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Article 
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Phosphatidylethanolamine Levels 
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and Konstantinos Anagnostopoulos 1 

1 Laboratory of Biochemistry, Department of Medicine, Democritus University of Thrace,  
Alexandroupolis, Greece 

2 1st Department of Internal Medicine, University Hospital of Alexandroupolis 
* Correspondence: chapapa@med.duth.gr 

Simple Summary: Non-alcoholic steatohepatitis (NASH) constitutes the hepatic manifestation of metabolic 
syndrome, accompanied by an inflammatory component and affects a substantial proportion of the human 
population. During the course of the disease, the engulfment of erythrocytes by the liver’s professional 
phagocytes increases, amplifying inflammation. Our group has previously connected this event with an 
abnormal erythrocyte lipid metabolism and reduction of the levels of the main anti-phagocytosis molecule, 
cluster of differentiation 47 (CD47). Previous studies have found that the binding of another molecule, 
thrombospondin-1, on CD47 provides a pro-phagocytosis signal. In the current study we show that the levels 
of thrombospondin-1 on erythrocytes of NASH patients are decreased, and this is partially dependent on the 
reduction of the CD47 levels. Erythrocyte arginase-1 is also upregulated in patients. We also show the 
accumulation of a membrane lipid, phosphatidylethanolamine, in patients’ erythrocytes. We also provide 
preliminary evidence that this accumulation is accompanied by exposure of phosphatidylethanolamine on the 
erythrocyte surface, possibly enhancing the engulfment of erythrocytes. Our study elaborates on the 
mechanisms of hepatic erythrophagocytosis during NASH. Since there does not exist an approved treatment 
for this disease, our study could provide insights for novel molecular therapeutic targets. 

Abstract: Background: Hepatic erythrophagocytosis is augmented in NASH and amplifies inflammation and 
fibrosis. Although various pro-phagocytic signals have been identified on erythrocytes of NASH patients, the 
role of bound thrombospondin-1 (TSP-1), which acts as an “eat-me” signal, arginase-1, which regulates the 
levels of nitric oxide in erythrocytes, and phosphatidylethanolamine (PE) which can amplify 
erythrophagocytosis and hepatic inflammation have not been explored. Hence, we sought to investigate the 
levels of arginase-1 and TSP-1 in erythrocyte lysate and PE in erythrocyte membranes of NASH patients. 
Methods: Twenty-four patients and 14 healthy controls participated in our study. The levels of TSP-1 and 
arginase were quantified by ELISA in erythrocyte lysates, and the levels of PE in erythrocyte membranes by 
thin layer chromatography. Results: Erythrocytes of NAFLD patients exhibit lower levels of arginase-1 and 
TSP-1 (p<0.01). Erythrocyte-bound TSP-1 levels correlated with the levels of erythrocyte surface CD47. 
Phosphatidylethanolamine was increased in erythrocytes of NASH patients and was accompanied by 
increased release, indicating exposure. Conclusion: Our results imply reduced TSP-1 binding by erythrocytes 
which could allow free TSP-1 molecules to act on macrophages, enhancing erythrophagocytosis. Increased PE 
which could amplify inflammation after efferocytosis, while downregulation of arginase-1 could lead to 
defective efferocytosis. 

Keywords: erythrocyte; non alcoholic steatohepatitis; immunometabolism; thrombospondin-1; arginase-1; 
phosphatidylethanolamine; metabolic inflammation 
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1. Introduction 

The pandemic of obesity constantly progresses worldwide and impacts the quality of life and 
economy of millions of people. During obesity, the excess fatty acids trigger a pro-inflammatory 
phenotype of adipose tissue and also lead to triglyceride storage in non-adipose tissues, such as 
skeletal muscle, pancreas, and liver. Eventually, due to the limited storage capacity of these tissues, 
toxic lipids are formed such as ceramide, sphingosine 1-phosphate, lysophosphatidylcholine etc. 
These lipid classes in some cases lead to lipotoxicity, a term describing the organelle dysfunction, cell 
death and inflammation caused by lipid signaling and accumulation in organelle and plasma 
membranes [1]. In this process, various molecular mechanisms are involved such as endoplasmic 
reticulum stress, dysregulated autophagy, apoptosis, necroptosis, pyroptosis, ferroptosis, activation 
of various immune cells, platelets and hepatic stellate cells; a vicious cycle is formed exhibiting 
several positive feedback loops [2]. The umbrella of these mechanisms when taking place in the liver 
constitutes non-alcoholic steatohepatitis (NASH). Despite the discovery of the details regarding the 
molecular and genetic pathogenesis of NASH, no approved treatment exists. However, among the 
several mechanisms mentioned, erythrophagocytosis remains the least explored. 

