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Purpose: Chronic kidney disease (CKD) is associated with persistent systemic inflammation. Reduced red blood cell (RBC) survival 
in patients with CKD has been identified for several decades. The purpose of this study is to explore whether excessive erythropha-
gocytosis exists and contributes to systemic inflammation in CKD.
Patients and methods: A CKD rat model was induced by 5/6 nephrectomy. Erythrocyte osmotic fragility was determined with 
hypotonic NaCl solutions. Erythrocyte deformability was evaluated by filterability. RBC cell death was quantified using fluorescence- 
activated cell sorting analyses of fluorescent annexin V–bound surface phosphatidylserine (PS). Erythrophagocytosis was evaluated 
in vivo and in vitro. RT-qPCR and immunohistochemistry were used to determine the inflammatory effects after erythrophagocytosis.
Results: Erythrocyte osmotic fragility and deformability progressively declined, and the percentage of PS-exposing RBCs progres-
sively increased in CKD rats. Levels of erythrophagocytosis in vivo were evaluated by autologous injection of CFSE-labeled 
erythrocytes. In comparison with the control group, higher fluorescence intensity of CFSE was detected in the spleen homogenates 
of rats with CKD. In vitro, more of erythrocytes from 5/6Nx rats were phagocytosed by peritoneal macrophages in comparison to those 
from control rats. Compared with macrophages phagocytosed control erythrocytes, macrophages phagocytosed CKD erythrocytes 
exhibited higher mRNA levels of IL-6, CXCL-10, CXCL-11, iNOS, IL-1β, ICAM-1 and MCP-1. Compared with the control group, 
the red pulp of rats with CKD exhibited higher levels of p-NFκB, IL-6, iNOS and CXCL-10. ELISA results showed significantly 
increased plasma levels of both IL-6 and CXCL-10 in patients with long-term hemodialysis compared with those in healthy controls 
(2.30 ± 1.38 pg/mL vs 1.33 ± 0.65 pg/mL, P=0.01; 78.11 ± 27.34 pg/mL vs 37.45 ± 7.08 pg/mL, P=0.001).
Conclusion: Our results indicated that excessive erythrophagocytosis may contribute to systemic inflammation in CKD.
Keywords: chronic kidney disease, chronic inflammation, erythrocyte, phagocytosis

Introduction
Chronic kidney disease (CKD) is associated with persistent systemic inflammation.1 Circulating levels of several 
proinflammatory cytokines, such as interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α), are significantly elevated 
and are independently correlated with poor clinical outcome in CKD.2–4 It was thought that dialysis- and non-dialysis- 
related factors including infection, intravenous iron administration, nonbiocompatible dialysis filters account for this 
phenomenon.5,6 However, systemic inflammation has persisted in CKD patients despite technical innovations such as less 
immunogenic iron preparations, biocompatible dialysis membranes, and ultrapure dialysate.1 The underlying cause for 
CKD–related systemic inflammation remains to be further elucidated.
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Reduced red blood cell (RBC) survival in patients with CKD has been identified for several decades.7–10 RBC 
lifespan progressively decreased from nearly normal levels in patients with stage 1 CKD to about 20% to 50% of normal 
survival in patients with end-stage renal disease (ESRD).11 The exact mechanism for the decrease of RBC lifespan is 
confounding. A plausible explanation may be the stimulation of accelerated eryptosis probably by uremic environment.12 

Eryptosis is the apoptosis -like suicidal cell death of anucleate erythrocytes, characterized by loss of membrane 
asymmetry with consequent phosphatidylserine (PS) exposure on the outer membrane leaflet and subsequent phagocy-
tosis by macrophages. An increase in RBC osmotic fragility, and impaired RBC deformability have also been observed in 
CKD patients and animal models.13,14 These mechanisms could act in concert to clear abnormal RBCs by macrophages 
from circulation in CKD.

