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The normal deformability of erythrocytes plays an important role in ensuring blood mobility, erythrocyte
longevity, and microcirculation, which is the ability of erythrocytes to change shapes in response to
external forces. However, the effects of curcumin extracts on the deformability of erythrocytes have
not yet been evaluated. Accordingly, in this study, we explored the effects of pre-treatment with cur-
cumin extract on erythrocyte deformation and erythrocyte band 3 (SLC4A1; EB3) expression. We also
evaluated the associations between EB3 expression and erythrocyte deformability induced by hydrogen
peroxide. Blood samples were divided into the control group, pre-treatment group (treated with cur-
cumin extract or vitamin C), and negative control group, and oxidant stress parameters, antioxidant sta-
tus, erythrocyte deformability and elasticity, and EB3 modifications were evaluated using
immunoblotting and immunofluorescence staining. Hydrogen peroxide significantly increased oxidative
stress parameters, modulus elasticity values and clustered EB3 levels and induced conjugation of mem-
brane proteins to form high-molecular-weight complexes (p < 0.05). Erythrocyte deformability and elas-
ticity were significantly decreased in the treated groups compared with those in the control group.
Overall, our findings suggested that pre-treatment with curcumin extracts increased antioxidant status,
reduced EB3 cross-linking, and improved erythrocyte deformability, to an even better extent than vita-
min C. These results provide important insights into the effects of treatment with curcumin extracts
on erythrocyte damage and suggest that curcumin may have applications in antioxidant therapy.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Reactive oxygen species (ROS) are a byproduct of cellular meta-
bolism and are generated during oxidative metabolism or via inter-
actions with exogenous sources, such as xenobiotic compounds
(Kehrer, 2000; Pandey and Rizvi, 2010; Pham-Huy et al., 2008).
The imbalance between toxic ROS and the antioxidant defense sys-
tem can lead to oxidative stress (Sinha et al., 2015). Moreover, ery-
throcytes (red blood cells) are continuously exposed to ROS
(Arashiki et al., 2013), resulting in conformational and functional
changes and ultimately leading to erythrocyte aging and removal
from circulation (Mohanty et al., 2014). Owing to the susceptibility
of erythrocytes to oxidative reactions, these cells are often used as
a cell model for analysis of oxidative damage to biofilms (Honzel D,
et al., 2008), and hydrogen peroxide, as a strong oxidant, is often
used in oxidative damage models. Erythrocyte deformability (ED)
is an important factor, that modulates the efficacy of tissue perfu-
sion under conditions of increased shear stress in the microvascu-
lature (Olumuyiwa-Akeredolu et al., 2017). Slight changes in the
structures of erythrocytes will lead to the alterations in ED, which
are required for erythrocytes to change their shape in response to
mechanical forces in fluid flow or while passing through microcir-
culation (Chien, 1987; Kim et al., 2015; Mokken et al., 1992). More-
over, mechanical factors also play important roles in maintaining
the unique properties of erythrocytes (Cluitmans et al., 2012). Fol-
lowing the discovery of the clinical importance of ED and the
mechanical properties of erythrocytes, several methods for mea-
suring this phenomenon have been developed.

Antioxidants are needed to mitigate the effects of oxidative
damage. Natural antioxidants include the water-soluble antioxi-
dant vitamin C and the fat-soluble antioxidant vitamin E. The tox-
icity of harmful oxygen-free radicals can be eliminated by
reduction and neutralization of hydroxyl, alkoxyl, and lipid peroxyl
(ROO�) radicals (Lü et al., 2010), and antioxidants such as vitamin C
can rapidly react with O2

�, HOO�, and OH� to generate semi-
dehydroascorbic acid, remove singlet oxygen, and reduce sulfur-
free radicals. Moreover, vitamin C is often used as a reference for

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2019.07.045&domain=pdf
https://doi.org/10.1016/j.jbiomech.2019.07.045
mailto:xwangchn@vip.sina.com
https://doi.org/10.1016/j.jbiomech.2019.07.045
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


A A 

B 

C C 

Fig. 1. The keto-form of curcumin (A) phenyl ring (B) b-diketone group (C) alkene.