Red blood cells, the gas exchangers in mammals, serve additional functions in both metabolism 
and immunity [3]. An aberrant metabolic environment can convert erythrocytes to inflammatory 
mediators [4,5]. Their role in NASH was first discovered in 2007 by Otogawa et al [6]. They found 
that erythrophagocytosis is an active mechanism in the liver of NASH animal models and human 
patients. Phagocytosis of red blood cells then leads to iron disposition in Kupffer cells and 
hepatocytes, eventually amplifying inflammation and fibrosis. Mechanistically, they showed that the 
exposed phosphatidylserine of erythrocyte membranes in NASH is partially responsible for 
erythrophagocytosis. Our previous results have shown that erythrocyte membranes of NASH 
patients also exhibit reduced levels of sphingomyelin [7] and accumulation of sphingosine [8], which 
can both result in phosphatidylserine exposure [9,10]. However, erythrocyte phosphatidylserine 
exposure can also be triggered by reduced nitric oxide levels [11]. Since in erythrocytes arginase-1 is 
the main regulator of erythrocyte nitric oxide levels [12], we decided to quantify the levels of 
arginase-1 in erythrocytes of NASH patients.   

Apart from phosphatidylserine, phosphatidylethanolamine also translocates to the extracellular 
face of the lipid bilayer during erythrocyte storage [13]. In fact, phosphatidylethanolamine has been 
reported to amplify the pro-phagocytic potential of phosphatidylserine [14]. A recent study has also 
highlighted the effect of PE on NAFLD: inflammation, lipogenesis, disrupted autophagy, and reactive 
oxygen species were all triggered by phosphatidylethanolamine when incubated in vitro with 
hepatocyte cell lines or hepatic stellate cell lines [15]. Since erythrophagocytosis can deliver a 
substantial lipid cargo, we explored whether erythrocytes contain increased PE, and if they can 
release PE in vitro, which would be indicative of PE translocation to the extracellular face of the lipid 
bilayer. 

Interestingly, other mechanisms can also lead to erythrophagocytosis. Importantly, 
erythrophagocytosis can be inhibited by the presence of the “do-not-eat-me” signal, CD47, on 
erythrocytes when recognized by its receptor SIRPα on macrophages [16]. We previously found 
reduced CD47 levels on erythrocytes of NASH patients [8]. Nevertheless, more recent studies have 
reported that aging and oxidative stress can convert CD47 to an “eat-me” signal, after conformational 
change and the subsequent binding of TSP-1 [16]. We, thus, wondered whether this mechanism is 
active in NASH. A synopsis of our hypothesis can be found in Figure 1. 
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Figure 1. Hypothesis Synopsis. CD47: cluster of differentiation 47, 1β, MCP1: monocyte chemoattractant 
protein 1, PE: phosphatidylethanolamine, PSer: phosphatidylserine, S1P: sphingosine 1-phosphate, 
TSP-1: thombospondin-1. 

2. Materials and Methods 

Twenty-four patients (9 men and 15 women) and 14 healthy controls recruited consecutively (7 
men and 7 women, nonobese, chronic condition-free, with no symptoms of  infection in the past 2 
months and with normal levels of aspartate aminotransferase [AST] and alanine transaminase [ALT]) 
participated in the study. They were recruited from the outpatient hepatology clinic of the First 
Department of Internal Medicine, School of Medicine, Democritus University of Thrace, 
Alexandroupolis, Greece. All patients were evaluated for the presence of hepatic steatosis using 
conventional ultrasonography performed by an experienced radiologist as recommended by 
European guidelines for adults at risk for NASH. At presentation, all patients had increased levels of 
the enzymes AST and ALT. A diagnosis of NASH  was assumed after exclusion of viral hepatitis (A, 
B, C, D, E) through enzyme-linked immunosorbent assay (ELISA) and/or polymerase chain reaction 
test, alcoholic and drug induced hepatitis (through a questionnaire), and autoimmune hepatitis 
(through antibody detection). Patients were further evaluated by noninvasive serum biomarkers to 
assess stage of liver fibrosis (fibrosis-4 index [FIB-4], AST/ALT ratio). Their anthropometric and 
clinical characteristics are shown in Table 1. The study was approved by the Scientific Council of the 
University Hospital of Alexandroupolis and the Ethics Committee, after informed consent of the 
participants. 