RBCs are the most abundant cell in the human body, accounting for ~83% of the 30 trillion total cells, ~2×1011 RBCs 
are continuously cleared in the blood stream every day with an average lifespan of 120 days in circulation in a healthy 
adult individual.15 For the obviously shortened RBC survival, CKD macrophages were very likely confronted with 
highly stressed erythrophagocytosis. Recent studies have shown that in mice transfused with aged RBCs, increased 
erythrophagocytosis can lead to immunosuppression through heme-mediated signal transducer and activator of transcrip-
tion 1 (STAT1) dysregulation and ferroptotic cell death of splenic red pulp macrophages.16,17 Arsenic retention in 
erythrocytes induced excessive erythrophagocytosis and led to an increased inflammatory status of splenic 
macrophages.18 The purpose of this study is to explore whether excessive erythrophagocytosis exists and contributes 
to systemic inflammation in CKD.

Materials and Methods
Rat Studies
Animal experiments were approved by the Animal Care and Ethics Committee of Shandong Provincial Hospital affiliated 
to Shandong First Medical University (No. HSRF 2022–0027) and all animal experiments were conducted in accordance 
with welfare guidelines for experimental animals promulgated by the People’s Republic of China: Laboratory animals- 
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General Code of Animal Welfare (GB/T 42011–2022). Six-week-old male Sprague-Dawley rats were purchased from 
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Rats were housed three per cage in a controlled 
environment with a 12 h light/dark cycle in the Institute of Laboratory Animal Science.

Rat CKD was simulated with a 5/6 nephrectomy (5/6Nx) model.19 Briefly, rats were anesthetized with tribromoetha-
nol, shaved, and disinfected with 70% ethanol. An incision near the left waist was performed to expose the left kidney 
completely. One-third of each of the upper and lower poles of the left kidney were removed with sharp scissors, and the 
remaining tissue was quickly compressed with a pair of hemostatic sponges for 1 min. Hemostasis was confirmed, and 
the remaining 1/3 of the kidney was returned to the abdominal cavity. Antibiotic-containing saline was applied before the 
abdominal cavity was closed carefully. After recovery from anesthesia, the rats were placed in a cage with adequate water 
and food. One week later, the entire right kidney was removed following a similar procedure on the other side of the 
abdomen. Sham surgery involved all procedures except nephrectomy.

Patients
The patient study was conducted in compliance with the Declaration of Helsinki and was approved by the local ethics 
committee of Shandong Provincial Hospital affiliated to Shandong First Medical University (SZRJJ: No.2022–188). 
Lithium-heparin blood samples were obtained from patients with long-term hemodialysis (HD) therapy (n=40) at the 
Shandong Provincial Hospital Dialysis Unit. Subjects with concurrent malignancy, history of autoimmune diseases, acute 
infective/inflammatory response were excluded. A total of 20 healthy participants were recruited to match HD partici-
pants according to age and sex. All human samples were collected after informed consent. Clinical characteristics of the 
patients are stated in Table 1.

Table 1 General Characteristics of the Study HD 
Participants

Variable HD (n=40)

Age (mean ± SD) (years) 53.7 ± 12.0
Sex ratio (male/female) (%) 57.5 / 42.5

HD vintage (mean ± SD) (months) 53.2 ± 41.8

Residual urine volume (median, range) (mL) 300 (0, 1200)
Hemoglobin (mean ± SD) (g/L) 111.4 ± 12.4

Reticulocyte ratio (mean ± SD) (%) 1.88 ± 0.69

WBC (mean ± SD) (109/L) 5.97 ± 1.94
PLT (mean ± SD) (109/L) 184.8 ± 50.3

SCR (mean ± SD) (μmol/L) 911.7 ± 253.0

BUN (mean ± SD) (μmol/L) 27.0 ± 7.4
β2-MG (mean ± SD) (mg/L) 28.2 ± 3.4

ALB (mean ± SD) (g/L) 41.6 ± 4.4

Ca (mean ± SD) (mmol/L) 2.30 ± 0.22
P (mean ± SD) (mmol/L) 1.98 ± 0.53

Ferritin (mean ± SD) (μg/L) 329.8 ± 179.1

Transferrin saturation (mean ± SD) (%) 31.5 ± 11.0
PTH (mean ± SD) (pg/mL) 338.7 ± 211.9

