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Red Cell Biology & Its Disorders

Introduction

Sickle cell disease (SCD) is a worldwide hereditary red cell
disorder caused by a point mutation in the β-globin gene
resulting in the synthesis of pathological hemoglobin S (HbS),
and abnormal HbS polymerization in hypoxic conditions.1

The two main clinical manifestations of SCD are chronic
hemolytic anemia and acute vaso-occlusive crises (VOC),
which are the principal causes of hospitalization of SCD
patients. Recent studies have underscored the central role of
sickle vasculopathy in the generation of sickle cell-related
acute events and chronic organ complications.2-4 The patho-
physiology of these complications is based on intravascular
sickling in capillaries and small vessels leading to vaso-occlu-
sion, impaired blood flow, vascular inflammation, and throm-
bosis with ischemic cell damage.2-4 Studies in various models
of vasculopathy, including those with ischemia and inflam-
mation, have shown protective effects of ω-3 polyunsaturat-
ed fatty acid (PUFA) supplementation.5 This is supported by
several mechanisms: (i) favorable changes in cell membrane
lipid composition;6 (ii) modulation of soluble and cellular
inflammatory responses;7 (iii) modulation of the coagulation
cascade,8 and (iv) production of nitric oxide.9

The fatty acid profile of the red cell membrane from SCD
patients is intrinsically different from that of healthy controls,
with a relative increase in the ratio of ω-6 to ω-3 PUFA.10,11

Sickle erythrocytes have increased ω-6-derived arachidonic
acid (20:4n6) and decreased eicosapentaenoic acid (20:5n3)

and docosahexaenoic acid (22:6n3).10,11 Recently, human stud-
ies have demonstrated that supplementation of SCD subjects
with fish oil containing ω-3 fatty acids reduces VOC, pain
episodes, and blood transfusions.12-14 To date, however, there
are insufficient clinical and molecular data to support routine
dietary supplementation with fish oil for SCD patients.
In the present study, we studied the effects of an ω-3 diet

(fish oil diet, FD) on the vasculopathy of a humanized mouse
model for SCD. The evaluation of the impact of FD supple-
mentation on SCD is relevant since the typical Western diet
has a 15:1 ratio of ω-6 to ω-3 PUFA.15

We found that in SCD mice, the FD modified sickle red cell
membrane lipid composition and was associated with a
reduction in vascular activation and an improvement of car-
diovascular dysfunction. In a model of acute VOC induced by
exposure to hypoxia-reoxygenation (H/R) stress, we showed
that  FD decreases vascular activation, modulates the inflam-
matory response, and reduces sickle cell-related organ dam-
age. Thus, our findings shed new light on the significance of
PUFA in SCD and VOC and support a therapeutic role of ω-3
PUFA supplementation in SCD.

Methods 

Mice and study design 
Experiments were performed on 4- to 6-week old healthy control

