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Abstract
Background/Aims: Circulating or extracellular histones (EHs) in the bloodstream act as 
a damage-associated-molecular-pattern (DAMP) agent that plays a critical role in the 
pathogenesis of many diseases such as sepsis and sterile inflammation. To date, not much 
information is available to describe the mechanistic relationship between human erythrocytes 
and the cytotoxicity of EHs, the protein members from a highly conserved histone family 
across species. The present study explored this key question with a hypothesis that EHs induce 
eryptosis. Methods: Freshly isolated human red blood cells (RBCs) from healthy donors were 
treated with EHs or agents for positive controls in a physiological buffer for 3 or 24 h. After 
treatments, flow cytometry was employed to quantify surface phosphatidylserine (PS) exposure 
from annexin-V-RFP binding, cell shrinkage from flow cytometric forward scatter (FSC) analysis, 
Ca2+ rise by fluo-4, reactive oxygen species (ROS) production by H2DCFDA, and caspase-3 
activation by FAM-DEVD-FMK measurement. Hemolysis and membarne permeabilization were 
estimated respectively from hemoglobin release into supernatant and calcein leakage from 
RBC ghosts. Results: With positive controls for validation, EHs in the pathophsyiological range 
were found to accumulate annexin-V binding on cell surface, decrease FSC, upregulate ROS 
production, elevate Ca2+ influx and increase caspase-3 activity in a 3-h incubation. Of note, no 
RBC hemolysis and no calcein release from ghosts were obtained after EHs treatment for 24 h. 
Interestingly, external Ca2+ was not a prerequisite for the EHs-mediated ROS production and 
PS externalization. Also, the eryptotic hallmarks in the apoptotic RBCs were partially blocked 
by heparin and antibody (Ab) against Toll-like receptor 2 (TLR2). Conclusion: EHs act as a 
DAMP agent in the human RBCs that induces eryptosis. The cytotoxic effect is rapid as the 
hallmarks of eryptosis such as cell shrinkage, surface PS exposure, [Ca2+]i rise, ROS production 
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and caspase-3 activation can be seen 3 h after treatment in a dose-dependent manner. The 
EHs’ cytotoxic effects could be blocked by heparin and the Ab against TLR2.

Introduction

In human cells, DNA molecules are tightly packed and coiled around proteins called 
histones to form chromatins and nucleosomes in the cell nucleus. Histones are highly 
conserved basic proteins in mammals. In humans, there are five members in the histone 
family and they are the linker histones (H1 and H5) and core histones (H2A, H2B, H3 and 
H4) [1]. When cells are under stress and injury, histones in the cell nucleus are released 
extracellularly into the blood circulation. These circulating or extracellular histones (EHs) 
have been identified as a pathological trigger known as damage-associated molecular-pattern 
(DAMP) molecule in patients with trauma-induced lung injury [2], sepsis [3], autoimmune 
diseases [4], sterile inflammation [5] neuro-degeneration [6], thrombosis, acute respiratory 
distress syndrome and multiple organ failure [7, 8] among others.

According to the Danger-Injury model, most human diseases stem from disturbed 
cellular homeostasis as reflected by cell stress and injury [9]. Under these conditions, 
endogenous DAMP molecules such as EHs are released from cells after acute organ injury 
(AOI) [1]. EHs can then trigger secondary damages in other tissues eventually leading to 
danger of death in patients through non-infectious inflammation and organ failure [1, 9]. In 
the pioneered work published in 2009 [10], Xu et al. demonstrated that mice died within 10 
min after injecting calf thymus histones intravenously (75 mg per kg body weight) and the 
investigators concluded that EHs were potential molecular targets for therapeutics against 
sepsis and other inflammatory diseases [10]. In 2013, Abrams et al. reported that the blood 
histone level in patients with blunt traumatic lung injury was found in the range of 10 to 
230 µg/mL while that in healthy subjects was 2.3 µg/mL [2]. Also, clinical data showed that 
the higher the level of EHs in patients, the more was the sever consequence and level of 
disease severity [11]. In 2017, Kordbacheh et al. established that EHs induced erythrocyte 
fragility and anemia [12]. However, towards to the mechanistic relationship between human 
red blood cells (RBCs) and EHs, not much information is available in the literature to date.