CRP (mean ± SD) (mg/L) 4.24 ± 5.5

Abbreviations: SD, standard deviation; HD, hemodialysis; WBC, white 
blood cells; PLT, platelets; SCR, serum creatinine; BUN, blood urea nitro-
gen; β2-MG, β2 microglobulin; ALB, albumin; Ca, calcium; P, phosphate; 
PTH, parathyroid hormone; CRP, C-reactive protein.
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RBC Osmotic Fragility (Resistance of Erythrocytes to Hypotonic Shock)
The tubes containing 1 mL of 0–300 mOsm/L NaCl were preincubated for 20 min at 37°C after addition of 10 μL of 
whole blood with mixing. Vials were then centrifuged (1300 g, 10 min) at the assay temperature. Absorbance (A) at 540 
nm for each supernatant was measured and converted to percentage haemolysis using the following equation: 
Haemolysis %ð Þ ¼ A

Amax � 100, Authors contributed equally to this work, where Amax is the mean maximal absor-
bance. The dependency of percentage haemolysis on NaCl osmotic pressure was adjusted to a sigmoidal regression line 

according to the equation: Haemolysis ¼ A1 � A2ð Þ

1þe S� H50ð Þ=dS þ A2, where A1 and A2 were the mean maximal and mean minimal 

percentage haemolysis, S was the NaCl osmotic pressure, H50 was the NaCl osmotic pressure that produced 50% 
haemolysis, and dS represented the change in NaCl osmotic pressure related to the lysis transition.20

RBC Deformability Measurement
The blood sample was separated, washed and left with washed and compacted RBCs. The RBC suspension samples were 
prepared according to the standard hematocrit of 5%. The deformability of erythrocytes is characterized by the 
erythrocyte filtration index (EFI): EFI = (ts − tb)/tb × 1/H, where ts is the filtration time of the RBC suspension, tb is 
the filtration time of the buffer (without RBCs) and H is the volume percentage of red blood cells. The EFI refers to the 
relative resistance that RBCs experience when passing through a nuclear pore filter compared with the same volume of 
buffer. Therefore, if the EFI of erythrocytes is larger, it means that the deformability of erythrocytes is worse; in contrast, 
the smaller the EFI, the better the deformability of erythrocytes.

Detection of Phosphatidylserine Exposure
Erythrocytes (isolated from 0.5 mL of blood) were washed and resuspended in 500 μL of binding buffer containing 5 μL 
FITC-annexin V (Keygen, Nanjing, China), then incubated for 15 min under protection from light. A total of 1×105 cells 
were analyzed by flow cytometer (BD Biosciences, CA, USA) using the FL1 channel (488/530 nm).

In vivo Phagocytosis Assay
In vivo phagocytosis assay was performed according to a previously described method with mild modification.18 In brief, 
erythrocytes from rats (n = 3 per group) were collected via tail vein bleeding and labeled with carboxyfluorescein 
diacetate succinamidyl ester (CFSE; 5 μM; MedChemExpress, Monmouth Junction, NJ, USA) at 37 ◦C for 15 min. Rats 
were then injected with the autologous erythrocytes via tail vein. After housing for 2 h, rats were euthanized followed by 
collection of spleens. Spleens were lysed and the fluorescence intensity of CSFE in lysates was measured by using 
a microplate reader SpectraMax M5 (Molecular Devices, San Jose, USA).