(Hbatm1(HBA)Tow Hbbtm3(HBG1,HBB)Tow) and SCD (Hbatm1(HBA)Tow Hbbtm2(HBG1,HBB*)Tow)
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The anemia of sickle cell disease is associated with a severe inflammatory vasculopathy and endothelial dysfunc-
tion, which leads to painful and life-threatening clinical complications. Growing evidence supports the anti-inflam-
matory properties of ω-3 fatty acids in clinical models of endothelial dysfunction. Promising but limited studies
show potential therapeutic effects of ω-3 fatty acid supplementation in sickle cell disease. Here, we treated human-
ized healthy and sickle cell mice for 6 weeks with ω-3 fatty acid diet (fish-oil diet). We found that a ω-3 fatty acid
diet: (i) normalizes red cell membrane ω-6/ ω-3 ratio; (ii) reduces neutrophil count; (iii) decreases endothelial acti-
vation by targeting endothelin-1 and (iv) improves left ventricular outflow tract dimensions. In a hypoxia-reoxy-
genation model of acute vaso-occlusive crisis, a ω-3 fatty acid diet reduced systemic and local inflammation and
protected against sickle cell-related end-organ injury. Using isolated aortas from sickle cell mice exposed to hypox-
ia-reoxygenation, we demonstrated a direct impact of a ω-3 fatty acid diet on vascular activation, inflammation,
and anti-oxidant systems. Our data provide the rationale for ω-3 dietary supplementation as a therapeutic inter-
vention to reduce vascular dysfunction in sickle cell disease. 
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mice.16,17 The animal protocol was approved by the Animal Care
and Use Committee of the University of Verona (CIRSAL). Two-
month old animals were fed for 6 weeks with either the standard
AIN-93M purified rodent diet (soy-diet with n6/n3 ratio of 8:1 -
Dyets Inc., Bethlehem, PA, USA), containing 140 g/kg casein, 1.8
g/kg L-cystine, 100 g/kg sucrose, 465.9 g/kg cornstarch, 155 g/kg
dextrose, 40 g/kg soybean oil, 0.8 mg/kg t-butylhydroquinone, 50
g/kg cellulose, 35 g/kg mineral mix, 10 g/kg vitamin mix, and 2.5
g/kg choline bitartrate18 or the ω-3 FD, an AIN-93M-based purified
rodent diet in which all of the calories provided by fat (10%) are
replaced by 7.9% from HCO and 2.1% from ω-3 oil (Dyets Inc.,
Bethlehem, PA, USA). At the end of the 6 weeks of FD supplemen-
tation, animals were anesthetized with isofluorane, and whole
blood was collected from each mouse via retro-orbital venipunc-
ture by heparinized microcapillaries. Mice were euthanized and
organs removed immediately. The organs were divided into two
and either frozen immediately in liquid nitrogen or fixed in 10%
formalin and embedded in paraffin for histology. Whenever indi-
cated, 6-week old mice were exposed to hypoxia (8% oxygen for
10 h) followed by 3 h of reoxygenation (21% oxygen) (H/R stress)
to mimic an acute VOC, as previously described.19

Hematologic parameters and red cell indices 
Hematologic parameters and red cell indices were measured as

previously described.19-21 Details are reported in the Online
Supplementary Materials and Methods.  

Red cell fatty acid composition 
Red cell membrane total lipids were extracted as previously

reported22 and determined by gas liquid chromatography using a
Hewlett Packard 6890 equipped with a flame ionization detector.
Peaks were identified by comparison of retention times with
external fatty acid methyl ester standard mixtures from NuCheck
Prep (Elysian, MN, USA). The fatty acid profiles were expressed as
percentage of the total fatty acid (weight percent). 

Blood pressure and echocardiographic measurements 
Heart rate, systolic, diastolic, and mean blood pressures were

measured in conscious mice with a non-invasive computerized tail
cuff system (CODA, Kent Scientific Corp) as previously reported.16

Transthoracic echocardiography was performed with a Vevo 2100
echocardiograph (Visual Sonics, Toronto, Canada) equipped with
a 22-55 MHz transducer (MicroScan Transducers, MS500D) as
previously described.16 Details are reported in the Online
Supplementary Materials and Methods. 

Histological analysis
Multiple (at least five) three-micron whole mount sections were

obtained for each paraffin-embedded liver and stained with hema-
toxylin & eosin, Masson trichome, and May-Grünwald-Giemsa.
The lung and liver pathology were analyzed and the liver patho-
logical score, inflammatory cell infiltrate and presence of thrombi
were determined by blinded pathologists as previously
described.19,23 Details on the histological analysis are provided in
the Online Supplementary Materials and Methods.

Tissue molecular analysis 
Total RNA was extracted from mouse tissues using Trizol

reagent (Life Technologies). cDNA was synthesized from total
RNA (2 μg) using Super Script II First Strand kits (Life
Technologies). Quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) was performed using the SYBR-green
method as previously reported.24 Primers used are reported in
Online Supplementary Table S1. For the immunoblot analysis,
frozen lungs, livers, and aortas from each studied group were

homogenized and lysed with iced lysis buffer (LB containing: 150
mM NaCl, 25 mM bicine, 0.1% SDS, Triton 2%, EDTA 1 mM,
protease inhibitor cocktail tablets (Roche), 1 mM Na3VO4 final
concentration) then centrifuged at 12,000 for 10 min at 4°C g.25

Proteins were quantified and analyzed by one-dimensional sodi-
um dodecylsulfate polyacrylamide gel electrophoresis. Gels were
transferred to nitrocellulose membranes for immunoblot analysis
with specific antibodies. Detailed information on the antibodies
used is provided in theOnline Supplementary Materials and Methods. 