Table 1. Anthropometric and Clinical Characteristics of healthy subjects and NASH patients (the p 
value pertains to the difference between means among healthy and NASH patients). 

PARAMETER Healthy controls NAFLD Patients 
t(degrees of freedom) = test 

statistic, p value 

Age (Years) 36.8±15.69 58.0±11.11 t(21.9)=-4.34, p=0.0002* 

BMI 25.9±4.13 33.4±4.22 t(28.4)=-5.22, p<0.0001* 

AST (U/L) 22±7.7 46.5±19.28 t(26.6)=-5.11, p<0.0001* 

ALT (U/L) 23±6.3 80±66.8 t(19.5)=-3.79, p=0.0012* 

Triglycerides (mg/dL) 145±26.6 224±159.9 t(15.9)=-1.94,p=0.06915 

Cholesterol (mg/dL) 154±12.3 197±46.9 t(18.6)=-3.67, p=0.0016* 

HDL-C (mg/dL) 64±13.6 45±7.3 t(19.0)=4.49, p=0.0002* 

LDL-C (mg/dL) 61±13.2 110±42.6 t(18.2)=-4.32,p=0.0004* 
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PLATELETS 248±48.8 223±63.4 t(30.9)=1.24, p=0.2233 

AST/ALT 0.95±0.15 0.92±0.51 t(26.4)=0.26,p=0.7954 

*: Statistically significant difference 
 
 Erythrocyte isolation 
The entire methodology is summarized in Figure 2. Three milliliters of blood containing 5.4 mg 

ethylenediaminetetraacetic acid (EDTA) was centrifuged at 200×g for 10 min at 4C. The plasma and 
buffy coat were removed. Then, 1 mL of erythrocyte pellet was washed with cold saline solution and 
centrifuged at 200×g for 10 min at 4C. This step was repeated four times, and red blood cells were 
then collected from the bottom of the tube.  

 
Figure 2. Summary of the methodology. 

Erythrocyte membrane isolation  
Erythrocytes were diluted 1:10 (vol/vol) with cold hemolysis solution (Tris 1 mM-NaCl 10 mM-

EDTA 1 mM, pH 7.2), followed by incubation for 30 min at 4oC with continuous shaking. They were 
then centrifuged at 10,000×g in a HERMLE 323 K centrifuge, 220.80 VO2 rotor, at 4oC for 15 min. The 
pellet was collected, and the last step was repeated as many times as needed, until the final pellet 
was milky-white, signifying hemoglobin removal. Samples were kept at -80oC until analysis.  

Production of erythrocyte-conditioned media 
Erythrocytes (5×107/mL) were incubated in Roswell Park Memorial Institute (RPMI) culture 

medium 1640, containing 10% fasting blood sugar (FBS) (vol/vol), 1% streptomycin/penicillin 
(vol/vol), at 5% CO2, 37oC, for 24 hr. Then, the erythrocyte-derived conditioned medium (ECM), from 
both patients (P-ECM) and healthy controls (H-ECM), was collected by centrifugation at 200×g for 10 
min. Conditioned media were stored at -80oC. As control, growth medium was placed in 6-well 
plates, in the same conditions, thereafter, following the same procedures as for ECM. 
Spectrophotometric assay indicated that no hemoglobin was released by erythrocytes, thus excluding 
hemolysis.  

