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Abstract
Background
Kidney function after acute myocardial infarction (AMI) correlates with patient prognosis. Several studies reported the role that indoxyl sulfate (IS), a uremic toxin, plays in the progression of chronic kidney disease and cardiovascular diseases. This study aims at investigating the serum IS level changes after AMI and their correlation with kidney injury.

Methods
In this observational study, twenty consecutive patients with AMI who received percutaneous coronary intervention within 2 h after admission were enrolled. We measured serum IS levels on admission (day 1) and day 2–3 and evaluated their clinical characteristics. Further, we measured serum neutrophil gelatinase-associated lipocalin (NGAL) levels at admission as a marker of kidney injury.

Results
Although estimated glomerular filtration rate (eGFR) decreased at day 2–3 compared to that at day 1, serum IS levels at day 1 were rather higher than those at day 2–3. Further analysis only among patients with preserved kidney function revealed that serum IS levels at day 1 were significantly higher than those at day 2–3, despite a higher eGFR. Additionally, serum NGAL levels at admission were higher in these patients than in healthy subjects. Further, serum NGAL levels were significantly higher in patients with higher serum IS levels compared to those with lower IS levels.

Conclusion
This study suggests that pathophysiological conditions in patients with AMI may elevate serum IS levels independent of kidney dysfunction and that IS may be one of the contributory factors related to kidney injury in AMI.
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Background
Chronic kidney disease (CKD) is one of the crucial risk factors for cardiovascular disease (CVD); the association between CKD and CVD is termed as “cardiorenal syndrome.” Several studies have reported higher CVD incidences including coronary artery disease, atrial fibrillation, heart failure, stroke, and peripheral arterial disease in CKD patients than in the general population [1, 2]. CKD is a risk factor for CVD, and in turn, CVD is also a risk factor for CKD and acute kidney injury (AKI). Reports suggest that myocardial infarction (MI) complicates kidney dysfunction in approximately 20% of patients [3] and that kidney function after MI predicts patient prognosis [4, 5]. Although the importance of kidney function preservation was recognized after CVD, the detailed mechanisms of “cardiorenal association” remain unclear. Particularly, research offers very little explanation of the mechanisms of CVD-caused kidney injury.
Indoxyl sulfate (IS) is a protein-bound uremic toxin, which is metabolized from tryptophan and accumulates with progression of kidney dysfunction. Furthermore, IS causes interstitial fibrosis and glomerular sclerosis and contributes to progression of kidney dysfunction [6, 7]. Some studies have reported that IS is related not only to progression of CKD, but also to CVD. IS causes proliferation, hypertrophy, fibrosis, and calcification of vascular smooth muscle cells [8–10]. These facts suggest that IS is one of the crucial factors related to cardiorenal syndrome. Additionally, we recently reported that acute myocardial infarction (AMI) model rats exhibited higher serum IS levels compared to control rats, although the kidney function between the two groups was comparable. Our data suggested that the elevation of serum IS levels after AMI may be accountable for kidney injury. Furthermore, the administration of AST-120, an adsorptive agent of IS, ameliorated intrarenal injury because of decrease in the serum IS levels and urinary IS excretion in the experimental study [11].
To date, no clinical study has investigated serum IS level changes after AMI and examined its relationship with kidney injury. The present study investigates serum IS levels before and after coronary intervention in patients with AMI and its relationship with clinical factors and kidney injury.

Methods
Study population and procedures
In this observational study, 20 consecutive patients who were diagnosed with AMI and underwent percutaneous coronary intervention (PCI) within 2 h of visiting the Akashi Medical Center (Akashi, Japan) between October 2014 and April 2016 were enrolled. Iodinated contrast media was used in all procedures in this study. Patients with pressor agent administration to maintain appropriate hemodynamics during the hospitalization, coronary artery bypass graft surgery, severe valvular disease requiring treatment, infectious disease, collagen disease, and malignancy were excluded. Furthermore, patients whose kidney function was CKD stage 5 and 5D and whose data were not available were excluded from the study.
AMI was defined as the detected elevation of serum cardiac biomarker levels, such as cardiac troponin, creatine kinase (CK), or creatine kinase-MB (CK-MB), and demonstrated a new significant ST elevation ≥ 0.1 mm on electrocardiogram, and/or typical ischemia symptom such as chest pain and dyspnea [12]. Coronary angiography revealed intracoronary thrombus in at least a single coronary area. The presence of a CVD history was determined on the basis of history taking and clinical records. Diabetes mellitus was defined as a casual blood glucose level ≥ 200 mg/dL, HbA1c (National Glycohemoglobin Standardization Program [NGSP]) ≥ 6.5%, and/or use of antidiabetic medications (insulin or oral hypoglycemic agents). Hypertension was defined as a history of hypertension and/or use of antihypertensive drugs. Hyperlipidemia was defined as a low-density lipoprotein cholesterol level ≥ 140 mg/dL and/or the use of statins.
We conducted serum IS level measurements and other biochemical tests on admission before PCI (day 1) and day 2–3. We evaluated serum IS level changes and assessed the relationship of serum IS levels with clinical factors. In addition, we examined the relationship between serum IS level changes and estimated glomerular filtration rate (eGFR) to confirm the association of its change with kidney function. Furthermore, these evaluations were conducted only in patients with eGFR ≥ 60 mL/min/1.73 m2. To ascertain normal serum IS levels, we also measured serum IS levels in 5 healthy volunteers. Finally, we investigated the relationship of serum neutrophil gelatinase-associated lipocalin (NGAL) levels with serum IS levels and other clinical factors.