Bronchoalveolar lavage measurements 
Bronchoalveolar lavage (BAL) fluids were collected and cellular

contents were recovered by centrifugation and counted by micro-
cytometry as previously reported.19,26 The percentage of neu-
trophils was determined on cytospin centrifugation. The remain-
ing BAL samples were centrifuged at 1,500 x g for 10 min at 4°C.
The supernatant fluids were used for determination of total pro-
tein content.19,26

Statistical analysis 
The two-way ANOVA algorithm for repeated measures com-

bined with Bonferroni correction was used for data analysis.
Differences with P<0.005 were considered statistically significant. 

Results

ω-3 polyunsaturated fatty acids modify red cell 
membrane composition and reduce neutrophil count
in mice with sickle cell disease

We analyzed the lipid composition of red cell mem-
branes from healthy (AA) and sickle cell (SS) mice fed with
isocaloric diets containing either soy (SD) or fish-oil (FD)
for 6 weeks. As shown in Figure 1A and Online
Supplementary Table S2, red cell membrane ω-6 content
was higher in SS-SD mice than in AA-SD mice, similar to
that observed in human SCD patients.13 FD supplementa-
tion markedly increased ω-3 membrane content in both
AA-FD and SS-FD mice, resulting in a dramatically lower
ω-6/ω-3 ratio compared to that in both mouse strains fed
SD (Figure 1A, Online Supplementary Table S2). In addition,
in SS mice, FD resulted in significantly increased mean cor-
puscular volume and decreased mean cell hemoglobin
concentration compared to control mice fed with SD,
without significant changes in hemoglobin levels. No dif-
ferences in hematologic parameters or red cell indices
were evident in AA mice based on which of the two
dietary interventions they received (Table 1). Interestingly,
SS-SD mice showed increased neutrophil counts com-
pared to AA-SD mice, as reported in other mouse models
of SCD, a likely indication of elevated chronic systemic
inflammation.27 As shown in Table 1, FD reduced the neu-
trophil count by 30.4±7.2% (n=6) and 64.6±15.1% (n=6)
in AA mice and SS mice, respectively, compared to the
counts in SD groups. Since inflammation plays an impor-
tant role in the pathogenesis of vasculopathy in SCD,4 we
evaluated the impact of FD on cardiovascular function in
SCD mice.

ω-3 polyunsaturated fatty acids beneficially affect
the cardiovascular system and endothelial activation 
in sickle cell mice

Vascular system. As shown in Figure 1B, FD treatment of
SS mice resulted in a significantly lower diastolic blood
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pressure compared to that in either SS mice or AA mice
fed SD. In order to understand the effects of FD on the
vascular system in SCD better, we isolated aortas from AA
and SS mice and evaluated the expression of endothelin-1
(ET-1) as a key vasoactive and pro-inflammatory
cytokine,28 vascular adhesion molecule 1 (VCAM-1) as a
marker of vascular endothelial activation,29 and heme-oxy-
genase-1 (HO-1) as an efficient anti-oxidant system inter-
facing heme overload and vascular inflammation in
SCD.16,30 As expected, ET-1, VCAM-1 and HO-1 expres-
sion was increased in aortas from SS mice compared to
that in AA mice fed the SD (Figure 1C, lanes 1 and 3). In
SS mice, FD significantly reduced the expression of all
three markers compared to their levels in SS control mice,
reaching values similar to those observed in AA mice
(Figure 1C, see also Online Supplementary Figure S1A for
densitometric analysis). 

Cardiac system. Echocardiographic measurements were
carried out in both mouse strains fed either SD or FD diet.
In SS-SD mice, we observed left ventricular hypertrophy, as
measured by the ratio of heart weight to body weight, as
well as a significant increase in left ventricular outflow tract

diameter compared to that in AA-SD mice (Figure 1D). FD
significantly reduced left ventricular outflow tract diameter
in SS mice, without causing changes in the heart weight to
body weight ratio (Figure 1D). No major differences were
present in AA mice. Heart VCAM-1 and HO-1 expression
was significantly higher in SS mice than in AA mice fed the
SD (Figure 1D, lower panel). FD supplementation signifi-
cantly reduced VCAM-1 and HO-1 in SS mice compared to
levels in both SS and AA-SD groups (Figure 1D lower panel,
Online Supplementary Figure S1B for densitometric analysis).
No major differences were observed in ET-1 expression in
either AA or SS mouse strains (Figure 1D, see also Online
Supplementary Figure S1B for densitometric analysis).
These data suggest that in SS mice, FD reduces bio-

chemical markers of vascular/oxidant damage and
decreases evidence of ventricular loading.   