Lipid extraction  
For lipid extraction, 500 μL of ECM or 100 μl erythrocyte membrane was used. We used a 

modified Folch method [17]. Briefly, 500 μL of 2:1 chloroform/methanol was added to 500 μL of ECM 
or 100 μL of erythrocyte membrane. Then, the sample was vortexed for 30 sec and centrifuged for 10 
min at 5000×g. The organic phase was collected, and the previous step was repeated to the aqueous 
phase. The two organic phases were washed with water by centrifugation for 10 min at 5000×g and 
then evaporated at 70oC. 
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Lipid separation and visualization  
Thin-layer chromatographic (TLC) analysis of lipids was performed on a 10×10 cm 

chromatographic plate (TLC Silica gel 60 F254; Merck KGaA 64071, Darmstadt, Germany) using a 
mixture of chloroform/methanol/acetic acid/water (60/50/1/4) (vol/vol/vol/vol). Before loading the 
samples, the plate was desiccated at 150oC for 10 min and pre-run with the developing solvent 
mixture. After sample separation, the plate was dried with hot air and then placed in a closed 
container of vaporized iodine (3.5g), placed facing the bottom of the container, for 30 min at room 
temperature. Lipids appeared as dark yellow bands against a lighter background. To ensure that the 
various lipids were well separated, they were identified by comparison with lipid standards, namely 
cholesterol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, 
phosphatidylcholine, and sphingomyelin and sphingosine, all purchased from Sigma–Aldrich 
(Munich, Germany).  

Phosphatidylethanolamine quantitation 
The method for PE quantitation is based on the intensity of the green color of the band 

corresponding to PE. The characteristics of the method (specificity, linearity, accuracy, precision, limit 
of detection, limit of quantification and sensitivity) can be found in a previous study [7]. 

Lysis of erythrocytes 
One milliliter of packed erythrocytes was lysed with Triton X-100 at a final concentration of 

0.01% vol/vol [8]. 
Determination of arginase and bound TSP-1 levels  
Levels of CD47 and arginase were determined by ELISA in erythrocyte lysates or plasma 

according to the manufacturer’s instructions (OriGene, USA). 
Statistical analysis 
All statistical analyses were performed in the R programming language [18]. Differences 

between groups were tested for statistical significance using the two-sided Welch’s independent 
samples t-test. The effect size r was calculated as � = � ���� + �� 

where t is the t-statistic and df the degrees of freedom. The magnitude of the effect size according 
to [19,20] can be considered small, when � ≤ 0.10 (the effect explains 1% of the total variance), 
medium when 0.10 ≤ � ≤ 0.30 (the effect accounts for 9% of the total variance) and large when � ≥0.50 (the effect accounts for 25% of the total variance). It should be noted that � is not measured on 
a linear scale. Therefore, an effect with r=0.5 is not twice as big as one with r=0.25. 

Linear regression was performed using the base R lm command. All plots were created using 
the ggplot package.  

3. Results 

Erythrocyte CD47 

In a previous study [8], we reported reduced CD47 levels in 18 NASH patients compared to 14 
healthy individuals. This was further verified here, with 24 NASH patients. The difference was 
statistically significant (healthy CD47 mean=2969 pg/ml, SD=1936 pg/ml versus NASH CD47 
mean=916 pg/ml, SD=332 pg/ml), with t(13.4)=3.93, p=0.0016 (Figure 3A). 

Erythrocyte lysate TSP-1 levels 
Based on these results of reduced erythrocyte CD47 levels in NASH patients [8], we started our 

study by examining the levels of bound TSP-1 on erythrocytes. On average, NASH patients had lower 
levels of RBC TSP-1 (mean=71 ng/ml, SD=54 ng/ml) that healthy subjects (mean=164 ng/ml, SD=78 
ng/ml). This difference was statistically significant t(20.40)=3.95, p=0.0008; the effect size was large 
(r=0.66) (Figure 3B). This means that erythrocytes in the circulation of NASH patients bind lower 
levels of TSP-1. Hence, since TSP-1 acts as a removal signal, we conclude that this pathway is not 
significantly involved in the red blood cell clearance during NASH. 
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Plasma TSP-1 levels 
Since we observed reduced levels of bound TSP-1 on erythrocytes of NASH patients, we 

wondered whether this difference is dependent on changes on the plasma levels. There was no 
statistically significant difference in plasma TSP-1 between NASH patients (mean=93 ng/ml, SD=35.8 
ng/ml) and healthy subjects (mean=89 ng/ml, SD=53.1 ng/ml), with t(20.00)=-0.25, p=0.803 and a 
negligible effect size r=0.05 (Figure 3C). Hence, the reduced levels of TSP-1 on erythrocytes of NASH 
patients are not explained by reduced levels in the plasma.  