Serum measurements
Venous blood was collected from patients on admission before PCI and day 2–3. Laboratory tests were conducted using standardized clinical laboratory methods, and remainder serum samples were stored at − 80 °C until analysis. eGFR was calculated using J-MDRD (modified for Japanese) equation: eGFR = 194 × (serum creatinine)−1.094 × (age)−0.287 × (0.739 if female) [13]. Serum IS levels were evaluated using high-performance liquid chromatography (Fushimi, Tokyo, Japan). In addition, we evaluated serum NGAL levels at day 1 using a commercially available assay (Antibody Shop, Gentofte, Denmark). All the values of normal healthy subjects were obtained from a previously published report [14].

Statistical analysis
Data were analyzed using the IBM SPSS statistics version 23.0 (SPSS Inc., Chicago, IL, USA). Values are summarized using proportions, mean ± SD, or medians and interquartile range depending on the normality or non-normality of the data distribution. Data distribution was evaluated using the Kolmogorov-Smirnov test. Data at day 1 and day 2–3 were compared using a Wilcoxon signed-rank test. The Mann–Whitney U test was used to compare variables between two groups. The correlation of the study variables was evaluated using Spearman rank test. To determine the independent factors correlated to serum IS levels, we performed a multivariate analysis including age and kidney function. Furthermore, P < 0.05 was considered statistically significant.


Results
Patient characteristics
Table 1 presents the characteristics of enrolled patients on admission. In the present study, the mean eGFR value at day 1 was 71.6 ± 25.1 mL/min/1.73 m2 and total 14 patients (70.0%) demonstrated eGFR > 60 mL/min/1.73 m2. The maximum CK and CK-MB levels were 1924.0 [719.5–3067.0] and 207.5 [74.3–300.0] IU, respectively. The left ventricular ejection fraction after PCI was 53.1 ± 11.3%. The mean used dose of contrast media was 190.7 ± 52.5 mL, which did not widely vary among patients. Further, the mean amount of fluid infusion was 2825.0 ± 494.0 mL.Table 1Patient characteristics


	 	(n = 20)

	Age (years)
	68 ± 12

	Sex (male/female)
	15/5

	Smoking (%)
	12 (60)

	History of CVD (%)
	3 (15)

	Diabetes mellitus (%)
	12 (60)

	Systolic blood pressure (mmHg)
	126.9 ± 24.3

	Diastolic blood pressure (mmHg)
	74.4 ± 15.3

	eGFR (mL/min/1.73 m2)
	71.6 ± 25.1

	Indoxyl sulfate (μg/mL)
	0.56 [0.32–0.93]

	Max CK (U/L)
	1924.0 [719.5–3067.0]

	Max CK-MB (U/L)
	207.5 [74.3–300.0]

	NT-pro BNP (pg/mL)
	159.0 [33.3–1610.0]

	Dose of contrast media (mL)
	190.7 ± 52.5

	LVEF (%)
	53.1 ± 11.3

	Antiplatelet agent (%)
	1 (5)

	Statin (%)
	4 (20)

	Ca-blocker (%)
	4 (20)

	RAS-I (%)
	5 (25)

	β-blocker (%)
	0 (0)


BMI body mass index, CVD cardiovascular disease, eGFR estimated glomerular filtration rate, CK creatine kinase, NT-pro BNP N-terminal pro-B-type natriuretic peptide, LVEF left ventricular ejection fraction, Ca-blocker calcium channel blocker, RAS-I renin-angiotensin system inhibitor




