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Introduction.
Increased plasma level of trimethylamine N-oxide (TMAO), a bacterial metabolite of choline, is associated with an increased cardiovascular risk. Indoxyl sulfate, a bacterial metabolite of tryptophan, is thought to be associated with higher mortality in cardiorenal syndrome. We hypothesized that enalapril, a well-established drug reducing cardiovascular mortality, may affect the plasma level of gut bacteria-derived metabolites and gut bacteria composition.

Materials and Methods.
14-16-week-old Wistar rats were maintained either on water (controls) or water solution of enalapril for two weeks (5.3 or 12.6 mg/kg b.w.). Blood plasma and urine were analyzed for the concentration of TMAO and indoxyl sulfate using liquid chromatography coupled with triple-quadrupole mass spectrometry. Gut bacteria composition was analyzed with 16S rRNA gene sequence analysis.

Results.
Rats treated with enalapril showed a significantly lower plasma TMAO level and a trend towards higher 24hr urine excretion of TMA and TMAO. Plasma indoxyl level was similar between the groups. There was no significant difference between the groups in gut bacteria composition.

Conclusions.
Enalapril decreases rat plasma TMAO, but does not affect the plasma level of indoxyl sulfate and gut bacteria composition. The enalapril-induced decrease in plasma TMAO level may be of therapeutic and diagnostic importance. 
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Introduction
There is strong evidence that homeostasis of the circulatory system may be influenced by gut bacteria and their metabolites (Yang, Santisteban et al. 2015, Tomasova, Dobrowolski et al. 2016, Huc, Nowinski et al. 2017). Gut bacteria-derived metabolites are being considered as potential biomarkers and mediators in the etiology of cardiovascular diseases. For example, clinical studies show a positive correlation between an increased plasma level of trimethylamine N-oxide (TMAO), a gut bacteria metabolite of dietary L-carnitine and choline, and an increased risk of cardiovascular and metabolic diseases (Senthong, Wang et al. 2016, Li, Obeid et al. 2017, Tang, Wang et al. 2017). In addition, experimental studies suggest that TMAO may be involved in the etiology of cardiovascular diseases interacting with angiotensin II (Ufnal, Jazwiec et al. 2014), affecting cholesterol metabolism (Koeth, Wang et al. 2013) and impairing fatty acid oxidation in cardiac mitochondria (Makrecka-Kuka, Volska et al. 2017). Another gut bacteria-derived biomarker is indoxyl sulfate (indoxyl), a tryptophan metabolite, which has been proposed to affect hemodynamics and to be involved in cardiorenal syndrome (Barreto, Barreto et al. 2009, Lekawanvijit, Adrahtas et al. 2010, Dou, Sallee et al. 2015, Huc, Nowinski et al. 2017). Enalapril is an angiotensin converting enzyme inhibitor (ACE-I). ACE-Is are a mainstay of treatment of cardiovascular diseases significantly reducing cardiovascular mortality (Mercier, Smith et al. 2014, Ferrario and Mullick 2017).
We hypothesized that enalapril affects gut bacteria composition and the plasma level of gut bacteria-derived metabolites, including TMAO and indoxyl.

Clinical significance
· [bookmark: _Hlk496285697]High plasma level of TMAO, a gut bacteria metabolite, has been found to be associated with cardiovascular diseases, diabetes and cancer.
· Our study shows that enalapril treatment is associated with a decreased rat plasma level of TMAO, suggesting a novel approach to lowering plasma TMAO level
· The effect of ACE-Is on plasma TMAO should be considered in studies evaluating feasibility of plasma TMAO level as a diagnostic marker.