 
Figure 3. Boxplots of (A) RBC CD47, (B) RBC TSP-1, (C) Plasma TSP-1, (D) RBC Arginase-1, (E) 
Plasma Arginase-1 and (F) RBC membrane PE. The box represents the inter-quartile range (that is 
where 25%-75% of the data points are located). The vertical lines extend one and a half times the 
interquartile range (IQR). Outliers (outside the IQR) are depicted as points (n=14 for healthy 
controls and n=24 for NASH patients). NASH: non alcoholic steatohepatitis, PE: 
phosphatidylethanolamine, RBC: red blood cell, TSP-1: Thrombospondin-1, ARG-1: Arginase-1. 

Correlation between erythrocyte CD47 and TSP-1 levels 
Since the levels of erythrocyte-bound TSP-1 seem to be largely independent of the plasma levels, 

we hypothesized that alterations on erythrocytes are responsible for the observed difference. 
Previous studies have shown that TSP-1 binds on CD47 of erythrocytes [21]. Linear regression was 
performed with RBC CD47 (based on the results of our previous study [8]) as the independent and 
TSP-1 as the dependent variable. The scatterplot along with the resulting regression line is shown in 
Figure 4. The adjusted R2 was 0.255, F(1,36)=13.63, p=0.00073. The intercept was 61.1 (SE=16.06, 
p=0.00053) and the slope was 0.026 (SE=0.0071, p=0.00073). Since the adjusted R2 is 0.255, this means 
that 25.5% of the variation in RBC TSP-1 can be explained by the variation in RBC CD47. A slope of 
0.026 means that when RBC CD47 decreases increases by one unit (in pg/ml), RBC TSP-1 will decrease 
increase by 0.026 units (in ng/ml). Since the values of RBC CD47 are in the thousands, a more 
illustrative explanation is that when RBC CD47 decreases increases by 100 pg/ml, RBC TSP-1 
decreases increases by 2.6 ng/ml (Figure 4). Thus, it seems that the degree of TSP-1 binding on 
erythrocytes is in part dependent on the levels of CD47. This result seems to contrast with previous 
reports regarding the binding of TSP-1 on erythrocytes. More specifically, other researchers report 
that reduction of erythrocyte CD47 levels is accompanied by the alteration of the conformation of 
CD47, resulting in higher affinity for TSP-1 [21]. We speculate that the reduction of erythrocyte CD47 
levels in NASH is not accompanied by the formation of denser CD47 clusters.  
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Figure 4. Scatterplot and linear regression line of RBC TSP-1 versus RBC CD47. The dashed line 
represents the linear regression line. NASH: non-alcoholic steatohepatitis,(n=25). 

Erythrocyte arginase-1 levels 
Phosphatidylserine exposure is the main removal marker for erythrocytes. Otogawa et al [6] 

have already found the importance of this pathway for NASH. Phosphatidylserine exposure can be 
triggered by various mechanisms. Among those, we have previously reported reduced 
sphingomyelin [7] (possibly due to the action of sphingomyelinase) and accumulation of sphingosine 
[8]. Another important mechanism is the reduction of nitric oxide [11]. Because arginase-1 is an 
important modulator of the nitric oxide levels on erythrocytes, we wondered whether its protein 
levels are increased in erythrocytes of NASH patients. NASH patients had lower RBC arginase-1 
levels (mean=157 ng/ml, SD=21.6 ng/ml) than healthy subjects (mean=171 ng/ml, SD=3.3 ng/ml), with 
a significant difference t(24.83)=3.06, p=0.0052 with a large effect size r=0.52 (Figure 3D). Thus, we 
hypothesize that contrary to what has been reported for diabetes patients, erythrocyte arginase 
expression is downregulated in NASH. This could lead to defective efferocytosis [22], as it will be 
discussed below. 

Plasma arginase-1 levels 
Erythrocytes can uptake arginine from their environment. Thus, the levels of available arginine 

for the production of erythrocytic nitric oxide can be also regulated by the levels of plasma arginase. 
As such, we determined the protein levels of arginase-1 in the plasma of NASH patients and healthy 
controls. There was no statistically significant difference in plasma arginase-1 between NASHpatients 
(mean=63 ng/ml, SD=47.4 ng/ml) and healthy subjects (mean=55 ng/ml, SD=56.3 ng/ml), with 
t(23.68)=-0.48, p=0.637 and a negligible effect size r=0.09 (Figure 3E). Based on these results we 
propose that plasma arginase-dependent phosphatidylserine exposure is unlikely for erythrocytes of 
NASH patients.  