ω-3 polyunsaturated fatty acids reduce pulmonary 
vascular permeability and endothelin-1 expression
in mice with sickle cell disease
Abnormal vascular activation plays an important role in

pulmonary complications of SCD.4,19 ω-3 PUFA has previ-
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Figure 1. FD modified red cell membrane fatty acid composition and beneficially affects cardiovascular system in sickle cell mice. (A) Total ω-
6 fatty acids (n-6) and ω-3 fatty acid/ ω-6 fatty acid ratio (n3/n6 ratio) red cell membrane content as determined by mass spectroscopy in AA
and SS mice under a soy-diet (SD) or fish-oil diet (FD). (B) Measurements of diastolic and systolic blood pressure (upper panel) in AA and SS
mice under a SD or FD. (C) Immunoblot analysis with specific antibodies against endothelin-1 (ET-1), vascular adhesion molecule-1 (VCAM-1)
and heme oxygenase-1 (HO-1) of isolated aortas from AA and SS mice under a SD or FD. One representative gel from six with similar results
is presented. Densitometric analysis of anti- ET-1, VCAM-1 and HO-1 immunoblots is shown in Online Supplementary Figure S1A. (D) Upper
panel. Left ventricular outflow tract (LVOT) diameter and left ventricular hypertrophy expressed as heart weight/body weight (HW/BW61) in AA
and SS mice under a SD or FD. Lower panel. Immunoblot analysis with specific antibodies against ET-1, VCAM-1, and HO-1 of hearts from AA
and SS mice under a SD or FD. One representative gel from six with similar results is presented. Densitometric analysis of immunoblots is
shown in Online Supplementary Figure S1B. 
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ously been shown to be protective in several models of
lung injury.31,32 We evaluated pulmonary vascular leakage
by measuring protein content and leukocyte counts in
BAL fluid from AA and SS mice. As shown in Figure 2A,
SS mice fed the SD had higher BAL protein and leukocyte
levels compared to healthy mice, indicating accumulation
of proteins and inflammatory cells in the alveolar space.
FD significantly reduced both the leukocyte and protein
content in the BAL fluid of the SS mice, suggesting an
amelioration of vascular permeability compared to that in
animals fed the SD (Figure 2A). 
Since ET-1 plays a key role in clearance of alveolar fluid,

local inflammatory response33 and in SCD vasculopa-
thy,28,34 we evaluated the expression of ET-1 in lungs from
SS and AA mice. Pulmonary ET-1 expression at both
molecular and protein levels was significantly increased in
SS-SD mice compared to that in AA-SD (Figure 2B, Online
Supplementary Figure S2A for densitometric analysis). FD
significantly reduced lung ET-1 expression in SS mice
(Figure 2B, Online Supplementary Figures S2A and S3), in
agreement with the observed improvement of pulmonary
vascular leakage (Figure 2A). VCAM-1 levels were similar
in both AA and SS mice, without modulation by ω-3 PUFA
supplementation (Figure 2B, Online Supplementary Figure
S2A). The increased pulmonary inflammatory state was

associated with higher expression of HO-1 in SS mice
than in AA mice, without significant changes in FD-treat-
ed groups (Figure 2B, Online Supplementary Figure S2B).
These data suggest that ω-3 PUFA supplementation signif-
icantly reduces lung ET-1 expression, thereby resolving

Figure 2. FD ameliorates vascular dysfunction in lung and liver from SS mice. (A) Left panel. Bronchoalveolar (BAL) fluid protein content from
AA and SS mice under a soy-diet (SD) or fish-oil diet (FD). Right panel. BAL fluid leukocyte content from AA and SS mice under a SD or FD. (B)
Immunoblot analysis with specific antibodies against endothelin-1 (ET-1); vascular adhesion molecule-1 (VCAM-1) and heme-oxygenase-1 (HO-
1) of lungs from AA and SS mice under a SD or FD. One representative gel from six with similar results is presented. Densitometric analysis
of ET-1, VCAM-1 and HO-1 immunoblots is shown in Online Supplementary Figure S2A. (C) Immunoblot analysis with specific antibodies
against ET-1, VCAM-1, and HO-1 of livers from AA and SS mice under a SD or FD. One representative gel from six with similar results is pre-
sented. Densitometric analysis of ET-1, VCAM-1 and HO-1 immunoblots is shown in Online Supplementary Figure S2B. 