In vitro Phagocytosis Assay
To determine erythrophagocytosis in vitro, the peritoneal macrophages of rats were harvested as follows: 10 mL of RPMI 
medium 1640 (Gibco, Grand Island, NY) were injected into the peritoneal cavity of the rats, which were gently shaken 
and rotated. After 5 min, 8 mL of peritoneal fluid was withdrawn. The cells from each rat were sedimented by 
centrifugation of the fluid for 5 min at 800 rpm, resuspended in RPMI 1640 supplemented with 10% fetal bovine 
serum (FBS).21 Then 4×105 macrophages per well were seeded into a 12-well plate and incubated for 4–5 h at 37 °C in 
a humidified 5% CO2 incubator. For the erythrophagocytosis assay, PKH26-labeled rat RBCs (1×108 cells/well) were 
added and cocultured with the macrophages at 37 °C for 2 h. Non-phagocytosed RBCs were lysed by adding 1 mL of ice- 
cold 0.2% hypotonic saline for 2 min followed by the addition of 1 mL of ice-cold 1.6% hypertonic saline to restore 
isotonicity.22 Then the macrophages were detached from the surface with accutase and analyzed by flow cytometry.

RNA Extraction and Real-Time Quantitative PCR (RT-qPCR)
Total RNA was isolated from macrophages by using the Ultrapure RNA Kit (cwbio, Beijing, China) and a total of 500 ng 
isolated RNA for each sample were reversely transcribed to cDNA using PrimeScript™ RT reagent Kit (Perfect Real 
Time) (Takara, Beijing, China). The qPCR was performed by utilizing SYBR® Green Realtime PCR Master Mix 
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(Toyobo Biotech Co., Ltd., Shanghai, China) and EasyPGX qPCR instrument 96 (Diatech Pharmacogenetics srl, Jesi, 
Ancona, Italy) under the following parameters: 95 ◦C for 2 min, 50 cycles at 95 ◦C for 10s, 60 ◦C for 30s, and 72 ◦C for 
30s. The mRNA levels of target genes were normalized to the levels of GAPDH and calculated by the 2−ΔΔCT method 
and three biological replicates were analyzed for each group.18 The qPCR primers were synthesized from Sangon 
Biotech Co., Ltd. (Shanghai, China).

Immunohistochemistry
For immunohistochemical procedures, spleen sections (n = 3 per group) were air-dried, fixed, heated with citrate buffer 
(10 mm, pH 6.0) for antigen retrieval, and blocked with 5% normal goat serum (Yeasen, Shanghai, China). Sections were 
then incubated with anti-p-NFκB (AF2006; 1:100; Affinity, Changzhou, China), anti-IL6 (DF6087; 1:100; Affinity, 
Changzhou, China), anti-iNOS (AF0199; 1:100; Affinity, Changzhou, China), or anti-CXCL10 (DF6417; 1:100; Affinity, 
Changzhou, China), overnight at 4 ◦C followed by incubation with HRP conjugated secondary antibody (S0001; 1:200; 
Affinity, Changzhou, China) for 1 h at room temperature. Then, the target proteins in spleen sections were visualized 
using a DAB kit (ZSGB-Bio, Beijing, China) and the nuclei were counterstained with hematoxylin (Leagene, Beijing, 
China). After sealing, the slides were scanned by using a Pannoramic MIDI (3DHISTECH, Hungary).

Immunoassays for IL-6 and CXCL-10
Plasma levels of IL-6 and CXCL-10 plasma levels of patients with long-term HD were determined by ELISAs according 
to the manufacturer’s suggestions (Elabscience).

Statistical Analysis
Statistical analysis was performed using SPSS software (version 25.0; IBM, NY, USA) and GraphPad prism (version 9, 
San Diego, California, USA) was used for graphing. Data with a normal distribution were expressed as mean ± standard 
deviation (SD) and data with a non-normal distribution were presented as the median. The data from the two groups were 
evaluated by a two-tailed unpaired Student’s t-test. P < 0.05 was considered statistically significant.

Results
Changes in Erythrocyte Properties in 5/6Nx Rats
As shown in Figure 1A, serum creatinine in the model group increased gradually over time after 5/6Nx operation. 
Significantly increased serum creatinine concentrations were found at week 6 as compared to sham group. At the end of 
week 26, 5/6Nx operation resulted in more than triple increase in serum creatinine (sham, 51.9 ± 3.6 μmol/L; 5/6Nx, 
172.0 ± 42.2 μmol/L; P<0.001).