2 Q. Yang et al. / Journal of Biomechanics 95 (2019) 109301
identification and comparison of the free radical scavenging abili-
ties of various drugs. Owing to its unique structure, curcumin is
believed to be a strong antioxidant and has been used in traditional
Chinese and Indian medicine (Hatcher et al., 2008; Jain et al.,
2006). Curcumin contains a variety of functional groups, including
the b-diketo group, carbon-carbon double bonds, and phenyl rings
having various hydroxyl and methoxy substituents (Fig. 1)
(Hatcher, et al., 2008; Menon et al., 2007; Wright, 2002).

Notably, treatment with either curcumin prevents reduction of
the rate constant for SO4(=) uptake or protects -SH groups from
oxidation (Morabito et al., 2015; Morabito et al., 2016). Addition-
ally, oxidative stimulation of G proteins in the human brain mem-
brane by metabolic per-oxidation, homocysteine, and hydrogen
peroxide can be significantly decreased by curcumin via inhibition
of lipid peroxidation in rat liver microsome preparations and rat
brains (Jefremov, et al., 2007). Curcumin has also been shown to
inhibit lipid peroxidation, and modulate superoxide anion radical,
and hydrogen peroxide scavenging (Ak Tuba and Gulçin, 2008).
Accordingly, we hypothesized that curcumin may maintain the
redox balance in erythrocytes, which could prevent the develop-
ment and progression of inflammation-related diseases and aging.

Accordingly, in order to clarify the responses of erythrocytes to
natural antioxidant, we evaluated the antioxidant and free-radical
scavenger properties of curcumin in erythrocytes.

2. Materials and methods

2.1. Ethics statement

Volunteers provided written informed consent to participate in
the study. The research protocol was approved by Chongqing
University and the Ethics Committee, and the study methodologies
conformed to the standards set by the Declaration of Helsinki.

2.2. Preparation of blood samples

Venous blood samples were collected into anti-coagulation
tubes containing heparin (15 IU/ml) from healthy adult men (18–
30 years old). Blood samples were centrifuged at 2000 rpm, and
4 �C for 2.5 min, and the buffy coat and plasma were then removed.
Erythrocytes were washed three times using phosphate-buffered
saline (PBS, pH 7.4) with centrifugation at 2000 rpm for 2.5 min.
Finally, erythrocytes were re-suspended in PBS (pH 7.4) to obtain
human erythrocyte suspensions at different hematocrits (for
assays or membrane cell extraction). All erythrocyte preparations,
treatments, and measurements were carried out within 4–6 h after
blood collection.

2.3. Establishment of erythrocytes model and screening of hydrogen
peroxide concentration

2.3.1. Selection of the suitable hydrogen peroxide concentration
In order to evaluate the effects of curcumin extracts from H2O2

induced oxidative stress, hemolysis assays were conducted as pre-
viously reported with some modifications (Zhao et al., 2017). H2O2

was used as an oxidative agent because it is rapidly converted by
the Fenton reaction into �OH radical which is highly reactive
(Pandey and Rizvi, 2010). First, erythrocyte samples were pre-
pared, and cells were tested in the presence of three different con-
centrations of peroxide (0.5, 4, and 8 mM). All cells were incubated
for 12 h at 37 �C, and morphological changes in erythrocytes,
hemolysis ratios and methemoglobin (MetHb) levels were mea-
sured. Moreover, the erythrocyte elongation index (EI) was mea-
sured to determine the deformability of the cells. In this
experiment, we also used vitamin C as a standard drug and com-
pared the results with those of curcumin extracts.