A

B C

Table 1. Hematologic parameters in wild-type (AA) and sickle cell mice (SS)
treated with ω−3 fatty acid supplementation.

AA-SD AA-FD SS-SD SS-FD
(n=12) (n=12) (n=12) (n=14)

Hematocrit (%) 46.6±1.5 47.3±0.7 37.3±3.3° 38.2±1.7
Hemoglobin (g/dL) 13.2±0.2 13.6±0.3 8.3±0.3° 8.7±0.1
MCV (fL) 38.4±0.4 38.6±0.4 51.4±1.5° 55.1±2.33*
MCH (g/dL) 12.3±0.3 12.2±0.5 12.2±0.2 12.2±0.6
CHCM (g/dL) 24.8±0.2 24.1±0.3 25.8±0.2° 23.9±0.2*
HDW (g/dL) 2.87.±0.05 3.01±0.02 4.98±0.09° 4.46±0.1
Reticulocytes (%) 8.67±1.0 9.0±0.7 42.1±12° 40±8.69
Neutrophils (cells/ μL) 961±229 682±120* 6241±1421° 1520±371*
AA: HbA homozygous control mice or wild-type mice; SS: HbS homozygous mice or sickle cell
mice; SD: soy-diet; FD: fish-oil diet;  MCV: mean corpuscular volume; MCH: mean corpuscular
hemoglobin; CHCM:  cell hemoglobin concentration; HDW: heterogeneity of red cell distribution;
*P<0.002 compared to untreated mice; °P< 0.005 compared to AA mice.
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pulmonary vascular permeability and local inflammation
in SCD mice. 

ω-3 polyunsaturated fatty acids modulate hepatic
inflammation and endothelin-1 expression 
in mice with sickle cell disease
Studies in models of liver injury have shown an impor-

tant role of ET-1 on hepatic microvasculature, specifically
related to local ischemic/reperfusion injury and inflamma-
tory response.35,36 Although the liver is not a target organ
for SCD, we have previously demonstrated that its func-
tional anatomy, its high metabolic rate and the fine regu-
lation of its microcirculation make the liver an interesting
window-organ to explore the pathogenesis of SCD vascu-
lopathy and the effects of new therapeutic tools.23 Here,
we found increased inflammatory cell infiltrates in the
liver portal space of SS mice compared to AA mice fed SD
(data not shown). This was associated with increased
expression of ET-1 at both the molecular and protein levels
in livers from SS mice (Figure 2C, see also Online
Supplementary Figure S2B for densitometric analysis and
Online Supplementary Figure S3 for molecular analysis), sug-
gesting a role of ET-1 as both a pro-inflammatory and a
potent vasoconstrictor cytokine in the portal vascular sys-
tem. The levels of VCAM-1 were significantly higher in
livers from SS mice than AA mice, which argues for the
presence of abnormal vascular activation and local inflam-
mation.37 This is in agreement with the increased expres-
sion of HO-1 as a vaso-protective anti-oxidant.16,38 FD sig-
nificantly reduced hepatic expression of ET-1 and HO-1 in
SS mice compared to SS-SD mice, but it did not affect
expression of VCAM-1 in the liver (Figure 2C, Online
Supplementary Figure S2B). 