Compared with the sham group, Hb levels decreased significantly at 6 weeks after 5/6Nx operation, and then 
progressively decreased until the end of the experimental period. At the end of week 26, Hb level was about 25% 
lower than the values seen in the control group (Figure 1B).

As exposure of RBCs to hypertonic extracellular conditions in vitro mimics the osmotic environment encountered in 
the kidney medulla, erythrocyte osmotic fragility was determined with hypotonic NaCl solutions. H50 was the NaCl 
osmotic pressure necessary to promote 50% red cell hemolysis. The NaCl osmotic pressure eliciting 50% hemolysis was 
significantly higher for 5/6Nx rats in comparison to sham group from week 10 after 5/6Nx operation to the end of the 
experimental period, indicating reduced erythrocyte membrane stability in CKD rats (Figure 1C).

To further investigate RBC functional changes, deformability was evaluated by filterability. The EFI did not differ 
significantly between experimental and control rats until 22 weeks after 5/6Nx operation. Since then, RBC deformability 
was significantly reduced in 5/6Nx rats, as indicated by an increased EFI (Figure 1D).

Externalization of PS on the outer leaflet of the erythrocyte membrane is an indicator of cell death and a promoter of 
erythrophagocytosis. RBC cell death was quantified using fluorescence-activated cell sorting analyses of fluorescent 
annexin V–bound surface PS. The percentage of PS-exposing erythrocytes did not differ significantly between experi-
mental and control rats until 22 weeks after 5/6Nx operation. Since then, the percentage of PS-exposing RBCs was 
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significantly but slightly higher in 5/6Nx rats in comparison to sham group (0.85% ±0.03% vs 0.60% ± 0.11%, P=0.01) 
(Figure 1E and F).

Excessive Erythrophagocytosis in CKD Rats
The red pulp of the spleen is the primary site where damaged or senescent erythrocytes are removed through 
phagocytosis by the reticuloendothelial macrophages. Levels of erythrophagocytosis in vivo were evaluated by auto-
logous injection of CFSE-labeled erythrocytes. In comparison with the control group, higher fluorescence intensity of 
CFSE was detected in the spleen homogenates (Figure 2A) of rats with CKD. Data showed no significant differences in 

Figure 1 Changes in erythrocyte properties in 5/6Nx rats. We continuously tested the rats for each index at 0, 6, 10, 14, 18, 22 and 26 weeks. (A) Creatinine levels in rats; 
(B) Hemoglobin levels in rats; (C) The NaCl osmotic pressure that produced 50% hemolysis, the greater the permeability fragility, the lower the resistance of red blood 
cells; (D) The deformability of erythrocytes is characterized by the erythrocyte filtration index (IF); (E and F) Phosphatidylserine exposure in erythrocytes were detected. 
Differences between groups were analyzed by using the unpaired Student’s t tests. ***P < 0.001, **P < 0.005 or *P < 0.05 indicates significant difference.
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fluorescence intensity of CFSE in erythrocytes and tissues (including hearts, livers and kidneys) between groups (data not 
shown).

To determine erythrophagocytosis in vitro, erythrocytes from CKD and healthy rats were incubated with rat peritoneal 
macrophages. As expected, more of erythrocytes from 5/6Nx rats were phagocytosed by peritoneal macrophages in vitro 
in comparison to those from control rats (Figure 2B and C).

Phagocytosis of Erythrocytes from CKD Rats Induced Activation of Macrophages
To evaluate the effects of phagocytosis of CKD erythrocytes on macrophages, qPCR was employed to assess mRNA levels for 
inflammatory markers. Compared with macrophages phagocytosed control erythrocytes, macrophages phagocytosed CKD 
erythrocytes exhibited higher mRNA levels of IL-6, CXCL-10, CXCL-11, iNOS, IL-1β, ICAM-1 and MCP-1, with no 
significant differences in the mRNA level of COX-2, TNF-α, VCAM-1, IL-10 and IL-12 (Figure 3A and B). To further 
confirmed the activation of macrophages in the rats, the levels of p-NFκB, IL-6, iNOS and CXCL-10 were detected in the rat 
spleen sections (Figure 3C). Compared with the control group, the red pulp of rats with CKD exhibited higher levels of p-NFκB, 
IL-6, iNOS and CXCL-10.

