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EMELINE AUFRADET1, GÉRALDINE MONCHANIN1, SAMUEL OYONNO-ENGELLE2, LÉONARD FEASSON3,
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ABSTRACT

AUFRADET, E., G. MONCHANIN, S. OYONNO-ENGELLE, L. FEASSON, L. MESSONNIER, A. FRANCINA, L. BEZIN, L. D.

SERPERO, D. GOZAL, M. DODOGBA, D. WOUASSI, V. BANIMBECK, B. DJODA, P. THIRIET, and C. MARTIN. Habitual

Physical Activity and Endothelial Activation in Sickle Cell Trait Carriers. Med. Sci. Sports Exerc., Vol. 42, No. 11, pp. 1987–1994,

2010. Purpose: It remains unclear whether habitual physical activity in sickle cell trait (SCT) carriers modulates the levels of resting

and postexercise vascular adhesion and inflammatory molecules. Methods: Plasma levels of pro-inflammatory (interleukin (IL)-4,

IL-5, IL-8, sCD40L, and tumor necrosis factor >) and anti-inflammatory (IL-10) cytokines and adhesion molecules (soluble vascular

cell adhesion molecule-1 (sVCAM-1), soluble intercellular adhesion molecule-1 (sICAM-1), sP-selectin, or sE-selectin) were assessed

at rest and in response to an incremental exercise to exhaustion in untrained (UT: no regular physical activity) and trained (T: soccer

players, 8 hIwkj1 minimum) SCT and control (CON) subjects (n = 8 per group; age = 23.5 T 0.35 yr). Results: sVCAM-1 levels were

significantly higher in the UT-SCT group than that in T-SCT group (+43.5%) at rest, at the end, and at 1, 2, and 24 h after the end of the

exercise. For the other molecules, no differences emerged among the groups at rest, but in response to exercise plasma, sICAM-1,

sVCAM-1, sE-selectin, and sCD40L increased in all groups, and sP-selectin only increased in the UT group. All values that increased

with the acute exercise returned to their respective baseline levels 1 h after the end of the exercise. Conclusions: A physically active

lifestyle in SCT carriers may decrease endothelial activation and may limit the risk for vascular adhesion events in the microcircula-

tion of SCT subjects. Key Words: VASCULAR CELL ADHESION MOLECULES, CYTOKINES, SELECTINS, MAXIMAL

EXERCISE, HEMOGLOBINOPATHY

S
ickle cell disease (SCD) is the most common genetic

disease in the world and is caused by a unique mu-

tation in the sixth codon of the A-globin gene (he-

moglobin A (HbA) into hemoglobin S (HbS)) (31). This

mutation leads to polymerization of HbS and to sickling of

red blood cells (RBC) in response to physical stresses such

as hypoxia, acidosis, dehydration, or hyperthermia (20).

Recurrent painful vaso-occlusive crises because of an ac-

cumulation of low deformable RBC in the microcircula-

tion are among the major symptoms of the SCD (20). In

SCD, the severity of these crises is related to endothelial

dysfunction. SCD endothelium is characterized by a higher

expression of vascular adhesion molecules (namely, endo-

thelial activation), the most important being vascular cell

adhesion molecule-1 (VCAM-1), intercellular adhesion

molecule-1 (ICAM-1), E-selectin, and P-selectin (23). This

activation is mediated by some pro-inflammatory cytokines

such as interleukin-8 (IL-8), which mediates the inflamma-

tion through enhanced leukocyte adhesion (23), or tumor

necrosis factor > (TNF->), which up-regulates the expres-

sion of VCAM-1 (23).

Sickle cell trait (SCT), the heterozygous form of SCD,

is characterized by G45% of HbS. Although SCT is usually

asymptomatic and usually considered a benign condition (29),

an increasing number of studies have reported diminished

exercise tolerance (13), impaired RBC deformability (26),
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existence of hypercoagulable states (41), and higher circu-

lating levels of adhesion molecules in basal conditions and in

response to exercise among SCT carriers (27,28). Some au-

thors have in fact recently proposed to reclassify the SCT as

a disease (3) because in some circumstances, such as phys-

ical exercise or hypoxic stress, SCT subjects may develop

vaso-occlusive painful crises and other complications that

can ultimately lead to death (11).

Soluble VCAM-1 (sVCAM-1) is the plasma circulating

form of VCAM-1 and reflects endothelial activation (34).

Monchanin et al. recently reported that SCT carriers exhibit

a higher level of plasma sVCAM-1 at rest and during re-

covery from a progressive and maximal exercise (27) or

endurance exercise (28) compared with normal hemoglobin

(HbAA) subjects. The endothelial activation and the po-

tential existence of underlying vascular dysfunction raised

further questions about the risk for blood cells/endothelium

interactions and for vaso-occlusive events during and

several hours after exercise. Indeed, several studies have

shown that exercise training improves endothelial function

in healthy men (9) as well as in patients with chronic heart

failure (1,2) or type 2 diabetes (43). The beneficial roles of

physical training were further demonstrated by significant

reductions in circulating levels of major inflammatory cyto-

kines (1), soluble ICAM-1 (sICAM-1) (43), and sVCAM-1

(2). However, we are not aware of any studies on the effects

of regular physical activity on circulating pro-inflammatory

cytokines and soluble vascular adhesion molecules in SCT

carriers. On the basis of aforementioned considerations, we

hypothesized that endothelial activation/inflammation would

be attenuated by physical activity in SCT carriers that con-

sequently should reduce the risks for vascular adhesion and

for the potential vaso-occlusive pathologies sometimes ob-

served in this population. To test this hypothesis, the aim of

this study was therefore to investigate whether habitual phys-

ical activity affects the plasma levels of pro-inflammatory

(IL-4, IL-5, IL-8, and TNF->) and anti-inflammatory (IL-10)

cytokines, sCD40L, and adhesion molecules (sVCAM-1,

sICAM-1, sP-selectin, or sE-selectin) at rest and in response

to a progressive and maximal exercise in SCT carriers.

METHODS

Subjects. The study population consisted of 16 SCT

carriers (HbAS, SCT, 34.5% HbS T 0.81) and 16 subjects

with normal Hb (HbAA, CON). Subjects were male

students of the University of Yaoundé II (Soa, Cameroon).

Each group was divided into two subgroups on the basis of

their habitual physical activity: eight CON and eight SCT

who did not engage in regular physical activity for the two

preceding years were assigned to ‘‘untrained’’ (UT) sub-

groups (eight UT-CON and eight UNT-SCT). Eight CON

and eight SCT who practiced soccer regularly (8 hIwkj1

minimum for several years) were included in the ‘‘trained’’

(T) subgroups (eight T-CON and eight T-SCT). All the sub-

jects were volunteers and gave their written informed con-

sent before participation in the study. The definite enrolment

of the subjects took place only after a complete medical

examination, including height and weight measurements and

a venous blood test to detect SCT and HIV. Exclusion crite-

ria included the presence of known chronic disease (hyper-

tension, HIV), stroke, or recent malaria crisis. SCT subjects

did not report previous sickle cell crisis or other incident

related to their hemoglobinopathy.

Protocol and exercise test. The protocol was ap-

proved by the local ethics committee of Cameroon and was

in accordance with the guidelines set by the Declaration of

Helsinki. All the experiments took place at the General

Hospital of Yaoundé (Cameroon). The day before the ex-

ercise test, the subjects were asked to avoid strenuous ex-

ercise. On the experimental day, all subjects performed an

incremental maximal test exercise on a cycle ergometer

(Monark, 818E, Stockholm, Sweden). The test began after a

5-min warm-up at 30 W. The initial 70-W work rate was

increased every 3 min by 35-W steps until volitional ex-

haustion and therefore allowed assessment of the maximal

aerobic power (MAP; W) and HRmax (beatsIminj1). HR

was displayed throughout the incremental exercise using a

chest belt (Polar Electro, Kempele, Finland). MAP was

determined by linear interpolation from the HR versus work

rate curve. Blood samples were drawn from a catheterized

antecubital vein of the nondominant arm and collected at

rest (Trest), immediately at the end of the exercise test (Tex),

and after 1, 2, and 24 h of recovery (T1h, T2h, T24h, respec-

tively) in EDTA tubes. The samples were used to measure

levels of blood cells (at rest), soluble adhesion molecules

(sVCAM-1, sICAM-1, sP-selectin, and sE-selectin), sCD40L,

and cytokines (TNF-> IL-4, IL-5, IL-8, and IL-10) at all blood

sampling time points.

SCT confirmation, >-thalassemia detection, and

hematological parameters. For SCT confirmation,

blood samples were collected in the EDTA tubes at rest,

and the various Hb were isolated and quantified by ion-

exchange high-performance liquid chromatography (Vari-

ant I, Beta Thal Short Program; Bio-Rad Laboratories,

Hercules, CA). Positive test results for SCT were deter-

mined by the presence of HbS but G50% of the total Hb. To

study the coexistent presence of >-thalassemia, the tech-

nique described by Chong et al. (7) was used. The only

form of >-thalassemia found in some SCT carriers was

the heterozygous one marked by a depletion of 3.7 kb

of DNA, containing one of the two linked >-globin genes

(>>/j>
3.7). Blood for the hematological measurements

was sampled at rest in EDTA tubes and was analyzed using

a hematology analyzer (Abbott Cell Dyn 1800 hematology

analyzer; Block Scientific, Bohemia, NY).

Adhesion molecules and cytokines assessment.

The blood samples collected at Trest, Tex, T1h, T2h, and T24h
were centrifuged, and plasma was aliquoted and stored

at j80-C until analysis. The measurements of plasma

sVCAM-1, sICAM-1, sE-selectin, and sP-selectin were done

with the use of enzyme-linked immunoabsorbent assay kits

http://www.acsm-msse.org1988 Official Journal of the American College of Sports Medicine
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(Diaclone Systems, Besançon, France) according to the

manufacturer’s instructions. All samples were determined in

triplicate, and the sensitivity limits were 0.6 ngImLj1

(sVCAM-1), 0.1 mgImLj1 (sICAM-1), 0.5 ngImLj1

(sE-selectin), and 1.06 ngImLj1 (sP-selectin). Cytokines were

quantified at Trest, Tex, and T2h using a Luminex� fluorescent

bead-based immunoassay kit (Luminex Corporation, Austin,

TX) to simultaneously measure interleukin (IL)-4, IL-5, IL-8,

IL-10, sCD40L, and TNF->. The R&D Fluorokine MAP

Human Cytokine Multiplex Panel was used for this purpose

(R&D Systems, Minneapolis, MN). The detection limits

were 1, 4, 4, 1, 16, 64, and 1 pgImLj1, respectively.

Statistics. Results are expressed as means T SE and

analyzed with Statistica (Version 5.5; StatSoft, Tulsa, OK).

The anthropometric characteristics, the hematologic find-

ings, the HRmax, and the MAP were compared using two-

way ANOVA procedures followed by post hoc tests (UT/T

and CON/SCT). Plasma levels of soluble adhesion mole-

cules and cytokines were compared between the four groups

and at different times using two-way ANOVA with repeated

measurements followed by post hoc tests. Paired t-tests

were used when appropriate to determine where significant

differences occurred. Differences between values were

considered to be statistically significant for P e 0.05.

RESULTS

Anthropometric, hematologic, and MAP charac-

teristics. As shown in Table 1, although the age was

not different among the four groups, UT-CON subjects

were significantly shorter than UT-SCT and T-CON sub-

jects and significantly lighter than that in the three other

groups (P G 0.05). In addition, UT-SCT subjects’ height

was significantly higher than that in the T-SCT group

(P G 0.05). The HRmax values and the hematologic pa-

rameters were similar among the four groups, except for the

following: i) the mean corpuscular volume was significantly

lower in the SCT groups than that in their CON count-

erparts, and ii) the platelet concentrations were significantly

higher in the T groups compared with the UT subjects

(P G 0.05). A coexistent >-thalassemia was detected in three

UT-SCT and in five T-SCT subjects. MAP (W) and rela-

tive MAP (WIkgj1) were significantly higher in T sub-

jects than that in their UT counterparts (215.05 T 7.0 W

vs 174.9 T 6.2 W, P G 0.001, and 3.2 T 0.09 vs 2.74 T

0.09 WIkgj1, P G 0.005, respectively).

Plasma cytokines and soluble adhesion mole-

cules at rest and after maximal exercise. The plasma

concentrations of IL-4, IL-5, IL-8, IL-10, or TNF-> did not

significantly differ at rest and after the incremental exercise

between the four groups (Table 2). Furthermore, no sig-

nificant variations in these cytokines concentrations were

obtained at Tex and T2h compared with Trest. Although no

significant intergroup differences were observed, sCD40

ligand concentrations were significantly increased at Tex
compared with Trest and T2h in all the subjects (+59.7%,

P G 0.05) (Table 2).

Basal plasma concentrations of sICAM-1, sP-selectin,

and sE-selectin were not statistically different among the

four groups (Table 3). For sVCAM-1, ANOVA revealed

that UT-SCT subjects exhibited higher concentrations than

their T counterparts (1738 T 98 vs 1248 T 131 ngImLj1,

respectively, P G 0.05; Fig. 1). This was also the case at Tex
and T1h, T2h, and T24h.

Furthermore, sVCAM-1 plasma concentrations were sig-

nificantly more elevated in UT-SCT than that in UT-CON

(P G 0.05; Fig. 1), whereas no significant difference was

observed between T-SCT and T-CON subjects (P = 0.89).

Plasma sICAM-1, sVCAM-1, and sE-selectin increased sig-

nificantly in all groups at the end of the strenuous exercise as

compared with resting levels (+8.2%, +12.0%, and +12.2%,

respectively, P G 0.05) and returned to their baseline value

1 h after the end of exercise (T1h). When plasma sE-selectin

concentrations were expressed relative to the resting values,

TABLE 1. Anthropometric, hematologic, and MAP characteristics.

UT T

CON SCT CON SCT

Age (yr) 22.7 T 0.6 23.7 T 1.2 24.5 T 0.4 23 T 0.7
Height (cm) 169 T 1.25* 178 T 1.81 173.73 T 1.65† 172.64 T 1.03*
Weight (kg) 60.3 T 1.88 68.43 T 1.88† 69.18 T 1.46† 66.64 T 2.02†
WBC (103 cellsIKLj1) 5.65 T 0.68 4.96 T 0.62 5.57 T 0.48 5.95 T 0.63
Lymphocytes (103 cellsIKLj1) 2.87 T 0.5 2.49 T 0.41 2.59 T 0.12 2.65 T 0.39
Granulocytes (103 cellsIKLj1) 1.93 T 0.29 1.56 T 0.16 2.14 T 0.32 2.46 T 0.26
RBC (106 cellsIKLj1) 5.23 T 0.22 5.38 T 0.18 5.12 T 0.14 5.46 T 0.16
[Hb] (gIdLj1) 14.17 T 0.49 14.23 T 0.3 12.88 T 0.87 14.01 T 0.3
Hematocrit (%) 44.37 T 1.39 43.8 T 1.07 42.9 T 0.86 42.99 T 0.89
MCV (fL) 85.18 T 1.44 81.61 T 1.6‡ 84.04 T 1.5 79 T 1.15‡
MCH (pg) 27.18 T 0.43 26.54 T 0.65 27.04 T 0.56 25.75 T 0.43
Platelets (103 cellsIKLj1) 172 T 25.54 159.43 T 30.02 206.55 T 28.7§ 266.73 T 15.66§
% HbS — 35.71 T 1.15 — 33.73 T 1.07
>-Thalassemia — 3/8 — 5/8
MAP (W) 168.89 T 7.9 182.57 T 9.7 214.64 T 11.25§ 215.45 T 9.87§
Relative MAP (WIkgj1) 2.79 T 0.12 2.67 T 0.12 3.11 T 0.16§ 3.23 T 0.12§
HRmax (beatsIminj1) 185 T 5 183 T 4 174 T 3 189 T 4

Values are presented as means T SE.
* Significant difference from UT-SCT; † significant difference from UT-CON group; ‡ significant difference between the sickle cell trait (SCT) and the control (CON) groups; § significant
difference between the UT and the T groups (P G 0.05).
WBC, white blood cells; RBC, red blood cells; [Hb], hemoglobin concentration; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MAP: maximal aerobic power.
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the return to the baseline was confirmed at T1h in T subjects

(Fig. 2), whereas it occurred only 2 h after the end of ex-

ercise (i.e., at T2h) in UT subjects (Fig. 2).

Although incremental exercise did not statistically change

sP-selectin concentrations in the T groups, a significant in-

crease in these concentrations was measured in the UT

groups between Trest and Tex (+167%, P G 0.005). These

concentrations returned to basal values 1 h after the end of

exercise (Table 3, Fig. 3).

DISCUSSION

The present study examined whether the training status

of CON or SCT subjects affected the plasma concentrations

of inflammatory and soluble adhesion molecules at rest

and in response to an incremental maximal exercise. The

main findings of our study were that 1) sVCAM-1 plasma

concentrations were significantly lower in the T-SCT sub-

groups compared with the UT-SCT subgroups at rest, im-

mediately (Tex), and 1 h (T1h), 2 h (T2h), and 24 h (T24h)

after the end of exercise; 2) sP-selectin significantly in-

creased at the end of the exercise in UT, whereas no

changes were observed among T group subjects; and 3) the

postexercise decrease kinetics of plasma sE-selectin was

faster in T than that in UT.

As shown in previous studies (27,28,40), MAP was not

different among the SCT and the control subjects. However,

MAP was significantly higher in the T group than that

in the UT group (+23%, P G 0.001). In addition, UT-CON

subjects were smaller and lighter by comparison with the

three other groups. Therefore, as UT-CON and UT-SCT

were matched for MAP and relative MAP; this difference

should be of no consequence to the inflammatory and vas-

cular adhesion findings.

TABLE 2. Plasma concentrations of IL-4, IL-5, IL-8, IL-10, TNF->, and sCD40L in UT and T CON and SCT subjects at rest, at the end of the incremental exercise test, and after
2 h of recovery.