2.3.2. Establishment of the erythrocyte model
Cells were divided into three groups: the normal group, the

treatment group and the negative control group. For each group,
erythrocyte suspensions (5% in PBS, 500 mL) were pre-incubated
with 500 mL ethanol-DMSO in PBS. For the normal and negative
control groups, cells were then incubated with 500 mL PBS, whereas
for the treatment groups, cells were incubated with 500 mL cur-
cumin extract or vitamin C at different concentrations (1, 10 and
20 mM) at 37 �C for 30 min. Subsequently, 500 mL PBS was added
to the normal group, and H2O2 solutions (pH 7.4) were added to
the treatment and negative control groups. Cells were then incu-
bated at 37 �C for 12 h. After incubation, a batch of the reaction
mixture (100 mL) was diluted with 400 mL PBS and centrifuged at
2000 rpm at 4 �C for 5 min. The absorbance (A) of the supernatant
at 540 nm was measured. Another portion of the reaction mixture
(100 mL) was treated with 400 mL of distilled water to obtain com-
plete hemolysis and centrifuged at 2000 rpm at 4 �C for 5 min. The
absorbance (A0) of the supernatant at 540 nm was measured.

The hemolysis ratio was measured using the following equation
(Manna et al., 1999; Zhao et al., 2017)

Hemolysis Ratio ¼ A
A0

� 100%
2.4. Determination of oxidative stress in erythrocytes

Next, determination of Met-Hb was performed at 630 nm to
evaluate the Met-Hb value in erythrocytes after exposure to oxida-
tive stress. The activities of antioxidant enzymes, including cata-
lase (CAT) and superoxide dismutase (SOD), and the levels of
glutathione peroxidase (GPx) were measured to evaluate intracel-
lular enzyme levels. The lipid peroxidation of erythrocyte mem-
branes was estimated by measuring the levels of
malondialdehyde (MDA), the secondary product of lipid peroxida-
tion, according to the thiobarbituric acid (TBA) method. TBA
reactive-substance levels were estimated by measuring the absor-
bance at 532 nm. All parameters were measured using kits from
Nanjing Jian Cheng Bioengineering Institute (China, http://www.
njjcbio.com/product.asp) according to the manufacturer’s
instructions.

2.5. Measurement of ED

To elucidate changes in the ED after exposure to oxidative
stress, the elongation indexes of the cells were quantitatively mea-
sured at different shear rates (0.3 or 30 Pa), using a laser-assisted
optical rotational cell deformability analyzer (Lorrca Maxsis, the
Netherlands). Briefly, after treatment, the erythrocytes were
washed three times using PBS, completely dissolved in a
polyvinylpyrrolidone solution (pH 7.4), and subjected to analysis
using the laser-assisted rotational cell deformability analyzer,
which applies coquette geometry with a static bob and a rotating
cylinder (cup) to create a simple shear flow, changes in erythrocyte
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shapes and orientations can then be determined by measuring the
diffraction of the laser light passing through the thin layer of blood
suspension. The erythrocytes elongation index (EI) was calculated
according to the following equation:

EI ¼ ðL�WÞ
ðLþWÞ

where L and W represent the length and width of the diffraction
pattern ellipse, respectively. Increased EI values indicate greater
ED (Tang et al., 2014; Xiong et al., 2013).

2.6. Measurement of the Young’s modulus of erythrocytes

Next, we further explored the correlations of biomechanical
properties with changes in cytoskeletal membrane in erythrocytes
after oxidative stress by measuring, the Young’s modulus using an
atomic force microscope (AFM). First, the surface of the glass slide
was treated with a poly-L-lysine solution to enhance cell adhesion.
Erythrocyte stiffness measurements were carried out by AFM in
the contact mode, and a soft V-shaped silicon nitride cantilever
with a nominal spring constant of 0.03 N/m was used. A pyramid
probe (TR400PSA; Olympus, Japan) with a side-angle of 17.51
was attached to the cantilever tip, and measurements were
recorded at the center of the cell with a tip scanning frequency
of 1.0 Hz. During testing, the probe slowly approached and
contacted the cell surface, and was then retracted; Next, the
force-distance curves were obtained by recording the cantilever
deflection and displacement of the probe driver during the
approach-retract cycles. The force-distance curve is linear before
the probe contacts the cell, and then the curve starts to climb from
zero with increasing curvature. Non-linear force-distance curve
reflects the mechanical properties of the cell. The Young’s modulus
of the cells was computed using the Hertz model (Radmacher et al.,
1996). According to this model, the relationship between the
applied force, F, and the indentation depth, r, can be expressed as:

F ¼ r2 pE
2 1� v2ð Þ tan að Þ

where E is the elastic or Young’s modulus, v is the Poisson ratio
(assumed to be 0.5) and a is the opening angle of the probe. Young’s
modulus can be calculated from this expression. In our experi-
ments, ten erythrocytes were randomly selected from each group,
and individual erythrocytes were measured five times. All measure-
ments were performed at 25 �C and the erythrocytes were com-
pletely immersed in PBS.