Hypoxia/reoxygenation stress mimics acute sickle 
cell-related lung and liver damage
To evaluate the impact of FD on acute sickle cell-related

events, we developed a model of acute VOC based on the
exposure of mice to H/R stress.19,23,28 The H/R conditions
were chosen based on previous models of acute VOC
with related tissue injury and preliminary experiments to
identify the time course of H/R that would recapitulate
sickle cell acute organ damage in the present mouse model
of SCD.19,23,28 We selected an experimental protocol of H/R
in which AA and SS mice were exposed to hypoxia (8%
oxygen) for 10 h followed by 3 h of re-oxygenation (21%
oxygen, room air).19,23,28 In SS mice, H/R induced signifi-
cant reductions in hematocrit and hemoglobin and a
marked increase in hemoglobin distribution width, an
index of the amount of dense red cells39 (Figure 3A,B). In
H/R mice fed the SD we observed a significant increase in
neutrophil count in both AA (SD: 257±23.2%; n=6) and SS
mice (176.8±12%; n=6) compared to counts in normoxic
mice, indicating a sustained systemic inflammatory
response to H/R stress (Figure 3C). No major changes
were observed in reticulocyte count comparing SS mice
subjected to H/R stress or normoxic conditions (data not
shown).
Histological analysis revealed that H/R stress induced a

severe sickle cell-related tissue injury in both the lungs and
livers of SS mice (Table 2; Figures 4 and 5). In the lung, H/R
induced inflammatory cell infiltration, as well as bronchial
mucus secretion and thrombi in 80% of the SS mice (Table
2). In AA mice, H/R induced modest inflammatory cell
infiltration with mucus production, but without thrombi

formation (Table 2). Livers from SS mice exposed to H/R
demonstrated severe hepatic injury characterized by the
loss of hepatic architecture, coagulative necrosis, inflam-
matory cell infiltrates and thrombi (Table 2). Livers from
AA mice exposed to H/R demonstrated a modest inflam-
matory cell infiltrate with mild liver damage (Table 2).

ω-3 polyunsaturated fatty acids prevent hypoxia/
reoxygenation-induced formation of dense 
red cells and neutrophilic response
In SS mice, FD: (i) significantly mitigated the H/R-

induced reductions in hematocrit and hemoglobin Hb lev-
els; and (ii) significantly reduced the fraction of H/R-gen-
erated dense red cells, as supported by the decrease in high
distribution width of red cells in these animals compared
with SS mice (Figure 3A,B). In addition, we observed a sig-
nificant reduction in the H/R-induced increased neutrophil
count in both AA-FD (41.9±3.7%; n=6) and SS-FD
(46.6%±23%; n=6) mice compared to the SD groups of
mice (Figure 3C). These findings suggest that ω-3 PUFA
supplementation causes a shift towards an anti-inflamma-
tory phenotype in SS mice during acute VOC.

Hypoxia/reoxygenation-induced sickle cell lung injury
is attenuated by ω-3 polyunsaturated fatty acids 
via the endothelin-1 pathway
The lungs of SS-FD mice exposed to H/R stress showed

reduced inflammatory cell infiltrates (Figure 4B, Table 2),
no mucus filling the bronchi, and fewer thrombotic events
(Figure 4D, Table 2) compared to those of SS-SD mice
(Table 2). Both the protein content and leukocyte counts
of BAL fluid were significantly reduced in SS-FD mice
compared to SS-SD animals (Figure 4E). A reduction in
BAL fluid protein content was also observed in AA-FD
mice exposed to H/R stress (Figure 4E). These findings
indicate a protective role of ω-3 PUFA against the H/R-
induced pulmonary vascular permeability and local
inflammatory cellular response, suggesting a possible
modulation of the H/R-induced ET-1 pathway.28
In SS mice, FD promoted a significant reduction in H/R-

induced ET-1 molecular and protein expression compared
to levels in SS-SD mice (Figure 4F, see also Online
Supplementary Figure S4A,B for densitometric analysis),
which was paralleled by a decrease in endothelin-1B
receptor (ETBR) expression (Online Supplementary Figure
S5A). The ability of FD to blunt the cytokine storm in H/R
stress was also supported by significant reductions in
interleukin-1β and interleukin-10 expression in the lungs
of SS-FD mice compared to SS-SD ones (Online
Supplementary Figure S5B). VCAM-1 expression was
increased in H/R SS mice compared with AA mice, with
no significant differences between FD- and SD-fed SS
mice (Figure 4F, see also Online Supplementary Figure S4B
for densitometric analysis). The absence of effects of FD
on H/R-induced VCAM-1 lung expression in SS mice is
not surprising given that H/R stress promotes a redistribu-
tion of extracellular VCAM-1 towards the alveolar com-
partment, as shown in asthma models.40 This is also sup-
ported by the significant down-regulation of lung VCAM-
1 gene expression in SS-FD and AA-FD mice compared to
SD groups (Online Supplementary Figure S4A). Thus,
VCAM-1 lung expression reflects only one of the function-
al components of VCAM-1 involved in H/R lung injury.
H/R induced a significant up-regulation of HO-1 in SS
mice compared to AA mice, which was prevented in SS-
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FD mice (Figure 4F, Online Supplementary Figure S4B).
These data suggest that FD efficiently protects SS mice
from acute H/R lung injury through the reduction of ET-1
expression and the modulation of the inflammatory
response, as supported by the reduction in inflammatory
cell infiltrates, BAL fluid leukocyte content, and the
decreased expression of HO-1.