Trest Tex T2h

IL-4 (pgImLj1) UT-CON 157.4 T 66.2 124.8 T 65.3 168.9 T 75
UT-SCT 149.1 T 54 169.2 T 68.4 159.5 T 62.2
T-CON 212.7 T 94.9 359 T 131.2 352.7 T 124.4
T-SCT 151.3 T 50.6 163 T 63.2 166.4 T 60.4

IL-5 (pgImLj1) UT-CON 11.6 T 6.4 8.6 T 6.6 7.5 T 4.1
UT-SCT 13 T 7.3 11.4 T 7.2 14.7 T 8.5
T-CON 7.8 T 5.4 14 T 7.1 15.1 T 7.9
T-SCT 7.4 T 2.4 6.4 T 3.6 5.8 T 3

IL-8 (pgImLj1) UT-CON 29.7 T 10.4 27.9 T 12.2 32.2 T 12.1
UT-SCT 46.4 T 17.2 29.8 T 14 33.7 T 11.2
T-CON 29.2 T 11.2 56.8 T 20 43 T 13.4
T-SCT 34.2 T 15.3 41.2 T 11.8 41.2 T 12.5

IL-10 (pgImLj1) UT-CON 55 T 20.6 36.7 T 14.9 62 T 25
UT-SCT 21.6 T 1.5 21.7 T 1.6 22.4 T 1.9
T-CON 38.8 T 14.8 46.7 T 18.5 42.8 T 16.5
T-SCT 45.6 T 11.7 46.1 T 14.8 57.4 T 20.2

TNF> (pgImLj1) UT-CON 6.9 T 4.2 7.1 T 4.2 8.3 T 5.1
UT-SCT 15.2 T 9.6 17.7 T 11.6 16.2 T 10.5
T-CON 8.4 T 7.3 15.5 T 8.8 15.2 T 8.6
T-SCT 13.1 T 5.6 12.9 T 6.5 15.4 T 6.3

sCD40L (pgImLj1) UT-CON 3699.1 T 762.9 6208.1 T 2510* 4448.5 T 1124.5
UT-SCT 3613.3 T 904.4 4799.8 T 883.2* 3487.6 T 729.7
T-CON 3675.5 T 1117.1 7884.6 T 1576.9* 5034.6 T 977.8
T-SCT 4317.4 T 792.1 6217.3 T 944.4* 5012.8 T 908.3

Values are presented as means T SE.
* Significant difference compared with Trest and T2h (P G 0.05).
IL, interleukin; TNF->, tumor necrosis factor >.

TABLE 3. Plasma concentrations of the soluble adhesion molecules sICAM-1, sE-selectin, and sP-selectin in UT and T CON and SCT subjects at rest, at the end of the incremental
exercise, and after 1, 2, and 24 h of recovery.

Trest Tex T1h T2h T24h

sICAM-1 (ngImLj1) UT-CON 547.5 T 95.2 594.5 T 98.6* 545.6 T 96.5† 526.2 T 90.6† 516.4 T 94.6†
UT-SCT 565.4 T 108.5 609.6 T 126.3* 565.8 T 125† 575.1 T 118.2† 579.3 T 125.2†
T-CON 389.2 T 40.9 424.4 T 54.8* 366.4 T 43.5† 370.4 T 37.5† 433.9 T 63.5†
T-SCT 483.39 T 90.64 528.5 T 98.66* 476.27 T 93.88† 503.8 T 98.49† 489.08 T 97.01†

sE-selectin (ngImLj1) UT-CON 52.9 T 8.1 59.2 T 8.5 53.5 T 5.9† 50 T 6.4† 47.4 T 5.9†
UT-SCT 52.9 T 9.8 59.5 T 12.3 57.7 T 9.7† 51.9 T 8.3† 50.3 T 10.1†
T-CON 59.9 T 12.9 67.3 T 15.5 58.4 T 15.7† 58.3 T 14.6† 62 T 18†
T-SCT 52.2 T 8.8 60.7 T 9.7 48.7 T 8.7† 47 T 8.5† 46.2 T 7.4†

sP-selectin (ngImLj1) UT-CON 70.4 T 10.1 291.9 T 112.9‡ 59.1 T 8.8 68.4 T 10.4 49.1 T 7.4†
UT-SCT 90.9 T 18.6 121.3 T 20.3‡ 98.2 T 22.6 116.6 T 18.2 75.6 T 21.5
T-CON 119.8 T 19.1 175.8 T 19.7 236.7 T 76.9 157.9 T 22 124 T 17.3§
T-SCT 119.2 T 37 105.8 T 11.8 117 T 24.9 128.3 T 36 87.5 T 23.4§

Values are presented as means T SE.
* Significant differences compared with Trest in all groups; † significant differences compared with Tex in all groups; ‡ significant differences compared with Trest for the UT groups
only; § significant difference compared with T2h for the T groups (P G 0.05).
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No differences were found at rest between the four

groups for hematological parameters, except for the mean

corpuscular volume, which was significantly lower in the

SCT carriers. This can be explained by the coexistence in

half of SCT subjects (SCT->T subjects) of >-thalassemia

mutation (Table 1), which is known to diminish the RBC

volume (38). Also and in accordance with Singh et al. (37),

the T subjects exhibited a higher level of circulating plate-

lets than the UT.

Effect of habitual physical activity on circulating

inflammatory and adhesive molecules at rest. The

baseline levels of all the studied molecules were similar

between the four groups except for sVCAM-1. Whereas

sVCAM-1 concentrations were significantly more elevated in

UT-SCT subjects than that in their CON counterparts

(P G 0.05), those concentrations were similar between the

two trained groups (T-SCT and T-CON). The present results

are in accordance with those reported by Tripette et al. (40),

who did not observe significant sVCAM-1 difference in

trained SCT subjects compared with subjects with normal

hemoglobin (HbAA). Conversely Monchanin et al. (27,28)

observed significant higher sVCAM-1 concentrations in a

trained SCT population compared with a healthy trained

population at rest. Our results are difficult to compare with

those of Monchanin et al. (27,28) and Tripette et al. (40)

because i) our subjects were not experienced in cycle

ergometer (that explains the poor measured MAP) and

ii) several SCT carriers presented the double mutation

>-thalassemia/SCT (63.6% for the T-SCT and 42.8% for

the UT-SCT), which might be considered as beneficial for

this population (26–28). Because plasma sVCAM-1 is re-

duced in SCT->T subjects compared with SCT-only

subjects (27,28), this might explain the variability of

sVCAM-1 concentrations in our cohort and the discrepan-

cies between our findings and those of Monchanin et al.

(27,28) (Fig. 1).

Nevertheless, this study is the first to show a differen-

tial effect of habitual physical activity on sVCAM-1

concentrations in SCT carriers. Higher sVCAM-1 concen-

trations were observed in the UT-SCT compared with the

T-SCT subjects (Fig. 1). The present results extend those

of Adamopoulos et al. (2), who found, in healthy subjects

and in patients with chronic heart failure, that baseline

sVCAM-1 plasma concentrations were reduced after an

exercise training program (30 min of cycling at 70%–80%

V̇O2max per day, 5 dIwkj1 during 12 wk). Furthermore,

Shiu et al. (34) showed that soluble adhesion molecules at

FIGURE 3—Effect of a maximal and incremental exercise on the

plasma concentrations of sP-selectin in untrained (UT, SCT and CON)

or in trained (T, SCT and CON) groups at rest (Trest), at the end of the

exercise (Tex), and during the recovery (T1h, T2h, and T24h). Values are

presented as means T SE. *Significant difference compared with Trest

for the UT groups; †significant difference compared with Tex for the

UT groups; ‡significant difference compared with T2h for the T groups

(P G 0.05).

FIGURE 1—Effect of a maximal and incremental exercise on plasma

concentrations of sVCAM-1 in untrained (UT, SCT and CON) or in

trained (T, SCT and CON) groups at rest (Trest), at the end of the

exercise (Tex), and during the recovery (T1h, T2h, and T24h). Values are

presented as means T SE. *Significant difference between the UT-SCT

and the three other groups (P G 0.05); §significant difference compared

with Trest for all the groups.

FIGURE 2—Effect of a maximal and incremental exercise on plasma

concentrations of sE-selectin in untrained (UT, SCT and CON) or in

trained (T, SCT and CON) groups at rest (Trest), at the end of the

exercise (Tex), and during the recovery (T1h, T2h, and T24h). Values are

presented as means T SE. Values are expressed as the percentage of the

resting values. §Significant difference compared with Trest for all the

groups (P G 0.05); *significant difference compared with Tex for the T

groups; †significant difference compared with Tex and T1h for the UT

groups (P G 0.05).
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rest reflect the degree of endothelium vascular activation;

thus, the present results suggest that the vascular endothe-

lium is less activated in the T group compared with the UT

group. Because VCAM-1 is involved with very late antigen-4

(VLA-4) in the interactions between leukocytes (17) and

reticulocytes/endothelial cells (37,34), increased endothelial

expression of VCAM-1 should lead in SCT carriers to an

increased risk of blood cell aggregation and thrombus for-

mation, that is, vaso-occlusive events (15,31). We propose

that the risk for such vaso-occlusive events might be more

pronounced among the SCT subjects who do not engage in

regular physical activity. Because high sVCAM-1 has been

associated with pulmonary hypertension, organ failure, and

mortality in SCD (19), further investigations will be required

to determine the potential effects of physical activity in ho-

mozygous HbS carriers.

It is now well established that physical exercise disturbs

homeostasis and that one of the main results of physical

training is to attenuate these perturbations. Thus, among

SCT carriers, known factors that promote sickling, such as

increased pH, could be less influential and contribute to

limiting the polymerization process after training compared

with before training. Consequently, endothelial activation

and sVCAM-1 expression (33,34) as suggested in the pres-

ent study would be accordingly attenuated. A putative alter-

native explanation would be that because training is known

to restrict the inflammatory response induced by an acute

exercise bout (by limiting pro-inflammatory responses and

increasing the anti-inflammatory cytokine release) (32),

exercise training might limit vascular activation by its anti-

inflammatory pathway (32,39). This has been suggested by

Tripette et al. (40), who showed increased postexercise IL-6

concentrations in trained SCT subjects. This cytokine has

been demonstrated to exert anti-inflammatory effects

through an inhibition of the production of TNF> and IL-1

and a stimulation of the production of IL-1ra and IL-10

(32). Further studies will have to confirm the possibility

that an elevated physical activity may limit the adhesive

potential in HbS carriers.

Effects of training on incremental exercise and

recovery of circulating inflammatory and adhesion

molecules. A significant increase in sVCAM-1, sE-selectin,

sICAM-1, and sCD40L plasma concentrations was ob-

served in the four groups in response to incremental ex-

ercise (Tables 2 and 3). Although these findings are in

accordance with several previous studies in healthy sub-

jects or in patients with peripheral arterial disease or SCT

carriers (5,27,28,35,36), they contrast with other findings

obtained in healthy subjects or in SCT carriers (27,40,42).

The use of the endothelial circulating molecules to observe

the effects of an acute exercise on the endothelial activation

is because at rest, soluble molecules reflect the level of

underlying endothelial activation (34). A postexercise in-

crease in plasma adhesion molecules is thought to result

from the shedding of these molecules from the cell surface,

possibly as a result of inflammation or increase in shear

stress induced by exercise (24). As shown in Figures 1 and

2, plasma sVCAM-1 and sE-selectin concentrations were

raised in response to incremental exercise. These molecules

are known to reflect endothelial dysfunction and mediate

the interaction between leukocytes and platelets/endothelium

(5) and between leukocytes and reticulocytes/endothelium

(34), respectively. Similarly, the marked increase in sCD40L

could reflect increased CD40L expression, primarily on lym-

phocytes’ surface (8) but also on platelets, endothelial cells,

smooth muscle cells, macrophages, dendritic cells, fibro-

blasts, and mast cells (42). The rise of sCD40L has been

associated to the pathogenic processes of chronic inflam-

matory disease (42) and to the presence of increased pro-

thrombotic activity (22). The present findings thus suggest

that incremental exercise might be responsible for endothe-

lial activation in HbAA as in HbAS subjects, independent of

their habitual physical activity levels. Of note, the rise of

the soluble form of ICAM-1 is difficult to interpret because

ICAM-1 is expressed in many types of cells, including en-

dothelial cells, fibroblasts, epithelial cells, and multiple cells

of hematopoietic lineage (36), such that it is impossible to

ascertain whether the present increase of sICAM-1 indeed

results from an increase in endothelial ICAM-1. The latter

possibility is unlikely because no significant increases in

sICAM-1 have been reported after maximal exercise in SCT

subjects (27) or in HbAA subjects (4). The sICAM-1 increase

reported by Akimoto et al. (4) after endurance or downhill

exercise may be attributed to muscular damage and inflam-

mation induced by these types of exercise.

Although widely used, assessment of soluble molecules

to indirectly evaluate the endothelium expression immedi-

ately after an acute exercise is controversial. Tripette et al.

(40) recently argued that the postexercise increase in adhe-

sion molecules observed in several studies may be accounted

for by an exercise-induced hemoconcentration. Although

water loss during a 15-min incremental exercise should be

rather minor in our population (30), the ‘‘hemoconcentra-

tion hypothesis’’ should not be dismissed altogether. Thus,

the postexercise changes described heretofore should be

viewed as the result of both exercise-induced physiological

responses (endothelial activation) and hemoconcentration.

No significant changes in plasma interleukins (TNF->,

IL-4, IL-5, IL-8, and IL-10) were observed in response to

exercise. These results were unexpected because IL-4,

IL-8, and TNF-> are pro-inflammatory cytokines that are

responsible for endothelial activation and adhesion mole-

cule expression (23,34). It is thus possible that alternative

pathways such as oxidative stress (18) may be recruited.

Differential effects of habitual physical activity

on exercise-induced variations of soluble P- and

E-selectin. The different temporal trajectories among T

and UT groups in sE-selectin and sP-selectin after an acute

exercise are of remarkable interest. First, in accordance

with some authors (10,35), a significant rise in sP-selectin

was observed at the end of the incremental exercise in the

UT subjects only (+167%). However, despite the present
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statistically significant finding concerning the sP-selectin in-

crease, when we observe the individual results, two UT

populations are distinguished. Six of the 16 UT subjects ex-

hibit more than 50% postexercise increase (high responders).

The 10 other subjects are characterized by 13%–50% post-

exercise sP-selectin increase (low responders). As sP-selectin

is an important marker of platelet activation (42,43), our

results suggest that platelet activation in response to an

acute exercise is characterized by an important interindivid-

ual variability and is more pronounced in subjects with low

physical activity than that in their trained counterparts. This

is in agreement with the observation of Kestin et al. (21),

who showed in a healthy population that strenuous exercise

resulted in both platelet activation and platelet hyperactivity

in sedentary subjects but not in physically active subjects.

These authors further strengthened the link between platelet

activation/aggregation and ischemia and emphasized the fact

that sedentary subjects are more vulnerable to death during

exercise (21). Chronic exercise is also known to increase fi-

brinolysis and to reduce platelets aggregation and activation

(24), all of which may contribute to limit the thrombus for-

mation in response to an acute exercise in T-SCT subjects.

However, our hypothesis contrasts with those of Connes

et al. (14), who did not find differences in the coagulation

markers (prothrombin time, activated partial thromboplastin

time, and antithrombin III activity) between SCT carriers

and sedentary subjects in response to a maximal exercise.

These authors hypothesized that the clinical complications

observed in some SCT carriers during exercise are not the

consequence of increased blood coagulation activity (14). In

addition, no difference between T and UT was observed

concerning sCD40L plasma concentrations, which are con-

sidered as prothrombotic activity marker (22). To resolve

these discrepancies, the effects of habitual physical activity

on platelet metabolism need to be further examined, particu-

larly in SCT carriers.

A significant increase in sE-selectin was also observed in

response to graded exercise in all groups. However, when

sE-selectin is expressed relative to its resting values, slower

recovery kinetics was observed in the UT group (2 h) as

compared with the T subjects (1 h). This finding is in ac-

cordance with Boos et al. (6), who found that sE-selectin

increased immediately after exercise in subjects with car-

diovascular disease, without any decrease 30 min later (6).

We hypothesize that the differences in the recovery pro-

cess between the T and the UT groups might be accounted

for either by better clearance of sE-selectin in the T subjects

or by faster recovery of the basal plasma volume in the

T group (i.e., auto-hemodilution or better hydration post-

exercise for the trained subject—not measured). The latter

might be particularly relevant for SCT carriers because a

higher hemodilution should restrict the occurrence of two

factors involved in vaso-occlusive events, namely, blood vis-

cosity (which increases shear stress and consequently the

vascular adhesion activation) (27) and RBC dehydration,

which would lead to an impaired RBC deformability (12).

Taken together, our results might appear contradictory

compared with those of the literature presenting case reports

of accidents in SCT carriers after exercise (16,25). In these

earlier studies, vaso-occlusive crises sometimes leading to

sudden death were reported in young athletes and military

recruits, and both of these populations can be viewed as

‘‘trained.’’ These studies suggested that these populations

appear to be ‘‘at high risk’’ for vaso-occlusive events. How-

ever, our subjects performed an acute exercise paradigm in

standardized conditions of temperature, duration, and hydra-

tion. This contrasts with the multiple ‘‘extreme’’ and adverse

environmental conditions (e.g., altitude, temperature, dehy-

dration, exhausting long-lasting exercises) that were present

and described in the case-report studies. These differences

in environmental conditions might explain the aforemen-

tioned apparent contradiction. Nevertheless, such explanations

should not minimize our awareness and need for precau-

tions, considering the many unanswered questions around

SCT and exercise that need to be resolved in the future.