Erythrocyte membrane phosphatidylethanolamine levels 
Phosphatidylethanolamines are increased during NASH and actively participate in pathogenic 

mechanisms [15]. Erythrocyte efferocytosis delivers important cargo to the liver. Our previous results 
of disrupted lipid metabolism of patients with NASH led us to investigate the levels of 
phosphatidylethanolamine on erythrocytes of NASH patients. There was a statistically significant 
elevation in the PE levels of packed erythrocytes between NASH patients (mean=740 μg/ml, SD=63.0 
μg/ml) and healthy subjects (mean=658 μg/ml, SD=59.8 μg/ml), with t(28.55)=-3.99, p=0.0004 and a 
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large effect size r=0.60 (Figure 3F). These results show that erythrocytes could amplify the hepatic 
phosphatidylethanolamine upregulation during NASH. 

Phosphatidylethanolamine levels in the erythrocyte-conditioned media 
As previously mentioned, phosphatidylserine exposure is the main erythrocyte removal marker. 

Nevertheless, phosphatidylethanolamine translocation to the outer face of the lipid bilayer is also 
enhanced during storage [13]. In addition, PE exposure seems to amplify the recognition of PSer by 
the pro-phagocytic receptors on phagocytes [14]. Based on these data and our previous result for 
increased PE in the erythrocyte membrane of NASH patients we sought to investigate whether PE is 
exposed. We used an indirect measure by determining the levels of released PE in the erythrocyte-
conditioned media of 10 NASH patients and 10 healthy controls. This method is based on the notion 
that PE can be released to the growth medium if it is located on the extracellular face of the lipid 
bilayer. Our method has a limit of quantification of 0.25μg/spot. Our results show that PE was above 
the limit of detection for the P-ECM, whereas on H-ECM were undetectable for all-but one healthy 
volunteer (Figure 5). Although far from certain, we provide evidence for the possible PE exposure on 
the erythrocyte membrane of NASH patients. 

 

Figure 5. A characteristic image of a thin layer chromatography band for PE of a NASH patient-
derived erythrocyte conditioned medium (left) and of a healthy volunteer-derived erythrocyte 
conditioned medium. 

4. Discussion 

Hepatic erythrophagocytosis constitutes an important, yet largely, unexplored pathomechanism 
in NASH [6]. Phagocytosis of erythrocytes by Kupffer cells in NASH leads to iron accumulation, 
culminating in inflammation and fibrosis. Recognition of phosphatidylserine exposure partially 
explains the augmented phagocytosis of erythrocytes. However, various mechanisms driving 
erythrophagocytosis have also emerged. Reduced CD47 surface levels, binding of TSP-1 on 
conformationally changed CD47 [16], and sphingolipid-induced reduction of deformability [10] can 
result in erythrophagocytosis. We recently showed that erythrocytes of these patients also exhibit 
increased sphingosine levels [8]. In addition, the levels of the CD47 molecule, a “do-not-eat-me” 
signal, are reduced in erythrocytes of NAFLD patients [8]. However, during aging of erythrocytes, 
the reduction of CD47 levels is accompanied by denser clustering of the remaining CD47 
molecules[21]. These clusters lead to a conformational alteration of CD47, which permits the binding 
of TSP-1. This binding acts itself as an “eat-me” signal, and also drives the formation of additional 
pro-phagocytic levels on erythrocytes, such as phosphatidylserine exposure [11]. Hence, we sought 
to investigate whether the reduction of the erythrocyte CD47 levels are accompanied by increased 
TSP-1 binding due to CD47 clustering.  

We show that despite the previously reported CD47 reduction, this is not followed by increased 
TSP-1 binding on circulating erythrocytes. Interestingly, we also report no statistically significant 
difference with regards to plasma TSP-1 levels between NASH patients and healthy controls. This 
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possibly means that the reduced erythrocyte-bound TSP-1 levels are noticed due to changes on 
erythrocytes and not due to changes on the plasma levels. We can, thus, conclude that despite the 
reduction of CD47 molecules on the surface of erythrocytes, this is not accompanied by significant 
formation of denser CD47 clusters. We speculate that the reduced CD47 levels on the surface of 
erythrocytes of NASH patients are responsible for the reduced bound TSP-1 levels.  