ω-3 polyunsaturated fatty acids blunt
the hypoxia/reoxygenation-induced inflammatory
response and decrease vascular activation in the 
livers of sickle cell mice 
The histological analysis of livers from SCD mice

exposed to H/R stress showed that FD markedly reduced
inflammatory cellular infiltrates and thrombi formation
compared to the SD (Figure 5B,D; Table 2). This was in
agreement with a reduced pathologic severity score in

H/R-exposed SS-FD mice compared with SS-SD mice
(Table 2). Serum levels of alananine and aspartate transam-
inases were significantly lower in both AA-FD and SS-FD
mice than in the groups fed the SD (Online Supplementary
Table S3). No significant changes in liver ET-1 expression
were observed in SS-SD mice compared to SS-FD mice
(Figure 5E). We found a marked increase in VCAM-1
expression in SS mice, compared to AA mice, in response
to H/R stress (Figure 5E, see also Online Supplementary
Figure S6A for densitometric analysis). FD reduced the
H/R-related VCAM-1 up-regulation compared to that in
SS-SD mice (Figure 5). HO-1 expression in response to
H/R was higher in livers of SS mice than in AA mice, but
it was unaffected by ω-3 PUFA supplementation (SS-FD
and AA-FD; Figure 5). Interestingly, HO-1 mRNA levels
were down-regulated in SS-FD mice compared to SS-SD
mice (Online Supplementary Figure S6B). Since HO-1 also
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Figure 3. FD prevents H/R-induced dense cell formation and increased neutrophil counts in SS mice. (A) Hematocrit (Hct), hemoglobin (Hb),
and red cell distribution width (HDW) of AA and SS mice under a soy-diet (SD) or fish-oil diet (FD) under normoxia (white bars) and exposed to
hypoxia (black bars) (8% oxygen; 10 h) followed by reoxygenation (21% oxygen; 3 h) (H/R). (B) Red cell distribution histograms generated for
erythrocyte cell volume (RBC Volume) and cell hemoglobin concentration (RBC-HC). Red cell morphology is shown for each condition. (C)
Neutrophil counts in AA and SS mice treated as in (A) under normoxia (white bars) and exposed to hypoxia (black bars) (8% oxygen; 10 h) fol-
lowed by reoxygenation (21% oxygen; 3 h) (H/R). All statistical data are presented as means ± standard deviation (n=6; *P<0.005;
**P<0.002).  
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Table 2. Effects of ω−3 supplementation on lung and liver pathology of wild-type (AA) and sickle cell (SS) mice under normoxia and exposed to
hypoxia/reoxygenation stress 

AA-SD AA -FD SS-SD SS-FD
Normoxia H/R Normoxia H/R Normoxia H/R Normoxia H/R

Lung (n=3) (n=6) (n=3) (n=5) (n=3) (n=5) (n=3) (n=5)
Inflammatory cell infiltrates + (1/3) + (2/6) + (1/3) + (2/5) +(2/3) + (2/5) +(2/3) + (3/5)

++ (3/5)
Edema 0 0 0 0 0 0 0 0
Mucus 0 + (3/6) 0 + (1/5) 0 + (1/5) 0 0
Thrombi - - - - - + (4/5) - +(2/5)

Liver (n=3) (n=6) (n=3) (n=5) (n=3) (n=5) (n=3) (n=6)
Inflammatory cell infiltrates 0 + (3/6) +(1/3) + (1/5) + (1/3), ++(1/3); + (1/5) +(2/3) + (3/6)