2.7. Electrophoresis and immunoblotting analyses of membranes

Sodium dodecyl sulfate-polyacrylamide gels electrophoresis
(SDS-PAGE) and immunoblotting were conducted to explore pro-
tein clustering and to quantify the expression of EB3. Erythrocytes
were incubated with cold lysis buffer mixture (containing 10 mM
Tris, 1 mM MgCl2, 0.1 mM phenylmethylsulfonyl fluoride (PMSF),
and 0.1 mM ethylene-diamine-tetraacetic acid at 4 �C, pH 8.0) for
1 h. Erythrocyte membrane proteins were collected by centrifuga-
tion at 12,000 rpm for 12 min. Membranes were washed with lysis
buffer, and the protein content of the membranes was then
quantified using Bradford protein assays. Proteins were solubilized
in Laemmli buffer in the absence or presence of 10 mM
DL-dithiothreitol(DTT) at a volume ratio of 4:1. SDS-PAGE was
conducted by heating the samples of 8 min at 100 �C, separating
proteins on 8% polyacrylamide gels, and staining protein bands
with colloidal Coomassie Blue.

For western blot analyses, the proteins were transferred to
polyvinylidene fluoride membranes, immunostained with primary
antibodies (rabbit polyclonal anti-EB3 antibodies, Abcam, UK) or
(mouse polyclonal anti-b-actin antibodies, OriGene, USA), incu-
bated with anti-rabbit and anti-mouse secondary antibodies, and
detected by chemiluminescence (Thermo Scientific, USA, Thermo
Fisher Scientific - CN https://www.thermofisher.com/cn/zh/home.
html). Quantification of Coomassie Blue-stained gels and
electrochemiluminescence-developed immunoblots was con-
ducted by lengthwise scanning densitometry using a gel analyzer
image-processing program (Azure Biosystem, USA).
2.8. Immunofluorescence and image analyses of EB3

To detect the cross-linking phenomenon of EB3 immunofluores-
cence staining method was conducted. Cells were fixed with 4%
paraformaldehyde and 0.05% glutaraldehyde in PBS and permeabi-
lized in the same solution containing 0.05% Triton X-100. After
blocking with 5% bovine serum albumin (BSA) and 0.1% Tween
20 in PBS to block nonspecific protein binding, cells were treated
with rabbit polyclonal anti- EB3 antibodies (Abcam, UK) at a ratio
of 1:200 for 2 h at room temperature. Erythrocytes were washed at
3 min intervals three times with gentle shaking, incubated for 2 h
with secondary antibodies (anti-rabbit Ig G-conjugated to fluores-
cein isothiocyanate) at a 1:200 dilution in 2% BSA in PBS, and then
washed three times in PBS. Fluorescence was imaged using an
Olympus IX71 microscope with a 63/1.25 oil immersion objective
and equipped with a CCD camera (Olympus, Japan).
2.9. Reagents

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1E,6E-hepta
diene-3,5-dione) molecular weight = 368.4 Da, ‘‘analytical
standard” purity grade was purchased from Sigma-Aldrich (USA).

