improved cardiovascular function after bariatric surgery. For example, higher plasma levels of postprandial lipids are associated with atherosclerosis,17 and the modulation of cardiac-regulating intermediaries such as bile acids may have direct and systemic activity on the cardiovascular system through an enterocardiac axis.3

Decreased urinary TCA cycle intermediates were previously found in RYGB-operated animals compared with sham controls, implying an up-regulation of TCA cycle and altered mitochondrial metabolism.9 Increased plasma pyruvate levels may reflect altered glycolysis and TCA cycle metabolism as pyruvate is a major product of glycolysis and can be utilised in TCA cycle in acetyl CoA and oxaloacetate forms via decarboxylation by pyruvate dehydrogenase complex and carboxylation by pyruvate carboxylase, respectively. Pyruvate and alanine levels co-varied as shown in the network map. Increased pyruvate concentrations could also account for the higher levels of plasma alanine by transferring an amine group from glutamate to pyruvate. Depleted plasma glycerol levels post surgery provides further evidence of altered energy metabolism and is likely to indicate up-regulation of gluconeogenesis and glycogen storage, which is consistent with the increased glycogen levels in heart extracts. Restricted feeding has been shown to promote repletion of tissue glycogen, particularly in the heart and may indicate that the increase glycogen may be related to the weight loss associated with the surgery.18,19 Other research has shown higher levels of cardiac glycogen together with low lactate dehydrogenase/citrate synthase ratios in Wistar rats fed with a 50% calorie restricted diet and proposed deregulation of anaerobic and upregulation of aerobic myocardial metabolism.19

RYGB-operated rats also exhibited reduced plasma concentrations of various phosphocholine, lysophosphatidylcholines and N-acetyl glycoproteins, which is consistent with the changes in plasma metabolic profiles of male C57BL/6 mice following dietary restriction.20 Lysophosphatidylcholines are atherogenic and Mutch et al. reported higher levels of some lysophosphatidylcholines in plasma of obese individuals.11 Thus, the lower levels of plasma lysophosphatidylcholines observed in the current study may reflect a reduction in atherogenic environment post surgery. However, unlike in the current study where we observe lower levels of lysophosphatidylcholine post surgery, Mutch et al. did not see any change in this lipid class. Observations of elevated concentrations of citrate and TMAO in RYGB rats could be also associated with caloric restriction as reported previously.20 TMAO has been found to be strongly associated with coronary artery atherosclerotic burden and cardiac risk in humans and the major pathway is believed to be choline/dietary phosphocholine metabolism via choline-TMA-TMAO21 or carnitine-TMA-TMAO.22,23 The two key steps are functional gut microbiota converting choline products into TMA24 and further metabolism into TMAO in the liver by the flavine mono-oxidase enzyme, FMO3, and other FMOs25. Starvation has previously been reported to significantly reduce peptide-linked trimethyllysine, a precursor for carnitine biosynthesis, in rats.26 This could explain the observation of lower levels of carnitine in RYGB-operated rats, which voluntarily reduced food intake as a consequence of the surgery. 

A trend of higher concentrations of plasma indoxyl sulphate was found in RYGB-operated rats with a wider range of concentrations compared with the sham group, which is consistent with our previous finding of a higher urinary concentration of this metabolite in rats following RYGB surgery. Indoxyl sulphate, a known uremic toxin, is derived from bacterial metabolite indole via hepatic transformation. This metabolite has been associated with arteriosclerosis.27 This metabolic modulation may reveal the concurrent effect of bariatric surgery on both the heart and the kidneys to act on the obesity-related cardiorenal syndrome. Aerobic gut microbes such as Escherichia coli are heavily responsible for the indole pool, which arises from dietary tryptophan metabolism. Plasma extracts from conventional mice were found to contain significantly higher levels of indoxyl sulphate, hippurate, phenylacetylglycine, phenylpropionylglycine and indole-3-propionate compared with germ-free mice, indicating that presence of these metabolites in host plasma is largely attributed to enteric gut microbial activity.28 In hemodialysis patients, the gut microbial composition exhibits high aerobacteria and low anaerobacteria. A 5-week administration of Bifidobacteria, a group of anaerobic microbiota, can effectively decrease plasma indoxyl sulphate levels in these patients.29 We have previously reported that RYGB induces pronounced shifts in post-operative gut microbial ecology. These effects may result in downstream actions to modulate both cardiac and renal metabolism.