Materials and Methods
The experiments were carried out according to European Union Directive 2010/63/EU on the protection of animals used for scientific purposes. 
The study was performed on male, 14-16-week-old, Wistar rats, (Mossakowski Medical Research Center Polish Academy of Sciences, Warsaw, Poland). Rats were fed standard laboratory diet (0.19 % Na, Labofeed B standard, Kcynia, Poland) and were given either tap water (n=9, controls) or enalapril (Polpharma, Poland), an ACE-I drug, at a dose of 5.29 ± 0.5 mg/kg b.w. (dissolved in drinking water 50mg/l, ENA-50 group, n=9), or at a dose of 12.6 ± 0.4 mg/kg b.w. (dissolved in drinking water 100mg/l, ENA-100 group, n=9) for two weeks.   
After two weeks of treatment, rats were maintained for two days in metabolism cages to evaluate 24hr water and food balance and to collect urine for biochemical analysis. Afterwards, rats were terminally anaesthetized with urethane (1.0 g/kg b.w. i.p., Sigma-Aldrich, Poland). Blood from the right ventricle of the heart was taken for plasma biochemical analyses. Plasma and urine sodium, potassium, creatinine and urea were analyzed using Cobas 6000 analyzer (Roche Diagnostics, Indianapolis, USA). A 6-7-cm long segment of the colon (a middle part between the cecum and the rectum) was closed with sutures and removed. One sample of 0.5 ml of stools allocated for metagenomic analyzes was collected from the removed colon and  instantly frozen at -80oC. The second sample, which was allocated for TMA stool concentration analyses, was collected from the removed colon, weighted and homogenized with 1 ml of 0.9% NaCl in a closed 2 ml laboratory tube by vortexing it for 5 min. Next, the sample was centrifuged for 5 minutes at 5000 rpm, and 1 ml of the obtained supernatant was transferred to a laboratory tube and again centrifuged for 5 minutes. All procedures were performed at the temperature of 2-5oC. The supernatant was collected into Eppendorf tubes and frozen at -20oC. Blood plasma, urine and stool levels of indoxyl, TMA and TMAO were evaluated using Waters Acquity Ultra Performance Liquid Chromatograph coupled with Waters TQ-S triple-quadrupole mass spectrometer, as previously described with modification of stool samples preparation (Jaworska, Huc et al. 2017). In short, separation was performed with use of a Waters UPLC BEH HILIC column (50 x 2.1mm, 1.7μm) thermostatted at 70 °C. Mobile phase A consisted of 1 mL of 25% NH4OH in 1L of water, and mobile phase B was 0.1% formic acid in acetonitrile. Total time of chromatographic separation was 1.7 min. Analysis were performed in positive electrospray ionization mode (ESI). The mass spectrometer operated in multiple-reaction monitoring mode (MRM). Sample preparation was performed as follows: 10μl of sample (plasma, urine, stool extract, calibrators) was transferred into 1.5 ml test tube, then 100μl of Acetone was added for protein precipitation and analytes extraction. After the mixture was vortexed and centrifuged. A 10μl of aliquot was injected into apparatus. The calibration curve ranges were 0.02-20µg/ml for TMAO, 0.1-120µg/ml for TMA and 0.1- 50µg/mL for indoxyl.
16S rRNA metagenomics 
	DNA was extracted from 60-80 mg of stools using Nucleospin DNA Stool Kit (Macherey-Nagel; Germany) according to manufacturer’s protocol and suspended in 100 μl of water. Sequencing of V3-V4 region of 16S rRNA gene was performed on Illumina MiSeq (300 nt, paired-end reads) using amplicons prepared according to 16S Metagenomic Sequencing Library Preparation protocol designed by Illumina (San Diego, USA). 
	The filtered and trimmed reads were processed by QIIME 1.7.0 involving diversity analyses and operational taxonomic units (OTUs) picking using an open-reference OTU picking command (against Greengenes database with 97% similarity threshold). 
Hemodynamics