Plasma Levels of IL-6 and CXCL10 in Patients with Long-Term Hemodialysis
Among the proinflammatory cytokines induced by phagocytosis of uremic rat erythrocytes, IL-6 and CXCL-10 were the 
two most strongly upregulated ones. Then we detected plasma concentrations of IL-6 and CXCL-10 in patients with 
long-term HD. ELISA results showed significantly increased plasma levels of both IL-6 and CXCL-10 in patients with 
long-term HD compared with those in healthy controls (2.30 ± 1.38 pg/mL vs 1.33 ± 0.65 pg/mL, P=0.01; 78.11 ± 27.34 
pg/mL vs 37.45 ± 7.08 pg/mL, P=0.001) (Figure 4A and B).

Figure 2 Excessive erythrophagocytosis in CKD rats. (A) Fluorescence intensity of CSFE in spleen homogenates were detected. (B and C) Phagocytosis of erythrocytes 
from CKD and healthy rats by peritoneal macrophages. Differences between groups were analyzed by using the unpaired Student’s t tests. ***P < 0.001 or **P < 0.005 
indicates significant difference.
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Figure 3 Inflammation in splenic macrophages that phagocytosed erythrocytes. (A and B) Relative mRNA levels of targets genes in macrophages that phagocytosed control 
erythrocytes or CKD erythrocytes were determined by qPCR (n = 3 per group) and data are presented. (C) The levels of p-NFκB, IL-6, iNOS and CXCL-10 in rats spleen 
sections were analyzed by immunohistochemistry. Differences between groups were analyzed by using the unpaired Student’s t tests. ***P < 0.001, **P < 0.005, *P < 0.05 
indicates significant difference.

Figure 4 The levels of IL-6 and CXCL-10 in the plasma of hemodialysis patients and normal individuals were determined using the ELISA reagent kits. (A) The levels of IL-6 
in the plasma were significantly increased in long-term HD(n=40) compared to healthy controls(n=20). (B) Plasma levels of CXCL-10 were significantly increased in long- 
term HD compared to healthy controls. Differences between groups were analyzed by using the unpaired Student’s t-tests. ****P < 0.0001 or **P < 0.005 indicates significant 
difference.
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Discussion
Chronic inflammation status has been recognized as an important component of CKD, being accountable for cardiovas-
cular and all-cause mortality. In this study, we demonstrated that enhanced erythrophagocytosis existed in CKD animals 
in vivo and in vitro. More importantly, phagocytosis of RBCs from CKD induced significant proinflammatory cytokines 
secretion by macrophages. Since RBCs were the most abundant host cells, our results indicated that the persistent 
aberrant erythrophagocytosis might play distinct roles in the development of persistent inflammation in CKD.

Deterioration in erythrocyte quality, including accelerated eryptosis, impaired deformability, and increase in osmotic 
fragility, has been numerously reported in CKD patients.9,12,13,20 Animal models of CKD are important means to 
investigate the pathophysiology of renal anemia. To the best of our knowledge, there were only two studies to determine 
RBC changes in CKD animal models. Reduced erythrocyte deformability was detected in a CKD rat model induced by 
uninephrectomy followed by anti-Thy1.1 antibody injection.23 Circulating RBCs displayed altered morphology and 
diminished osmotic-sensitive deformability together with increased phosphatidylserine externalization in two mouse 
models with severe kidney failure (doxorubicin-induced nephropathy in 129S1/SvImJ mice and mice with inducible 
podcin deficiency).24 The 5/6Nx rat remnant kidney model was commonly used to study CKD. Our study demonstrated 
that although 5/6 Nx rats exhibited mild to moderate anemia as previously reported,25 a higher osmotic fragility of RBCs 
presented at the early phase of CKD and anemia, reduced membrane elasticity and increased percentage of PS-exposing 
RBCs were observed along with the progression of renal failure in 5/6Nx rats. Our results indicated that RBC property 
changes in 5/6Nx rats mimic those found in patients with CKD.