In the light of this, we hypothesized in this study that EHs work as a DAMP agent in 
human erythrocytes and set out to evaluate the pathological role of these EHs in human RBCs. 
In particular, we are interested in studying the cytotoxic effect of EHs and their mechanism 
on the induction of eryptosis, the programmed cell death in the human erythrocytes [13, 14]. 
We reasoned that when EHs enter the blood circulation, erythrocytes will be the major cell 
type to be affected in the blood as RBCs contribute around one-quarter of the total cells in 
our body.

It is well known that human RBCs lack the mitochondria and nucleus and these organelles 
are major regulators of cell death programme [15]. Yet, human RBCs share a coordinated 
eryptosis programme for cell disposal akin to apoptosis in nucleated cells although some 
of the apoptotic hallmarks found in nucleated cells such as mitochondrial membrane 
depolarization, release of cytochrome c from the mitochondria, chromatin condensation and 
DNA fragmentation are absent [13, 14]. During eryptosis, cells shrink and membrane blebs 
are formed on the cell surface. Also, the phosphatidylserine (PS) phospholipids are no longer 
restricted to the cytosolic part of the cell membrane but found on the outer-leaflet of the 
membrane as the ‘eat-me’ signals.

Mechanistically, apoptosis in human RBCs can be induced by energy depletion, oxidative 
stress with excess production of reactive oxygen species (ROS), increase in cytosolic free Ca2+ 
ion concentration ([Ca2+]i) and caspases activation [14]. The activation of caspase cascade 
eventually cleaves more than 500 cellular substrates including flappase and scramblase 
to expose surface PS [16]. With these ‘eat-me’ signals on cell membrane, apoptotic RBCs 
are swiftly engulfed by macrophages. This change in the PS location is an early hallmark of 
eryptosis and facilitates the cellular clearance by efferocytosis [14, 16] and adherence to 
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the activated vascular endothelial cells with PS receptors under pathological conditons such 
as hypoxia [17]. Clinically, excessive eryptoses are observed in a wide variety of diseases 
such as G6PD deficiency and sickle-cell anemia. Conversely, inadequate eryptosis leads to 
the development of polycythemia vera, a blood disorder with too many RBCs [14].

Materials and Methods

Materials and reagents
EHs (Cat: H9250) purchased from Sigma-Aldrich were unfractionated whole histone isolated from 

calf thymus. Calcein/AM (Cat: C3100MP), fluo-4/AM (Cat: F14201) and H2DCFDA (Cat: C6827) were 
obtained from Molecular Probes, Thermo Fisher Scientific. Alamar Blue (Cat: DAL1100) and FAM-DEVD-
FMK assay kits (Cat: FAM200-2) were respectively provided from Invitrogen, Thermo Fisher Scientific and 
Apologix, Cell Technology Inc. Anti-mouse IgG FITC conjugated secondary antibody (Ab) was from Abcam 
(Cat: ab97039). TLR2 (Cat: 16-9922-82), TLR4 (Cat: 16-9917-82) and mouse IgG2a kappa isotype control 
(Cat: 16-4724-85) antibodies were purchased from eBioscience, Thermo Fisher Scientific while heparin 
was from BD Biosciences. Ionomycin (Cat: CAY10004974) and hydrogen peroxide (Cat: 1072090250) were 
from Cambridge Bioscience and Merck Millipore, respectively. Annexin V-RFP was a recombinant protein 
produced by our laboratory.

Isolation of human erythrocytes
This study was approved by the Clinical Research Ethics Committee of The Chinese University of Hong 

Kong, the Hong Kong Special Administrative Region, China. Samples were obtained from healthy donors with 
informed consent using sterile lancets to pierce their fingertips and blood was collected in test tubes with 
anticoagulant. Human RBCs collected were then washed twice by centrifugation at 367 x g with Ca2+ HEPES 
buffer (in mM) (140 NaCl, 5 KCl, 10 HEPES, 2.5 CaCl2, 10 Glucose, 0.1% (w/v) BSA, pH 7.4) and treated with 
reagents as indicated. To avoid sampling bias, comparisons of cellular responses were made within the same 
batch, and individual experiments were repeated with control (buffer solution only), solvent control (DMSO 
(1 %)) and positive control (e.g. ionomycin (1 mM) or H2O2 (0.03%)).