L-ascorbic acid was purchased from Tianjin Fuchen Co. (China),
and 30% H2O2 was purchased from KESHI (China).
2.10. Statistical analyses

Statistical analyses of the data were performed using Origin 8.5
Pro, (GraphPad Prism 5, USA). Data were analyzed by a multi-way
analysis of variances (ANOVA). Data are presented as the
mean ± standard deviation unless described otherwise. Differences
with p values of less than 0.05 were considered significant.
3. Results

3.1. Optimal concentrations of hydrogen peroxide for induction of
oxidative damage

After treatment with increasing concentrations of H2O2

(0.5–8 mM), hemolysis occurred and morphological changes in
erythrocytes were observed. Acanthocytes (erythrocytes having
acicular surfaces with irregular spacing and ridges of different in
lengths and widths) were detected (Fig. 2A). Moreover, treatment
with hydrogen peroxide increased the hemolysis ratio in a
concentration--dependent manner. The group treated with 8 mM
H2O2 showed significant increases in the hemolysis ratio and
MetHb values (p < 0.001; Fig. 2B and C). Increasing the concentra-
tion of H2O2 also decreased the EI in all treated groups. However,
only cells treated with 4 and 8 mM H2O2 showed significance
decreases in EI at 0.3–30.0 Pa shear stress compared with the con-
trol group (p < 0.001; Fig. 2D).
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Fig. 2. Effects of hydrogen peroxide concentration on erythrocytes morphology, hemolysis rate, hemagglutinin-hemoglobin level and erythrocytes elongation index. (A)
Morphology of erythrocytes after treatment of H2O2, (1)–(3) Different concentrations of hydrogen peroxide in20X magnification; (4)–(6) Different concentrations of hydrogen
peroxide in100X magnification. (B) Measurement of Hemolysis Ratio. (C) Met-Hemoglobin Measurement. (D) Elongation Index of different concentration of H2O2, a significant
differences (p < 0.05) between normal and tested group; b significant differences (p < 0.01) between normal and tested group; c significant differences (p < 0.001) between
normal and tested group); (data is represented as mean ± standard deviation with n = 6,* p < 0.05; ** p < 0.01*** p < 0.001;).
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3.2. Antioxidant status and oxidant stress parameters in erythrocytes

To determine the effects of pre-treatment with curcumin
extracts on oxidative stress parameters in erythrocytes, we mea-
sured antioxidant status, hemolysis ratio, and MetHb, CAT, SOD,
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Fig. 3. Antioxidant status and oxidant stress parameters in erythrocytes (A) Hemolysis ra
group with or without curcumin extract at different concentration against H2O2 induced
curcumin and vitamin C; data is represented as a mean ± standard deviation with n = 6)
GPx, and MDA values (Fig. 3 A-F). Cells treated with H2O2 showed
increased oxidative stress parameters and decreased antioxidant
status, suggesting that hydrogen peroxide could cause severe
oxidative damage to erythrocytes. H2O2 not only increased MDA
levels and hemolysis rate, but also damaged cellular defense and
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Fig. 4. The erythrocytes EI value at a shear stress of 0.3 Pa and 30 Pa with or without of curcumin extract after oxidative stress (Data is represented as a mean ± standard
deviation with n = 6):Significnt different of normal control group compared with H2O2 group: *p < 0.05: Normal control group compared with Vitamin C group:
*p < 0.05:20 lM curcumin group compared with normal control group: *p < 0.05: 20 lM curcumin group compared with Vitamin C group:*p < 0.05.

Fig. 5. SDS-PAGE analyses of erythrocytes membrane proteins in different groups.
(1) Control (2) + H2O2 (3) + 1 mM curcumin extract (4) + 10 mM curcumin extract (5)
+ 20 mM curcumin extract (6) + Vitamin C(20 mM).
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clearance functions, resulting in decreased levels of SOD, CAT and
Gpx Pre-treatment with curcumin extracts (1, 10 and 20 mM) sig-
nificantly decreased the hemolysis ratio and MetHb values com-
pared with those in vitamin C-treated cells(p < 0.05). Significant
differences in CAT, SOD, and GPx levels were also observed
between cells treated with curcumin extracts and cells treated
with vitamin C (p < 0.05). Moreover, MDA levels were also signifi-
cantly decreased in curcumin-treated cells compared with that in
vitamin C-treated cells (p < 0.05).