In conclusion, a physically active lifestyle is associated

with low baseline and postexercise levels of sVCAM-1 in

the SCT carrier group, with a limited plasma sP-selectin

increase in response to an incremental exercise and with a

rapid recovery in plasma sE-selectin. Thus, increased levels

of chronic physical activity may confer beneficial effects on

endothelial activation and possibly reduce the likelihood of

vascular occlusions in SCT carriers. As endothelial activa-

tion and sVCAM-1 concentrations are associated with pul-

monary hypertension, organ failure, and mortality in SCD

(19), these results should be of interest and support further

investigations in SCD patients.
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Abstract
Physical activity is frequently used as a strategy to decrease pathogenesis and improve outcomes in chronic pathologies such

as metabolic or cardiac diseases. In mice, it has been shown that voluntary wheel running (VWR) could induce an aerobic

training effect and may provide a means of exploring the relationship between physical activity and the progression of

pathology, or the effect of a drug on locomotor activity. To the best of our knowledge, in vivo magnetic resonance imaging

(MRI) and other non-invasive methods had not been investigated for training evaluation in mice; therefore, it was proposed

to test an MRI method coupled with a cardiorespiratory gating system on C57Bl/6 mice for in vivo heart anatomical and

functional characterization in both trained and untrained animals. Twenty mice were either assigned to a 12-week VWR

program or to a control group (CON – no wheel in the cage). At week 12, MRI scans showed an increase in the left

ventricular (LV) wall mass in the VWR group compared with the CON group. The ex vivo measurements also found an

increase in the heart and LV weight, as well as an increase in oxidative enzyme activities (i.e. cytochrome c oxidase [COx]

in the soleus). In addition, correlations have been observed between ex vivo LV/body weight ratio, COx activity in the

soleus and in vivo MRI LV wall mass/body weight. In conclusion, mouse cardiac MRI methods coupled with a cardio-

respiratory gating system are sufficiently effective and feasible for non-invasive, training-induced heart hypertrophy

characterization, and may be used for longitudinal training level follow-up in mouse models of cardiovascular and

metabolic diseases.

Keywords: enzymology, MRI heart function, mouse, physical training, imaging markers, left ventricular hypertrophy
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Introduction

Magnetic resonance imaging (MRI) is an increasingly used
imaging modality in animal experiments as it offers a non-
invasive option for observation of tissues and cells. For
example,MRI has beenused for in vivoorgan characterization
(heart, spleen, brain)1 as well as for cellular observation using
macrophage or adhesion molecule nanoparticle targeting
strategies.2 The key benefits of non-invasive MRI protocols
include (1) a reduction in the number of animals used and
sacrificed due to the possibility of longitudinal follow-up;
(2) the option of using the same animal as a control; and (3)
a reproducible and sufficiently sensitive method for the sim-
ultaneous assessment of multiple markers.2,3

The purpose of this study was to perform an in vivo MRI
heart characterization in mice in order to evaluate their

physical training level, which is known to be associated
with an increase in cardiac mass. Indeed, the prevalence
of chronic pathologies such as diabetes, metabolic disease,
heart failure, and cardiovascular disease or neuronal
degeneration has led to the addition of regular physical
training as an important strategy for the prevention or the
treatment of these diseases. Physical activity is known to
elicit physical and metabolic adaptations in cardiac4 and
skeletal muscle,5 and may therefore decrease the pathogen-
esis of these diseases.6–13

Moreover, exercise activities are used in clinical trials as a
readout parameter to explore the benefits of novel pharma-
cological or molecular agents for the treatment of heart
failure or diabetes.14,15 Therefore, the preclinical develop-
ment of such agents will benefit significantly from the
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development of a non-invasive MRI preclinical protocol to
evaluate therapies in vivo in a serial manner.

Murine models are frequently used to study pathophy-
siology or the effects of therapeutic strategies in heart
failure,16,17 metabolic and genetic diseases,18 and voluntary
wheel running (VWR) is among the most commonly used
exercise training procedure in these animals. Its effects are
characterized by cardiac hypertrophy19 and an increase in
some oxidative (COx – cytochrome c oxidase)20–22 or
Krebs cycle (CS – citrate synthase; SDH – succinate dehy-
drogenase)4,20–25 enzyme activities. In this context, it may
be interesting to develop a non-invasive, robust and repro-
ducible marker of the training level in mice.

To evaluate the training level in these animals, the
authors rely on activity data (such as mean daily or
weekly running distance and/or time) or ex vivo measure-
ments (such as muscle enzyme activities or heart weight).
To our knowledge, no in vivo procedure has ever been
described to determine the physiological impact of a train-
ing program in mice. MRI offers the possibility of examining
the heart in vivo, but it is associated with technical difficul-
ties in small animals because of the high frequency of respir-
atory movements. In the present study, we propose to
validate an in vivo method in order to evaluate the training
level in mice by measuring the anatomical and functional
left ventricular (LV) parameters. For this purpose, we used
a non-invasive MRI method coupled with a cardiorespira-
tory gating system in order to acquire images during the
expiration phase of the respiratory cycle and prevent arti-
facts due to respiratory perturbation.

Methods

Animals

To avoid a gender effect, 12-week-old male C57BL/6 mice (n
¼ 20) (Charles River, L’Arbresle, France) were randomly
assigned to a control group (CON; n ¼ 10) or VWR group
(n ¼ 10). After reception and one week of acclimation,
mice were assigned to housing at two per cage with or
without running wheels. After a two-week wheel adap-
tation period, mice were assigned to an individual cage.
All animals were maintained on a 12 h light–dark cycle
and were supplied with food and water ad libitum. One
week before the dissection, a cardiac MRI was performed
on six mice per group. Body weight, food and water con-
sumption were recorded weekly. The ACSM animal care
standards for experimental procedures were followed and
all animal protocols were approved by the regional animal
care committee (Rhones-Alpes, France).

Voluntary wheel-running protocol

All animal houses were equipped with a mouse 12.5-cm
metal wheel (Hagen-61700; Montreal, QC, Canada). The
number of completed revolutions was monitored by a mag-
netic switch affixed to each wheel and data were captured
using a digital magnetic counter (model BC906; Sigma
Sport, Neustadt, Germany). During the 12-week experimen-
tal period, the total running distance, total running time and

average speed were recorded before the counter was reset
each week.

In vivo cardiac MRI

Imaging was performed on a 4.7 Tesla Oxford magnet inter-
faced to a Bruker console (Bruker Biospin GmbH,
Rheinstetten, Germany) equipped with a 10-cm diameter
actively shielded gradient set (250 mT/m). A homemade
Alderman and Grant volume coil (30 mm length and
26 mm inner diameter) was used to obtain optimal RF
homogeneity over the volume of interest.

Eleven weeks after the beginning of the running protocol,
cardiac MRI was performed on 12 mice randomly selected
(6 VWR and 6 CON) using a homemade double
cardiorespiratory gating system following the procedure of
Alsaid et al.26 Mice were anesthetized with continuously
inhaled isoflurane at 1.5–2% in ambient air for maintaining
a stable respiratory rate. The body temperature was main-
tained in the magnet using a circulating water heating
blanket (378C). Following a tripilot gradient-echo image, a
2D-FLASH sequence was used to acquire two long-axis
slices (in the coronal and sagittal planes) using the following
parameters: TR/TE ¼ 124/4 ms, matrix ¼ 256 � 256, field of
view (FOV) ¼ 35 � 35 mm, slice thickness ¼ 1 mm and
number of average (NAV) ¼ 2. Perpendicular to the long
axis, a 2D-FLASH sequence was used to acquire short-axis
cine images (5–6 contiguous slices covering the entire left
ventricle): TR/TE ¼ 10/3 ms, flip angle ¼ 208, matrix ¼

128 � 128, FOV ¼ 20 � 20 mm, slice thickness ¼ 1 mm,
NAV ¼ 8 and 15–17 frames (images) were constructed to
cover each phase of the entire cardiac cycle (R–R) of the
animal.

MR image analysis

All images were analyzed using Image J Software (Wayne
Rasband, National Institute of Mental Health, Bethesda,
MD, USA). LV function was evaluated using short-axis
images in end diastole and end systole. The endocardial
(LV inner border) and epicardial borders (LV outer border)
were manually traced and end-diastolic volume (EDV), end-
systolic volume (ESV), stroke volume (SV), ejection fraction
(EF) and LVmyocardial mass (LVwall mass) were computed
from the traced borders. To calculate the LV myocardial
mass, the end-diastolic myocardial volume (EDV outer
border minus EDV inner border) was multiplied by the
specific density of the myocardium (1.05 g/cm3). The LV
remodeling index (LV myocardial mass/EDV) was calcu-
lated in order to determine the pattern of ventricular remo-
deling in the two groups. An increased remodeling index is
consistent with concentric hypertrophy, whereas a reduced
remodeling index is indicative of isolated cavitary dilation.27

Muscle isolation and heart weight

After waiting one week for the imaged mice to completely
recover from anesthesia, all the mice were anesthetized
with an intraperitoneal injection of pentobarbital (50 mg/kg;
Dolethalw, Vétoquinol, Lure, France) and transcardially
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perfused for 70 s with 9‰NaCl (Sigma, St Louis, USA). The
heart was removed, rinsed in saline, dried with a paper
towel and weighed, and the left ventricle was dissected
and weighed separately.

Soleus and tibialis anterior (TA) muscles were dissected,
weighed and immediately frozen in liquid nitrogen and
stored at 2808C.

Mitochondrial enzymatic activities

Lower limb muscles are among the most relevant to evaluate
the physical training response on mitochondrial enzymatic
activities.20,28,29 Thus, one TA or two soleus muscles were
cut into thin pieces and homogenized on ice at 10% with a
buffer (225 mmol/L mannitol; 75 mmol/L sucrose; 10 mmol/L
Tris-HCl, 0.1 mmol/L EDTA, pH 7.2). Homogenates were
then centrifuged for 20 min at 2500g (48C). Supernatants
were frozen at 2808C. Protein concentrations were deter-
mined spectrophotometrically (Biophotometre, Eppendorf,
Germany) using a BCA kit (Sigma).

COx activity

The complex IV activity was measured in the soleus and
TA, as previously described,30 by spectrophotometric
observation (at 550 nm) of the cytochrome c (C-7752;
Sigma) oxidation kinetics.

CS activity

CS activity was measured in the soleus and TA by the
method of Shepherd and Garland.31 Briefly, the citrate syn-
thesis rate from acetyl coenzyme A and oxaloacetate was
determined according to a coupling reaction between coen-
zyme A and DTNB (5,50-dithiobis [2-nitrobenzoic acid]).
This coupling reaction was spectrophotometrically
measured at 412 nm during 45 s.

SDH activity

SDH activity was measured in the soleus and TA by DCIP
reduction kinetics (2,6-dichloroindophenol; D1878; Sigma)
at 600 nm as previously described.30

All the enzymatic activities were measured with a spec-
trophotometer (InfiniteM200; Tecan, Männedorf,
Switzerland) at 378C and expressed in nanomoles of
product formed per minute and per milligram of protein.
All products were purchased from Sigma.

Statistical analysis

All statistical analyses were performed using STASTISTICA
(Tulsa, OK, USA) on six mice per group for the MRI
parameters and on 10 mice per group for the ex vivo
parameters. The data are expressed as mean+SE. To
determine the significance of parameter changes, the
Mann-Whitney U test was performed between the CON
and VWR groups. Spearman correlation coefficients were
used to describe the linear association between variables.
Probability (P) values of ,0.05 were considered statistically
significant.

Results

Animal characteristics and running wheel activity

Quantitative results for the food and water consumptions
and the exercise activities are summarized in Table 1.
Weekly consumption of food and water was significantly
higher (þ22.9% and þ18.7%, respectively) in the VWR
group compared with the CON group. However, as all
weights were similar in both groups at the beginning of
the study (CON: 23.47+ 0.67 g and VWR: 23.93+ 0.41 g),
this increase was not associated with any changes in body
weight in either group. Mice housed in a cage equipped
with a running wheel ran an average distance of 37.46+
2.35 km per week over 35 h 19 min+ 6 h 22 min.

The exercise phenotype, including the average distance
run over the 12 weeks in the VWR group, is shown in
Figure 1. Mice reached a maximal distance during the
third week (þ26% compared with the average distance of
the 12 weeks) once isolated in an individual cage.
Through the fourth and fifth week, the running distance
was still greater than the average distance (þ16.4% and
þ9.6%, respectively, compared with the average distance
of the 12 weeks). In the sixth week, the running distance pla-
teaued for three weeks (distance run is equal to the average
distance) and was significantly lower than the distance run
at week 3. Finally, the shortest running distance was reached
in the 11th week (249% compared with the average dis-
tance of the 12 weeks).

Heart parameters

During MRI, the heart rate was maintained and no differ-
ence was observed between the CON and VWR groups
(414.1+ 10.4 and 417.2+ 16.2 bpm respectively; P ¼ 0.62).
Figure 2a depicts short-axis MR images acquired in the
center of the heart in CON and VWR mice. Quantitative

Table 1 Animals characteristics in control (CON) or voluntary wheel running (VWR) mice during the 12-week protocol

CON (n5 10) VWR (n 5 10) P

Body weight (g) 26.66+0.36 26.95+0.29 0.680

Water consumption/week (g) 32.00+1.03 41.53+1.22 0.0003�

Food consumption /week(g) 31.06+0.57 38.21+1.11 0.0002�

Distance run/week (km) – 37.46+2.35 –

Time run/week (h:min:s) – 35:19:14+06:22:09 –

Values are means+SE
�P, 0.05 (VWR versus CON)
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MRI results for the cardiac morphometric and functional
indices are summarized in Figure 2b. The LV wall mass
and LV wall mass/body weight (BW) ratio were signifi-
cantly higher in the VWR group (92.11+ 3.06 mg and
3.44+ 0.13 mg/g, respectively) compared with the control
mice (77.61+ 4.58 mg and 2.96+ 0.17 mg/g, P, 0.05).
The EDV, ESV and SV also presented higher values for
the running wheel mice compared with the control
mice (þ20.32% for EDV; þ44.9% for ESV; þ 17.1% for SV;
P, 0.05). However, the EF (Figure 2b, P ¼ 0.12) and the
LV remodeling index (1.91+ 0.11 for CON mice and
1.80+ 0.08 g/mL for VWR mice, P ¼ 0.52) did not differ
among the two groups.

Postmortem analysis, as presented in Figure 3, showed
significant increases in the heart weight to body weight
ratio (HW/BW) and in the LV weight to body weight ratio
(LVW/BW) in the VWR group compared with the CON
group (þ12.4% and þ20.8%, respectively).

Muscle characteristics and enzyme activities

Table 2 shows the skeletal muscle enzyme activities and
weight from the soleus and TA in the two groups.
Measurements were performed on 10 mice per group,

except for the exclusion of one CON soleus muscle due to
a technical problem during the dissection. An increase in
muscle weight and the muscle weight/body weight ratio
was observed in the VWR group compared with the CON
group in the soleus as well as in TA (P, 0.05; Table 2).
Furthermore, whereas no differences in SDH activity in
both the muscles and in COx activity in the TA were
observed between the two groups, VWR mice exhibited
higher COx activity in the soleus compared with the CON
mice (þ28.8%; P, 0.05).

Relationships between MRI and biochemical

parameters

The relationships between the enzymology, MRI heart par-
ameters (LV wall mass/BW and EDV) and heart, and
muscle postmortem parameters (LVW/BW and soleus
weight/BW) are shown in Figure 4. A positive correlation
was observed between the MRI LV wall mass and the post-
mortem LVW (P ¼ 0.719 and 0.005; data not shown) as well
as between the MRI LV wall mass/BW ratio and the post-
mortem LVW/BW (r ¼ 0.671; P ¼ 0.017; Figure 4a). The
MRI EDV tended to be related to the postmortem soleus
weight/BW ratio (r ¼ 0.663; P ¼ 0.026; Figure 4b) and

Figure 2 Representative short-axis midventricular magnetic resonance images acquired in control (CON; n ¼ 6) and voluntary wheel running (VWR; n ¼ 6) mice.

The VWR heart in (a) is characterized by an enlarged LV chamber volume and a greater myocardial mass (b) (92.11+3.06 mg for the VWR group compared with

77.61+4.58 mg for the CON group). Values are means+SE. VWR, voluntary wheel running; EDV, end-diastolic LV chamber volume; ESV, end-systolic LV

chamber volume; SV, stroke volume; EF, ejection fraction; LV, left ventricle; BW, body weight. � P, 0.05 (VWR versus CON)

Figure 1 Distance ran per week in voluntary wheel running C57Bl/6 mice (n ¼ 10). Values are means+SE. �P, 0.05 (versus previous week)
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additionally, the COx activity in the soleus and was statisti-
cally related to the MRI LV wall mass/BW (r ¼ 0.718; P ¼

0.013; Figure 4c) and to the postmortem LVW/BW ratio
(r ¼ 0.556; P ¼ 0.016; Figure 4d).

Discussion

The purpose of the study was to validate an in vivo cardiac
MRI method in order to evaluate the training level of mice.
Following the 12-week running wheel session, it was
observed that exercise training induced physiological modi-
fications in heart and lower limb muscles, and that MRI was
sufficiently sensitive to detect these variations in the heart.
Indeed, it was observed that there was: (1) an increase in
the postmortem whole heart, left ventricle, soleus and TA
weights; (2) an increase in MRI heart parameters such as
LV wall mass, EDV, ESV and SV; (3) an increase in enzy-
matic activities such as that of COx; and (4) COx activity
in the soleus and LVW/BW were correlated to LV wall
mass/BW obtained with MRI.

As cardiovascular adaptations are among the most impor-
tant responses to physical activity,4,13,32 we chose to evaluate
heart anatomical and functional changes using proton MRI.

MRI offers the possibility of examining in vivo organs but is
often associated with additional technical difficulties in
mice, as opposed to rats,33 because of the frequency of their
cardiorespiratory movements. The double realtime cardiore-
spiratory gating system used here and developed by Sabbah
et al.1 and Alsaid et al.,26 allowed us to reconstruct high-
resolution heart images throughout the cardiac revolution.1

Other options using self-gated MRI methods34 and parallel
imaging techniques35 may further facilitate manipulation
for longitudinal MRI follow-up in mice.