Changes in kidney function and serum indoxyl sulfate levels
Figure 1a shows eGFR decrease at day 2–3 compared to that at day 1 (72.8 [49.0–93.6] to 70.4 [50.4–85.8] mL/min/1.73 m2, P < 0.05; Fig. 1a). However, serum IS levels at day 2–3 also significantly decreased compared to that at day 1 (0.56 [0.32–0.93] to 0.48 [0.22–0.76] μg/mL, P < 0.05; Fig. 1b). Serum IS levels in healthy volunteers were 0.33 [0.18–0.44] μg/mL. Then, we evaluated these data only in patients with eGFR ≥ 60 mL/min/1.73 m2 (N = 14) for evaluation in patients with comparatively normal kidney function. eGFR significantly decreased at day 2–3 (82.3 [71.9–97.3] to 80.9 [69.5–88.9] mL/min/1.73 m2, P < 0.05; Fig. 1c). Furthermore, serum IS levels also significantly decreased at day 2–3 (0.45 [0.28–0.84] to 0.28 [0.20–0.62] μg/mL, P < 0.05; Fig. 1d). In both groups, no significant relationship between changes in serum IS level and changes in eGFR was observed. Furthermore, there was no significant relationship between changes in serum IS level and total amount of fluid infusion.[image: A41100_2019_225_Fig1_HTML.png]
Fig. 1Changes in kidney function and serum IS levels. a Kidney function at day 1 and day 2–3 in all patients. b Serum IS levels at day 1 and day 2–3 in all patients. c Kidney function at day 1 and day 2–3 in patients with eGFR ≥ 60 mL/min/1.73 m2. d Serum IS levels at day 1 and day 2–3 in patients with eGFR ≥ 60 mL/min/1.73 m2. IS, indoxyl sulfate; eGFR, estimated glomerular filtration rate. *vs. day 1, P < 0.05





Correlation of serum IS levels with clinical factors on admission
Serum IS levels at day 1 significantly correlated with age (r = 0.548, P < 0.05) and eGFR (r = − 0.512, P < 0.05). No significant correlation of serum IS levels at day 1 with the degree of myocardial damage and cardiac function after PCI was observed (Table 2). The results of the multivariate analysis including age and eGFR suggested that age was tended to be correlated with serum IS levels at day 1 (β = 0.511, P = 0.06).Table 2Correlation between serum IS levels at day 1 and clinical factors


	 	
                              r
                            
	
                              p
                            

	Age
	0.548
	0.012

	BMI
	− 0.391
	0.088

	Systolic blood pressure
	− 0.160
	0.502

	Hemoglobin
	− 0.084
	0.726

	CRP
	0.022
	0.928

	eGFR
	− 0.512
	0.021

	Max CK
	− 0.129
	0.587

	Max CK-MB
	− 0.012
	0.960

	NT-pro BNP
	0.293
	0.210

	LVEF
	− 0.218
	0.355


BMI body mass index, CRP C-reactive protein, eGFR estimated glomerular filtration rate, CK creatine kinase, NT-pro BNP N-terminal pro-B-type natriuretic peptide, LVEF left ventricular ejection fraction




Serum NGAL levels and the relationship with serum IS levels
We examined serum NGAL levels, a kidney injury biomarker, for evaluating kidney injury on admission. The serum NGAL levels in the patients were 231.0 [162.0–371.6] ng/mL. The levels in our patients were significantly higher than those in normal healthy subjects referring a previous report (35.4 [18.9–46.5] ng/mL) [14]. Serum NGAL levels tended to be correlated with serum IS levels (r = 0.429, P = 0.059; Fig. 2a). Furthermore, when we categorized patients into two groups based on whether serum IS levels were higher than median levels or not, serum NGAL levels were significantly higher in patients with higher serum IS levels compared to those with lower IS levels (Fig. 2b). After the adjustment by eGFR ≥ 60 mL/min/1.73 m2 or not, serum NGAL levels tended to positively correlate with higher serum IS levels at day 1 (β = 0.469, P = 0.065).[image: A41100_2019_225_Fig2_HTML.png]
Fig. 2Relationship between serum NGAL levels and serum IS levels. a Correlation between serum NGAL levels and serum IS levels. b Serum NGAL levels in patients with high and low IS levels. NGAL, neutrophil gelatinase-associated lipocalin; IS, indoxyl sulfate. *vs. pre-IS < 0.55, P < 0.05. Median IS levels 0.55 μg/mL






