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Abstract

Background: Interspecies variations in mammalian red blood cells (RBCs) are observed in circulating RBC lifespan, cell size, fluidity,
aggregation, water permeability, metabolism, lipid composition, and the overall proteome. Bovine RBC cell membrane is deficient in
phosphatidylcholine and exhibits anomalies in the arrangement of phosphatidylethanolamine within the lipid bilayer. However, like
human RBCs, virtually all the aminophospholipid phosphatidylserine (PS) is found within the cytoplasmic side of the cell membrane
of intact circulating bovine RBCs. During apoptotic cell death of human and murine RBCs, PS translocates to the outer leaflet of the
cell membrane via Ca2+-dependent and -independent signaling mechanisms. However, little is known about this process in bovine
RBCs. Methods: Using cytofluorometry analyses, we characterized and compared the cell death responses in bovine and human RBCs
in vitro exposed to various pathophysiologic cell stressors. Results: Ionic stress, by ionophore treatment, and oxidative stress enhanced
cytoplasmic Ca2+ levels and cell membrane PS expression in both bovine and human RBCs. Fever-grade hyperthermia and energy
starvation promoted Ca2+ influx and elevated reactive oxygen species levels in both human and bovine RBCs. However, bovine RBCs
displayed minimal increases in PS expression elicited by hyperthermia, energy starvation, and extracellular hypertonicity as compared
to human RBCs. In response to decreased extracellular osmolality, bovine RBCs exhibited significantly enhanced fragility as compared
to human RBCs. Conclusions: Bovine RBCs display differential cell death patterns as compared to human RBCs, only partly explained
by increased Ca2+ influx and oxidative stress. Premature removal of circulating RBCs could potentially contribute to the pathogenesis
of anemia in cattle caused by a wide range of factors such as systemic diseases, parasitic infections, and nutritional deficiencies.

Keywords: red blood cells; cell death; bovine; calcium; anemia; cell stress; hemolysis

1. Introduction

Evolutionary differences in the circulatory systems of
vertebrates are paralleled by functional variations in red
blood cell (RBC) morphology, numbers, and biophysical
properties [1,2]. Mammalian RBCs are characterized by
enucleation of erythroid cells towards the end of their mat-
uration [3]. Interspecies differences in mammalian RBCs
are observed in RBC cell size, aggregation, metabolism,
membrane lipid composition, and the overall proteome [4–
8]. These variations dictate differences in hemorheological
properties and the RBC’s ability to adapt to various extra-
cellular environmental challenges in the circulation [9–12].
RBC lifespan varies across mammalian species with bovine
RBCs known to circulate longer (~160 days) than human
RBCs (~120 days) [13]. Premature cell death of circulat-
ing RBCs prior to completion of their expected lifespan in
vivo has been demonstrated in a wide range of human dis-
eases associated with anemia, as well as in mouse models of
different clinical conditions [14]. However, little is known
about this phenomenon in cattle.

During their lifespan, RBCs accrue a wide range of
physical injuries together with enzymatic alterations lead-
ing to their senescence and subsequent clearance from the
circulation by phagocytic catabolism [13–15]. In the con-
text of various systemic diseases in humans, RBCs may be
afflicted by oxidative injuries leading to reduced survival
[16]. Other pathophysiologic cell stressors, such as fever-
range hyperthermia, extracellular tonicity alterations, and
energy starvation, can trigger RBC dysfunction and prema-
ture cell death [14]. When excessive loss of RBCs is not
compensated by enhanced erythropoiesis in the bone mar-
row, anemia ensues [14]. Apoptotic cell death in RBCs,
also known as eryptosis, is characterized by the break-
down of the phospholipid asymmetry in the cell membrane
leading to the flipping of the aminophospholipid, phos-
phatidylserine (PS), towards the exterior leaflet of the cell
membrane [14,17]. While a wide array of mechanisms are
operative during RBC cell death, Ca2+-mediated signaling
has been considered as a canonical pathway regulating this
process in human RBCs [14].
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Structurally, ruminant RBCs exhibit anomalies in their
cytoplasmic membrane phospholipid architecture as com-
pared to RBCs from other mammalian species such as the
presence of N-acylated aminophospholipids [18]. Bovine
RBCs are deficient in phosphatidylcholine and possess high
levels of sphingomyelin in the cell membrane [19]. Strik-
ingly, unlike human RBCs, the outer leaflet of bovine RBC
cell membrane is reported to have a significantly lower
proportion of phosphatidylethanolamine (2% versus 20%)
[19]. Differences in composition of the lipid membranes of
bovine and human RBCs have been linked with differential
RBC membrane fluidity [20] and water permeability [21]
between the two species. Despite the unique lipid organi-
zation in the bovine RBC membrane PS is found entirely
in the inner leaflet of the lipid bilayer of intact cells, like
human RBCs [19].