Our results show that the LV wall mass measured with
MRI was increased in VWR mice compared with CON mice
and was related to both the COx activity in the soleus and
to the postmortem LVW/BW ratio (Figures 4a–c). In
addition, the cardiac work capacity notably evaluated by
MRI (EDV) was related to the soleus weight and the soleus
weight/BW ratio (Figure 4b). The increase in COx activity
and organ weight (heart, LV, soleus and TA) are often used
as markers of the training level in many models.4,18,19,32,36,37

Therefore, the existence of a significant correlation between
the postmortem markers and the in vivo MRI measurement
supports cardiac MRI as a sensible choice of technique for
the detection of cardiac adaptations to exercise training in
mice. Indeed, the MRI LV mass was slightly but not signifi-
cantly higher than the postmortem LV mass (84.9+ 3.4 and
81.7+ 6.1 mg, respectively), as was already observed in
other animal models.38,39

The first major interest in using this technique is that it
allows for the evaluation of the cardiovascular effects of
exercise training in mice without euthanasia, making it
possible to continue the training protocol if adaptations
are not significant. Adaptation to exercise training is
known to differ between mouse strains,40,41 so the present
MRI technique could be applied to determine the
unknown adaptive capacity of numerous cardiovascular
transgenic mouse models to habitual exercise. It can also
be used to explore, in vivo, the benefits of novel pharmaco-
logical agents on mouse running capacity. Another interest
is that this method makes it possible to decrease the number
of animals sacrificed per study as observed by us and
others.3,33–35 Whereas 10 animals per group were necessary
to obtain a significant difference between the VWR and the
CON mice using ex vivo measurements (enzymology, organ
weight), only six animals per group were used according to

Figure 3 Postmortem heart and LV weights in control (CON; n ¼ 10) or volun-

tary wheel running (VWR; n ¼ 10) C57Bl/6 mice. Values are means+SE.

HW/BW, heart weight/body weight; LVW/BW, left ventricular weight/body

weight. �P, 0.05 (CON versus VWR)

Table 2 Soleus and tibialis anterior (TA) mass and enzymatic characteristics in control (CON) or voluntary wheel running (VWR) C57Bl/6 mice

CON VWR % increase P

Muscle mass (mg) Sol 15.75+0.79 19.61+1.32 þ19.69% 0.013�

TA 35.93+3.15 47.94+4.10 þ25.05% 0.044�

Ratio muscle mass/BW (mg/g) Sol 0.59+0.03 0.73+0.05 þ19.35% 0.038�

TA 1.35+0.13 1.79+0.16 þ24.39% 0.011�

COx activity (nmol/min/mg prot) Sol 771.7+56.5 1 105.7+78.7 þ28.8% 0.047�

TA 637.8+64.4 737.4+59.3 þ13.5% 0.34

CS activity (nmol/min/mg prot) Sol 21.5+1.5 23.6+3.2 þ4.9% 0.33

TA 8.1+0.3 8.4+0.3 þ3.41% 0.46

SDH activity (nmol/min/mg prot) Sol 2.37+0.17 3.66+1.29 þ35.3% 0.68

TA 1.16+0.08 1.22+0.09 þ4.8% 0.83

BW, body weight; COx, cytochrome c oxydase; CS, citrate synthase; SDH, succinate dehydrogenase; Sol: Soleus (CON: n ¼ 9 and VWR: n ¼ 10); TA: tibialis

anterior (CON and VWR: n ¼ 10)

Values are means+SE. �P, 0.05 (CON versus VWR)
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the in vivo MRI method. This kind of animal experiment is
in accordance with the recommendations of the inter-
national animal care committees. Moreover, as six of the
10 mice performed MRI, we further showed that anesthesia
had no effect on the enzymatic results, i.e. in each group,
there was no significant difference between mice with MRI
and those without.

In this study, the use of VWR in mice was chosen because
it is a widely used and approved method to obtain a trained
mouse model. This voluntary training model is often pre-
ferred to swimming exercise or forced treadmill training
because the latter is associated with chronic stress including
the releasing of stress hormones.42 Several authors have
shown that in free wheel activity, mice run sufficiently to
produce physiological adaptations observed with aerobic
training, such as cardiac hypertrophy4,18,19 and better
muscle oxidative capacity.5,20–22,24,25,28,29 This is confirmed
in the present study where 12 weeks of physical activity
were associated with heart and LV hypertrophy (Figure 2)
as well as musculoskeletal changes (Table 2). The left ventri-
cle hypertrophy observed in trained mice was defined as
‘symmetric’ because the LV remodeling index was similar
between the CON and VWR mice. The definition of this
characteristic is an increase in cavity dimension and
volume accompanied by an increase in thickness and mass
of the ventricles without modification of LV geometry.27

This is in agreement with studies on elite triathletes,
soccer players and rowers where there was no difference
between their control and trained groups.27,36,43

Wheel running in mice was shown to increase muscle
mass (TA and Sol), muscle mass/BW ratio and the COx
activity in soleus. Because soleus is an oxidative muscle,44

the increase in COx activity in the soleus implies that the
wheel running was responsible for enhancing the efficiency
of the COx activity and consequently the oxidative
capacity,30 but not the amount of functional mitochondria.
Indeed, CS and SDH, Krebs cycle enzymes which reflect
the amount of functional mitochondria, did not increase.30

The oxidative capacity of the TA does not seem to be influ-
enced by the wheel running either. Our results are in con-
trast with Allen et al.4 who observed, in the TA, a shift of
the muscle fibers from the glycolytic IIb and IId fibers to
the more oxidative IIa fibers after only four weeks of
wheel running, which should have modified the oxidative
capacity of the muscle.4 These discrepancies could be
explained by the average running distance and running
intensity. A longer running distance, as presented in the
Allen et al. study,4 is sufficient to induce a shift in the TA,
while a running intensity inferior to 50% of maximal
oxygen consumption, as suggested by Dudley et al.,45 may
not elicit an adaptation in mitochondrial content, particu-
larly in fast-twitch like TA. These combined observations
may explain our results.

This study had several limitations. First, there were no
baseline MRI measurements before the eight weeks of
VWR. As C57Bl6 are inbred, it is well accepted that at the
same age, the variability in weight and organic develop-
ment is very low (as observed in the present study in

Figure 4 Correlations between parameters measured in control (CON) or voluntary wheel running (VWR) C57Bl/6 mice. (a) MRI LVM/BW related to the postmor-

tem LVW/BW ratio (n ¼ 6); (b) end-diastolic volume (LV chamber) related to soleus weight/BW ratio; (c) MRI LVM/BW related to COx activity in soleus muscle;

(d) postmortem LVW/BW ratio related to the COx activity in soleus muscle. MRI LVM/BW, magnetic resonance imaging left ventricular wall mass/body weight

(CON and VWR: n ¼ 6); LVW/BW, left ventricular weight/body weight (CON and VWR: n ¼ 10); EDV, end-diastolic volume (CON and VWR: n ¼ 6); SolW/BW,

soleus weight/body weight (CON: n ¼ 9 and VWR: n ¼ 10); Sol COx, cytochrome c oxydase activity in soleus (CON: n ¼ 9 and VWR: n ¼ 10)
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CON mice). In addition, mice from the two groups were
randomly divided at the beginning of the protocol to over-
come this issue. The second limitation is the use of 1.5–2%
isoflurane during MRI. Kober et al.46 showed that with iso-
flurance levels between 1.25% and 2%, myocardial blood
flow changes may modulate the heart hemodynamics. For
MRI acquisition considerations (i.e. 15–17 frames per
cardiac cycle), we chose to adjust isoflurane concentration
to maintain comparable heart rate between mice. As they
were inbred mice, we hypothesized that they need approxi-
mately the same isoflurane concentration. Indeed, there was
no difference between groups in isoflurane concentration to
maintain stable heart rate during acquisition. However, as
the heart rate was artificially maintained by isoflurane,
this measurement could not be used as a physiological par-
ameter enabling to calculate cardiac output.

In conclusion, we have demonstrated that in vivo MRI
results are related to ex vivo anatomical and biochemical
adaptations to exercise training. As a result, MRI seems to
be a valid methodology that could allow researchers to both
reduce the number of animals required, and to perform a
longitudinal follow-up of the heart hypertrophy/training
level coupled with other organic characteristics by MRI.
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Exercise training blunts oxidative stress in sickle cell trait carriers
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The aim of this study was to analyze the effects of exercise training on
oxidative stress in sickle cell trait carriers. Plasma levels of oxidative
stress [advanced oxidation protein products (AOPP), protein carbonyl,
malondialdehyde (MDA), and nitrotyrosine], antioxidant markers
[catalase, glutathione peroxidase (GPX), and superoxide dismutase
(SOD)], and nitrite and nitrate (NOx) were assessed at baseline,
immediately following a maximal exercise test (Tex), and during
recovery (T1h, T2h, T24h) in trained (T: 8 h/wk minimum) and
untrained (U: no regular physical activity) sickle cell trait (SCT)
carriers or control (CON) subjects (T-SCT, n � 10; U-SCT, n � 8;
T-CON, n � 11; and U-CON, n � 11; age: 23.5 � 2.2 yr). The trained
subjects had higher SOD activities (7.6 � 5.4 vs. 5.2 � 2.1 U/ml, P �
0.016) and lower levels of AOPP (142 � 102 vs. 177 � 102 �M, P �
0.028) and protein carbonyl (82.1 � 26.0 vs. 107.3 � 30.6 nm/ml,
P � 0.010) than the untrained subjects in response to exercise. In
response to exercise, U-SCT had a higher level of AOPP (224 � 130
vs. 174 � 121 �M, P � 0.012), nitrotyrosine (127 � 29.1 vs.70.6 �
46.6 nM, P � 0.003), and protein carbonyl (114 � 34.0 vs. 86.9 �
26.8 nm/ml, P � 0.006) compared with T-SCT. T-SCT had a higher
SOD activity (8.50 � 7.2 vs. 4.30 � 2.5 U/ml, P � 0.002) and NOx
(28.8 � 11.4 vs. 14.6 � 7.0 �mol·l�1·min�1, P � 0.003) in response
to exercise than U-SCT. Our data indicate that the overall oxidative
stress and nitric oxide response is improved in exercise-trained SCT
carriers compared with their untrained counterparts. These results
suggest that physical activity could be a viable method of controlling
the oxidative stress. This could have a beneficial impact because of its
involvement in endothelial dysfunction and subsequent vascular im-
pairment in hemoglobin S carriers.

antioxidants; physical activity; hemoglobin

SICKLE CELL DISEASE (SCD) is a hemoglobinopathy resulting
from a single mutation in the �-globin chain gene, inducing the
substitution of valine for glutamic acid at the sixth amino acid
position. This mutation leads to the production of abnormal
hemoglobin (HbS). The pathogenesis of SCD occurs due to
the polymerization of deoxygenated HbS, eventually lead-
ing to the rigidity and sickling of red blood cells (RBC). The

most deleterious pathophysiological effects of sickling in-
clude endothelial dysfunction, inflammation, and vaso-oc-
clusion (65). All these events can be traced back to an
increase in oxidative stress, defined as a damaging imbal-
ance between the production of oxidants and antioxidants
(63, 66). Endothelial dysfunction, which can cause in-
creased adhesion in the vessels leading to vaso-occlusion,
hypoxia, and hemolysis, is notably due to the impairment of
nitric oxide bioavailability (1, 35). Vaso-occlusion and
hypoxia can generate superoxide, whereas hemolysis can
inhibit NO production while generating more reactive oxy-
gen species (66).

Subjects who present both normal [hemoglobin A (HbA)]
and sickled hemoglobin (HbS) are identified as sickle cell trait
(SCT) carriers. SCT is usually considered to be a benign and
asymptomatic condition (20). However, several authors sug-
gest that SCT should be reclassified as a disease state (9, 10,
32). In fact, SCT has been linked as a cofactor for morbidity
and mortality (32, 60, 69) due to complications at rest (69) and
during exercise (30, 31, 34) particularly in hypoxic conditions
(31). An increasing number of studies have reported exercise-
related sudden deaths in SCT carriers (14, 20, 31, 34). The high
incidence of exercise-related deaths in SCT could be a result of
RBC abnormalities, such as decreased RBC deformability (32,
68) and endothelial damage (69), associated with an increase in
oxidative stress (13, 23). This hypothesis is supported by the
fact that 1) RBC sickling may increase during exercise in SCT
carriers (6), 2) sickle erythrocytes overproduce reactive oxygen
species (ROS) (13, 23), 3) SCT carriers increase RBC oxida-
tive stress during exercise (12), and 4) ROS induce a cascade
of events including endothelial dysfunction and adhesion po-
tentially leading to vascular occlusion (1). Taken together,
these results lead to the hypothesis that oxidative stress could
be involved in exercise-related complications through the vas-
cular dysfunction mechanism seen in SCT.

In various situations, exercise training has been shown to
decrease oxidative stress through an upregulation in the anti-
oxidant system, thereby halting the overproduction of oxidants
(28, 53–55). In turn, this may improve cardiovascular function
by reducing endothelial dysfunction, inflammation, and adhe-
sion (24, 35). A recent paper by Aufradet et al. (3) demon-
strated that the increased endothelial activation commonly
occurring in SCT (47, 48) was attenuated in trained SCT
carriers compared with the untrained carriers. This effect on
adhesion molecules, which are regulated by nitric oxide and
stimulated by ROS (33), suggests that a training effect could be
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under the control of oxidative stress. However, to our knowl-
edge there are no studies dealing with the effects of regular
exercise training on oxidative stress and nitric oxide metabo-
lism in SCT carriers.

The aim of the present study is to test the hypothesis that
regular training improves NO metabolism and decreases oxi-
dative stress, adhesion, and endothelial dysfunction in SCT
subjects.

METHODS

Ethical Approval

The protocol was approved by the local ethics committee of
Cameroon and was in accordance with the guidelines set by the
Declaration of Helsinki. All of the subjects were volunteers and gave
their written informed consent before participating in the study.

Subjects

Eighteen SCT carriers (34.5 � 0.8% HbS) and 22 subjects with
normal hemoglobin (CON) participated in the study. All subjects were
male students attending the University of Yaounde II (Soa, Camer-
oon). SCT and CON groups were divided into two subgroups on the
basis of their fitness level. The 11 CON and 8 SCT who reported no
regular physical activity for the two previous years were assigned to
untrained (U) subgroups (U-CON and U-SCT). The 11 CON and 10
SCT who practiced soccer on a regular basis (�8 h/wk minimum for
several years) were assigned to trained (T) subgroups (T-CON and
T-SCT). The group categorization of trained and untrained was
confirmed by fitness level measured by relative maximal aerobic
power as described in the results. Subjects completed a medical
examination that included height and weight measurements, as well as
a venous blood test to detect SCT and HIV. Exclusion criteria
included the presence of a known chronic disease (hypertension,
HIV), stroke, or recent malaria episode. No previous sickle cell crisis
or other incident relating to hemoglobinopathy was reported in any
subject.

Exercise Protocol

All the experiments took place at General Hospital of Yaoundé
(Cameroon). The subjects were asked to avoid any strenuous exercise
the day before the test. All meals before and after the exercise test
were provided at the hospital and water was available ad libitum to
ensure proper nutrition and hydration. An incremental maximal exer-
cise test was performed on a cycle ergometer (Monark, 818E, Stock-
holm, Sweden). The test began with a 5-min warm up at 30 W,
followed by a work rate of 70 W that was continuously increased by
35 W every 3 min until volitional exhaustion was reached. Heart rate
(HR) was collected throughout the exercise using a chest belt monitor
(Polar Electro, Kempele, Finland). Maximal HR (HRmax; beats/min)
was considered the highest recorded heart rate during the test. Max-
imal aerobic power (MAP; W) was assessed by linear interpolation
from the HR vs. work rate curve. Blood samples were drawn from a
catheterized antecubital vein on the nondominant arm and were
collected at baseline (Base), immediately at the end of the exercise test
(Tex), and after 1 h, 2 h, and 24 h of recovery (T1h, T2h, T24h,
respectively) in EDTA tubes. The samples were used to measure
levels of oxidative stress [advanced oxidation protein products
(AOPP), protein carbonyl, malondialdehyde (MDA), and nitroty-
rosine], antioxidant [catalase, glutathione peroxidase (GPX), and
superoxide dismutase (SOD)], and NO metabolism (NOx) markers,
and adhesion molecules (P-selectin and E-selectin).

SCT Confirmation, �-Thalassemia, and Hematological Parameters

To test for SCT, blood samples were collected in EDTA tubes at
rest and the various Hb were isolated and quantified by ion-exchange

high-performance liquid chromatography (HPLC) (Variant I, Beta
Thal Short Program: Bio-Rad Laboratories, Hercules, CA). Positive
test results for SCT were determined by the presence of HbS, but only
if �50% of total Hb. To test for the coexistence of 	-thalassemia, the
technique described by Chong et al. (8) was used. The only type of
	-thalassemia found in some SCT carriers was the heterozygous form
marked by a deletion of 3.7 kb of DNA, containing one of the two
linked 	-globin genes (		/�	3.7). No other genetic Hb abnormality
was found in this population. Blood for the hematological measure-
ments was collected at rest in EDTA tubes and was analyzed using a
hematology analyzer (Abbott Cell Dyn 1800 hematology analyzer,
Block Scientific, NY).

Oxidative Stress and Antioxidant Assessment

The blood samples collected at baseline, Tex, T1h, T2h, and T24h

were centrifuged, and the aliquoted plasma was stored at �80°C until
analysis. All samples were assessed within the same time period.

Plasma AOPP. AOPP were determined in blood plasma using the
semi-automated method developed by Witko-Sarsat et al. (70), as
previously described (55). AOPP were measured by spectrometry on
a microplate reader (TECAN Infinite M200, Mannedorf, Switzerland)
and were calibrated with a chloramine-T solution that absorbs at 340
nm in the presence of potassium iodide. The absorbance of the
reaction was immediately read at 340 nm on the microplate reader
against a blank containing 200 �l of PBS. AOPP activity was
expressed as micromoles per liter of chloramines-T equivalents.

Protein carbonyl. Measurements of protein carbonyls can be used
as an index of oxidative injury. Protein carbonyls were measured by
spectrophotometry at 380 nm using 2,4-dinitropenylhydrazine accord-
ing to a method of Levine et al. (43).

Catalase. Catalase activity in the plasma was determined by the
method of Johansson and Borg (29), using hydrogen peroxide (H2O2)
as a substrate and formaldehyde as a standard. Catalase activity was
determined by the formation rate of formaldehyde induced by the
reaction of methanol and H2O2 using catalase as enzyme.