Discussion
To the best of our knowledge, this study is the first that evaluates serum IS level changes in patients at acute-phase of AMI. The results of this study revealed that serum IS levels significantly decreased at day 2–3 compared to those at day 1, independent of the kidney function, and serum IS levels tended to correlate with serum NGAL levels at acute phase.
Kidney dysfunction is one of the most crucial complications related to poor prognosis in patients with AMI. The mortality of patients with AMI increases with deterioration of kidney function [4]. Other studies have reported that only 0.3 mg/dL change in serum creatinine above the baseline during the acute phase of AMI is related to long-term mortality [5]. The mechanisms of kidney injury in AMI are assumed to be multifactorial, for example, decreased arterial perfusion, venous congestion, use of contrast media, inflammation, and so on [15]. Thus, although kidney function is crucial for patients with AMI, the detailed mechanisms of kidney injury in AMI have not been completely understood.
IS is a uremic toxin that accumulates with deterioration of kidney function and causes progression of kidney and cardiac dysfunction [16]. IS production depends on metabolization of dietary protein to indole by intestinal bacteria, such as Escherichia coli, and SULT1A1 expression in the liver [17, 18]. In general, the impaired kidney function in addition to such an increase in the IS production leads to the elevation of serum IS levels [17]. However, a recent report demonstrated that serum IS levels were significantly associated with cardiac dysfunction marker and cardiac event after adjustment for kidney function [19]. Our previous experimental study using the MI model rats demonstrated elevated serum IS levels independent of kidney function and urinary albumin excretions [11]. Furthermore, we demonstrated that kidney injury biomarkers, such as NGAL, kidney injury molecule-1 (KIM-1), and liver-type fatty acid-binding protein (L-FABP), significantly decreased with the administration of AST-120, which reduces IS production. Similarly, other studies have also reported that serum IS levels increased in the MI model rats and that the levels correlated with tissue expression of kidney injury biomarkers, such as KIM-1, in kidney tissues [20]. In addition, the studies also revealed that the administration of AST-120 attenuated kidney fibrosis. These facts suggest that CVD, including MI, may contribute to elevated serum IS levels without any relation to kidney function and that IS could cause kidney injury in CVD.
In the present study, serum IS levels were lower at day 2–3 than those at day 1, although eGFR was lower at day 2–3 compared to that at day1; the IS variation did not correlate with the eGFR variation. This suggested that serum IS levels increased independent of the kidney function in patient with AMI, which corroborate the results of previous experimental studies. Further, our data demonstrated that serum NGAL levels were significantly higher in patients with higher serum IS levels compared to those with lower IS levels and serum NGAL levels tended to correlate with higher serum IS levels after adjustment by kidney function. Therefore, we anticipated that serum IS level elevation might contribute to the worsening of the kidney function in the future, even in the clinical setting. Based on these facts from experimental studies, we hypothesized that lowering serum IS levels could possibly prevent the progression of kidney injury and might improve the prognosis of patients with AMI. AST-120 may have clinical benefits in patients with AMI; however, because the efficacy of AST-120 on kidney protection is controversial at present [21, 22], further studies are required to validate these hypotheses.
The present study has several limitations. The sample size that can be used is very small. Therefore, a statistically significant correlation between serum IS levels and serum NGAL levels could not be obtained. Although more patients were required, it was difficult to find appropriate patients with AMI at a single center. Based on the results of this study, we intended to shortly conduct an extensive, multicenter clinical study. Next, serum NGAL is one of the markers of kidney injury but which have some limitations. Serum NGAL could be affected not only kidney injury but also other factors such as inflammation. In this study, we could not measure serum NGAL levels and other surrogate markers such as urinary NGAL, KIM-1, or L-FABP in healthy subjects. Furthermore, we could not elucidate the mechanisms causing elevated serum IS levels in AMI from the results of this study. However, we speculate several possibilities based on previous studies [23–26]. First, alteration of intestinal flora can be one of the mechanisms involved. The intestinal flora was controlled by neurophysiological conditions and catecholamine secretion from the host [23]. Changes in these factors alter the intestinal flora within a few hours [24]. Hence, high-stress conditions induced by MI may possibly alter the intestinal flora, leading to an increased indole synthesis. Second, SULT1A1 disorder could also be one of the mechanisms involved. SULT1A1 is a rate-limiting IS enzyme [18]. Recent experimental studies have reported that glucocorticoid and AKI increased SULT1A1 expression [25, 26]. Critical illnesses, such as MI, may affect SULT1A1 expression. Since we could not confirm these changes in the present study, further studies are required in the future.

Conclusion
This result of this novel study, that focuses on IS in patients with AMI, suggests that serum IS increases in patients with AMI independent of the kidney function and that IS may be related with kidney injury. Overall, IS may be one of the crucial factors linked to CVD and kidney injury.
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