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Abstract

:

Background. Eryptosis is the programmed death of red blood cells; it may contribute to worsening anemia in chronic kidney disease (CKD). In this clinical condition, different factors induce eryptosis, such as oxidative stress, energy depletion and uremic toxins. In our study, we investigated if the progression of CKD may influence erythrocyte death levels and its relationship with oxidative stress and inflammation. Methods. We evaluated eryptosis levels in 25 CKD patients (five for each stage), as well as markers of oxidative stress and inflammation: myeloperoxidase (MPO), copper/zinc superoxide dismutase (Cu/Zn SOD) and interleukin-6 (IL-6) were evaluated in plasma samples. Results. Higher cell death rate was reported in the highest CKD stages (p < 0.05). Furthermore, we divided CKD patients into two groups (eGFR< or ≥60 mL/min/1.73 m2). Patients with eGFR < 60 mL/min/1.73 m2 had higher eryptosis levels (p < 0.001). MPO, CU/Zn SOD and IL-6 resulted significantly differently between groups (p < 0.001). Significant positive correlations were reported between eryptosis and MPO (Spearman’s rho = 0.77, p = 0.01) and IL-6 (Spearman’s rho = 0.52, p = 0.05) and Cu/Zn SOD. Spearman’s rho = 0.6, p = 0.03). Conclusions. In patients with CKD, different factors are involved in the pathogenesis of eryptosis, in particular uremic toxins and oxidative stress and inflammatory markers. The progressive impairment of renal function may be associated with the increase in eryptosis levels, probably due to the accumulation of oxidative stress factors, inflammatory cytokines and uremic toxins.
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1. Introduction


Even though anemia in chronic kidney disease (CKD) results mainly from the decreased production of erythropoietin, eryptosis seems to be a contributing factor. Eryptosis, which is the programmed death of red blood cells (RBCs), is characterized by cell shrinkage and membrane scrambling with phosphatidylserine (PS) exposure at the erythrocyte surface [1]. These modifications are induced by calcium influx into the RBCs activated by prostaglandin E2 release and oxidative stress [2]. The activation of calcium channels is responsible for the increase of cytosolic calcium, which in turn induces K+ efflux through Ca2+-activated K+ channel KCa 3.1, and the exposure of phosphatidylserine on the cell surface with subsequent degradation of RBCs by macrophages [3,4]. Indeed, phagocytic cells recognize phosphatidylserine on the cell surface, thus removing RBCs from circulation through a receptor-mediated mechanism. This process may contribute to worsening anemia in CKD [5,6].



It has been demonstrated that, in patients undergoing hemodialysis, eryptosis levels are higher compared with healthy individuals [7]. In patients with CKD, different factors may contribute to increase eryptosis, such as oxidative stress, energy depletion and uremic toxins. In particular, different studies have demonstrated that uremic toxins may trigger eryptosis, such as indoxyl sulphate [8], acrolein [9] and indole-3-acetic acid [10].



Moreover, in CKD uremic toxins and reactive oxygen species (ROS) promote inflammation and oxidative stress through the stimulation of polymorphonuclear lymphocytes, leading to the release of inflammatory cytokines. End-stage renal disease is also characterized by a suppression of the antioxidant system which exacerbates oxidative stress. All these factors are responsible for the impairment of RBC membrane structures in patients with CKD [11,12].



In this study, we investigated if the progression of CKD may influence erythrocyte death levels and its relationship with oxidative stress and inflammation.