GPX. GPX in the plasma was determined by the modified method
of Paglia and Valentine (52), using H2O2 as a substrate. GPX was
determined by the rate of oxidation of NADPH to NADP
 after
addition of glutathione reductase (GR), reduced glutathione (GSH),
and NADPH.

MDA. Although MDA assay shows methodological limitations
(42), it is the most common lipid peroxidation marker and it is still
widely used as marker of oxidative stress. Concentrations of plasma
MDA were determined as thiobarbituric reactive substances by a
modified method of Ohkawa et al. (51), as previously described (53).

NOx. The end-products of endothelium nitric oxide and NOx were
measured in the plasma using reagents purchased from Sigma-Aldrich
based on methods previously described (45). The sum of nitrite and
nitrate in the plasma (NOx) is considered an index of nitric oxide
production (23).

Nitrotyrosine. Concentrations of plasma nitrotyrosine, as end prod-
uct of protein nitration by ONOO·�, were measured as previously
described (19). Nitrotyrosine was measured using reagents purchased
from Sigma-Aldrich.

SOD. The quantitative determination of the SOD activity was
performed using the Beauchamps and Fridovich’s method (5), slightly
modified by Oberley and Spitz (50). SOD activity was determined by
the degree of inhibition of the reaction between superoxide radicals,
produced by a hypoxanthine-xanthine oxidase system, and nitroblue
tetrazolium.

Adhesion molecule assessment. sP-selectin and sE-selectin were
assessed by ELISA according to the manufacturer’s instructions
(Diaclone Systems, Besançon, France).
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Statistical Methods

The results are presented as mean � SD. Anthropometric and
hematologic characteristics were compared using a two-way ANOVA
with Fisher least significant difference (LSD) post hoc. The data
related to oxidative stress markers and antioxidants were compared
between groups using a two-way repeated-measures ANOVA with
Fisher LSD post hoc. Pearson’s coefficient correlations were used to
determine the associations between markers of oxidative stress and
NOx, nitrotyrosine and adhesion markers, respectively. Statistical
significance was determined by a P value of �0.05. Analyses were
conducted using Statistica (version 8.0, Statsoft, Tulsa, OK).

RESULTS

Anthropometric and Hematologic Characteristics

Data for anthropometric, hematologic, and training measure-
ments are detailed in Table 1. Compared with the untrained
subjects, the exercise trained group had a significantly higher
absolute and relative MAP (169 � 50 vs. 214 � 34 W, P �
0.002 and 2.78 � 0.4 vs. 3.17 � 0.5 W/kg, P � 0.006, for U
and T, respectively). Furthermore, there is no differences in
absolute or relative MAP among the U and T subgroups, i.e.,
between U-SCT and U-CON (nonsignificant: NS) and between
T-SCT and T-CON (NS). There were no significant differences
in %HbS between U-SCT and T-SCT. Whereas no significant
differences appeared in age, RBC count, or maximal heart rate
among the four groups, U-SCT was taller and U-CON was
lighter than the other three groups (P � 0.05). T-SCT subjects
had a significantly higher platelet count than U-SCT and
U-CON (see Table 1).

Oxidative Stress Markers at Baseline and After Maximal
Exercise

AOPP. AOPP concentrations were not different among the
four groups at baseline (NS) but were significantly higher at
Tex than at baseline when the four groups were pooled (P �
0.001; Table 2). Furthermore, AOPP concentrations were sig-
nificantly higher in U-SCT than in the three other groups
(training � hemoglobin crossed effect, P � 0.05).

MDA. At baseline, trained subjects had higher levels of
MDA than untrained subjects (P � 0.014), whereas there were
no differences between SCT carriers and CON subjects. MDA
concentrations were significantly increased at Tex, T1h, and T2h

compared with baseline in U-SCT subjects, whereas they were

decreased at T1h, T2h, and T24h in trained subjects (Table 2).
The percentage increase from baseline was significantly higher
in U-SCT than the three other groups at Tex, T1h, T2h, and T24h

(Fig. 1).
Protein carbonyl. There was no difference in protein car-

bonyl content among groups at baseline (NS). Protein carbonyl
was significantly higher in all four groups at Tex compared with
baseline (U-CON: 
117%, P � 0.0002; U-SCT: 
124%, P �
0.0001; T-CON: 
77%, P � 0.0001; T-SCT: 
71%, P �
0.0005). U-SCT protein carbonyl concentrations were signifi-
cantly higher than in the other three groups at Tex (P � 0.003
vs. T-CON; P � 0.036 vs. U-CON; and P � 0.005 vs. T-SCT).
Protein carbonyl levels at T1h, T2h, and T24h were not signifi-
cantly different from baseline values regardless of the group
(Table 2).

Nitrotyrosine. Nitrotyrosine levels were not different at
baseline among the four groups (NS). An overall training effect
(ANOVA trained vs. untrained independently to time point)
was observed with higher nitrotyrosine concentrations in un-
trained subjects compared with their trained counterparts (P �
0.01). U-SCT was the only group with a significant increase in
nitrotyrosine at Tex compared with base (P � 0.001). Thus
U-SCT had higher nitrotyrosine concentrations at Tex than the
other three groups (P � 0.048 vs. U-CON; P � 0.0001 vs.
T-CON; and P � 0.003 vs. T-SCT). At T1h, U-CON, U-SCT,
and T-CON exhibited higher nitrotyrosine concentrations than
at baseline (Table 2).

Antioxidant Markers at Baseline and After Maximal Exercise

SOD. No significant inter-group difference was observed in
baseline SOD activity. Compared with baseline, a significant
increase of SOD activity was observed at Tex (P � 0.0001) and
T1h (P � 0.002) in trained subjects, whereas no significant
variations were observed in their untrained counterparts (Table 3).
Furthermore, SOD activity was significantly higher in the trained
subjects than in the untrained ones at Tex (P � 0.015; Fig. 2).

Catalase. A training effect was observed at baseline with
significantly higher catalase activities in trained subjects than
their untrained counterparts (P � 0.001). Trained subjects
expressed lower activities of catalase at Tex (P � 0.001), T2h

(P � 0.001) and T24h (P � 0.001) than at baseline (Table 3).
GPX. No significant inter-group differences were observed

at baseline for GPX activity. Regardless of the training or

Table 1. Anthropometric, hematologic, and training measurements of the study population

Untrained Trained

CON SCT CON SCT

%HbS N/A 36.2 � 3.1 N/A 33.2 � 3.2
	-Thal N/A 3/8 N/A 7/10
Age, yr 22.7 � 1.8 23.5 � 3.0 24.6 � 1.4 23.10 � 2.3
Height, cm 169.2 � 3.8* 178.0 � 4.4 173.7 � 5.5* 172.1 � 3.1*
Weight, kg 60.1 � 5.7 69.5 � 5.5† 69.2 � 4.8† 65.6 � 6.1†
RBC 5.2 � 0.7 5.3 � 0.5 5.1 � 0.1 5.5 � 0.2
Platelets 164.1 � 81.0‡ 172.7 � 82.5‡ 206.6 � 95.2 266.9 � 54.7
MAP, W 154.1 � 16.7‡ 190.4 � 11.5‡ 214.6 � 11.3 212.5 � 10.4
Max HR, beats/min 185 � 5 183 � 4 174 � 3 189 � 4
Relative MAP, W/kg 2.81 � 0.36‡ 2.73 � 0.35‡ 3.11 � 0.53 3.24 � 0.43

Values are presented as means � SD. CON, healthy subjects; SCT, carriers of sickle cell trait; MAP, maximal aerobic power; %HbS, percent of S hemoglobin.
*Significant difference compared with untrained (U)-SCT (P � 0.05); †significant difference compared to U-CON (P � 0.05); ‡significant difference compared
to trained subjects (CON and SCT, P � 0.05).

1447Exercise and Oxidative Stress in SCT • Chirico EN et al.

J Appl Physiol • doi:10.1152/japplphysiol.01452.2011 • www.jappl.org



hemoglobin status, GPX was significantly higher at Tex, T1h,
and T2h compared with baseline (baseline: 46.3 � 18.8 vs. Tex:
111.6 � 31.7, P � 0.0001, vs. T1h: 102.9 � 21.6 P � 0.0001,
and vs. T2h: 77.9 � 21.6, P � 0.0001; 4 groups pooled). At T1h

GPX was significantly higher in the trained subjects than in

their untrained counterparts (112.0 � 14.7 vs. 87.7 � 9.5,
respectively, P � 0.041; Table 3).

NOx. No significant inter-group difference was observed in
baseline NOx. NOx was significantly higher in trained sub-
jects, whatever their hemoglobin status (i.e., T-SCT or T-CON)

Table 2. Plasma AOPP, MDA, nitrotyrosine, and protein carbonyl at Base, immediately after a maximal Tex, and during
T1h, T2h, T24h in U-CON, U-SCT, T-CON, and T-SCT

Untrained Trained

CON SCT CON SCT Time Effect

AOPP, �M
Base 61.2 � 24.7 78.7 � 53.6 80.9 � 48.5 64.4 � 16.5
Tex 127.7 � 49.6 214.0 � 136.9 110.4 � 66.9 123.7 � 65.4 a
T1h 73.4 � 59.3 125.8 � 81.6 76.9 � 54.5 57.4 � 49.4
T2h 99.5 � 87.6 136.5 � 87.3 69.9 � 54.1 88.3 � 64.1
T24h 86.0 � 30.7 124.2 � 96.6 131.3 � 75.5 125.6 � 69.2 a

Hb � training effect e
MDA, �M

Base 23.4 � 2.0 20.5 � 6.2 27.4 � 6.2f 27.3 � 6.5f

Tex 24.1 � 5.5 32.1 � 9.3a 27.2 � 6.6 31.3 � 5.2
T1h 25.2 � 4.4 29.4 � 5.1a 19.8 � 5.6a,c 23.7 � 5.2a,c

T2h 25.4 � 5.4 28.1 � 6.5a 23.0 � 4.1a,c 22.7 � 4.3a,c

T24h 22.7 � 2.0 26.4 � 5.2 23.2 � 3.8a,c 21.3 � 5.9a,c

Protein carbonyl, �M
Base 50.5 � 12.0 49.2 � 11.4 46.8 � 14.4 51.8 � 10.3
Tex 89.5 � 12.0f 111.4 � 36.6 81.6 � 16.0f 84.8 � 25.0f a
T1h 40.8 � 21.9 53.6 � 21.3 62.6 � 19.3 52.8 � 15.8
T2h 36.3 � 6.9 43.5 � 9.6 52.5 � 15.6 39.8 � 11.6
T24h 37.1 � 7.4 46.7 � 18.4 46.2 � 13.8 41.8 � 10.3

Nitrotyrosine, nM
Base 82.8 � 28.7 67.6 � 20.8 65.4 � 21.3 95.2 � 29.4
Tex 94.3 � 38.2 132.7 � 27.7a,e 97.1 � 39.1 75.1 � 51.2
T1h 130.5 � 22.3a,c 115.6 � 32.9a 104.9 � 24.4a 92.0 � 27.0
T2h 102.1 � 27.5 95.6 � 43.4 97.3 � 34.3 80.0 � 30.1
T24h 76.7 � 25.1 83.4 � 37.0 47.0 � 29.7 52.0 � 29.8 c,d

Training effect g g

Values are presented as means � SD. AOPP, advanced oxidation protein products; MDA, malondialdehyde. aSignificant difference compared with BASE;
bsignificant difference compared with the other times; csignificant difference compared with Tex. dSignificant difference compared with T1h and T2h; esignificant
difference compared with the 3 other groups; fsignificant difference compared with U-SCT (P � 0.05); gsignificant difference compared with untrained subjects
(P � 0.05).

Fig. 1. Effect of a maximal exercise test on the plasma
malondialdehyde (MDA) in trained sickle cell trait
carriers and controls (T-SCT and T-CON) and untrained
(U-SCT and U-CON) subjects compared with baseline
(Base) at the end of exercise (Tex), and during recovery
(T1h, T2h, T24h). Values are presented as means � SD.
§Significant difference from other 3 groups (P � 0.05).
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at Tex compared with baseline (P � 0.037), whereas NOx
remained unchanged in untrained subjects. Consequently,
trained subjects had significantly higher NOx values than
untrained subjects at Tex (P � 0.001). Moreover, NOx in
U-SCT significantly increased at T2h compared with baseline
(P � 0.0005) and was significantly higher than the three other
groups (P � 0.017 vs. U-CON; P � 0.002 vs. T-CON, and
P � 0.006 vs. T-SCT).

Adhesion Molecules

To better understand the correlations between oxidative
stress and adhesion molecules, the adhesion data previously
presented by Aufradet et al. (3) are summarized in this para-
graph. Briefly, basal plasma concentrations of sP-selectin and
sE-selectin were not statistically different among the four
groups. Plasma sE-selectin significantly increased in all groups
at the end of the exercise compared with baseline levels and
returned to baseline value 1 h after the end of exercise (T1h).
Although incremental exercise did not statistically modulate
sP-selectin concentrations in T subjects, a significant increase
in these concentrations was measured in their untrained coun-
terparts between Base and Tex. These concentrations returned
to basal values 1 h after the end of exercise.

Correlations

Significant correlations were observed between markers of
oxidative stress, nitric oxide, and markers of adhesion. The
correlations on the pooled subjects are presented in Table 4.
We also found significant relationships between changes (Base
vs. Tex, T1h, or T2h) in oxidative stress and sE- and sP-selectins
or NO metabolism (Table 4). Finally, percentage of HbS
was negatively correlated with the NOx increase between
baseline and Tex (r � �0.59, P � 0.021), i.e., the more the
HbS content, the lower the increase in NOx in response to
exercise.

DISCUSSION

The aim of this study was to investigate the impact of regular
physical activity on plasma markers of oxidative stress in SCT

Table 3. Plasma anti-oxidant enzyme activities and NOx at Base, immediately after a maximal exercise test (Tex), and
during recovery (T1 h, T2 h, T24 h) in U-CON, U-SCT, T-CON, and T-SCT

Untrained Trained

CON SCT CON SCT Time � Training Effect

SOD, �mol �ml�1
�min�1

Base 5.6 � 2.0 5.0 � 1.2 3.5 � 2.3 3.4 � 1.4
Tex 6.0 � 1.3 4.3 � 2.5 6.5 � 2.7* 8.7 � 7.7* †
T1h 5.7 � 1.4 7.8 � 1.2 5.9 � 1.9* 6.3 � 1.4*
T2h 5.8 � 3.4 5.3 � 1.9 4.8 � 1.9 4.2 � 1.4
T24h 5.1 � 1.5 5.0 � 1.8 5.0 � 2.0 4.0 � 1.7

Catalase, �mol �ml�1
�min�1

Base 3.8 � 1.0 4.0 � 1.8 5.0 � 0.9 6.1 � 1.6 †
Tex 3.4 � 0.8 4.3 � 1.5 3.5 � 1.6* 4.4 � 1.2*
T1h 4.6 � 0.8 4.3 � 1.2 4.6 � 1.7 5.1 � 1.1
T2h 4.1 � 1.1 3.7 � 1.1 3.9 � 1.0* 3.7 � 1.2*
T24h 3.6 � 0.6 3.5 � 0.6 3.5 � 0.8* 3.8 � 0.5*

GPX, �mol �ml�1
�min�1

Base 28.1 � 2.6 37.8 � 19.8 54.9 � 25.6 54.0 � 20.7
Tex 117.5 � 31.6* 100.0 � 36.2* 126.5 � 8.4* 104.4 � 38.2*
T1h 92.3 � 7.9* 83.1 � 16.1* 122.9 � 9.2* 104.8 � 19.7* †
T2h 82.0 � 22.1* 68.5 � 19.0* 88.8 � 26.0* 73.2 � 17.2*
T24h 54.9 � 32.5 60.3 � 11.3 29.3 � 2.9 54.9 � 24.0

NOx, �mol.l�1

Base 20.5 � 2.9 19.7 � 6.9 22.0 � 5.9 19.8 � 3.1
Tex 20.6 � 3.6 14.6 � 7.0 26.6 � 8.0* 28.8 � 11.4* †
T1h 20.9 � 6.2 22.8 � 18.0 18.5 � 9.1 21.5 � 9.3
T2h 24.0 � 10.7 36.1 � 14.5*‡ 21.2 � 7.7 19.7 � 7.6
T24h 20.8 � 7.6 20.5 � 10.0 21.5 � 9.1 19.9 � 6.7

Values are presented as means � SD. SOD, superoxide dismutase; NOx, nitric oxide metabolites; GPX,glutathione peroxidase. *Significant difference
compared with BASE (P � 0.05); †significant difference compared with untrained (P � 0.05); ‡significant difference compared to the three other groups (P �
0.05).

Fig. 2. Effects of a maximal exercise test on the plasma activity of superoxide
dismutase (SOD) in untrained (U) or trained (T) subjects at Base, at Tex, and
T1h, T2h, and T24h. Values represented as means � SD. *Significant difference
between exercise and Base (P � 0.003); §Significant difference between U and
T at Tex (P � 0.016).
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carriers. In support of our hypotheses, the results of the present
study demonstrated that regular physical activity 1) blunted the
increase in oxidative stress and the decrease in NO metabolism
observed in SCT and 2) upregulated the antioxidant enzymes
activities (SOD and GPX) in response to exercise in SCT. In
addition, we reported a strong association between changes in
various oxidative stress markers in response to exercise and the
corresponding changes in sP- and sE-selectins. Although no
causality can be assumed, these correlations strengthen the
hypothesis that ROS may be involved in endothelial adhesion
in HbS carriers.

General Considerations on the Effects of Hemoglobin and
Training Status on Hematologic and Training Measurements

Maximal aerobic power was similar between SCT and con-
trol subjects, as supported by previous studies. Conversely,
MAP was higher in the trained subjects compared with the
untrained subjects. In agreement with several authors (15, 64),
we found that trained subjects had a higher platelet count than
untrained subjects. The T-SCT subjects had nonsignificantly
higher platelet counts than the other three groups. Although an
increased platelet count is a risk factor for vaso-occlusive
crises in SCD (62), this increase was not significant and is
probably due to a training effect rather than a hemoglobin
effect.