In separate series of experiments continuous hemodynamic telemetry recordings in Wistar rats were performed as previously described (Sikora, Konopelski et al. 2016). Heart rate (HR) and mean arterial blood pressure (MABP) were recorded and analyzed with ART software (Data Sciences International, St. Paul, USA.). Recordings and analysis were performed for 2 days at baseline (rats drinking tap water) and 15 days of the treatment period [rats drinking water with enalapril 50mg/l (n=4) or 100mg/l (n=4)].
Statistical analyses
The Kolmogorov-Smirnov test was used to test normality of the distribution. Differences between the groups were evaluated by one-way ANOVA, followed by Tukey’s post hoc test. For the evaluation of MABP and HR responses to the treatment, the average over 24hr baseline was compared with the averages over 24hrs of the treatment period by means of one-way ANOVA for repeated measures. Differences between the groups were evaluated by multivariate ANOVA. A value of two-sided p<0.05 was considered significant. Analyses were conducted using Dell Statistica, version 13 (Dell Inc, Tulsa, USA).
Diversity analyses and operational taxonomic units (OTUs) picking in 16S rRNA metagenomics were performed using an open-reference OTU picking protocol by searching reads against the Greengenes database (97% similarity threshold) following QIIME workflow for Illumina NGS data  (Caporaso, Kuczynski et al. 2010). The relationships between the community structures of the gut microbiota were examined using the Principal Coordinate Analysis (PCoA) based on unweighted Unifrac distance matrixes. Taxonomic differences were compared across groups to determine if particular genera were associated with the treatment. For this purpose, the Kruskal-Wallis test with FDR multiple test correction was performed. 
Results
Metabolic and biochemical parameters
There was no significant difference between the groups in food ingestion and body weight. Enalapril-treated rats showed a significantly higher fluid intake and higher 24hr urine excretion than controls. There was no significant difference between controls and rats treated with enalapril in creatinine clearance, plasma urea and plasma potassium levels. In contrast, enalapril-treated rats showed a significantly lower plasma sodium level and a significantly higher 24hr urine sodium output than controls (Table 1).
Bacterial metabolites
There was no significant difference between the groups in TMA stool level [1942 ± 234; 1785 ± 301; 2326 ± 498 (ng/ml) for controls, ENA-50 and ENA-100 groups, respectively]. Similarly, TMA plasma level was comparable between the groups. In contrast, ENA-50 and ENA-100 groups showed a significantly lower plasma TMAO than controls (F2,24=3.8, p<0.05). There was a trend toward higher 24hr urine TMA excretion in ENA-50 (p=0.07) and ENA-100 (p=0.09) groups in comparison to controls. There was no significant difference between the groups in indoxyl plasma level and 24hr urine indoxyl excretion (Fig. 1).
16S rRNA metagenomics 
All samples were sequenced in the same run, yielding a total of 3411469 reads. The number of reads ranged from 23759 to 214346 (an average of 126351 reads per sample). We found no significant differences between the groups in gut bacteria composition. Specifically, Shannon diversity index (H) showed similar diversity in all studied groups (mean: controls=6.64; ENA-50=7.49; ENA-100=6.93). The principal coordinate analysis based on unweighted Unifrac distance matrixes revealed no significant differences in microbial community between the groups. Statistical analysis performed on the genus level showed no significant differences (Fig. 2).
Hemodynamics
Treatment with enalapril at a dose of 5.3 mg/kg b.w. (ENA-50 group) and at a dose of 12.6 mg/kg b.w. (ENA-100 group) did not produce significant hemodynamic effects (Fig. 3). 