In bovine RBCs, the possibility of PS translocation
to the outer leaflet in response to proapoptotic signals, as
in human and murine RBCs, remains elusive. One im-
portant clue on the clinical significance of apoptotic cell
death in stressed bovine RBCs comes from a previous study
showing increased RBC PS expression in anemic cattle in-
fected with the intraerythrocytic parasite, Theileria sergenti
[22]. Infected cattle have been reported to display enhanced
clearance, hemolysis, and morphological changes in RBCs
[22–24]. Systemic bovine diseases involving RBC dys-
function and anemia can influence the overall health and
productivity of livestock. Thus, characterization of the
apoptotic cell death process in bovine RBCs would provide
novel insights into the pathogenesis of bovine anemia re-
sulting from accelerated loss of circulating RBCs.

2. Materials and Methods
2.1 Blood Samples and Reagents

Bovine blood was procured from a local abattoir
(Windcrest Meat Packers Ltd., Port Perry, ON, Canada).
Cow blood was collected into an anticoagulant-containing
tube immediately following an incision in the neck as de-
scribed previously [25]. For bovine RBC isolation, whole
blood was centrifuged for 10 min at 1000 ×g to remove
cell-free supernatant and buffy coat. Phosphate-buffered
saline (PBS) was then added to the RBC pellet at ~1:10
ratio and the samples were washed three times. Human
RBCs (4 ♀ and 4 ♂ donors) used in this study were ob-
tained from concentrates produced by Canadian Blood Ser-
vices Blood4Research program (Vancouver, BC, Canada).
Leukoreduced RBC concentrates in SAG-M were shipped
to Ontario Tech University in containers validated to main-
tain core temperatures between 1 and 10 °C and were refrig-
erated on receipt. Prior to experimentation, human RBCs
drawn from blood bags were washed three times in PBS to
remove residual storage solution. Bovine and human RBCs
(stored at 4 °C for<3 days post-collection) were incubated
at 37 °C (0.5% hematocrit) in isotonic Ringer’s solution (pH
7.4) prepared as described previously [26]. Supraphysio-

logic intracellular Ca2+ overload was artificially induced
using Streptomyces conglobatus ionomycin and oxidative
stress using tertbutyl-hydroperoxide (TBOOH; Sigma, St.
Louis, MO, USA). Extracellular osmolality of Ringer’s so-
lution was increased with addition of 600 mM sucrose.

2.2 Flow Cytometry
Cellular markers of RBC apoptosis were examined us-

ing flow cytometry (BDAccuri C6 Plus) analysis in the FL1
channel (excitation wavelength of 488 nm and an emission
wavelength of 530 nm) following previously described pro-
tocols [26]. RBC PS expression was quantified using an-
nexin V FITC (1:100 dilution; BioLegend, San Diego, CA,
USA; verified reactivity with PS in all mammalian species
according to manufacturer). Relative intracellular Ca2+
levels in RBCs were determined using Fluo 4/AM stain-
ing (2 µM in Ringer’s solution; Tocris Bioscience, Toronto,
ON, Canada). Relative levels of reactive oxygen species
(ROS) were examined using dichlorodihydrofluorescein di-
acetate staining (DCFDA, 25 µM in PBS; Sigma). RBC vi-
ability was quantified by estimating the activity of intracel-
lular esterases using Calcein-AM (2 µM in PBS; Cayman
Chemical, Ann Arbor, MI, USA) staining as described pre-
viously [27]. Mean fluorescence intensity (MFI) data were
normalized to control or baseline values.