2. Materials and Methods


2.1. Enrollment and Blood Collection


Our study was approved by the ethics committee of San Bortolo Hospital in Vicenza (n° 58/17). In this in vitro study, we evaluated eryptosis levels in 25 CKD patients (5 for each stage). Dialysis patients were excluded. We recruited blood samples from 25 CKD patients (5 for each stage) who came to our center (Nephrology Department at San Bortolo Hospital in Vicenza, Italy) for a routine check-up. CKD stages were defined according to the KDIGO (Kidney Disease Improving Global Outcomes) 2012 guidelines [13]. In particular, in stage 5 there were no dialysis patients. CKD patients with serious medical comorbidities, including active infection, autoimmune disease, and malignant, pulmonary or hepatic disease were excluded from the study. In addition, CKD patients were divided in 2 groups based on eGFR (estimated glomerular filtration rate) levels (eGFR> or <60 mL/min/1.73 m2). Moreover, CKD patients were divided into three groups: normal renal function, CKD with GFR ≥ 60 mL/min/1.73 m2 and CKD with GFR < 60 mL/min/1.73 m2. Serum creatinine (SCr) was measured by an enzymatic method, isotope dilution mass spectrometry traceable by an automatic analyzer (Dimension Vista; Siemens Healthcare, Tarrytown, NY, USA), and eGFR was calculated with the CKD-EPI equation [14]. Demographic and clinical characteristics and laboratory parameters were recorded for all patients.



Haemoglobin (Hb), heamatocrit (Hct), ferrum (Fe) and ferritin have been evaluated.



Blood was collected in one single 4.5 mL ethylenediaminatetra-acetic acid (EDTA tube) and processed within 1 h after venipuncture. Samples were centrifuged for 10 min at 1600× g. We tested all samples with hemolysis index to avoid samples with hemolysis that could confuse subsequent analysis. This blood collection was performed by a medical doctor and the handling of samples was performed under highly strict aseptic conditions, in order to prevent any contamination of samples.




2.2. Eryptosis Evaluation


For the CKD population, we directly measured eryptosis in freshly isolated RBCs from the different groups in parallel. PS avidly binds Annexin-V, which is thus employed to identify eryptotic cells. Thus, PS exposure at RBC surface was estimated from FITC-AnnexinV binding using flow cytometric analyses. 1 μL of isolated RBCs was washed in 400 μL Ringer solution containing 2 mM CaCl2 and then stained with 1 μL of AnnexinV-FITC-conjugated (Beckman Coulter, Brea, CA, USA) for 20 min in the dark. Then 400 μL of Ringer was added to each tube. Analysis was performed by Navios Flow Cytometer (Beckman Coulter, Brea, CA, USA) to identify the subpopulations of the eryptotic RBCs within 1 h. RBCs were gated and enumerated by identifying those cells that exposured PS at RBC surface. In the following, the forward scatter (FSC) of the cells was determined, and Annexin-V fluorescence intensity was measured with an excitation wavelength of 488 nm and an emission wavelength of 530 nm. A minimum 100,000 events were collected on each sample.




2.3. Oxidative Stress Detection


A quantitative determination of oxidative stress was performed in the plasma samples of all CKD patients.



2.3.1. Myeloperoxidase (MPO) Enzyme-Linked Immunosorbent Assay (ELISA) Detection


Quantitative determination of plasma MPO concentration was performed by Human Instant ELISA kit (eBioscience, San Diego, CA, USA). Preliminary plasma dilution 1:100 was performed for each sample with specific Sample Diluent (eBioscience, San Diego, CA, USA). MPO determination was performed according to the manufacturer’s protocol and instructions. Optical density was read by using a VICTORX4 Multilabel Plate Reader (PerkinElmer Life Sciences, Waltham, MA, USA) at 450 nm. The levels of this molecule were calculatedfrom the standard curve based on the manufacturer’s protocol. Standard samples ranged from 0.16–10.0 ng/mL. Human MPO Instant ELISA Kit sensitivity is 0.03 pg/mL. All tests were performed in triplicate.