Our study demonstrated that bariatric surgery modulates key metabolic intermediaries in cardiac energy metabolism. Specifically metabolites in the energetically central TCA cycle are regulated to achieve a post-operative shift toward energy efficiency. We demonstrate a significant reduction in myocardial succinate and its downstream energetic effector pantothenic acid. Absorption of vitamins from the diet is known to decrease as a consequence of bariatric surgery and humans undergoing RYGB surgery require vitamin supplementation. Since pantothenic acid is used in the synthesis of coenzyme A (CoA), this may account for the alteration in TCA metabolism including higher plasma concentrations of pyruvate and lower cardiac succinate. Decreased levels of succinate can represent an increased flux of this biochemical intermediary through the mitochondrial electron transport chain or alternatively could represent increased enzymatic activity within the TCA cycle (succinate dehydrogenase, SDH). Succinate oxidation offers the lowest energy yield in the TCA cycle and raised levels can reduce TCA cycle efficiency resulting in a harmful increase in reactive oxygen species (ROS) such as superoxide.30 Malate was also found to be decreased in heart tissue following RYGB surgery and it exhibited a strong correlation with succinate. Decreased myocardial levels can therefore represent increased energy efficiency utilising other TCA cycle intermediaries that offer protection from myocardial hypoxia.31,32 These mitochondrial effects offer increased cellular energy production and may contribute to surgical weight loss whilst reducing reactive oxygen species load to protect against the systemic inflammation of obesity and its co-morbidities. The myocardial reduction of this water-soluble vitamin may represent increased consumption though the TCA cycle for energy expenditure and weight loss whilst also offering protection from cardiac ischaemia.33 Conversely, the reduction of panthothenic acid has been demonstrated to deplete systemic glycogen stores whilst contributing to weight loss34 and may represent a dietary deficiency after surgery. Our results however showed an increase in cardiac glycogen stores that reflects a myocardial energy rich state where there is an abundant source of rapid glucose metabolism for myocardial tissue homeostasis.35 Excessive myocardial tissue glycogen can lead to harmful effects36 including electrophysiological dysfunction and hypertrophy, which was not observed in this cohort. Other potentially harmful metabolic shifts include a raised level of cardiac and plasma formate. This can represent a source for both local and systemic acidosis that can lead to detrimental tissue toxicity, although this acid participates in the one-carbon pool of intermediary metabolism. Formate is an important constituent of healthy diets37 and its deficiency can be harmful. The post-surgical formate changes in this rodent model of bariatric surgery do not readily translate to human clinical outcomes in view of the trans-species variability in its kinetics.  Species such as rodents and rabbits are resistant to tissue formate accumulation whereas humans and non-human primates are susceptible to the accumulation of greater than endogenous concentrations of this metabolite as a postulated result of hepatic tetrahydrofolate and methionine synthetase variation. The inter-species differences of these metabolic pathways also determine tissue formate sensitivity, therefore inferences regarding cellular metabolism of this metabolite in humans requires further translational studies. 37,38

We have previously highlighted the putative cardio-protective role of bariatric surgery through an “entero-cardiac axis”.2,3 Further metabolic corroboration of a cardio-protective metabolic profile after bariatric surgery in the current model includes a reduction in cardiac phenylalanine representing a decrease in muscle protein over-degradation39 that presents as myocardial catabolic/anabolic imbalance in chronic heart failure. Our results also reveal dramatic shifts in mediators of cellular homeostasis, osmoregulation and membrane stabilisation. Of these, the central pathway transforming cysteine to isethionic acid in cardiomyocytes utilises the two chief intermediaries of taurine and hypotaurine. We demonstrate significant decrease in cardiac levels of these intermediaries following RYGB surgery. Taurine is amongst the few naturally occurring organic sulphonic acids that is a recognised constituent of human bile. It is present in many organ systems but has particular importance in the cardiovascular system as a moderator of both muscular development and function. Whilst this molecule is important in reducing oxidative stress, providing cardiomyocyte osmoregulation and membrane stabilisation, it has a key role in cardiac calcium regulation.40 Despite these beneficial roles, early evidence identified that elevated levels of taurine were associated with cardiac pathophysiology.41 Human patients who die as a result of congestive cardiac failure demonstrate dramatically increased levels of taurine42 whilst this molecule also demonstrates higher levels in heart tissue in the context of hypertrophy43 and systemic hypertension.44 The powerful effects of Roux-en-Y gastric bypass procedures on cardiac tissue have been demonstrated to offer a beneficial reduction in cardiac failure with an improvement in cardiac geometry and long-term risk. Disordered taurine levels can be associated with contractile cardiac dysfunction,45 and the decreased levels in the post-operative stages of bariatric surgery may therefore represent a protective biochemical environment after surgery. Modulation of the levels of cardiac taurine after bariatric procedures may also contribute to the improved electrophysiological status of heart tissue after surgery demonstrated in post-bariatric cardiac conduction studies.3 