2.3 Osmotic Fragility Tests
For the determination of osmotic resistance, 2 µL of

RBCs were added to 1000 µL of different mixtures of iso-
tonic PBS and hypotonic distilled water with varying osmo-
lalities. Relative hemolysis was measured in terms of ab-
sorption measured at 405 nm as described previously [26].

2.4 Statistics
Data are expressed as means± standard error of mean

(SEM). Statistical analyses were performed using paired
Student’s t test or ANOVA as appropriate (GraphPad Prism
8 Software, GraphPad Software, Inc., San Diego, CA,
USA) where p < 0.05 was considered statistically signif-
icant.

3. Results
Firstly, we examined the effects of artificially enhanc-

ing intracellular Ca2+ content in human and bovine RBCs
using ionomycin, a well-established Ca2+ ionophore. As
shown in Fig. 1A–C, ionomycin treatment similarly en-
hanced Ca2+-dependent Fluo 4 fluorescence in both bovine
and human RBCs. While extracellular Ca2+ uptake re-
sponses are similar for RBCs from both species, PS expres-
sion in bovine RBCs was achieved with a higher ionomycin
concentration as compared to human RBCs, potentially in-
dicating differences in downstream enzymatic activation in
RBCs from the two species (Fig. 1D–F).

Oxidative damage to human RBCs is paralleled by
increased cation channel activation leading to increased
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Fig. 1. Ionophore-mediated Ca2+ influx and cell death in bovine and human red blood cells (RBCs). Representative histogram
(A,D; Black: 0 µM ionomycin; Red and Blue: 20 µM ionomycin). Means± standard error of mean (SEM) of Fluo 4 mean fluorescence
intensity (MFI) (B,C; n = 4) and percentage of phosphatidylserine (PS) expression (E,F; n = 4) in bovine and human RBCs following
1-hour incubation in Ringer’s solution containing 0–50 µM ionomycin at 37 °C. *, ** and *** indicate significant difference (p < 0.05,
p < 0.01, and p < 0.001, respectively) from the absence of ionomycin treatment.

Fig. 2. Oxidative stress stimulates Ca2+ entry into and cell death in bovine and human RBCs. Representative histogram (A,D;
Black: Control; Red and Blue: 0.2 mM tertbutyl-hydroperoxide (TBOOH)). Means± SEM of Fluo 4MFI (B,C; n = 4) and percentage of
PS expression (E,F; n = 4–6) in bovine and human RBCs following 30-minute incubation in Ringer’s solution containing 0.2 mMTBOOH
at 37 °C. * and *** indicate significant difference (p < 0.05 and p < 0.001, respectively) from the absence of TBOOH (Control).

Ca2+ influx [28]. Acute exposure of RBCs to the oxi-
dant, TBOOH, elicited significantly enhanced Fluo 4 flu-
orescence in both bovine (Fig. 2A,B) and human RBCs
(Fig. 2A,C). We then interrogated the extent to which
TBOOH-induced Ca2+ increases translated into increases
in cell membrane PS exposure. As illustrated in Fig. 2D–

F, oxidant treatment significantly upregulated PS expres-
sion in both bovine and human RBCs. We further tested
RBC viability after oxidant treatment by determining in-
tracellular esterase activity using quantification of Calcein
fluorescence. Human RBCs exposed to oxidant treatment
showed reduced Calcein fluorescence confirming a recent
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Fig. 3. Effects of hyperthermia and energy starvation on cytoplasmic Ca2+ levels and PS expression in bovine and human RBCs.
Representative histogram (A,D; Dotted: Baseline; Black: Control; Red: Energy-depleted; Blue: Hyperthermia). Means± SEM of Fluo
4 MFI (B,C; n = 4) and percentage of PS expression (E,F; n = 4) in bovine and human RBCs following 72-hour incubation in Ringer’s
solution without glucose (energy-depleted) at 37 °C or in Ringer’s solution at 41 °C (hyperthermia). Baseline readings were determined
in refrigerated RBCs. *, ** and *** indicate significant difference (p < 0.05, p < 0.01, and p < 0.001, respectively) from baseline
values.

report [27]. However, bovine RBCs did not show decreases
in Calcein fluorescence (data not shown) possibly due to re-
duced cellular uptake of this dye.