Hemolysis assay
For the hemolysis assay, RBCs (1.5x107/mL) were treated with different agents at 37°C. After treatment, 

absorbance of supernatant was determined against blank at 415 nm with an ELISA plate reader (Bio-Rad) 
for the leakage of hemoglobin (Hb). Total cell lysis was obtained by adding Triton-X-100 (final concentration 
0.1% (v/v)) into wells to release Hb into medium.

Alamar Blue assay
For the Alamar Blue assay, RBCs (1.5x107/mL) were treated with different doses of EHs in the Ca2+-

containing HEPES buffer containing 10 % of Alamar Blue agent at 37°C for 24 h. After treatment, fluorescence 
emission was monitored at 590 nm after excitation at 545 nm with a fluorescence plate reader (Tecan).

Cell death assay
Eryptosis in erythrocytes was determined as mentioned in our previous studies [18, 19]. Briefly, RBCs 

were treated with different concentrations of EHs and doubly labelled with annexin-V-RFP and calcein/AM 
(1 μM) for 30 min in dark at room temperature. Annexin-V-RFP labels the PS on cell surface. After crossing 
the plasma membrane, the non-fluorescent calcein/AM is converted into polar calcein by esterase in the 
cytosol, which is trapped intracellularly and emits fluorescence. However, in cells with leaky membrane, 
calcein diffuses out and the decrease in calcein signal reports membrane permeabilization.

For the measurement of [Ca2+]i, RBCs were loaded with fluo-4/AM (1 μM) at room temperature in dark 
for 30 min. Similar to work with calcein/AM, polar fluo-4 is trapped inside the cytosol after cleavage the 
AM group from fluo-4/AM to fluo-4 by esterase. The fluorescence of fluo-4 increases in a dose-dependent 
fashion when it bound to free Ca2+ ions. Changes in [Ca2+]i after treatment were measured with annexin-V-
RFP semi-quantitatively by flow cytometry.
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For the measurement of ROS production, 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) was 
used to determine the change in cellular redox state towards oxidative stress. Briefly, human RBCs treated 
with EHs were stained with H2DCFDA (5 μM) and annexin-V-RFP at room temperature in dark for 20 min, 
followed by flow cytometric analysis using H2O2 (0.03%) as a positive control.

For the measurement of caspase-3 activity, cells (1x106/mL, 0.3 mL) were incubated with fluorogenic 
caspase-3 FAM-DEVD-FMK assay (Apologix) according to manufacturer’s instruction (Cell Technology Inc.). 
After washing, cells were then mixed with annexin-V-RFP and incubated for 30 min in dark. Subsequently, 
cells were submitted to flow cytometric analysis after washing.

To explore the role of external Ca2+ in the eryptosis mediated by EHs, erythrocytes were treated with 
EHs in a Ca2+-free HEPES buffer (in mM) (140 NaCl, 5 KCl, 10 HEPES, 10 Glucose, 2 EGTA, 0.1% (w/v) BSA, 
pH 7.4) at 37°C for 24 h. Cells were then stained with annexin-V-RFP for 30 min in a Ca2+-containing HEPES 
buffer since the binding of annexin-V to PS is a Ca2+-dependent process. After washing, cells were subject 
to flow cytometric analysis. In these assays, 30 min incubation time is considered to be too short to trigger 
apoptosis [20-22] and controls were included for comparison.

Flow cytometric analysis was performed on a FACSVerse flow cytometer (BD Biosciences), using the 
FACSuite software for data acquisition and analysis. Green and red fluorescence were determined after 
excitation at 488 nm from a minimum of 10, 000 cells. In the two-variant flow cytometric dot plots, each dot 
represents one single cell, and the number at the corner of the dot plot shows the percentage of total cell 
population in the corresponding quadrant.