2.3.2. Copper/Zinc Superoxide Dismutase (Cu/ZnSOD) ELISA Detection


Quantitative determination of Cu/ZnSOD concentration in plasma samples was performed by Human ELISA kit (eBioscience, San Diego, CA, USA). Preliminary plasma dilution 1:20 was performed for each sample with specific Sample Diluent (eBioscience, San Diego, CA, USA). Cu/ZnSOD determination was performed based on manufacturer’s protocol and instructions. Optical density was read by using a VICTORX4 Multilabel Plate Reader (PerkinElmer Life Sciences, Waltham, MA, USA) at 450 nm. The levels of these molecules were calculated from the standard curve according to the manufacturer’s protocol. Standard samples ranged from 0.08–5.0 ng/mL. Human Cu/ZnSODInstant ELISA Kit sensitivity is 0.04 ng/mL. All the tests were performed in triplicate.





2.4. Inflammation Evaluation: IL-6 Detection


Quantitative determination of IL-6 in plasma samples was performed by Human Instant ELISA kit (eBioscience, San Diego, CA, USA). Cytokine determination was performed according to manufacturer’s protocol and instructions. Optical density was read by using a VICTORX4 Multilabel Plate Reader (PerkinElmer Life Sciences, Waltham, MA, USA) at 450 nm. The levels of this molecule were calculated from standard curves, according to the manufacturer’s protocol. All the tests were performed in triplicate. Standard samples for IL-6 ranged from 3.1 to 200 ng/mL and the sensitivity of this test was 0.92 ng/mL.




2.5. Statistical Analysis


Statistical analysis was performed using the SPSS Software package and Excel. A p-value of <0.05 was considered statistically significant. Results are presented as percentages, or media and standard deviation (parametric variables) or medians and interquartile ranges (nonparametric variables). The Mann–Whitney U test or T test was used for comparison of the two groups when appropriate. The Kruskal–Wallis test or ANOVA test for multiple comparisons were applied to compare the groups when appropriate. Correlation coefficients were calculated with the Spearman’s rank or Pearson’s test, as appropriate.





3. Results


A total of 25 CKD patients were enrolled in this study. Fourteenpatients were male and 11 were females, with a mean age of 57 ± 17 years old. In the study population, end-stage renal disease (ESRD) was attributed to diabetic nephropathy (seven patients), to hypertension (eight patients), nephroangiosclerosis (three patients), polycystic kidney disease (two patients), other causes (three patients) or unknown causes (two patients).



Demographic features of all 25 patients and kidney diseases responsible for CKD are listed in Table 1.



Table 2 reports medium Egfrand biochemical parameters for each stage of CKD.



Eryptosis is characterized by cell shrinkage, cell membrane scrambling and PS exposure at RBC surface. In order to investigate cell membrane scrambling, cell shrinkage and PS exposure at RBC surface, eryptotic RBCs were identified by FS (cell volume dimension) and AnnexinV binding using flow cytometric analyses.



RBCs of CKD patients were dramatically deranged in their morphology and the average FS, reflecting cell volume, was significantly higher in erythrocytes from patients with CKD stage G4 and G5 (p < 0.001). In Figure 1 eryptosis levels are reported with a significant difference between the groups (p < 0.001) (Figure 1). In particular, cytofluorimetric analysis of AnnexinV highlighted significantly higher cell death rate for RBCs from patients with highest CKD stages (p < 0.05). Eryptosis resulted lower in RBCs from patients with CKD stage G1, while it was higher in RBCs from patients with CKD stage G5. Similar levels of eryptosis were reported between CKD G1 and CKD G2 and CKD G3. In addition, eryptosis levels resulted similarly between CKD G2 and CKD G3 and CKD G3 and CKD G4. Eryptosis levels resulted significantly higher in CKD G5 compared with all CKD stages (p < 0.001). Furthermore, we divided CKD patients intotwogroups (eGFR< or ≥60 mL/min/1.73 m2). Patients with eGFR < 60 mL/min/1.73 m2 were characterized by higher eryptosis levels (p < 0.001) (Figure 1). Moreover, we divided patients into three groups based on eGFR value. Patients with eGFR ≥ 90mL7min/1.73 m2 (condition similar to healthy subjects) showed eryptosis levels significantly lower than other groups (p < 0.001).