Next, we evaluated bovine and human RBC survival
under the conditions of fever-grade hyperthermia and glu-
cose deprivation. As shown in Fig. 3A–C, a 72-hour incu-
bation of bovine RBCs in Ringer’s solution, glucose-devoid
conditions, or exposure to 41 °C temperature upregulated
intracellular Ca2+ levels in human and bovine RBCs as
compared to intracellular Ca2+ levels in refrigerated RBCs
(baseline). Due to large data scatter, the effects were not
statistically significant in bovine RBCs. We then sought
to elucidate whether enhanced cytosolic Ca2+ levels trans-
lated into breakdown of cell membrane phospholipid asym-
metry. In contrast to human RBCs, bovine RBCs displayed
only a subtle increase in PS expression in response to en-
ergy starvation and hyperthermia (Fig. 3D–F).

Additional experiments were conducted to assess
whether fever-grade hyperthermia or energy starvation in-
duced oxidative stress in bovine and human RBCs. As
shown in Fig. 4A–C, DCF fluorescence, indicating in-
creased ROS levels, was significantly enhanced in both
bovine and human RBCs after a 72-hour incubation, under
glucose-devoid conditions or incubation in hyperthermic

conditions (41 °C), suggesting that despite starvation- and
hyperthermia-associated redox imbalances in RBCs from
both species, bovine RBCs displayed a minimal increase in
membrane PS expression.

Deviations in extracellular tonicity are known to trig-
ger ionic and fluid shifts in RBCs. Hemolysis in bovine
RBCs was significantly higher at 30–50% reductions in os-
molality as compared to human RBCs (Fig. 5A). Hyper-
tonicity (addition of 600 mM of sucrose into the medium)
significantly enhanced PS expression in human RBCs after
4 hours (Fig. 5B,E). In contrast, a modest but significant in-
crease in PS exposure was observed in bovine RBCs after
a 48-hour, but not 4-hour, incubation in hypertonic Ringer
solution (Fig. 5B–D) suggesting that bovine RBCs are rela-
tively more resistant to hypertonic stress-induced cell death
as compared to human RBCs.

4. Discussion
Clinically, the pathogenesis of anemia in cattle has

been ascribed to various factors such as immune-mediated
RBC destruction [29], parasitic infections [30–32], and nu-
trient deficiency [33,34]. In vitro and in vivo studies provide
some mechanistic evidence that increased erythrophagocy-
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Fig. 4. Effects of hyperthermia and energy starvation on reactive oxygen species (ROS) production in bovine and human RBCs.
Representative histogram (A; Dotted: Baseline; Black: Control; Red: Energy-depleted; Blue: Hyperthermia). Means ± SEM of
dichlorodihydrofluorescein (DCF) MFI (B,C; n = 4) in bovine and human RBCs following a 72-hour incubation in Ringer’s solution
without glucose (energy-depleted) at 37 °C or in Ringer’s solution at 41 °C (hyperthermia). * and ** indicate significant difference (p<
0.05 and p < 0.01, respectively) from baseline values.

Fig. 5. Impact of extracellular osmolality changes on bovine and human RBCs. Means ± SEM of relative hemolysis (n = 4; 405
nm absorbance; A) in bovine RBCs (red line) and human RBCs (blue line) after exposure to different extracellular osmolalities. *, **
and *** indicate significant difference (p < 0.05, p < 0.01, and p < 0.001, respectively) from human RBC at the respective osmolality.
Representative histogram (Black: Control; Red and Blue: hypertonic; B) and means ± SEM of percentage of PS expression in bovine
RBCs (C,D; n = 4–6) and human RBCs (E; n = 4) following incubation in Ringer’s solution containing 600 mM sucrose for 4 hours or
48 hours at 37 °C. ** indicates significant difference (p < 0.01) from Control.

tosis and extravascular RBC catabolism are responsible for
Trypanosoma-elicited anemia, a common parasitic infec-
tion in cattle [35,36]. Despite the morphological and com-
positional peculiarities of bovine RBCs, our in vitro data in-
dicate that bovine RBCs undergo a cell death process with
some mechanistic similarities to that observed in human
[14], murine [14], and canine RBCs [37].