For the confocal microscopic analysis, cells after treatment were labeled with fluorochromes as 
mentioned above and observed under a confocal microscope after washing. Bright field and confocal images 
of cells were acquired with a confocal laser-scanning system (Leica SP8 Confocal System) fitted with an 
argon (488 nm) laser and a 552 nm laser for excitation. For fluorescence determination, annexin-V-RFP 
signal were measured using a 584-692 nm channel after excitation at 552 nm. Likewise, the fluo-4 signal 
were measured with a 500-574 nm channel after excitation at 488 nm. Images were processed by Software 
LAS X (Leica).

Ghost assay
Ghosts from RBCs were prepared as described previously [18, 19]. Briefly, freshly isolated erythrocytes 

were washed with Tris-buffered isotonic saline (0.15 M KCl, 10 mM Tris, pH 7.4). The cells were then lysed 
and washed 3 times with 15 volumes of ice-cold hypotonic buffer (5 mM Tris, 5 mM KCl, pH 7.4). After 
centrifugation, the pellet was loaded with calcein (1 mg/mL) in the ice-cold hypotonic buffer. To reseal the 
leaky ghosts, 0.1 volume of buffer (1.5 M KCl, 50 mM Tris, pH 7.4) was added to restore isotonicity, and 
the ghosts were incubated for 40 min at 37°C. In this assay, digitonin, a nonionic detergent that selectively 
reacts with membrane cholesterol and permeabilizes plasma membrane, was used as a positive control. 
After treatments, ghost cells were analyzed by flow cytometry.

Statistical analysis
The differences between the control group and test group were analyzed for statistical significance by 

Student’s t-test. All data points are mean ± SEM from 3 sets of experiments completed on different dates, 
with RBCs from different donors.

Statement of Ethics
This study was approved by the Clinical Research Ethics Committee of The Chinese University of Hong 

Kong, the Hong Kong Special Administrative Region, China.

Results

EHs Induced Eryptosis in Human Erythrocytes without Hemolysis
Histones are highly conserved cationic proteins across species. Like other studies [23-

25], we employed calf thymus histones in this study to investigate their damaging effects in 
human RBCs. Freshly human RBCs were isolated from healthy individuals and incubated 
with histones (10 to 320 μg/mL) for 24 h to evaluate the toxicity of EHs by a standard flow 
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cytometric annexin-V-RFP and calcein/AM assay [26]. The concentration range of EHs used in 
the present study was based on the findings in healthy individuals (2.3 μg/mL) and patients 
with severe trauma in lungs 4 h after injury (10 to 230 μg/mL) [2]. From Fig. 1a, it was found 
that around 90% of the human RBCs were annexin-Vlow/calceinhigh (cells located in the lower 
right quadrant in the control and solvent control), indicating that they were healthy with 
normal PS asymmetry and cell membrane integrity. In the positive control, ionomycin (1 
mM) significantly increased the number of cells in the upper right quadrant (72%) and they 
were the early apoptotic cells (Annexin-Vhigh/Calceinhigh). For the human RBCs treated with 
EHs (0 to 320 μg/mL) for 24 h, a dose-dependent increase in the early apoptotic cells was 
observed. It is noteworthy that not too many late eryptotic and/or necrotic cells (<7%) were 
found in the upper left quadrant (Fig. 1a). Remarkably, early eryptosis was obtained when 
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Fig. 1. EHs induce 
eryptosis in human 
RBCs. Freshly isolated 
human RBCs (1.5x107/
mL) were treated with 
the agents as indicated 
at 37°C for 24 h in a 
Ca2+-HEPES buffer. 
After incubation, cells 
(1x106/mL) were 
stained with annexin-
V-RFP and calcein/
AM (1 μM) for 30 
min and subjected to 
flow cytometric or 
confocal microscopic 
analysis. (a) Number 
at the corner 
representing the % 
of total population 
in the corresponding 
quadrant of the dot 
plots. (b) Percentage of 
the early eryptotic cells 
cells (annexin-Vhigh/
calceinhigh) in the flow 
cytometric analysis 
after treatment with 
EHs for 24 (grey bar) 
or 3 h (white bar). (c) 
3-h treatment data 
for FSC. (d) Confocal 
microscopic images 
from cells after 3-h 
treatment. Echinocytes 
(star-shape): arrow; 
stomatocytes (cup-shape): arrow head and membrane blebs: double-arrow. Scale bar: 5 μm. (e) Metabolic 
activities from cells treated with the agents as indicated at 37°C for 24 h with Alamar Blue. (f) Ghosts 
entrapped with calcein (non-AM form) were treated with EHs or digitonin (1 μM) at 37°C overnight. Calcein 
fluorescence was determined by flow cytometry for the degree of membrane permeabilization. Results are 
mean ± SD (n=3). *p<0.05, **p<0.01, ***p<0.001 relative to the control. #p<0.05, relative to the response of 
the same concentration with 24-h treatment.
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cells were treated with the EHs just for 3 h although a smaller percentage was obtained in 
the range of 20 to 40 μg/mL (Fig. 1b). At high concentrations (≥ 80 μg/mL), no significant 
difference was found in the 3- and 24-h treated groups. With these findings in mind, we 
used lower concentrations of EHs (<320 μg/mL) in the later experiments. When RBCs 
undergo apoptosis, their size decreases. This could be determined by a decrease in the flow 
cytometric FSC signals. As can be seen in Fig. 1c, a dose-dependent reduction in FSC or cell 
size was observed when cells were treated with EHs for 3 h.