Furthermore, we evaluated the correlation between eryptosis and biochemical parameters in our study population. There was a significant negative correlation between eryptosis and eGFR, Hb, Hct, Fe and ferritin values (all p < 0.05) (Table 3).



Figure 2 reports oxidative stress and IL-6 levels in our study population: MPO, CU/Zn SOD and IL-6 resulted significantly differently between groups (p < 0.001) (Figure 2). MPO and IL-6 differed significantly in the comparison between groups (all, p < 0.05). Cu/Zn SOD levels resulted similarly in CKD patients in stage G1 and G2 (p = 0.36) and significantly differently in other comparison between stages (all, p < 0.05). We observed a significant positive correlation between eryptosis and MPO (Spearman’s rho = 0.77, p = 0.01) and IL-6 (Spearman’s rho = 0.52, p = 0.05) and Cu/Zn SOD. Spearman’s rho = 0.6, p = 0.03) (Figure 3).




4. Discussion


In this study, eryptosis levels were higher in patients with advanced chronic kidney disease (stage G4 and stage G5) compared to patients with early stages of chronic renal damage (stage G1, G2 and G3). In addition, we decided to divide patients into three groups (normal renal function; CKD patients with GFR ≥ 60 mL/min/1.73 m2 and CKD patients with GFR < 60 mL/min/1.73 m2) to compare eryptosis levels in patients with mild CKD (G1) with patients with more severe CKD, since in our study a healthy population is missing. Even though patients with CKD G1 showed lower levels of eryptosis compared with patients with more severe CKD, they had higher levels of eryptosis compared to healthy individuals in a previous study (historical control group: eryptosis value: 0.8%; IQR 0.7–1.3) [15].



Indeed, different factors influence eryptosis levels in chronic kidney disease, such as oxidative stress, energy depletion, and uremic toxins [11]. All of them increase with the progressive impairment of kidney function, thus stimulating RBCs’ death levels.



In particular, uremic toxins have been associated with increased levels of eryptosis in chronic kidney disease. Indoxyl sulfate has been reported to increase cytosolic calcium concentration and to stimulate erythrocyte cell membrane scrambling, thus resulting in phosphatidylserine exposure on the surface of RBCs [8]. In the same study, indoxyl sulfate increased the levels of ceramide, which is a known contributing factor to eryptosis [8]. Similarly, acrolein seems to stimulate ceramide formation, which is responsible for the increase in cytosolic calcium concentration and eryptosis levels [9]. Moreover, in patients with chronic kidney disease, vanadate has also been demonstrated to induce eryptosis by inhibiting ATP production, thus creating an energy-deficient state [16]. This uremic toxin is also able to inhibit glycolysis within RBCs [16]. In a recent study, the cytotoxic effect of uremic toxins, such as urea and p-cresol, on healthy RBCs has been reported [17].



In our study, we reported higher levels of markers of oxidative stress and inflammation, MPO, CU/Zn SOD and IL-6, in more severe stages of chronic kidney disease (stages G4 and G5). A positive correlation between these molecules and eryptosis levels was also demonstrated.



Our data are supported by previous studies, which have shown that oxidative stress is inversely correlated with glomerular filtration rate and directly with duration of dialysis [18]. In end-stage renal disease, oxidative stress is exacerbated because of the suppressed anti-oxidant systems (decreased levels of vitamin C and glutatione) and factors increasing oxidant molecules, such as advanced age, diabetes, hypertension and dyslipidemia [19]. Specifically, hyperglycemia leads to overproduction of ROS, which increase oxidative stress, involved in the pathogenesis of diabetic nephropathy [20]. The presence of both diabetes and CKD has been shown to increase oxidative stress and eryptosis [21].