Despite seemingly contradictive, reduced TSP-1 binding by erythrocytes could also facilitate 
their engulfment by Kupffer cells. Before the action of “eat me” signals, apoptotic cells also release 
“find me” signals. We have previously shown that erythrocytes of NASH patients, release greater 
levels of the MCP1 chemokine [23]. In addition, we have explored the release of another important 
“find me” signal, S1P; we reported no statistically significant change with comparison to healthy 
volunteers [23]. Reduced TSP-1 binding by erythrocytes could also create a “find me” signal in the 
liver. Recent studies have shown that TSP-1 is released by apoptotic cells and attracts macrophages 
[24]. Hence, in the liver of NASH patients, macrophage-derived TSP-1, would not be bound by 
erythrocytes. These TSP-1 molecules would be free to act in an autocrine or paracrine manner, 
resulting in macrophage activation and erythrocyte efferocytosis. 

Regarding the plasma TSP-1 levels, our results are in contradiction to the previous reports of 
other researchers. To the best of our knowledge, two studies have reported increased serum TSP-1 
levels in NASH patients [25,26], and one study has reported decreased plasma TSP-1 levels [27]. In 
our study, we report no statistically significant difference. However, the number of participants was 
a limiting factor, and our results should be considered with caution. 

Otogawa et al [6]identified that phosphatidylserine exposure is partially responsible for 
erythrophagocytosis. Various mechanisms can disrupt the phospholipid asymmetry of erythrocytes. 
Arginase-1 regulates the levels of nitric oxide [12], which regulate eryptosis. In the context of NASH, 
arginase-1 levels have been found increased. We thus explored whether there is also increased 
arginase-1 in erythrocytes of NASH patients; this would facilitate erythrophagocytosis and would 
also augment the total arginase activity in blood. We found that arginase-1 levels are decreased in 
the erythrocytes of NASH patients. We conclude that arginase-1 is not implicated in hepatic 
erythrophagocytosis during NASH, but it could lead to defective efferocytosis. A recent study reports 
that apoptotic cell-derived arginine and ornithine are essential for sustained efferocytosis [22]. 

In addition, no difference was noticed for plasma arginase levels. However, in our study we did 
not explore changes in the total activity of arginase. Hence, although our report is important, other 
mechanisms which regulate the activity of arginase should also be explored in the future. These 
mechanisms mainly include post-translational modifications and the substrate antagonism with 
nitric oxide synthase. 

Exposed phosphatidylserine constitutes the main marker for the recognition of apoptotic cells 
by phagocytes. However, a recent report has identified exposed phosphatidylethanolamine as a 
factor that can amplify the recognition step [14]. In fact, phosphatidylethanolamine exposure seems 
to occur more rapidly, during erythrocyte storage [13]. More importantly, phosphatidylethanolamine 
was very recently associated with various pathogenic mechanisms of NASH [15]. Previously, we 
reported disrupted erythrocyte membrane composition in NASH patients, with increased cholesterol 
and sphingosine [8] and reduced sphingomyelin [7]. Thus, we explored whether erythrocytes could 
be a source of increased phosphatidylethanolamine for the liver. We also investigated if 
phosphatidylethanolamine is exposed on erythrocytes. We report increased 
phosphatidylethanolamine levels on the erythrocyte membranes of NASH patients. This could mean 
that after erythrophagocytosis, phosphatidylethanolamine could accumulate in the liver. In addition, 
we reported phosphatidylethanolamine release from erythrocytes of NASH patients. Although an 
indirect measurement, this could indicate that phosphatidylethanolamine is more readily available 
for lipoproteins. Since this event is mainly dependent on the lipid topology in the two faces of the 
lipid bilayer, we propose that PE exposure is increased on the erythrocyte surface of NASH patients. 
We conclude that erythrocytes can be a source of hepatic phosphatidylethanolamine and that 
phosphatidylethanolamine possibly facilitates hepatic erythrophagocytosis. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2023                   doi:10.20944/preprints202304.0397.v1

https://doi.org/10.20944/preprints202304.0397.v1


 10 

 