Next, we examined whether EHs would have any effect on cell morphology during 
eryptosis other than cell shrinkage using confocal microscopy. As can be seen in Fig. 1d, 
untreated human RBCs showed the biconcave shape and they were discocytes. In the 
EHs-treated groups, cell aggregates with stomatocytes (cup-shape) and echinocytes (star-
shape) with a reduction in cell size were found. In Fig. 1d, we can see blebs on the surface 
of stomatocytes. As reported previously by other researchers [26], stomatocytes could be 
a result of a decrease in deformability after incorporating causative agent in the plasma 
membrane while echinocytic transformation was coupled to energy depletion. Interestingly, 
results from the Alamar Blue assay show that EHs did not alter much the metabolic activities 
of human RBCs in a 24 h treatment (Fig. 1e). This observation is compatible with the findings 
in Fig. 1d that most of the EHs-treated RBCs were stomatocytes. Of note, EHs did not elicit 
any hemolysis within the pathophysiological range (data not shown) nor calcein release 
from the RBC ghosts pre-loaded with calcein, given that the ghosts were permeabilized by 
digitonin for calcein release (Fig. 1f). In fact, similar results were obtained in Fig. 1a that we 
did not see many annexin-Vhigh/calceinlow cells for membrane permeabilization. Together, our 
observations suggest that direct cell membrane permeabilization and reduction in metabolic 
rate did not occur in the RBCs after EH treatment. However, the EHs eryptotic effect was 
concentration dependent and rapid.

EHs Increased [Ca2+]i and ROS Production in Human Erythrocytes
Increase in the cytosolic [Ca2+]i and ROS are two important messengers for the induction 

of programmed cell death in human RBCs [28]. Therefore, it is logical to hypothesize that 
EHs are able to induce an increase in [Ca2+]i, probably through the activation of the Ca2+ 
permeable non-selective cation channels, and increase in ROS as a result of impaired 
antioxidant defense. To test this hypothesis, we first determined the cell membrane PS 
scrambling and the change in [Ca2+]i simultaneously using annexin-V-RFP and fluo-4/AM, 
respectively. With EHs treatment for 3 h, there was a dose-dependent increase in the double-
positive cell population (Annexin-Vhigh/Fluo-4high), demonstrating a rise in [Ca2+]i in the 
early eryptotic cells (Fig. 2a). With these observations, it seems likely that influx of Ca2+ ions 
from the external buffer might be a trigger of eryptosis. To explore this, we omitted Ca2+ 
by preparing a Ca2+-free HEPES buffer and depleted any residual Ca2+ ions with EGTA and 
challenged the RBCs again with EHs. As can be seen in Fig. 2b, depletion of external Ca2+ ions 
completely blocked the ionomycin’s effect for the induction of eryptosis, indicating that Ca2+ 
rise was a trigger in the ionomycin-mediated eryptosis. Yet in the RBCs treated with EHs, only 
a small, but significant, reduction in percentage of the early eryptotic population was found 
(Fig. 2b). The extent was much smaller than that from the ionomycin-treated group. This 
indicates that influx of Ca2+ was not an absolute requirement in the EH-induced eryptosis.