Moreover, oxidant species can also directly cause renal ischemia and glomerular damage, thus contributing to the progression of renal damage [19]. Hemodialysis itself also increases oxidative stress by the activation of the complement pathway and the stimulation of inflammatory processes [22]. Moreover, the concurrent presence of hypoxia and uremia has been recently demonstrated to augment RBC death, thus contributing to the genesis of anemia in dialysis patients [23].



Oxidative stress is responsible for the impairment of RBC membrane structures. ROS induce an injury to the lipids and proteins of RBC membranes, thus resulting in the rearrangement of the erythrocyte skeleton and the reduction of cell membrane stability and deformability [24]. Moreover, oxidative stress induces the activity of microvescicles and activates caspases, all of which aggravate eryptosis that eventually leads to renal anemia [11].



Uremic toxins and ROS promote inflammation and oxidative stress through the stimulation of polymorphonuclear lymphocytes, thus inducing the release of inflammatory cytokines, such as interleukin-1β and interleukin-8, tumor necrosis factor α [25].



The positive correlation between MPO, CU/Zn SOD and IL-6 and eryptosis levels in our study population highlights the role of oxidative stress and inflammatory cytokines in the pathogenesis of RBCs’ programmed death in patients with chronic kidney disease.



Our study has some limitations. First of all, the small number of subjects in each group and the lack of a healthy population as control group. Second, we are not able to account for other potential confounders, such age. For these reasons, our data may show an association between the progression of CKD and erythrocyte death levels and its relationship with oxidative stress and inflammation.




5. Conclusions


In patients with chronic kidney disease, different factors are involved in the pathogenesis of eryptosis, in particular uremic toxins and oxidative stress and inflammatory markers. The progressive impairment of renal function seems to be associated with the increase in eryptosis levels, probably due to the accumulation of oxidative stress factors, inflamamtory cytokines and uremic toxins. The identification of the factors responsible for RBCs’ programmed death may represent an important tool in the management of renal anemia in patients with chronic kidney disease.
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Figure 1. Eryptosis levels increase with worsening of Chronic Kidney Disease. 
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Figure 2. MPO, CU/Zn SOD and IL-6 levels in different CKD stages. 
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Figure 3. Correlation between MPO, CU/Zn SOD, IL-6 and eryptosis. 
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Table 1. Characteristics of the study population.
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	Male/Female
	14 M/11 F





	Age, years
	57 ± 17



	Diabetic nephropathy
	7/25



	Hypertension
	8/25



	Nephroangiosclerosis
	3/25



	Polycystic kidney disease
	2/25



	Other causes
	3/25



	Unknown causes
	2/25
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Table 2. Medium eGFR and biochemical parameters in the different CKD stages.
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	Chronic Kidney Disease Stages
	eGFR, mL/min/1.73 m2
	Hb, g/dL
	Hct, %
	Fe, µg/dL
	Ferritin, ng/mL





	G1
	95 ± 5
	12.2 ± 0.9
	37.8± 0.8
	75 ± 7
	152 ± 10



	G2
	74 ±8
	11.7 ± 1.4
	37.2 ± 1.0
	71 ± 8
	133 ± 12



	G3
	50 ± 6
	11.4 ± 1.5
	35.6 ± 1.3
	64 ± 12
	119 ± 15



	G4
	24 ± 4
	11.1 ± 1.4
	35.1 ± 1.1
	40 ± 7
	122 ± 12



	G5
	13 ± 2
	10.4 ± 1.8
	33.8 ± 2.0
	34 ± 6
	116 ± 17
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Table 3. Correlation between Eryptosis and eGFR, Hb, Hct, Fe and ferritin values (all, p < 0.05).
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	Correlation Values





	Eryptosis/eGFR
	−0.76



	Eryptosis/Hb
	−0.49



	Eryptosis/Hct
	−0.64



	Eryptosis/Fe
	−0.75



	Eryptosis/ferritin
	−0.45
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