Combining our current and previous results [7,8,23,28] and the results of Otogawa et al [6], we 
conclude that hepatic erythrophagocytosis in NASH is triggered by: increased exposed 
phosphatidylserine and phosphatidylethanolamine, reduced CD47 levels, increased sphingosine 
levels, increased binding and release of the chemokine MCP1, unaltered release of the signaling lipids 
S1P and LPA, reduced TSP-1 scavenging, and induction of a significant pro-inflammatory activation 
of macrophages. After phagocytosis, the cargo of erythrocytes (iron, sphingosine, 
phosphatidylethanolamine and cholesterol) modulates the response of macrophages, amplifying 
inflammation and fibrosis. Previous studies have also showed that enhanced erythrophagocytosis 
can impair efferocytosis [29]. This can be partially attributed to sphingosine [30], downregulated 
arginase-1 [22] and inflammation [31]. Hence, we propose that the cargo of erythrocytes could also 
disrupt the phagocytosis of apoptotic hepatocytes. (Figure 6). Overall, we suggest that erythrocyte 
dysfunction is a substantial aspect of metabolic inflammation as already evidenced by previous 
studies [6,8,23,32] 

 
Figure 6. Synopsis of our hypothesis regarding hepatic erythrophagocytosis in NASH. 

(Left) Reduced erythrocyte CD47 levels lead to reduced erythrocyte-bound TSP-1 levels. This 
provides a larger amount of more free TSP-1 molecules in the environment of Kupffer cells. 
Meanwhile, PE amplifies the recognition of phosphatidylserine by lactadherin, which acts as a bridge 
for pro-phagocytic receptors on macrophages. (Right) These signals lead to erythrophagocytosis, 
providing a pro-inflammatory metabolic cargo for macrophages. This cargo consists mainly of 
cholesterol, iron, phosphatidylethanolamine and sphingosine. The metabolites upregulate the 
expression of pro-inflammatory cytokines. Inflammation, along with the delivered cargo, disrupts 
the efferocytosis of apoptotic hepatocytes. CD47: cluster of differentiation 47, CHOL: cholesterol, 
DARC: duffy antigen receptor for chemokines, IL-1β: interleukin 1β, MCP1: monocyte 
chemoattractant protein 1,  PE: phosphatidylethanolamine, PSer: phosphatidylserine, SIRPα: signal 
regulatory protein a, SPH: sphingosine, S1P: sphingosine 1-phosphate, TNF-α: tumor necrosis factor-
a, TSP-1: thombospondin-1  

Our results explain the reported anemia in animal models of NASH, where CD47 targeting had 
a therapeutic potential on NASH [33,34]; since erythrocytes of NASH patients and animal models 
exhibit reduced CD47 levels and increased pro-phagocytic signals, targeting of CD47 on erythrocytes 
enhances their phagocytosis. In addition, our results could also explain the negative impact of the 
chronic CD47 targeting in NASH animal models [35]; erythrophagocytosis would lead to hepatic 
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dysfunction. Conversely, targeting of TSP-1 would not alter the rate of erythrophagocytosis 
significantly. 

Despite the obvious importance, our study has some limitations. The number of the healthy 
volunteers and patients is low. More importantly, our interpretation of the results, while being 
plausible, cannot be proved without the exploitation of animal models. More importantly, regarding 
arginase, we shall quantify the activity of the enzyme. Nevertheless, we have shed light on the 
molecular mechanisms of erythrophagocytosis in NASH. 

5. Conclusions 

In the current study we show that the levels of thrombospondin-1 on erythrocytes of NASH 
patients are decreased, and this is partially dependent on the reduction of the CD47 levels, and does 
not depend on the levels of thrombospondin-1 in the blood. We also show the accumulation of a 
membrane lipid, phosphatidylethanolamine, in patients’ erythrocytes. We also provide preliminary 
evidence that this accumulation is accompanied by exposure of phosphatidylethanolamine on the 
erythrocyte surface, possibly enhancing engulfment of erythrocytes. Protein levels of erythrocyte 
arginase-1 are reduced, possibly impairing sustained efferocytosis after erythrophagocytosis. Our 
study elaborates on the mechanisms of hepatic erythrophagocytosis during NASH. Since there does 
not exist an approved treatment for this disease, our study could provide insights for novel molecular 
therapeutic targets. 
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