Likewise, a 3-h incubation of RBCs with EHs produced a dose-dependent increase in 
ROS in terms of the H2DCFDA fluorescence in the annexin-V-positive cells in the Ca2+-HEPES 
buffer (Fig. 2c). Again, such ROS response from EHs-treated groups remained unchanged 
in the Ca2+-depleted buffer (Fig. 2d). In like manner, similar response was obtained from 
the H2O2 positive control in the Ca2+-containing and -free buffers (Fig. 2d). Again, ionomycin 
could not increase the ROS production in the Ca2+-free buffers but performed well in the 
Ca2+-containing buffer. Collectively, these findings provided evidence that Ca2+ was not a 
prerequisite for the ROS production as well as induction of eryptosis in the EHs-treated cells.
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EHs Increased Caspase-3 Activity in Human Erythrocytes
Next, we tested the functional relevance of caspase-3 activation in the EHs-mediated 

eryptosis. As shown in Fig. 3a, addition of EHs to RBCs for 3 h led to a dose-dependent 
activation of caspase-3 determined by FAM-DEVD-FMK. This conclusion is further supported 
by results that the response to EHs was attenuated by a caspase-3 inhibitor (Ac-DEVD-CHO, 
200 nM) in terms of caspase-3 activation and PS externalization (Fig. 3b). Interestingly, 
omission of the external Ca2+ increased caspase-3 activation when cells were challenged 
with EHs at the concentration of 80 μg/mL. No such enhancement was observed in the 40 
μg/mL treated group (Fig. 3c). Reason for these remains unclear at present. Taken together, 
our results show that both caspase-3 activity and PS exposure in the EHs-treated RBCs were 
significantly reduced in the presence of caspase-3 inhibitor. This suggests that caspase-3 
plays a significant role in the progression of EHs-mediated eryptosis.

Heparin and Antibdoy against TLR2 Protected Human RBCs from the EHs-triggered 
Eryptosis
It has recently become apparent that most DAMPs including EHs activate Toll-like 

receptor 2 and 4 (TLR2 and TLR4) on the cell surface [29]. To investigate this possibility, 
we used antibodies (Abs) against TLR2 and TLR4 to probe surface TLRs on the red cells 
with a corresponding secondary Ab conjugated with FITC. As shown in Fig. 4a, anti-TLR2 

Fig. 2. EHs increased 
[Ca2+]i and ROS in human 
RBCs. Freshly isolated 
human RBCs (1.5x107/
mL) were treated with 
medium alone, ionomycin 
(1 μM), H2O2 (0.03%) or 
EHs at the concentrations 
as indicated at 37°C for 3 
h in the Ca2+-containing or 
-free HEPES buffer. After 
incubation, cells (1x106/
mL) were doubly stained 
with annexin-V-RFP and 
fluo-4/AM for 30 min 
(a), annexin-V-RFP and 
CM-H2DCFDA (5 μM) for 
20 min (c, d) or annexin-
V-RFP and calcein/AM (1 
μM) for 20 min (b) in the 
Ca2+-containing buffer for 
flow cytometric analysis. 
Results are mean ± SD 
(n=3), *p<0.05, **p<0.01, 
***p<0.001 relative 
to control; #p<0.05, 
##p<0.01, relative to the 
response of the same 
concentration in the Ca2+-
free HEPES buffer.
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Ab signals were found by flow cytometry when compared to that of isotypic Ab under the 
same experimental conditions. Interestingly, no such observaton was obtained when the 
cells were incubated with the anti-TLR4 Ab (data not shown). We employed the neutralizing 
Abs again to block the effects of TLR2 and TLR4, if any, in the EHs-induced eryptosis. That 
neutralizing Ab against TLR2 was able to reduce both the PS externalization and caspase-3 
activation (from 41% to 27%) in the EHs-treated cells, while the TLR4 Ab or isotypic Ab did 
not (Fig. 4b), suggests that the EHs exert their eryptotic effects at least in part through the 
activation of surface TLR2.