Since removal of senescent erythrocytes is considered to be a combination of reduced deformability, resulting in 
sequestration in the spleen, and senescence-associated changes on the cell surface, leading to recognition by 
macrophages,26–28 RBC property changes in CKD were supposed to promote accelerated phagocytic clearance and 
contribute to shorten RBC lifespan. However, there were few studies to directly evaluate the levels of erythrophagocy-
tosis in CKD. In our study, we found that after autologous injection of CFSE-labeled erythrocytes, more RBCs were 
trapped in spleens of CKD rats compared with controls. When rat RBCs were incubated with rat peritoneal macrophages 
in vitro, macrophages phagocytosed much more uremic RBCs compared to normal RBCs. Our data provided in vivo and 
in vitro evidence for the existence of excessive erythrophagocytosis in 5/6Nx CKD rats.

Macrophages are essential in preserving of systemic heme-iron homeostasis during disposal of senescent RBCs. They 
also play important roles in immune modulation and host defense. Acute increases in erythrophagocytosis in a mouse 
model of transfusion induced ferroptotic cell death of splenic macrophages and immunosuppression.16,17 Cellular defects 
in erythrocytes and macrophages in Jak2V617F mice leaded to increased erythrophagocytosis but defective efferocytosis, 
inducing inflammation of macrophages in atherosclerotic plaques.29 These studies demonstrated that defective erythro-
phagocytosis promoted metabolic reprogramming of macrophages. In our study, activation of the NFκB signaling 
pathway was detected in macrophages after phagocytosis of uremic erythrocytes as evidenced by the higher mRNA 
levels of NFκB target genes and the higher levels of phosphorylated NFκB, IL-6 and CXCL10 in spleen sections. 
Moreover, higher mRNA levels of M1 markers were also detected in macrophages after phagocytosis of uremic 
erythrocytes and in the red pulp of spleen sections (iNOS). These preliminary results indicated that phagocytosis of 
uremic erythrocytes could induce activation and M1 polarization of splenic macrophages.

Among the proinflammatory cytokines induced by phagocytosis of uremic erythrocytes, IL-6 and CXCL-10 were the 
two most strongly upregulated ones. Plasma levels of IL-6 are known to be significantly higher in CKD patients,30 and 
have been shown to be independently associated with overall and cardiovascular mortality in CKD,31,32 even much more 
powerful in predicting mortality than CRP, TNF-α, and albumin. CXCL-10 is a chemokine playing significant roles in the 
recruitment of immune cells, regulating cell growth, and inhibiting angiogenesis during tissue injury, development and 
maintenance.33 CXCL-10 has been reported to be involved in the pathological processes of several human kidney 
diseases, such as mesangial proliferative glomerulonephritis and acute kidney injury.34,35 Furthermore, CXCL-10 has 
been identified as a major biological indicator of disease severity and may be utilized as a prognostic indicator in renal 
allograft dysfunction and lupus nephritis.36,37 In this study, we found plasma IL-6 and CXCL10 levels elevated in 
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patients with long-term HD. Our results proposed that aberrant erythrophagocytosis might contribute to the systemic 
inflammation in CKD.

Our study has some limitations: 5/6 Nx CKD rat model presents comparatively mild anemia and alterations in 
erythrocyte characteristics, in contrast to those observed in ESRD patients,9 which might underestimate the conditions in 
patients with ESRD. This is a preliminary study, specific signaling pathways involved in the aberrant erythrophagocytosis 
in CKD require further investigation.

In summary, our data provided evidence for the existence of enhanced erythrophagocytosis in CKD, and erythro-
phagocytosis in CKD induced significant proinflammatory cytokines secretion by macrophages. Our results indicated that 
excessive erythrophagocytosis might be an important source of systemic inflammation in CKD. Besides RBC quantity, 
RBC quality might also play essential roles in the pathogenesis and progression of CKD, and deserves more attention in 
clinical practice.
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