CONCLUSIONS
In summary, the metabolic phenotype of our bariatric surgical model revealed both direct myocardial and systemic cardiovascular effects. The global metabolic profile of bariatric surgery reflects an enhancement of cardiac energy metabolism through TCA cycle intermediaries, cardiorenal protective activity and biochemical caloric restriction. These surgical metabolic shifts identify some of the mechanisms that contribute towards bariatric cardioprotection through gut microbiota ecological fluxes and an enterocardiac axis to shield against metabolic syndrome cardiac dysfunction. 



Table 1. Altered plasma metabolites (red, higher in RYBG rats; blue, higher in SHAM rats). *putative assignment; d: doublet; dd: double of doublets; t: triplet; s: singlet; bs: broad singlet; m: multiplet; q: quartet. The correlation values represent the correlation between the relative concentrations of metabolites and class identity (e.g., RYGB vs. SHAM). The bigger correlation value is for any given metabolite, the more weight that metabolite gives to discrimination of two classes.

	Metabolite
	Analytical Platform (ESI mode)
	m/z
	RT (min)
	monoisotopic MW
	ID positive mode
	Proton Group Chemical Shift (multiplicity)
	Correlation 
	p-value
	CV (%)

	1-oleoylglycero-3-phosphocholine*
	UPLC-MS (+/-)
	566.3543
	15.25
	521.3481
	M+FA-H
	 
	-0.733
	0.005
	6.51

	
	
	522.3216
	15.23
	521.3481
	M+H
	 
	-0.703
	0.011
	8.98

	1-stearoylglycerophosphocholine*
	UPLC-MS (+/-)
	568.3705
	15.72
	523.3637
	M+FA-H
	 
	-0.779
	0.001
	1.02

	
	
	524.361
	15.85
	523.3637
	M+H
	 
	-0.799
	<0.001
	26.6

	2-deoxycytidine
	UPLC-MS (+)/NMR
	455.2303
	1.2
	227.0906
	2M+H
	5'CH 6.03(d); 2CH 6.25(t); 6'CH 7.83(d)
	-0.849 (NMR) 
-0.823 (MS) 
	<0.001
	3.09

	acetate
	NMR
	 
	 
	 
	 
	CH3 1.91(s)
	0.52
	0.007
	 

	alanine
	NMR
	 
	 
	 
	 
	CH3 1.48(d); CH 3.77(q)
	0.722
	<0.001
	 

	trimethylamine-N-oxide
	NMR
	 
	 
	 
	 
	CH3 3.25(s); CH2 3.88(s)
	0.693
	<0.001
	 

	citrate
	NMR
	 
	 
	 
	 
	CH2 2.54(dd); 2.66(dd)
	0.697
	<0.001
	 

	citrulline*
	NMR
	 
	 
	 
	 
	-CH 3.76(t);-CH2 1.88(m); -CH2 1.58(m); -CH2 3.15(m)
	0.748
	<0.001
	 

	formate
	NMR
	 
	 
	 
	 
	CH3 8.45(s)
	0.7
	<0.001
	 

	glycerol
	NMR
	 
	 
	 
	 
	2xCH2 3.55(dd) 3.64(dd); CH 3.77(m)
	-0.625
	<0.001
	 

	glycocholic acid
	UPLC-MS (-)
	464.3022
	10.72
	465.3091
	M-H
	 
	0.664
	0.013
	7.43

	glycodeoxycholic acid*
	UPLC-MS (-)
	448.3157
	10.73
	449.3141
	M-H
	 
	0.65
	0.03
	1.91

	lipid fraction
	NMR
	 
	 
	 
	 
	(CH2)n 1.21 (bs)
	0.736
	<0.001
	 

	lipid fraction
	NMR
	 
	 
	 
	 
	CH3 0.82 (bs)
	0.669
	<0.001
	 

	lysine
	NMR
	 
	 
	 
	 
	-CH 3.78(t); -CH2 1.92(m); -CH2 1.72(m); -CH2 1.47(m),-CH2 3.03(t)
	0.74
	0.002
	 

	lysophosphatidylcholine(lysoPC 16:1)*
	UPLC-MS (+/-)
	494.3215
	14.17
	493.3168
	M+H
	 
	-0.61
	0.02
	8.46

	
	