Emerging evidence also suggests that heparin is able to ameliorate the damaging effects 
of EHs possibly due to the charge-charge interactions [30, 31]. We therefore explored the 
effect of heparin on the EHs-elicited eryptosis. As shown in Fig. 4c, pretreatment of EHs 
with heparin for 15 min was able to inhibit their toxic effects. This inhibitory effect could 
also be observed after post-treatment. As can be seen in Fig. 4d, the earlier the addition of 
haparin (1 U/mL) to the cell culture with EHs, the stronger the protective effect. Together, 
these observations indicate that TLR Ab and heparin could be the protective agents against 
the EHs-mediated eryptotic effects.

Fig. 3. Role of caspase-3 
in the EHs-mediated 
eryptosis. Freshly isolated 
human RBCs (1.5x107/
mL) were treated with 
medium alone, ionomycin 
(1 μM) or EHs at the 
concentration as indicated 
in the absence (a) or 
presence (b) of caspase-3 
inhibitor (Ac-DEVD-CHO, 
200 nM) at 37°C for 3 h in 
a Ca2+-containing (a,b) or 
Ca2+-free (c) buffer. After 
incubation, cells (1x106/
mL) were doubly stained 
with annexin-V-RFP and 
FAM-DEVD-FMK for 20 
min and subjected to 
flow cytometric analysis. 
Results (% of sub-
population of annexin-
Vhigh/FAM-DEVD-FMKhigh 
(a,b) or MFI (c)) are mean 
± SD (n=3), *p<0.05, 
**p<0.01, ***p<0.001, 
relative to control. 
##p<0.01, relative to the 
response of the same 
concentration of EHs.
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Discussion

In this study, our data provide a mechanistic description on how EHs generate anemia 
[12], a common problem in the patients with sepsis [32], through the induction of eryptosis. 
Our results clearly demonstrate that EHs induces eryptosis in human erythrocytes in a dose 
dependent manner within the pathophysiological range of EHs found in the AOI patients. Also, 
the cytotoxic effect is rapid as the hallmarks of eryptosis such as cell shrinkage and surface 
PS exposure can be seen 3 h after the treatment. Evidently, Ca2+ influx, ROS production and 
caspase-3 activation were found to be the cellular responses in the EHs-induced eryptosis. 
Yet, when the assays were performed in the absence of external Ca2+, activities associated 
with eryptosis including PS externalization, ROS generation and caspase-3 activation were 
not found altered in a very significant manner when compared to the results obatined in the 