3.3. Erythrocytes deformability at various shear stresses and Young’s
modulus values

In the H2O2-treated group, EI values of erythrocytes were signif-
icantly decreased a wider range of shear stresses (Fig. 4; p < 0.05
compared with control group). The group treated with curcumin
extract or vitamin C showed increased EI values at low shear stress
(0.3 Pa; Fig. 4A) and high shear stress(30 Pa, Fig. 4B). However, only
20 mM curcumin extract significantly increased the EI value com-
pared with that in the H2O2-treated group (0.5713 ± 0.012 at
30 Pa; p < 0.05).

Table 1 describes the Young’s modulus values of erythrocytes in
each group. An obvious increase in the Young’s modulus value was
observed in the H2O2-treated group compared with that in the con-
trol group. In contrast, pre-treatment with curcumin (10, 20 mM) or
vitamin C significantly decreased the Young’s modulus compared
with that in the H2O2 -treated group (p < 0.05).

3.4. Modifications of membrane protein structure

Erythrocytes lack nuclei and other organelles, and do not exhi-
bit protein synthesis. Therefore, alterations in pre-existing proteins
Table 1
The Young’s modulus value of erythrocytes from each group.

Group Young’s Modulus (KPa)

Normal control 0.6476 ± 0.2290
+ H2O2 1.943 ± 0.4016
+ 1 mM curcumin extract 1.615 ± 0.2906
+ 10 mM curcumin extract 1.307 ± 0.2462 ***

+ 20 mM curcumin extract 1.102 ± 0.3340***

Vitamin C 1.334 ± 0.3799**

Note: Data is represented as a mean ± standard deviation, with n = 10.
** p < 0.01.
*** p < 0.001 compared with + H2O2 group.
could result in recognizable changes in the membrane surface. In
this work, we hypothesized that oxidative damage may lead to
variations in the protein profiles of erythrocyte membranes. SDS–
PAGE analyses of erythrocyte membrane proteins (Fig. 5) showed
that a new high-molecular-weight (HMW) band appeared. How-
ever, the expression of the HMW band decreased significantly after
incubation with DTT.

EB3 immunoblotting is shown in Fig. 6 A and C. Densitometric
analyses showed differences in EB3 protein at 90–100 kDa and
its aggregate products at more than 250 kDa (cluster band 3;
Fig. 6C). For the HMW band, the EB3 aggregate product was
reduced back to a 95 kDa band after incubation with DTT
(Fig. 6A). Subsequent analyses of EB3 by immunofluorescence
staining (Fig. 6E-2) verified the presence of EB3 aggregates in a
small proportion of cells formed after oxidative stress. However,
pre-treatment with curcumin extract decreased the number of
echinocytes and visible aggregates (Fig. 6E-4; 5; and 6). Pre-
treatment with vitamin C also resulted in similar improvements
in erythrocytes, although irregularly-shaped erythrocytes were
still observed.
4. Discussion

In the current study, we reported the effects of pre-treatment
with curcumin extracts on erythrocyte antioxidant status, ED
(membrane deformability and elasticity), and EB3 expression.
Our results showed that curcumin extracts increased antioxidant
capacity, helped to maintain EB3 normal structures, and improved
ED performance to mitigate oxidative injury.
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ED is important to facilitate the passage of erythrocytes through
the microcirculation (Chien, 1987). However, our findings showed
that oxidative stress caused some alterations in the erythrocyte
membranes, most likely increasing membrane rigidity and altering
in the organization of membrane phospholipids, which may affect
the ability of erythrocytes to deform and the circulate. H2O2, a
water-soluble oxidant, could quickly permeate the membrane
and partition into the cytosol, and further causing lipid membrane
oxidation and decreasing membrane fluidity (Hale et al., 2011).
After such exposure to H2O2, membrane protein of erythrocytes
may form a skeletal protein complex that could decrease in ED
and result in morphological and surface changes to the erythro-
cytes (Fortier et al., 1988; Snyder et al., 1985).