Discussion
[bookmark: _Hlk502934534]A new finding of our study is that enalapril treatment is associated with a decrease of plasma TMAO, a marker of an increased cardiovascular risk. 
A number of clinical studies show a positive correlation between plasma TMAO, a gut bacteria metabolite, and cardiovascular risk (Senthong, Wang et al. 2016, Li, Obeid et al. 2017, Tang, Wang et al. 2017). Furthermore, some studies suggest that TMAO may also be a marker of diabetes, cancer and other diseases (Bae, Ulrich et al. 2014, Dambrova, Latkovskis et al. 2016, Guertin, Li et al. 2017). 
Blood TMAO mostly originates from gut bacteria metabolism. Mammalian gut flora, including Clostridium, Collinsella, Desulfovibrio, Lactobacillus and Proteus produce several methylamines, including TMA, dimethylamine and monomethylamine from dietary choline and lecithin (Craciun and Balskus 2012, Romano, Vivas et al. 2015). Some of these methylamines are absorbed into the bloodstream and eventually excreted with urine, sweat or exhaled air in unchanged or oxidized forms such as TMAO. Therefore, plasma TMAO level depends on numerous factors including a diet, microbiota composition, the gut-blood barrier permeability to TMA and TMAO, liver oxidation of TMA and the excretion of the methylamines (Zeisel, daCosta et al. 1989, Jaworska, Huc et al. 2017, Nowinski and Ufnal 2018). 
In this study, all the groups were maintained on the same diet, and there was no significant difference between the groups in gut bacteria composition, TMA stool level and plasma TMA level. Nonetheless, in comparison to controls, enalapril-treated rats had a significantly lower plasma TMAO level. This suggests that enalapril affects mechanisms determining plasma TMAO level. Indeed, we found a trend towards higher 24hr urine excretion of TMA and TMAO in enalapril-treated rats. In this regard, recent studies by Miyake and collaborators suggest the involvement of organic cation transporters (OCT1 and OCT2) in TMAO renal clearance in mice (Miyake, Mizuno et al. 2017), and it has been found earlier that ramipril, an ACE-I, affects the expression of both OCT-1 and OCT-2 (Thomas, Tikellis et al. 2003). Therefore, it may be speculated that ACE-Is affect the mechanisms controlling methylamines excretion with urine, however, further studies are needed as data on the regulation of methylamines excretion are scant. Alternatively, a lower plasma level of TMAO and higher urine excretion of the methylamines could result from increased glomerular filtration and urine output in enalapril-treated rats. However, an increased urine output as a single factor responsible for decreased plasma TMAO level seems unlikely, as plasma indoxyl level and 24hr urine excretion of indoxyl were not affected in enalapril-treated rats. 
Indoxyl, a gut bacteria metabolite of tryptophan, is excreted by the kidneys and its serum concentration increases in kidney diseases; thereby, indoxyl sulfate is classified as an uremic toxin (Barreto, Barreto et al. 2009, Lekawanvijit, Adrahtas et al. 2010, Nazzal, Roberts et al. 2017). Our findings suggest that kidney excretion of indoxyl is controlled by other mechanisms that those regulating TMA and TMAO excretion, and that indoxyl plasma level is not affected by ACE-Is. 
ACE-Is such as enalapril, have been found to reduce cardiovascular risk. The beneficial effects of ACE-I are thought to be caused by the inhibition of the renin-angiotensin-aldosterone system effects on arterial blood pressure, the vasculature, heart and the kidneys, including decreased sodium reabsorption by the kidneys (Ferrario and Mullick 2017). Accordingly, we found that rats treated with enalapril showed an increased 24hr urine excretion of sodium. This was associated with lower sodium and TMAO plasma levels and higher 24hr urine excretion of sodium. Therefore, it may be hypothesized that TMAO and sodium plasma levels are regulated by a common mechanism controlling either the excretion or distribution of both solutes. In this regard, there is ample evidence for a positive correlation between sodium and trimethylamines tissue level. For example, animals that live in saltwater accumulate TMAO, and use it as an osmolyte which protects cell against osmotic stress (Yancey 2005). Similarly, in mammals the accumulation of methylamines in the kidney medulla protects renal cells from hyperosmotic environment resulting from high concentrations of sodium and urea (Somero 1986). 
Kidneys play a pivotal role in maintaining homeostasis by regulating water-electrolyte balance, including sodium balance. It needs to be noted that ACE-Is may compromise kidney functions, producing kidney failure and water-electrolyte disturbances (Benedetto, Sciarretta et al. 2008). In our study, enalapril-treated rats showed no markers of kidney failure, i.e. creatinine clearance, urea, potassium and indoxyl plasma levels were similar in controls and enalapril-treated rats. However,  rats treated with enalapril had significantly higher water intake. This is in line with previous studied showing increased water intake in enalapril treated rats due to central mechanisms (Evered and Robinson 1984, Gonzalez Bosc, Kurnjek et al. 2000). It is also possible that increased water intake was secondary to natriuretic and diuretic effects of enalapril. 
[bookmark: _Hlk502935294]In this study enalapril at the higher dose produced mild and insignificant decrease in arterial blood pressure, which is in accordance with previous studies in normotensive rats. Namely, Korner and collaborators found only a moderate hemodynamic effect of enalapril at a dose two times higher than doses tested in this study (Korner and Bobik 1995). Therefore, it seems that a decrease in plasma TMAO level in enalapril-treated rats was independent on arterial blood pressure.   
A potentially harmful role of TMAO has triggered research on reducing plasma TMAO level by targeting gut microbiome (Brown and Hazen 2017). In this study we found that enalapril does not affect gut bacteria composition and bacterial TMA production. Nonetheless, our findings suggest a novel approach for lowering TMAO plasma level by using ACE-Is. However, the mechanisms are not clear. Therefore, further studies evaluating the effect of ACE-Is on the gut-blood barrier permeability to methylamines, liver metabolism of methylamines and kidney excretion of methylamines are needed.  