	538.321
	14.17
	493.3168
	M+FA-H
	 
	-0.579
	0.04
	2.62

	lysophosphatidylethanolamine(lysoPE 24:0)*
	UPLC-MS (-)
	564.3376
	14.43
	565.4108
	M-H
	 
	-0.836
	<0.001
	1.33

	lysoPC(17:0) or lysoPE(20:0)*
	UPLC-MS
	554.352
	15.45
	509.3481
	M+FA-H
	 
	-0.744
	0.005
	1.6

	lysoPE(22:0)*
	UPLC-MS (-)
	582.3873
	16.18
	537.3794
	M+FA-H
	 
	-0.926
	<0.001
	2.63

	lysoPE(22:2)*
	UPLC-MS (-)
	532.2858
	10.72
	532.3408
	M-H
	 
	0.658
	0.01
	2.74

	N/O-acetyl compounds*
	NMR
	 
	 
	 
	 
	NHCOCH3 2.06, 2.12
	-0.8
	<0.001
	 

	phenylalanine
	NMR
	 
	 
	 
	 
	C3H&C5H 7.33(m), C4H 7.35(m); C3H&C6H 7.4(m); CH2 3.12(dd) 3.26(dd)
	-0.623
	<0.001
	 

	pyruvate
	NMR
	 
	 
	 
	 
	CH3 2.36(s)
	0.679
	<0.001
	 




Table 2. Altered metabolites observed in heart aqueous extracts (red, higher in RYBG rats; blue, higher in SHAM rats). *putative assignment; d: doublet; dd: double of doublets; t: triplet; s: singlet; bs: broad singlet; m: multiplet; q: quartet. The correlation values represent the correlation between the relative concentrations of metabolites and class identity (e.g., RYGB vs. SHAM). The bigger correlation value is for any given metabolite, the more weight that metabolite gives to discrimination of two classes.
	Metabolite
	Analytical Platform (ESI mode)
	m/z
	RT (min)
	monoisotopic MW
	ID positive mode
	Proton Group Chemical Shift (multiplicity)
	Correlation 
	p-value
	CV (%)

	Adenosine 5 mono phosphate (AMP)
	UPLC-MS (+/-)
	348.06
	1.23
	347.0631
	M+H
	 
	-0.707
	0.01
	8.09

	
	
	346.0727
	1.23
	347.0631
	M-H
	 
	-0.783
	0.007
	7.14

	-nicotinamide adenine dinucleotide (NAD)
	UPLC-MS (-)
	662.1229
	2.12
	664.1169
	M-H
	 
	-0.805
	0.003
	1.61

	carnitine
	UPLC-MS (+)
	162.1063
	0.73
	161.1052
	M+H
	 
	-0.791
	0.044
	14.81

	creatinine
	NMR
	 
	 
	 
	 
	N-CH3 3.03(s); CH2 4.05(s)
	-0.572
	0.02
	 

	creatine
	UPLC-MS (+)
	132.07
	0.77
	131.0582
	M+H
	 
	-0.955
	0.004
	23.23

	deoxyuridine*
	UPLC-MS (+)
	229.1526
	2.03
	228.0786
	M+H
	 
	-0.892
	0.013
	9.76

	formate
	NMR
	 
	 
	 
	 
	CH3 8.46(s)
	0.695
	<0.001
	 

	glutamine
	NMR
	 
	 
	 
	 
	-CH2 2.14(m); -CH2 2.46(m); -CH 3.77(t)
	-0.679
	0.006
	 

	glycogen
	NMR
	 
	 
	 
	 
	C1H(1-4) 5.41 (d); C1H(1-4)' 5.40(d); C2H 3.63(dd); C3H 3.98(dd); C4H 3.66(q); C5H 3.86(q); C6H 3.87(d)
	0.837
	<0.001
	 

	hypotaurine
	NMR
	 
	 
	 
	 
	N-CH2 3.36(t); SO2-CH2 2.66(t)
	-0.973
	<0.001
	 

	lysine
	NMR
	 
	 
	 
	 
	-CH 3.78(t); -CH2 1.92(m); -CH2 1.72(m); -CH2 1.47(m), -CH2 3.03(t)
	0.582
	0.002
	 

	malate
	UPLC-MS (-)
	133.0215
	0.88
	134.0215
	M-H
	 
	-0.855
	0.036
	7.55

	nicotinamide*
	UPLC-MS (+)
	123.0517
	1.45
	122.048
	M+H
	 
	-0.959
	0.02
	18.95

	pantothenic acid
	UPLC-MS (+/-)
	220.1184
	5.1
	219.1107
	M+H
	 
	-0.911
	<0.001
	9.78

	
	