Fig. 4. The protective 
effect of heparin to 
eryptotic death. RBCs 
were incubated with the 
anti-TLR2 Ab or isotypic 
Ab for 1 h and probed 
with a secondary Ab 
conjugated with FITC 
to show the TLR2 on 
the red cell surface (a). 
RBCs were first pre-
incubated with mouse 
monoclonal anti-human 
TLR2 or TLR4 blocking 
Abs (50 μg/mL) or 
control mouse IgG2a 
for 20 min at room 
temperature, and then 
treated with medium 
alone or EHs (80 μg/
mL) at 37°C for 24 h in 
a Ca2+ HEPES solution 
(b). After incubation, 
cells (1x106/mL) were 
doubly stained with 
annexin-V-RFP and 
FAM-DEVD-FMK for 20 
min and subjected to 
flow cytometric analysis. 
Heparin (1 U/mL) was 
added to EHs (40 or 80 
μg/mL) for 15 min at 
room temperature for 
pre-treatment before 
culture (c). For post-
treatment, Heparin (1 
U/mL) was added after EHs treatment at the time point as indicated (d). Subsequently, cells were incubated 
at 37°C for 3 h and doubly stained with annexin V-RFP and calcein/AM for 30 min. Results are mean ± SD 
(n=3), *p<0.05, **p<0.01 relative to control. #p<0.05, ##p<0.01, relative to the response of the same EHs 
concentration.
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Ca2+-containing buffer. Another independent research group also demonstrated that both 
the natural and recombinant histones (H4) were able to induce eryptosis in healthy RBCs 
while heparin blocked the nature EHs-medaited PS externalization too [33]. In contrary to 
other studies that Ca2+ influx is important in the induction of eryptosis for various triggers 
[14, 21, 33-39], our observations indicate that eryptosis is not mediated entirely through a 
Ca2+-dependent mechanism and similar phenomena have been reported in our laboratory 
and others before using different compounds. For example, human erythrocytes exposed 
to BAMLET (Bovine Alpha-lactalbumin Made LEthal to Tumor cells) undergo eryptosis in a 
Ca2+-independent fashion [40]. In our previous reports, similar observations were obtained 
in the eryptosis mediated by ferutinin [18] and polyphyllin D [19], which were not completely 
blunted by the depletion of external Ca2+.

In general, DAMP agents induce damages in the host cells by agonistic bindings to their 
cognate pattern recognition receptors (PRRs) including TLRs on cell surface. A number of 
studies have shown that EHs induce tissue injuries [10, 41], thrombin generation in blood 
platelets [42] or procoagulant activities in endothelial cells [43] through the activation of 
TLR2 and TLR4. Also, it has been demonstrated that apoptosis induced by TLRs in acute 
myeloid leukemia cells [44] and neuronal and astroglial cells [45] is mediated by the 
activation of caspase-3. As both the TLRs and caspase-3 are found in human RBCs [46, 47], 
we examined this possibility and found that Ab against TLR2 but not TLR4 can partially 
suppress the EHs activity. Along this line, heparin as a negatively charged agent was found to 
neutralize the positively charged EHs and thus ameliorating their toxic effects in human RBCs 
in a pre- and post-treatment design. Collectively, our data identified a mechanism how the 
EHs interact with RBCs for the induction of eryptosis at least in part through the activation 
of surface TLR. We also provided results to show the protective effects from the TLR-2 
neutralizing Ab and heparin (Fig. 5). Yet, many questions remain unanswered. For example, 
which member(s) in the histone family is/are the major contributor for the DMAP effects 
in human RBCs? How did the TLRs elicit their toxic effect? Is such toxic effect transmitted 
through the monomeric, homo- or hetero-dimeric form of TLRs since the TLR-2 neutralizing 
Ab only blocks the eryptoptic effect partially? How did the TLRs promote the ROS and [Ca2+]
i rise in human erythrocytes? As the EHs are positively-charged DAMPs, are there any other 
surface receptors apart from TLRs responsible for the eryptotic effects in human RBCs? These 
questions will definitely motivate further inquiry and additional experiments to deepen and 
expand our knowledge domain. Clinically, more work is also needed to determine whether 

Fig. 5. Schematic diagram showing how EHs 
elicit eryptosis in human erythrocytes. As the 
damage-associated-molecular-pattern (DAMP) 
molecules, extracellular histones (EHs) activate 
Toll-like receptor 2 (TLR2) or other receptors on 
the surface of human RBCs via a Ca2+-dependent 
and/or -independent pathway that elicit(s) the 
rise of reactive oxygen species (ROS) and activation 
of caspase-3 directly or indirectly. Eryptotic 
hallmarks such as cell shrinkage, externalization 
of phosphatidylserine and membrane blebbing 
are observed within a 3-hour incubation time. 
Yet, no membrane permeabilization in terms of 
hemolysis or calcein release from RBCs or RBC 
ghosts was observed 24 hours after EHs treatment. 
Heparin and anti-TLR2 Ab are able to block, at least 
in part, the EHs-mediated apoptosis in human 
erythrocytes.  
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administration of heparin or antibodies against TLRs to block eryptosis could be a solution 
to treat anemia in the patients with AOIs.
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