Conclusions
[bookmark: _Hlk496186734]In conclusion, our study shows that enalapril treatment is associated with a decreased plasma level of TMAO but not of indoxyl. Whether the enalapril-induced reduction of plasma TMAO level may have a beneficial effect in cardiovascular diseases requires further investigation. Nonetheless, our findings imply that ACE-Is may be considered as a novel approach for lowering plasma TMAO level, and as a confounding factor in studies evaluating feasibility of plasma TMAO level as a diagnostic marker.
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Legend of figures:
Fig. 1. (A) blood plasma concentration and (B) 24hr urine excretion in rats maintained either on water (controls) or water solution of enalapril 50mg/l or 100mg/l (ENA-50 and ENA-100 groups, respectively). Trimethylamine (TMA), trimethylamine N-oxide (TMAO) and indoxyl sulfate (Indoxyl). Values are means, ± SE. ANOVA followed by post-hoc Tukey-test (* - p < 0.05).
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[bookmark: _Hlk496601120]Fig. 2. Results of 16S metegenomic analysis: A) Principal coordinate analysis of 16S sequences from stool samples using unweighted Unifrac. B) The percentage of reads mapped to bacterial genera with TMA producing capacity.
[image: ]







[bookmark: _Hlk496601146]






Fig. 3. Changes in mean arterial blood pressure (MABP, mmHg) and heart rate (HR, beats/min) from baseline (rats maintained on water). ENA-50 group - treatment with water solution of enalapril (50mg/l), ENA-100 group - treatment with water solution of enalapril (100mg/l). Values are means, ± SE.
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Legend of table:
[bookmark: _Hlk496601295]Table 1. Body weight, food intake, water-electrolyte balance and hemodynamic parameters in rats maintained either on water (controls) or water solution of enalapril (50mg/l) or 100mg/l (ENA-50 and ENA-100 groups, respectively). Values are means, ± SE. ANOVA followed by post-hoc Tukey-test. Electrolytes measured only in haemolysis-free plasma samples. * - p < 0.05 Controls vs - ENA 100, # - p < 0.05 Controls vs - ENA 50, ns – not significant.

	Group/
Parameter
	Controls

	ENA-50

	ENA-100

	ANOVA

	Body mass (g) 
	390.78±4.60
	384.20±14.03
	393.06±4.20
	ns

	24hr food intake (g)
	23.78±0.86
	23.19±1.21
	23.57±1.01
	ns

	24hr water intake (ml)
	29.48±1.53 
	38.14±3.78

	43.97±3.07
	(F2,22=6.11, p<0.05) *

	24hr urine output (ml)
	12.50±1.12 
	24.75±3.16

	28.00±3.77
	(F2,22=7.36, p<0.05)*, #

	24hr stool output (g)
	12.73±0.76
	11.65±0.87
	13.11±0.77
	ns

	Plasma sodium (mg/dL)
	319.29±2.59
	313.00±3.08
	308.22±2.79
	(F2,19=4.06, p<0.05)* 

	Plasma potassium (mg/dL)
	21.20±0.40
	22.57±0.64
	21.56±0.48
	ns

	Plasma urea
	54.86±2.19
	55.33±4.10
	55.56±4.33
	ns

	24hr sodium urine excretion (mg) 
	21.35±1.83
	32.67±2.10
	35.99±4.59
	(F2,22=5.51, p<0.01)*, #

	24hr potassium excretion (mg) 
Creatinine clearance (ml/min)
	[bookmark: OLE_LINK1]139.15±10.26

1.46±0.10
	162.60±6.33

1.34±0.11
	168.76±14.40

1.52±0.22
	ns 

[bookmark: _GoBack]ns
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