Supraphysiologic Ca2+ overload in human RBCs
induces metabolic reprogramming, ion channel modula-
tion, posttranslational protein modifications, and affects
the RBC cytoskeleton [14,38]. Remarkably, bovine RBCs
showed higher resistance to Ca2+ ionophore-induced cell
death as compared to human RBCs suggesting a potentially
higher molecular threshold for RBC cell death in bovine

5
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diseases. Unlike humans and other species, physiological
levels of ionized Ca2+ in bovine RBCs remain unknown
[39]. It may be surmised that possible interspecies varia-
tions in basal Ca2+ concentrations may dictate differences
in downstream signaling responses to acute Ca2+ eleva-
tions. Removal of extracellular Ca2+ mitigates metabolic
alterations in human RBCs such as changes in glutathione
synthesis and lipid remodeling [38]. Oxidative stress is an
important activator of Ca2+-permeable cation channels in
human RBCs leading to their dysfunction and eventually
cell death [16,40]. Our data showed enhanced ROS lev-
els in bovine RBCs after incubation in glucose-depleted
medium, despite very low membrane PS expression. A po-
tentially plausible explanation for this observation comes
from a recent study showing several metabolic anomalies
in bovine RBCs during prolonged refrigerated storage [4].
Bovine RBCs were reported to display reduced levels of
glycolytic metabolites, S-adenosylmethionine, adenosine
triphosphate (ATP), and glutathione, and enhanced purine
oxidation products as compared to RBCs from other mam-
malian species, suggesting slow energy metabolism and
high oxidative stress during storage [4].

Heat stress in cows can affect their physiological
homeostasis and reduce livestock productivity [41]. Cat-
tle suffering from some types of infectious febrile condi-
tions such as anaplasmosis and trypanosomiasis, often dis-
play anemia [42,43]. Normal bovine body temperatures
have been reported to vary between 38–39.5 °C depend-
ing on age and breed [44]. Our data show that exposure of
bovine and human RBCs to hyperthermia increased ROS
levels. However, bovine RBCs showed a minimal increase
in PS expression despite prolonged hyperthermia expo-
sure, suggesting that bovine RBCs potentially have a higher
acute adaptability, possibly underpinned by interspecies
metabolic variations, to hyperthermic challenge. Interest-
ingly, exposure of bovine RBCs to extracellular hypertonic
stress for relatively shorter periods did not elicit increased
PS exposure as compared to human RBCs and only a pro-
longed incubation of bovine RBCs modestly enhanced PS
expression. However, in contrast to human RBCs, bovine
RBCs displayed markedly increased hemolysis in response
to reduction in extracellular osmolality. Indeed, RBCs from
cows have previously been reported to display higher levels
of hemolysis in response to various challenges compared to
RBCs from variousmammalian species [5,45]. A limitation
of the present study is that the relatively small sample size
did not permit us to determine the effects of biological vari-
ables such as age, sex, and cow breed. Notably, age, sex,
and genetic heterogeneity have been documented to influ-
ence RBC phenotype in other mammalian species [46–48].
Nevertheless, the strength of our study is that it provides the
first published evidence of the cell death process in bovine
RBCs and paves the way for follow-up studies in the future,
relevant to veterinary medicine and the livestock industry.

5. Conclusions
From our data and previous findings taken together, it

may be conjectured that structural and metabolic variations
between human and bovine RBCs confer differential re-
sponses to stress-induced cell death patterns. Accordingly,
further studies are required to fully discern the cell death
machinery in bovine RBCs, which may potentially be an
important mechanism underlying bovine anemia.
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