General Considerations on the Effects of Maximal Exercise
and Training on Oxidative Stress and Antioxidant Markers
in Healthy Subjects

Regarding the results obtained in CON, the present study is
in complete agreement with data reported in the literature.
First, the overall increase in various markers of oxidative stress
observed in response to the maximal exercise test is consistent
with the results of previous studies (7, 41). Second, strong
evidence indicates that exercise training can have a beneficial
effect on oxidative stress (21, 28, 41). As supported by Mi-
yazaki et al. (46), trained subjects have an improved ability to
endure the stress of a maximal exercise bout. A lower level of
oxidative stress was also evident in the trained subjects of our

study. In fact, T-CON subjects had a reduced increase in all
markers of oxidative stress in response to the maximal exercise
test compared with their untrained counterparts.

It has been reliably shown that individuals partaking in
exercise training have higher levels of antioxidant enzymes and
exhibit greater protection against exercise-induced oxidative
stress (27, 61). The reactive oxygen species produced during
exercise training can result in a stimulation of antioxidant
defense (39, 57). The exercise-trained subjects in our study
produced a significant increase in SOD and GPX, which was
accompanied by lower oxidative stress. This decrease in oxi-
dative stress likely occurs due to the improved antioxidant
adaptation. Our results are in agreement with several other
studies that found an improved antioxidant response relating to
exercise training (25, 53).

Our study also shows higher baseline levels of MDA in our
trained subjects (16, 21). The high level of resting MDA in
trained subjects could be related to the ability of lipid peroxi-
dation products to regulate and modulate cell signaling and
gene expression (49). Oxidized lipids can interact with recep-
tors that are known to activate antioxidant enzymes such as
catalase and SOD (22) and can improve cellular tolerance
against pro-oxidant attacks (49). It is therefore possible that
higher levels of lipid peroxidation products, such as MDA, are
needed to maintain antioxidant status, such as we saw for
catalase and GPX (even if nonsignificant).

Exercise Training Blunts Oxidative Stress in SCT Carriers

HbS, which represents �80% of total hemoglobin in SCD
patients, can generate a twofold greater quantity of ROS than
HbA (2, 23). In SCT carriers, in whom HbS represents �40%
of total hemoglobin, we found that oxidative stress varied little
at baseline from healthy subjects. This is in agreement with
other studies that found no difference between SCT carriers
and healthy subjects at baseline (3, 12, 67). However, in
response to acute exercise, SCT carriers can experience higher
oxidative stress (12, 36). Our study reinforces this idea as it
shows that U-SCT had a significantly greater increase in MDA
and AOPP in response to a maximal exercise bout than the
healthy subjects. The increased morbidity or mortality in SCT
could be attributed to higher levels of oxidative stress (32).

However, the main finding of the present study is that the
well-known benefits of exercise training in healthy subjects are
well translated in the SCT subjects. In response to the maximal
exercise test, T-SCT subjects 1) exhibited lower AOPP, MDA,
nitrotyrosine, and protein carbonyl levels than U-SCT, and 2)
responded similarly to the T-CON subjects with regard to the
protein carbonyl, MDA, and AOPP. In addition to the fact that
these results mimic those already seen in many other disease,
such as cardiovascular disease (17), diabetes (56), and meno-
pause (53), they emphasize the beneficial effects of exercise
training on oxidative stress in SCT carriers.

Antioxidant Defense System is Improved in Exercise-Trained
SCT Carriers

The improvement in the antioxidants defense system seen in
exercise training is due to a ROS-generated stimulation trig-
gering antioxidant enzyme activation (39, 57). The maximal
exercise test that normally increases oxidative stress was met
by a concomitant increase in antioxidant enzyme defenses, in

Table 4. Correlations between oxidative stress and adhesion
markers (pooled subjects)

Variables Timepoint Pearson’s Correlation P Value

NOx with
AOPP Baseline �0.6988 0.000
GPX Baseline vs. T1h 0.4093 0.031
MDA Baseline vs. Ex �0.3968 0.036
AOPP Baseline vs. T1h �0.4762 0.007

Nitrotyrosine with
Catalase Exercise �0.5694 0.002
Carbonyl Baseline vs. Ex 0.5787 0.002
AOPP Baseline vs. T2h 0.5671 0.004

E-selectin with
Catalase Exercise �0.3977 0.020
MDA Baseline vs. T1h 0.3615 0.050

P-selectin with
AOPP Exercise 0.4274 0.008
Carbonyl T2h 0.3459 0.039
AOPP Baseline vs. Ex 0.3591 0.029

Values are presented as Pearson’s correlation coefficients and corresponding
P values.
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all but the U-SCT carriers. Repeated habitual exercise can
cause antioxidants to increase in response to the repeated
oxidative stress. This has been supported in vitro where the
treatment of pro-oxidants stimulated a significant increase in
antioxidants (18). Interestingly, this did not occur in U-SCT
subjects, as they had a delayed response of SOD and a reversed
response of catalase. This supports studies that showed levels
of SOD and catalase decrease in proportion to disease severity
(13, 59). The response to SOD and catalase could indicate an
impaired antioxidant status, meaning a reduced ability to buffer
the excess oxidative stress.

The trait by itself can result in an increase in oxidative stress
and impairment in NO, and when paired with an acute stress
such as a maximal exercise test, this response is augmented, as
observed with U-SCT. However, exercise training is able to
stimulate antioxidants to respond to the overload of oxidative
stress. This improved response to oxidative stress allows SCT
carriers to respond similarly to CON subjects, as demonstrated
by our study. This indicates that, as far as oxidative stress is
concerned, training can override the negative consequence of
SCT, rendering these subjects as controls.

Nitric Oxide

Nitric oxide, an important mediator of vasodilation, has been
shown to be amplified in response to exercise training (21, 40,
41, 44). The present study supports these findings, as the SCT
and CON trained subjects significantly increased NOx imme-
diately after the exercise test, whereas the untrained subjects
slightly decreased. Our study suggests that exercise training
may inhibit NO degradation through an upregulation of anti-
oxidants and a decrease in ROS. We found that the percent
change (%) of NOx levels were positively correlated with
GPX levels at T1h and were negatively correlated with MDA
levels (%) at Tex and AOPP levels (%) at T1h. Nitrotyrosine,
which represents the nitration activity of peroxynitrite
(ONOO�) produced through the reaction of NO and superox-
ide anion (O2

·�), tended to increase in the untrained subjects
compared with the trained subjects (P � 0.055) and was
significantly higher in the U-SCT carriers compared with
T-SCT carriers (P � 0.003). This is in accordance with other
studies that found a decrease in nitrotyrosine levels in exercise-
trained subjects (37, 53). Although our correlations do not
suggest causality, these results 1) could indicate a reduced O2

�·
production and 2) suggest an increase in NO bioavailability as
a result of reduced oxidative stress (21, 53) in trained SCT
carriers than in their untrained counterparts.

The improvement in NOx levels in response to physical
activity level is reflected in the SCT subjects as well. T-SCT
subjects had a similar improvement in NOx response as the
T-CON subjects. Interestingly, the U-SCT had a delayed peak
in NOx at T2h, which was associated with an elevation in
oxidative stress. These results emphasize the overall impair-
ment in response to an exhaustive exercise bout. An impaired
NO bioavailability is associated with an increase in ROS,
hemolysis (58), eNOS uncoupling due to hemolysis-induced
arginase, and cell adhesion (35). Because NO has potent
anti-adhesive properties which downregulate adhesion mole-
cule expression maintaining proper endothelial cell function
and vasodilation, a NO impairment can increase cell adhesion
(35). This is supported by Aufradet et al. (3), who found a

significant increase in VCAM-1 levels in untrained SCT sub-
jects immediately after exercise (U-SCT: 1,738 � 98 ng/ml
vs. T-SCT: 1,248 � 131 ng/ml; P � .05)—the exact same
time point as the decreased NOx response in U-SCT carri-
ers. As ROS markers were positively correlated with sP- and
sE-selectins and negatively correlated with antioxidant mark-
ers, these data suggest that a NO-induced increase in oxidative
stress could exacerbate endothelial and/or platelets activation.
However, it should be noted that there were no differences
between sP-selectin and sE-selectin in the different subjects.
Therefore, the training-induced decrease in oxidative stress and
increase in NO bioavailability could be favorable for the health
of SCT carriers involved in regular exercise by dampening risk
of sickling, morbidity, and mortality.

This study suggests that exercise training can improve the
response to oxidative stress in SCT carriers. However, at this
time, most studies involving different intensities and durations
of exercise have found conflicting results in relation to coag-
ulation activity, RBC deformability, inflammation, and adhe-
sion in SCT [see review by Connes et al. (11)]. However, these
events may be compounded by other factors such as heat stress,
dehydration, and poor physical conditioning. Baskurt and
Meiselman (4), suggested that exercise utilizes the vascular
autoregulatory reserve to maintain homeostasis, yet even minor
vascular and hemorheologic perturbations in SCT carriers may
be augmented in response to exercise.

Conclusion

In conclusion, we found that although there is relatively little
difference between SCT carriers and healthy subjects at rest, a
maximal exercise test can inundate the oxidative stress re-
sponse in U-SCT subjects. We also found that training can
reduce the oxidative stress in response to exercise of SCT
carriers. Training improves antioxidant and NO availability
that can thereafter regulate ROS production. These effects
could result in decreased endothelial activation. This study
does not allow us to make definitive conclusions about the
direct causality between exercise training and oxidative stress
and NO improvements. Further information could be con-
cluded using longitudinal studies which focus on mechanistic
pathways and more directly evaluate endothelial dysfunction
using methods such as flow mediated dilation.

Finally, we believe that the beneficial effects seen in SCT
carriers in this study could translate well in SCD patients as
well. Although there are large clinical differences between
SCT and SCD, both are overwhelmed by an increase in
oxidative stress. Because we have shown that exercise training
can decrease oxidative stress and improve antioxidant and
nitric oxide responses, we believe that the complications
known in SCD, such as vaso-occlusion crisis, that are linked to
oxidative stress (26, 38) could potentially be reduced. There-
fore, an adapted exercise training program could be a relevant
option to control the cardiovascular complications of this
pathology.
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Summary

Patients with sickle cell disease (SCD) can present several severe symptoms

during their lifetime, including painful events due to vascular occlusion

(VOC). Even though multiple factors are involved in VOC, hypoxia is the

most important triggering factor. Inositol hexaphosphate (IHP) reduces the

oxygen-haemoglobin affinity thus improving the oxygen release in the

blood stream and in the tissues. Thus, IHP-loaded homologous red blood

cells (IHP-RBCs) could be able to reduce disorders in SCD. The effective-

ness of treatment was assessed in two types of SCD transgenic mice (BERK

and SAD). The administration of four repeated injections of IHP-RBCs in

BERK mice resulted in an improved survival rate and brain development,

prevention of severe anaemia and a greatly lowered risk of VOC. After one

injection of IHP-RBCs, SAD mice were subjected to acute hypoxic stress.

Analysis of the lungs revealed significantly decreased mRNA levels of mole-

cules involved in intravascular disorders. Our results showed that transfu-

sion of homologous IHP-RBCs, by increasing the oxygen delivery, reduces

SCD disorders in sickle transgenic mice.

Keywords: erythrocytes, sickle cell disease, blood transfusion, transgenic

mice model, oxygen affinity, cellular therapies.

Sickle cell disease (SCD) is a blood disorder characterized by

abnormal haemoglobin S (HbS). Under hypoxic conditions,

HbS polymerizes inducing distortion of RBCs into rigid

sickle-shaped cells. Homozygous SCD patients (SS) may

experience painful episodes such as acute chest syndrome

(ACS), vaso-occlusion (VOC) or strokes during their lifetime

(Stuart & Nagel, 2004; Steinberg, 2008; Rees et al, 2010).

Blood transfusions are currently the most studied and

accepted therapy for those patients. Chronic red blood cell

(RBC) exchanges are effective in preventing the recurrence of

strokes or VOC (Wayne et al, 1993; Pegelow et al, 1995;

Adams et al, 1998; Miller et al, 2001; Josephson et al, 2007)

while simple blood transfusions are usually used in case of

severe anaemia or ACS (Hirani et al, 2011). For chronic and

acute transfusions, the goal is to increase the oxygen carrying

capacity and to dilute abnormal SS-RBCs in whole blood.

Hypoxia is a crucial factor in the onset of sickle cell-

related events. In VOC processes, complex aggregates of sick-

led reticulocytes and platelets interact with the endothelium

(Conran & Costa, 2009) reducing blood velocity, creating

local hypoxia and enhancing sickling. The mechanism is

quite similar for ACS. Constriction of pulmonary blood ves-

sels promoted by oxygen deprivation produces sequestration

of circulating cellular components (Stuart & Nagel, 2004). As

for stroke, although genetic predispositions may place some

SCD patients at high risk, cerebral hypoxaemia is recognized

as an intermediate risk factor (Kirkham & Hogan, 2004).

One way to provide a substantial oxygen supply for a long

period and to boost the effectiveness of existing transfusion

therapy could be to transfuse SCD patients with homologous

RBCs loaded with Inositol Hexaphosphate (IHP). IHP is an

allosteric effector that binds tightly to Hb (1000 times more

than the natural effector 2,3-DPG) and reduces Hb affinity

for oxygen. IHP-loaded RBCs (IHP-RBCs) have enhanced

oxygenation properties. On the contrary to packed normal

RBCs, IHP-RBCs, once transfused to patients, should be able

to release oxygen more rapidly and more extensively than

SS-RBCs, thus preventing sickling. In a previous article, we

reported the ability of IHP-RBCs to significantly decrease in

vitro sickling of RBCs from homozygous SCD patients

(Bourgeaux et al, 2010). Treatment was seven times more

effective than normal RBCs, reducing the proportion of

sickled RBCs by 35% when IHP-RBCs were mixed with 50%

of patient RBCs.

ª 2012 Blackwell Publishing Ltd, British Journal of Haematology doi:10.1111/j.1365-2141.2012.09077.x
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These encouraging results led us to investigate the poten-

tial of IHP-RBCs with in vivo studies, under the hypothesis

that IHP-RBCs, by inhibiting sickling, may also act on the

whole cascade of events leading to VOC (Fig. 1). Among

available transgenic mouse models of the disease (Trudel

et al, 1994; Nagel & Fabry, 2001), BERK and SAD mice were

selected. BERK mice, which express exclusively a and bS

human globin chains, exhibit the specific feature of spleno-

megaly (Pászty et al, 1997; Manci et al, 2006) suggesting that

this model is more representative of human SCD in child-

hood. Indeed, SCD children often display hypersplenism and

sequestration crisis, requiring them to undergo prophylactic

splenectomy, while most of the time adults with SCD show

atrophy of the spleen. Because most chronic RBC exchange

therapies are performed in children, BERK mice were used

to evaluate effectiveness of chronic IHP-RBCs transfusions in

the prevention of sickling events. Unlike BERK mice, SAD

mice express a very mild pattern of sickle cell syndrome,

characterized by sickling but with no evidence of anaemia or

exuberant reticulocytosis. However, SAD mice, which are

very sensitive to hypoxia/reoxygenation, represent a relevant

model for acute sickling events (de Franceschi et al, 2003)

and thus were used to investigate the effectiveness of a sim-

ple transfusion of IHP-RBCs. Both in vivo studies showed

the potential of IHP-RBCs over conventional transfusion.

Materials and methods

The Institutional Animal Care and Use Committee of

the Rhône-Alpes district of France approved the in vivo

protocols.

Preparation of IHP-RBCs and control suspensions

IHP was loaded into murine C57BL/6J or OF1 RBCs (Charles

River laboratories, L’Arbresle, France) using the reversible

hypotonic lysis method. Briefly, IHP was added to packed

RBCs at a final concentration of 11·5 ± 1 mmol/l leading to a

suspension of 65% haematocrit (Hct). The poration of RBCs

was performed at 2 ml/min against a hypotonic buffer of

80 mosmol/kg running at counter-current (15 ml/min) into

the column. The RBCs were then resealed by incubation (10%

v:v) in a hypertonic solution (Bourgeaux et al, 2010). The final

product was re-suspended in decomplemented autologous

plasma and adjusted to a haematocrit of 60%. Control RBCs

consisted of native C57BL/6J or OF1 RBCs. However, because

most transfusion centres use leucoreduced human RBCs with

associated 2,3-DPG depletion when transfusing SCD patients,

murine control RBCs were further processed with three washes

(0·9% NaCl, v:/v) for leucocyte removal and 25 ± 1 h incuba-

tion at room temperature to allow 2,3-DPG depletion. IHP-RBCs

and control RBCs were fluorescently labelled with carboxyfluo-

rescein diacetate succinimidyl ester (CFDA-SE; Invitrogen,

Cergy Pontoise, France) to allow traceability of injected cells.

Prior to injections, suspensions were diluted to 50% Hct.

Methods used to assess entrapped IHP, the oxygen partial pres-

sure required to achieve 50% haemoglobin saturation (P50),

oxygen saturation at 100 mmHg, Hct and haematological

parameters were described previously (Bourgeaux et al, 2010).

Evaluation of RBC half life

IHP-RBCs or control RBCs were administered intravenously

in the caudal vein of OF1 mice (n = 21) at a dosage of 8 ml/

Fig 1. IHP-RBCs as preventive therapy in SCD: mechanism of action. Inositol hexaphosphate-loaded red blood cells (IHP-RBCs) increase oxygen

release thus reducing hypoxia. Once transfused, IHP-RBCs provide tissues and SS-RBCs with oxygen, and consequently may reduce intravascular

events including adhesion, inflammation and vaso-constriction.

V. Bourgeaux et al
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kg body weight. At each time point, ranging from 15 min to

27 days post-transfusion, three mice were sacrificed after

blood collection. The proportion of fluorescent RBCs was

assessed by flow cytometry (FC500; Beckmann Coulter, Paris,

France). The 24-h post-transfusion survival was determined

taking the 15-min time point as the reference for 100%. The

in vivo half-life (t1/2) was determined using t1/2 = (ln 2)/

K�1.