	218.105
	5.08
	 
	M-H
	 
	-0.909
	<0.001
	4.84

	phenylalanine
	UPLC-MS (+)
	166.0831
	4.2
	165.079
	M+H
	 
	-0.77
	0.003
	11.61

	pyridoxal 5 phosphate
	UPLC-MS (+)
	248.1503
	1.83
	247.0246
	M+H
	 
	-0.7
	0.025
	8.13

	succinate
	NMR
	 
	 
	 
	 
	2xCH2 2.41(s)
	-0.68
	0.005
	 

	succinylademosine*
	UPLC-MS (+/-)
	384.1141
	5.45
	383.1077
	M+H
	 
	-0.745
	0.024
	4.1

	
	
	382.1007
	5.43
	383.1077
	M-H
	 
	-0.768
	0.025
	2.01

	taurine
	NMR
	 
	 
	 
	 
	N-CH2 3.43(t); SO3-CH2 3.27(t)
	-0.6
	0.015
	 

	tryptophan
	UPLC-MS (+)
	205.0948
	5.47
	204.0899
	M+H
	 
	-0.945
	0.001
	8.2

	uridine*
	UPLC-MS (+)
	245.1427
	1.62
	244.0695
	M+H
	 
	-0.931
	<0.001
	9.69

	U1
	NMR
	 
	 
	 
	 
	7.11(s)
	-0.731
	<0.001
	 

	U2
	NMR
	 
	 
	 
	 
	7.10(d)
	-0.826
	<0.001
	 

	xanthine
	NMR
	 
	 
	 
	 
	CH 7.92(s)
	-0.586
	0.02
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Figure Captions 
Figure 1 Metabolic changes observed in UPLC-MS datasets of plasma from RYGB and SHAM rats. (A) PLS-DA scores plot of plasma MS (ESI+) data (Q2Y=0.77); (B) a PLS-DA scores plot of plasma MS (ESI-) data (Q2Y=0.82); and (C) box plots of relative ion intensities of metabolites including cholic acid, glycocholic acid, indoxyl sulphate and 2-deoxycytidine detected in RYGB and SHAM animals. The central red mark of each box is the median; the edges of the box are the 25th- 75th% of the data points; outliers are plotted individually.* p<0.05; *** p<0.001.
Figure 2 Metabolic changes observed in 1H NMR CPMG spectral datasets of plasma from RYGB and SHAM rats. OPLS-DA cross-validation plot (A) and coefficient loadings plot (B, R2X=30.8%; Q2Y=0.69) indicate the discriminatory metabolites between RYGB and SHAM-operated rats.
Figure 3 PLS-DA scores plots of UPLC-MS datasets of heart tissue extracts from RYGB and SHAM rats. PLS-DA scores plots of heart aqueous extracts from UPLS-MS datasets of ESI+ (A, Q2Y=0.85) and ESI- (B, Q2Y=0.88). PLS-DA scores plots of heart organic extracts from UPLC-MS datasets of ESI+ (C, Q2Y=0.76) and ESI- (D, Q2Y=0.74). Red dots represent RYGB-operated rats and blue symbols represent SHAM rats.
Figure 4 Metabolic changes observed in UPLC-MS datasets of heart aqueous extracts of RYGB and SHAM rats. Box plots of relative ion intensities of metabolites including adenosine 5 monophosphate (AMP), -nicotinamide adenine dinucleotide (NAD+), carnitine, malate, pantothenic acid, phenylalanine, pyridoxal 5 phosphate and creatine detected in RYGB and SHAM animals. The central red mark of each box is the median; the edges of the box are the 25th- 75th% of the data points; outliers are plotted individually.* p<0.05; ** p<0.01; *** p<0.001.
Figure 5 Network analysis of plasma and cardio metabolites using Spearman correlation. (A) Inter-metabolite correlation based on significantly altered plasma metabolites, cut off value of r>0.55, p<0.01; (B) Inter-metabolite correlation based on significantly altered cardio metabolites, cut off value of r>0.75, p<0.01; (C)  Inter-metabolite correlation based on metabolites observed in both plasma (red) and heart tissues (black), cut off value of r>0.55, p<0.01. Red lines represent positive correlation and blue lines negative correlation. Keys: AMP, adenosine 5 monophosphate; GCA, glycocholic acid; GDCA, glycodeoxylcholic acid; NAD, -nicotinamide adenine dinucleotide; PA, Pantothenic acid; PP, Pyridoxal 5 phosphate; SGP, 1-stearoylglycerophosphocholine; TMAO, trimethylamine N-oxide.
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