Young’s modulus, a measure of elasticity, is a physical quantity
used in the biological field to characterize the surface properties of
a cell or material, determined solely by the material or cell surface
properties. The value of Young’s modulus in cells reflects the
degree of rigidity of the cell surface. Larger Young’s modulus values
indicate greater cell hardness and weaker ability to deform and
carry oxygen to various parts of the body (Li et al., 2012; Lekka
et al., 2012; Tang et al., 2014). Moreover, Young’s modulus values
can be altered by changing the affinity with membrane stent bind-
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ing, and the value obtained in this process plays an important role
in ED (Barns, 2017). In a recent study, deformability was found to
be improved by treatment with curcumin extract or vitamin C with
curcumin effectively preventing lipid peroxidation, at the cellular
level (Cohly et al., 1998). Clearly, in our experiment curcumin
extracts showed improved results compared with vitamin C. Thus,
pre-treatment with curcumin could counteract lipid peroxidation
to enhance membrane fluidity and facilitate the maintenance of
erythrocyte elasticity.

Curcuminoid supplementation may prevent membrane dys-
function in human erythrocytes owing to hyperglycemia-induced
oxidative conditions (Yang et al., 2015). EB3 is has crucial struc-
tural roles in facilitating anion transport on the erythrocyte mem-
brane and as an important binding site for cytoskeletal and
erythrocyte proteins (Bruce et al., 2003; Kodippili et al., 2012;
Pretorius et al., 2016). In the current study, our results further con-
firmed the protective roles of curcumin in inhibiting the formation
of HMW protein. When oxidative stress has overcome the antiox-
idant defenses of erythrocytes, MetHb further produces ROS
through the Fenton and Haber-Weiss reactions (Kehrer, 2000),
and the generated hydroxyl radicals can directly attack the main
chain of EB3, leading to its fragmentation (Rucci et al., 2010). Based
on the literature, there are several possible explanations for this
phenomenon. First, this protein complex is formed during hydro-
gen peroxide-induced oxidative stress owing to the binding of
MetHb to the cytoplasmic domain of EB3 or the attachment site
of ankyrin from its cytoplasmic domain of EB3. This then induced
conformational changes, free crosslinking, and EB3 clustering
(Arashiki et al., 2013; Ferru et al., 2011). Alternatively, the forma-
tion of HMWmay result in attack of free thiol groups of membrane
proteins by ROS, resulting in the formation of -S-S- covalent cross-
links and protein aggregation. This phenomenon may occur in
membrane EB3 through the formation of reducible inter- and/or
intramolecular disulfide bonds. Combined with our previous
findings, we suggest that EB3 may be impaired by hydrogen
peroxide-induced oxidative stress (Xiong, et al., 2013). Therefore,
antioxidant therapy is crucial.

In this study, we found that curcumin was an effective scav-
enger of ROS in vitro and may function indirectly as an antioxidant
via the activity of inflammatory enzymes or by enhancing glu-
tathione synthesis (Henrotin et al., 2010). Notably, the antioxidant
activity of curcumin may be related to the phenolic OH group
(Barclay et al, 2000; Priyadarsini et al, 2003). However, curcumin
has also been reported to act as an H atom donor by donating H
atoms from the central methylenic group rather than phenolic
group (Jovanovic and collaborator, 1999). Additionally, most stud-
ies have suggested that the hydrogen atom transfer mechanism of
curcumin protect the membrane -SH groups from oxidation
(Litwinienko and Ingold, 2004; Morabito et al., 2015). However,
the mechanisms through which curcumin exert antioxidant effects
are still unclear.

5. Conclusion

Our current findings provided insights into the effects of oxida-
tive on the structural characteristics and deformability of erythro-
cytes. Preventing erythrocyte damage maintaining the biological
and mechanical properties of erythrocytes, elucidating the link
between oxidative damage and EB3 expression are essential for
improving outcomes in circulation-related diseases. Therefore,
pre-treatment with curcumin extracts may have promising appli-
cations owing to the ability of this preparation to maintain the flu-
idity and rigidity of erythrocytes and therefore facilitating ED
under the influence of mechanical force. This will allow the cells
to pass through wide or narrow capillaries to supply oxygen to
tissue.
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