Study in BERK mice

Progenitor trios were supplied by Jackson Laboratories, Bar

Harbor, ME, USA. Criteria for inclusion of mice in the

study were (i) homozygosity for the Hba and Hbb Knock-

out (ii) a positive response to the transgen Tg(Hu-mini-

LCRa1GcAcdbS) (iii) and a high reticulocyte count

(� 30%). Males and females (6–8 weeks old) were divided

into three groups: untreated (n = 13), control RBCs

(n = 11) and IHP-RBCs (n = 10). Chronic RBC exchanges

scheduled every 2 weeks (T0, T2, T4, T6) were performed

retro-orbitally (8 ml/kg of body weight) with isovolemic

compensatory blood collection. Seven weeks after the first

injection, surviving mice were challenged with hypoxia

(8%O2, 2 h) in a chamber (Biospherix, Redfield, NJ, USA)

regulated by addition of nitrogen (Linde Gas, Saint Priest,

France) automatically controlled by the Pro-Ox system

(Biospherix). After 15 min of reoxygenation, mice were

anesthetized for whole blood collection, then the mice

were sacrificed. Lungs, spleen, liver, heart and brain were

rapidly dissected, weighed and stored under appropriate

conditions for organ analysis. One slide of each tissue was

stained with haematoxylin and eosin (H&E) or Masson tri-

chrome. Histological analysis was performed under a light

microscope (Diaplan; Leitz, Nanterre, France); immuno-

staining of vascular cell adhesion molecule-1 (VCAM1) in

the lung was performed using a rat monoclonal anti-

VCAM1 antibody diluted at 1/40 (MCA2297; AbD Serotec,

Oxford, UK). Hb, Hct and platelets in whole blood were

measured using an ABX automat (Horiba, Montpellier,

France). The proportion of reticulocytes was assessed by

flow cytometry using thiazole-orange staining (BD Retic

reagent; BD Pharmingen, Oxford, UK). Molecular detection

in the plasma was performed using commercial kits: serum

amyloid protein (SAP; Gentaur, Kampenhout, Belgium),

mouse thrombospondin-1 (THBS1; Cusabio, Newark, DE,

USA), Endothelin-1 (EDN1; Enzo Life Sciences, Farming-

dale, NY, USA) and secretory phospholipase A2 (sPLA2;

USCN Inc, Wuhan, China).

Study in SAD mice

Transgenic HbS/S SAD mice (De Paepe & Trudel, 1994; Tru-

del et al, 1994) (males and females, 6–8 weeks old) included

in the protocol were divided into three groups: untreated

(n = 9), control RBCs (n = 10) and IHP-RBCs (n = 15).

Injection of 28 ml/kg was performed retro-orbitally with

compensatory blood collection of 16 ml/kg. After a period of

19 ± 2 h following the transfusion, mice were exposed to

hypoxia (6·5% O2, 4 h) followed by 6 h of reoxygenation.

The mice were then anesthetized and sacrificed. The lungs

and the hearts were rapidly dissected, frozen in liquid nitro-

gen, and stored at �80°C. mRNA encoding for ICAM1,

VCAM1, BCAM (Lu), haem-oxygenase-1 (HMOX1), tissue

factor (F3), EDN1 and interleukin 1b (IL1B) were quantified

by real-time quantitative polymerase chain reaction (qRT-

PCR) using the Quantitect SYBR®green PCR kit (Qiagen,

Courtaboeuf, France) and the Light Cycler® System (Roche

Diagnostics, Meylan, France). The protein concentration of

malondialdehyde (MDA) and advanced oxidation protein

product (AOPP), markers of lipid and protein oxidations

respectively, were determined using the bicinchoninic acid

(BCA) protein assays Kit (Novagen, Darmstadt, Germany).

Concentrations of MDA were determined as thiobarbituric-

reactive substances and measured at 532 nm by spectropho-

tometry. AOPP were assayed in the lung homogenate using

the method described by Witko-Sarsat et al (1996). All the

reagents were purchased from Sigma (St Quentin-Fallavier,

France).

Evaluation of safety profile in healthy mice

Free IHP injected intravenously at massive dosage to mice

induces rapid plasmatic calcium depletion, leading to con-

vulsions and death of animals (Gersonde & Weiner, 1981).

In order to investigate the safety profile of treatment, male

OF1 mice were injected with control RBCs (n = 12), IHP-

RBCs (n = 12), and free IHP solutions: 2 mmol/l (n = 12),

5 mmol/l (n = 6), 10 mmol/l (n = 6), 20 mmol/l (n = 6)

intravenously in the caudal vein at a dosage of 8 ml/kg

body weight. Eight untreated mice were taken as the refer-

ence for physiological values. QuantichromTM assay kits

(Gentaur) were used to measure plasma levels of blood urea

nitrogen (BUN), creatinine, calcium, and alanine transami-

nase (ALT). In order to check whether IHP-RBCs transfu-

sions impair nitric oxide (NO) bioavailability or not,

nitrite/nitrate (NOx) levels were assayed colourimetrically

using a commercial kit (760871; Cayman Chemical, Ann

Arbor, MI, USA). All parameters were measured 1 h or

24 h post-transfusion.

Statistics

Values are expressed as means ± standard error of the mean

(SEM). Kaplan–Maier survival curves were used for survival

study. Differences between two experimental groups were

analysed with Student t-test or with the Kruskal–Wallis test

followed by Mann–Whitney U-test. All the calculations were

made with Statistica (Version 10·0; Statsoft, Tulsa, OK,

USA). Differences between groups were considered to be sig-

nificant when P � 0·05.

IHP-RBCs in Sickle Cell Disease Mice Models
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Results

Characteristics of murine IHP-RBCs

IHP-RBCs displayed decreased mean cell volume (40·7 ± 0·1

vs. 46·7 ± 0·1 lm3), mean cell haemoglobin concentration

(308 ± 02 vs. 316 ± 02 g/l) and mean corpuscular haemoglo-

bin (12·1 ± 0·5 pg vs. 14·7 ± 0·0 pg) as compared to native

RBCs (P < 0·05, Table 1). Murine IHP-RBCs entrapment

(approximately 11·6 lmol IHP/g Hb) was characterized by an

increased P50 (47 ± 2 mmHg) compared with native RBCs

(35 ± 1 mmHg, P < 0·02) but, more importantly, compared

with BERK mice SS-RBCs (35 ± 3 mmHg, P < 0·02) and SAD

mice HbS-RBCs (38 mmHg) (Blouin et al, 2000). Extracellular

Hb (<10 g/l) and extracellular IHP fraction (<20%) showed

high stability of suspension after overnight storage. The mur-

ine control suspension, consisting of C57BL/6J whole blood

further processed with washes and 25°C incubation, presented

the same haematological modifications as human packed RBCs

when compared to human whole blood: the leucocyte count

was greatly reduced (1·9 ± 0·2 109 cells/l vs. 8·9 ± 0·25

109 cells/l for C57BL/6J whole blood) and 2,3-DPG levels were

significantly decreased (4·0 ± 1·3 vs. 31·4 ± 1·2 lmol/g Hb for

C57BL/6J whole blood) (Table 1). In vivo, IHP-RBCs exhibited

lower stability than control suspension RBCs, with a signifi-

cantly decreased cell survival at 24 h post-transfusion

(70 ± 3% vs. 86 ± 1% respectively, P < 0·05) and a reduced

half-life (10·5 and 12·8 days respectively).

Effect of chronic IHP-RBCs transfusions in BERK mice

Chronic RBC exchanges allowed progressive accumulation of

injected RBCs in the circulation of BERK mice, reaching a

mean proportion of 21 ± 1% and 29 ± 3% for IHP-RBCs

and control RBCs, respectively, at the time mice were sacri-

ficed.

Mice survival. During the study, some mice died from

severe complications of the disease. As expected, chronic

transfusions with control RBCs improved the survival rate

compared with untreated mice (75% vs. 40%, Fig. 2), con-

firming the well-known positive effects of transfusion ther-

apy. However, when chronic transfusion was performed with

IHP-RBCs, the benefit was even greater than for control

RBCs (86%).

Organ development. Due to a lack of data collected for male

mice, interpretation of results on organ pathology was based

only on female mice. The relative weights (organ weight/

body weight ratio) of the spleen, liver and heart were signifi-

cantly higher in BERK mice while their brain relative weight

was lower compared to C57BL/6J mice (P < 0·05, Table 2).

The relative brain weight of mice who received IHP-RBCs

(Fig. 3A) was higher than that of untreated mice and mice

who received control RBCs (P < 0·05) and did not signifi-

cantly differ from that of wild mice (P > 0·05). In the spleen,

the constant removal of abnormal sickled cells from the cir-

culation and filtration by the red pulp produced massive

RBC sequestrations and a complete loss of the splenic lym-

phoid architecture (Fig. 3B). As a result, the red pulp-white

pulp ratio was strongly increased in BERK mice (Fig. 3B).

Both IHP-RBCs and control RBCs decreased spleen weight/

body weight ratio, with a significant effect observed with

control RBCs (3·6 ± 0·2% vs. 6·0 ± 0·8% for untreated

BERK mice). However, IHP-RBCs treatment produced a

Table 1. Haematological characteristics of red blood cell suspensions.

C57BL/6J

whole

blood

C57BL/6J

control

suspension

C57BL/6J

IHP-loaded

RBCs

BERK

SS-RBCs

SAD

HbS-RBCs

Number of batches n = 28 n = 22 n = 28 n = 3 n = 3–4

MCH, pg 14·7 ± 0·0 15·1 ± 0·1 12·1 ± 0·5* ND ND

MCV, lm3 46·7 ± 0·1 47·6 ± 0·2 40·7 ± 0·1* ND ND

MCHC, g/l 316 ± 2 318 ± 2 308 ± 2* ND ND

Leukocytes, 106/ml 8·9 ± 0·5 1·9 ± 0·2 – ND ND

Extracellular Hb, g/l NA 3·5 ± 0·2 6·4 ± 0. 4 ND ND

Entrapped IHP, lmol/g Hb NA NA 11·6 ± 0·3 ND ND

Extracellular IHP, % NA NA 7·2 ± 2·6 ND ND

2,3-DPG, lmol/g Hb 31·4 ± 1·2 4·0 ± 1·3 17·5 ± 1·9* 29·5 (n = 1) 32·1†

P50, mmHg 35 ± 1 22 ± 1 47 ± 2* 35 ± 3 38†

Oxygen saturation at 100 mmHg, % 93 ± 0 97 ± 0 76 ± 1* 95 ± 1 ND

24 h post-transfusion survival NA 86 ± 1% 70 ± 3% ND ND

In vivo half-life NA 12·8 days 10·5 days ND ND

*Indicates P < 0·05 (paired Student’s t-test compared to C57BL/6J whole blood).

†Data from the literature (Blouin et al, 2000).

IHP, Inositol Hexaphosphate; MCH(C), mean cell haemoglobin (concentration); MCV, mean cell volume; 2,3-DPG, 2,3-diphosphoglycerate; NA,

not applicable; ND, not done.

V. Bourgeaux et al

4 ª 2012 Blackwell Publishing Ltd, British Journal of Haematology



3-fold lower red pulp-white pulp ratio in comparison with

untreated mice (Fig. 3B, P < 0·05). Concerning the other

organs, the differences between treated and untreated mice

did not reach statistical significance.

Anaemia and acute sequestration events. From T0 to T7,

untreated mice became severely anaemic as evidenced by the

Hb level, dropping from 90 ± 6 g/l to 55 ± 6 g/l (P < 0·05)

associated with a huge fall in haematocrit (from 32 ± 2% to

22 ± 2%). In addition, acute hypoxic stress to which mice

were subjected at T7 promoted sequestrations of sickled

RBCs in organs, as illustrated in the liver (Fig. 4A), and thus

worsened anaemia. Due to the low surviving rate of animals

in the group of untreated mice, statistical analyses were only

performed between treated mice. At T7, mice transfused with

control RBCs maintained satisfactory Hct and Hb level under

normoxic conditions (26 ± 2% and 71 ± 4 g/l respectively)

but were highly affected by acute hypoxia, with the Hct and

Hb level significantly falling to 21 ± 1% and 59 ± 4 g/l

(Fig. 4B, P < 0·05). In contrast, in mice receiving IHP-RBCs,

Hct and Hb level did not significantly decrease after hypoxia

(26 ± 2% and 70 ± 6 g/l, Fig. 4B–C) with Hct value remain-

ing significantly elevated as compared to mice treated with

control RBCs (P < 0·05). The circulating platelet count in

untreated BERK mice tended to peak between T0 and T6

before decreasing at T7, and further decreased after hypoxic

stress (Fig. 4D). Mice that received IHP-RBCs tended to dis-

play higher circulating platelets at T7 than mice that received

control RBCs under normoxic conditions (1400 ± 233 vs.

991 ± 229 103/mm3 respectively, P = 0·08, Fig. 4E). The

same tendency was observed after hypoxia.

Investigation of VOC risk factors. Adhesion to the endothe-

lium occurs at the onset of VOC. To evaluate the risk of

adhesion to the blood vessel wall, we measured the propor-

tion of circulating reticulocytes (most adhesive RBCs (Kaul

et al, 2009)) and the plasma levels of THBS1, the main pro-

tein responsible for bridging between reticulocytes and endo-

thelial cells (Fig. 5A,B). Whereas the treatment with control

RBCs tended to slightly decrease circulating reticulocytes

(P > 0·05), transfusions of IHP-RBCs significantly reduced

this proportion (26 ± 3% vs. 42 ± 2% for untreated mice,

P < 0·01). THBS1 plasma level tended to be lower in IHP-

RBCs mice compared to untreated mice (P = 0·052) and was

significantly reduced compared to mice treated with control

RBCs (P < 0·05). In addition, histological analysis of the

lungs revealed a tendency of IHP-RBCs transfusions to

reduce the immunostaining of VCAM1 as compared to con-

trol RBCs transfusions (Fig. 5C,D). The plasma level of vaso-

constrictor EDN1 tended to decrease with IHP-RBCs and to

increase with control RBCs transfusions (P < 0·05 between

IHP-RBCs and control RBCs, Fig. 5E). The levels of acute

phase response proteins SAP and sPLA2 were measured at

the steady state to investigate the effect of treatment on

inflammation. Chronic transfusions exhibited no effect on

SAP levels (P > 0·1 for both control RBCs and IHP-RBCs,

data not shown). However, unlike control RBCs, IHP-RBCs

treatment tended to reduce sPLA2 levels (5563 ± 1057 pg/ml

vs. 8207 ± 1652 pg/ml for untreated mice, Fig. 5F, P = 0·2).

Effect of a single IHP-RBCs transfusion in SAD mice

Adhesion molecules. A single IHP-RBCs administration to

mice 19 ± 2 h before acute hypoxia (4 h) produced a 7-fold

reduction in lung Vcam1 mRNA levels after hypoxia/reoxy-

genation (H/R) compared to mice who received control

RBCs (P < 0·05, Fig. 6). The measurement of Icam1 and

Bcam mRNA levels in the lung showed no improvement with

IHP-RBCs but highlighted a significant up-regulation of

those adhesion molecules mRNA with control RBCs in

response to H/R (Fig. 6).
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Fig 2. Survival of BERK SCD mice after chronic transfusions with

control-RBCs or IHP-RBCs. Male and female mice (10 untreated

mice, seven mice treated with IHP-RBCs and eight mice treated with

control RBCs) were followed over a period of 7 weeks. During this

period, some mice died from severe complications of the disease

allowing plotting of Kaplan–Maier survival curves. After hypoxic

stress, surviving mice were voluntarily sacrificed for blood and organ

analysis. AA-RBCs, control red blood cells; IHP-RBCs, Inositol hexa-

phosphate-loaded red blood cells.

Table 2. Organ weights expressed as a percentage of total body

weight in 13 to 15-week-old untreated female BERK mice and female

C57BL/6J mice

Organ

Relative weight (% of total body weight)

BERK (n = 3) C57BL/6J (n = 5)

Spleen 6·00 ± 0·77 0·45 ± 0·03†

Kidneys 0·89 ± 0·09 0·66 ± 0·02

Liver 7·63 ± 0·43 5·05 ± 0·11†

Brain 1·89 ± 0·08 2·17 ± 0·03*

Heart 0·75 ± 0·05 0·64 ± 0·08

*Indicates P < 0·05.

†Indicates P < 0·01.
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Vascular tone, intravascular haemolysis and tissue factor

(F3). IHP-RBCs treatment had a tendency to lower lung

mRNA expression of F3, Hmox1 and Edn1 compared to

untreated SAD mice but, more importantly, significantly

reduced these gene expressions compared to normal RBCs

(P < 0·05, Fig. 6).

Inflammation. Both control RBCs and IHP-RBCs produced

inflammation in the lungs of mice with increased Il1b mRNA

levels (Fig. 6).

Oxidative stress. Both IHP-RBCs and control RBCs signifi-

cantly reduced lung MDA and AOPP concentrations com-

pared to untreated SAD mice (P < 0·05).

Safety profile of IHP-RBCs transfusion in healthy mice

Serum calcium was measured to detect any chelating effect

due to IHP. In untreated mice, calcium levels ranged

between 1·92 to 2·97 mmol/l. The transfusion of IHP-RBCs

loaded with approximately 2·8 mmol/l IHP did not lower

calcium concentrations at 1 and 24 h post-transfusion

(2·52 ± 0·15 and 2·50 ± 0·15 mmol/l respectively), neither

did the injection of 2 and 5 mmol/l IHP (Fig. 7). Indeed,

toxicity relative to IHP was observed with much higher

amounts. Mice injected with free IHP at concentrations of 10

and 20 mmol/l died from convulsions within 2 min follow-

ing the transfusion, allowing estimation of intravenous LD50

(dose that killed 50% of the mice) of IHP between 5 and

10 mmol/l. Unconjugated bilirubin significantly increased

1 h after IHP-RBCs and control RBCs transfusion compared

to untreated mice. ALT, measured to evaluate hepatocellular

injury, also tended to increase 1 h after the transfusion of

IHP-RBCs. However, normalization of values was observed

24 h after transfusion. BUN and creatinine measured to eval-

uate renal function showed similar levels in all experimental

groups (P > 0·05). In untreated mice, NOx ranged between

102 lmol/l and 560 lmol/l. Those levels remained

unchanged after transfusion of IHP-RBCs or control RBCs

(P > 0·05).

Discussion

Entrapment of IHP in transfused RBCs to increase blood-

stream oxygenation was hypothesized to reduce SCD pathol-

ogy. Among the natural and synthetic effectors of Hb, IHP

(A)

(B)

Fig 3. Relative brain weight and spleen histology in BERK SCD mice after chronic transfusions with control-RBCs or IHP-RBCs. (A) Brain devel-

opment in female BERK mice expressed as brain weight compared to total body weight. n = 2 mice for control RBCs. (B) Typical histological

sections (original magnification 940, haematoxylin & eosin staining) of the spleen of C57BL/6J, untreated BERK mice, and BERK mice treated

with IHP-RBCs showing significant splenic enlargement and increase in the red pulp/white pulp ratio in transgenic BERK mice; far right: red

pulp/white pulp ratio in untreated and treated BERK mice. *P < 0·05.
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was the most suitable molecule for therapeutic application in

SCD. Indeed, its polyanion chemical structure produces sta-

ble trapping in transfused RBCs. This is not the case for

other effectors, such as myo-inositol trispyrophosphate

(ITPP), a synthetic compound derived from myo-inositol

hexakisphosphate (IP6) or bezafibrate analogs with lipophilic

structures which have the drawback of permeating RBCs.

After transfusion of RBCs loaded with ITPP or bezafibrate to

patients, a significant fraction of those effectors may leak

from transfused RBCs, penetrate SS-RBCs and promote sick-

ling. The best candidate, IHP, was thus entrapped in murine

RBCs using a similar method to that for human RBCs

(Bourgeaux et al, 2010). The entrapment process did not

alter the ability of RBCs to carry oxygen as evidenced by ele-

vated mean cell haemoglobin concentration values (>300 g/

l). Resulting IHP-RBCs exhibited a significant rightward shift

of P50 compared with RBCs of SCD transgenic mice (DP50 of

12 and 9 mmHg in BERK and SAD mice models, respec-

tively), suggesting a similar mechanism of action of IHP-

RBCs in mice as that in human patients. Besides, despite the

well-known fragility of murine RBCs compared to human

RBCs, IHP-RBCs displayed satisfactory in vivo stability. All

these findings validated the use of murine transgenic models

for the proof of concept of IHP-RBCs in SCD.

The first study conducted in BERK mice investigated the

effect of IHP-RBCs as chronic treatment. Chronic transfusion

programmes in humans aim to reduce HbS below 30%,

which requires approximately 5–6 units of packed RBCs

every month. But, with emerging problems of blood avail-

ability, the difficulty in finding cross-matched blood to avoid

allo-immunization (Wahl & Quirolo, 2009) and the increas-

ing number of SCD patients, clinicians are likely to encoun-

ter increasing difficulties in conducting those programmes

under the same conditions and may have to reduce the

(A)

(B) (C)

(D) (E)

Fig 4. Effect of IHP-RBCs on haematological parameters. (A) Histological section of the liver of untreated BERK mice after hypoxic stress show-

ing vascular congestion with sickled RBCs (Original magnification 9100, Masson trichrome staining) (B) Haematocrit and (C) haemoglobin in

treated mice. (D) Course of platelet count over the studied period in different untreated BERK mice showing a peak of circulating platelets fol-

lowed by a fall enhanced by hypoxia. (E) Platelet count was compared in mice treated either with control RBCs or IHP-RBCs before and after

the hypoxic stress. *P < 0·05.
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volume of transfusions. Therefore, to check whether IHP-

RBCs with increased oxygenation properties may potentiate

transfusion therapy at lower dosage, HbS levels in BERK

mice were diluted to only approximately 70%. The benefit of

IHP-RBCs over conventional transfusion under those condi-

tions was observed in different aspects of pathophysiology:

(i) the chronic replacement of SS-RBCs with IHP-RBCs

improved the survival rate of mice (ii) IHP-RBCs improved

the splenic lymphoid architecture and corrected impaired

brain development (iii) IHP-RBCs prevented anaemia under

both normoxic and hypoxic conditions and reduced symp-

toms of sequestration events (iv) IHP-RBCs lowered the risk

of VOC. Throughout the study, BERK mice died from severe

anaemia and multiple sequestration crises. Usually, these

mice present wide inter-individual variability of SCD symp-

toms and experience approximately 20% mortality between

weaning and the age of 14 weeks. However, in the present

study, the specific criterion for mice inclusion based on ele-

vated reticulocytosis led to the selection of only animals that

displayed splenomegaly and severe SCD symptoms. As a

result, mortality was increased. Although IHP-RBCs were in

a lower proportion in the circulation of mice than control

RBCs, a continuous oxygen supply enabled a decrease in the

mortality rate of the mice. As initially observed by Pászty

et al (1997), BERK mice are severely anaemic when adults.

Our results (at T7) confirm these observations. One interest-

ing point in the present study is that anaemia worsened in

untreated mice from T0 to T7 (without any hypoxia expo-

sure). This was less obvious in mice treated with IHP-RBCs.

Our results thus suggest that IHP-RBCs treatment could

limit the development of anaemia in BERK mice. Chronic

RBC exchanges with normal RBCs also corrected anaemia

under normoxic conditions, but were ineffective in prevent-

ing the dramatic Hb loss produced by acute hypoxia. Similar

sudden Hb loss (10–20 g/l) is usually observed in SCD chil-

dren suffering from acute splenic or hepatic sequestrations

(Araujo, 2009) characterized by a pooling of sickled RBCs

and platelets in the affected organ. In BERK mice, hypoxic

stress may have artificially induced those sequestration

events, as evidenced by a dramatic decrease in Hb level and

circulating platelets. This Hb and platelet loss was strongly

inhibited in mice that received IHP-RBCs under the hypoth-

esis of an increased lifespan of SS-RBCs due to IHP-RBCs

induced oxygenation and reduced sickling. The therapeutic
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V. Bourgeaux et al

8 ª 2012 Blackwell Publishing Ltd, British Journal of Haematology



benefit of IHP-RBCs on the lifespan of SS-RBCs was also evi-

denced by a lower red pulp-white pulp ratio in the structure

of the spleen, which suggests reduced RBC sequestration

(Trudel et al, 1994; Manci et al, 2006; Pestina et al, 2009).

Regarding organ pathology, SCD children may experience

delayed brain volumetric growth (Steen et al, 2005), partially

explained by abnormal oxygen delivery to the brain and

recurrent silent brain infarcts (Hogan et al, 2006). We found

that 3·5-month-old BERK mice shared the same defect in

brain development. The brain is one of the organs most

affected by hypoxaemia. IHP-RBCs chronic treatment

appeared to effectively correct impaired brain development

in BERK mice (80% improvement of brain weight defect ver-

sus only 20% in mice treated with control RBCs, Fig. 3A).

Taken together, our results suggest that IHP-RBCs treatment

in BERK mice was associated with a reduction of organ

pathology, possibly resulting in the increased survival rate

observed.

IHP-RBCs, by modulating blood cell components and

probably improving the vascular tone, may also have reduced

the risk of VOC, the most devastating complication of SCD.

Adhesion processes are widely involved in the onset of blood

vessel obstruction and THBS1 is one of the major promoters

of sickle reticulocyte adhesivity (Sugihara et al, 1992; Gupta

et al, 1999). Therefore, the concomitant reduction of reticul-

ocytosis and THBS1 bridging protein in the circulation of

mice that received IHP-RBCs may lower the risk of adhesion

to the endothelium. Vasoconstriction, which greatly contrib-

utes to VOC, was investigated with the measurement of

plasma EDN1, a peptide produced by endothelial cells in

response to hypoxia (Ergul et al, 2004). As expected, IHP-

RBCs transfusions reduced the expression of the vascular

tone modulator in BERK mice but surprisingly, a deleterious

effect of conventional transfusion therapy with increased

EDN1 values was observed. A similar overproduction of

EDN1 following blood transfusion has already been reported

in healthy premature infants, suggesting that conventional

transfusions may lead to tissue injury through endothelin-

induced oxygen radical formation (Sasai-Takedatsu et al,

1994). EDN1 was also reported to slightly increase in thalas-

semia patients during the first 24 h post-transfusion,

although it substantially declined 7 days later (Viprakasit

et al, 2002). In our study, increased EDN1 levels in mice

receiving normal RBCs were observed after the hypoxic

stress. One hypothesis for this deleterious effect is that

hypoxia-induced RBC haemolysis in mice that received

Adhesion 
molecules 

RBCs 
haemolysis 

Vaso-
constriction 

Oxidative 
Stress 

Coagulation 
activation 

Inflammation 

Fig 6. Effect of single transfusion with control-RBCs or IHP-RBCs in SAD mouse lungs. SAD mice were transfused with IHP-RBCs or control

RBCs. 19 ± 2 h following the transfusion, mice were subjected to 4 h of hypoxia (6·5%O2) followed by 6 h of reoxygenation to induce ischae-

mic-reperfusion injury. *P < 0·05; **P < 0·01.
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normal RBCs decreased NO bioavailability. As NO modulates

the expression of endothelin receptors, a decrease of NO

during a SCD crisis could have upregulated EDN1 expression

(Reiter & Gladwin, 2003; Bartolucci et al, 2007; Gladwin &

Kato, 2007; Wood et al, 2008). The benefit of IHP-RBCs

over normal RBCs in BERK mice was also observed on

inflammatory processes. Indeed, the acute phase response

protein PLA2 is widely activated upon hypoxia, inducing the

secretion of low molecular weight in the extracellular med-

ium (Portilla et al, 1992; Choi et al, 1995). IHP-RBCs, by

continuously inhibiting mild hypoxia at the steady state,

tended to prevent the secretion of sPLA2. In addition, sPLA2

has been described as an accurate and specific predictor of

ACS (Styles et al, 2000; Naprawa et al, 2005), suggesting the

benefit of IHP-RBCs in preventing lung injury. This hypoth-

esis was supported by the observation of a significantly

reduced VCAM1 expression in the lungs of mice treated with

IHP-RBCs. All those results show that low proportions of

IHP-RBCs (approximately 21% in the circulation) effectively

reduced the pathophysiology of BERK mice. This therapy

could offer a powerful alternative for overcoming problems

associated with future management of long-term preventive

transfusions in human SCD.

The second study aimed to evaluate the effectiveness of a

single IHP-RBCs transfusion to prevent acute lung injury in

SAD mice. Indeed, many SCD patients suffer from lung

injury with ACS and the management of this complication is

not optimal. Patients who experience VOC crisis that can

progress to ACS are first treated with analgesics for pain con-

trol and closely monitored with regular chest radiographs

Fig 7. Safety profile of IHP-RBCs for acute prophylactic transfusions. OF1 healthy mice were injected with 8 ml/kg of IHP-RBCs, control RBCs,

or free solutions of IHP (2, 5, 10 and 20 mmol/l). Calcium, creatinine, blood urea nitrogen, NOx and alanine transaminase (ALT) were deter-

mined in plasma of mice 1 h (white bars) and 24 h (black bars) post-transfusion. Eight untreated mice were used as references for physiological

values (grey bars). The results are the combination of two separate experiments giving similar results. *P < 0·05; **P < 0·01.

V. Bourgeaux et al
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over a period of 24–48 h to detect any complication with

thrombosis. Transfusions are performed only after this per-

iod in cases of persistent pain and thrombus formation as

seen on chest radiographs. The aim of transfusions is to rap-

idly reverse hypoxia and to prevent progression to ACS. Pub-

lished data have shown the effectiveness of transfusions in

reversing hypoxia, with PaO2 values increasing from 63 to

71 mmHg (Walters et al, 2002). However, IHP-RBCs trans-

fusions could further improve the partial pressure of oxygen,

since at 63 mmHg, IHP-RBCs can release 30% of their oxy-

gen versus only 10% for control RBCs (Bourgeaux et al,

2010). In SAD mice, several factors, including vascular adhe-

sion molecules (ICAM1, VCAM1) (Belcher et al, 2005), were

found to be overexpressed in the lungs after subjecting the

animals to an acute hypoxic/reoxygenation stress (de France-

schi et al, 2003). Therefore, our study was designed with

SAD mice that were artificially stressed in an oxygen-reduced

atmosphere and that were voluntarily sacrificed 19 ± 2 h

after transfusion to evaluate the effectiveness of treatment in

preventing lung injury within a short period of time. As

expected, IHP-RBCs tended to prevent acute lung injury with

lowered mRNA levels of molecules involved in adhesion and

vaso-constriction processes as well as coagulation activation.

The major effect of IHP-RBCs compared to untreated mice

was observed on oxidative stress prevention with significantly

reduced levels of the oxidative biomarkers MDA and AOPP.

However, the most significant and relevant results of this

study were observed between IHP-RBCs and control RBCs

treated mice. Indeed, the present experiment highlighted

some major deleterious effects when transfusing control

RBCs to mice with increased lung levels of mRNA encoding

for adhesion molecules ICAM1 and BCAM and EDN1 vaso-

constrictor. Several hypotheses may explain these side effects

of conventional blood transfusions in SAD mice: (i) The

incomplete replenishment of 2,3 DPG in transfused control

RBCs at the time the mice were killed may have delayed the

therapeutic benefit of blood transfusion. Indeed, to fully

mimic blood units used in human transfusion, control mur-

ine RBCs were 2,3-DPG depleted, which decreased their P50
value far below the P50 of SS-RBCs in SAD mice (22 mmHg

vs. 38 mmHg, respectively, Table 1). Given that it takes a

minimum time of 24–48 h to regenerate the 2,3-DPG metab-

olite in vivo, control RBCs may pump oxygen from SS-RBCs

within the first 24 h following the transfusion, worsening the

pathophysiology rather than acting as effective oxygen sup-

plier. In contrast, IHP-RBCs, which are specifically designed

to induce rapid oxygenation of the bloodstream and tissues

(P50 of 47 mmHg) could be more effective in preventing

lung injury immediately after the transfusion. (ii) Slight hy-

perviscosity of blood induced by the transfusion may have

led to complications in mice transfused with normal RBCs.

Indeed, it is strongly recommended that the Hct should be

maintained below 35–40% when transfusing patients, since

oxygen distribution decreases at higher Hct. SAD mice are

not anaemic and display Hct values around 40%. Therefore,

the transfusion of 28 ml/kg with only hypovolaemic compen-

satory blood collection (16 ml/kg) may have further

increased the Hct in mice who received control RBCs and

IHP-RBCs. For mice treated with control RBCs, this proba-

bly increased viscosity may have worsened lung injury com-

pared to untransfused SAD mice. On the contrary, IHP-

RBCs transfusion, by limiting the hypoxic environment in

pulmonary blood vessels, prevented the increase of molecules

responsible for pathological events and may have counterbal-

anced the deleterious effects due to potential hyperviscosity

(iii) haemolysis of most fragile RBCs following the transfu-

sion may participate in endothelium activation. Even though

haemolysis is increased in case of IHP-RBCs, again, the dele-

terious effect may be counterbalanced by the benefits of

improved oxygenation. All these findings suggest that replac-

ing control RBCs by IHP-RBCs in particular may be appro-

priate for the treatment of acute sickle events, such as ACS,

requiring rapid and efficient oxygenation to reverse hypoxia.

For a clinical application, the development of relevant bio-

logical parameters, such as sPLA2, as a clinical predictor of

ACS (Styles et al, 2000; Naprawa et al, 2005) allows a delay

of 24–48 h before transfusing patients, which is fully compat-

ible with IHP-RBCs blood unit manufacture and delivery to

hospital.

Another feature of SCD pathology is the reduced availabil-

ity of the vaso-dilatator, NO, due to RBC haemolysis. An

investigation of the impact of IHP-RBCs transfusion on NO

bioavailability has not revealed any detectable effect.

In terms of safety, a single intravenous administration of

IHP-RBCs did not produce any apparent toxicity in healthy

mice. Only moderate haemolysis was observed after transfu-

sion with increased serum bilirubin and transaminase levels

but those parameters returned to normal within 24 h. The

fact that unbound bilirubin was found at higher levels 1 h

post-transfusion in the IHP-RBCs treated group is explained

by the reduced 24 h-post transfusion survival of IHP-RBCs

compared with control RBCs (Table 1). Regarding IHP tox-

icity, the extracellular IHP present in murine IHP-RBCs sus-

pension was at least 10 times less than the LD50 of IHP. In

extremely rare cases of a delayed haemolytic reaction follow-

ing the transfusion, IHP concentrations released in the

plasma of mice would be approximetely 2·8 mmol/l, which is

insufficient to induce calcium chelation and is two times less

than the LD50 of IHP. In addition, it has been reported that

the toxic manifestations of intravenous IHP could be signifi-

cantly reduced by lowering the infusion rate (Gersonde &

Weiner, 1981). Therefore, considering a therapeutic applica-

tion in humans, potential toxicity associated with IHP could

be avoided by reducing the transfusion rate of IHP-RBCs to

SCD patients and by oral supplementation with calcium to

chelate free IHP. But, long-term toxicity as well as toxicity of

repeated transfusions remain to be investigated.

In summary, the present study provides evidence in two

different sickle cell mice models that entrapment of IHP in

transfused RBCs could be a powerful tool to prevent acute

IHP-RBCs in Sickle Cell Disease Mice Models
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or chronic manifestations of SCD. IHP-RBCs, by increasing

the oxygen supply, seem to act not only on sickling but also

on the different vascular events involved in the sickle cell

crisis. In chronic therapy, the use of IHP-RBCs could

reduce the number of RBC units to be transfused but also

the frequency of transfusions, thus improving patient quality

of life. In addition, with the recent improvements in scoring

acute of SCD, IHP-RBCs may potentiate simple transfusion

in the treatment of chest syndromes by acting more rapidly

and more efficiently. Upscaling human packed IHP-RBCs to

current good manufacturing practice (cGMP) is currently

under validation, making it possible to conduct the proof of

concept in sickle cell patients in the near future.
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