+++ (1/3) ++ (4/5) ++(1/3) ++(1/6)
Thrombi - - - - - + (2/5) - -
Score 2-2-0 2-2-1-0-0-0 1-1-0 1-1-0-0-0 3-3-3 3-3-3-4-4 2-3-3 2-2-3-3-4-4-

SD: soy-diet; FD: fish-oil diet; H/R: hypoxia/reoxygenation.  Lungs: Thrombi: 0: no thrombi, + presence of thrombus per field at the magnification x250. Mucus: 0: no mucus, +: mucus
filling < 25 % of the area of the bronchus circumference; ++ mucus filling 25-50% of the area of the bronchus circumference;  +++: 50-100% of the area of the bronchus circumference
at magnification x400.  Inflammatory cell infiltrate: + 1-10 cells per field at magnification of x250; ++: 10-50 cells per field at magnification of x250; +++: > 50 cells per field at mag-
nification x250 Liver: + : 1-10 cells per field at magnification x 400; ++: 10-50 cells per field at magnification x 400; +++: >50 cells per field at magnification x 400; Liver score; 0: no
hepatocellular damage. 1: mild injury characterized by cytoplasmic vacuolization and focal nuclear pyknosis. 2: moderate injury with dilated sinusoids, cytosolic vacuolization, and
blurring of intercellular borders. 3: moderate to severe injury with coagulative necrosis, abundant sinusoidal dilatation, red blood extravasation into hepatic chords, hypereosinophil-
ia and migration of neutrophils. 4: severe necrosis with loss of hepatic architecture, disintegration of hepatic chords, hemorrhage and neutrophil infiltration.

Figure 4. FD reduces H/R-induced lung damage and prevents H/R-induced ET-1 up-regulation. (A-
D) Hematoxylin and eosin-stained sections of lung tissue at 400x magnification from SS mice
under a SD (A and C) or supplemented with FD (B and D) exposed to hypoxia (8% oxygen; 10 h) fol-
lowed by reoxygenation (21% oxygen; 3 h) (H/R). Lungs from SS mice given a FD have less inflam-
matory cellular infiltrate (B) and thrombi (D) than SS mice not fed FD (A and C).  (E) Upper panel.
BAL protein content from AA and SS mice treated as in (A-E). Lower panel. BAL leukocyte content
from AA and SS mice treated as in (A-E). White bars show data from mice under normoxia and
black bars show data from mice under H/R. (F) Immunoblot analysis with specific antibodies
against ET-1, VCAM-1, and HO-1 of lung from AA and SS mice treated as in (A-E). One representa-
tive gel from six with similar results is presented. Densitometric analysis of ET-1, VCAM-1 and HO-
1 immunoblots is shown in Online Supplementary Figure S4B. 

EA B

DC

F



plays a role as a heat shock protein (HSP32) in other ani-
mal models, such as the rat,41 we evaluated the hepatic
expression of HSP27, which is known to be important in
H/R liver injury.23,42 FD attenuated the H/R-induced HSP27
expression in SS mice compared to SS-SD animals (Figure
5E, Online Supplementary Figure S6B), supporting the anti-
inflammatory effects of ω-3 PUFA following H/R stress.
These findings align with data from other models of H/R
liver injury35,43 and confirm that VCAM-1 mediates adhe-
sion events in the hepatic microvasculature and con-
tributes to amplified inflammatory liver disease in SCD
mice. In livers from SS mice, FD prevented vascular activa-
tion and reduced inflammation, improving endothelial
dysfunction and reducing organ damage. 

Vascular protective effects of ω-3 polyunsaturated
fatty acids during acute vaso-occlusive crises
in sickle cell mice 
We isolated aortic tissue from AA and SS mice exposed

to H/R stress. As shown in Figure 6A, in SS mice, FD
reduced H/R-induced ET-1 and VCAM-1 expression com-
pared to SS-SD. This finding was associated with reduced
expression of acute inflammatory response-related pro-
teins such as HO-1, SOD-1 and peroxiredoxin-2 (Prx2)
(Figure 6A, see also Online Supplementary Figure S7 for den-
sitometric analysis). These effects were also evident in
AA-FD mice exposed to H/R compared to AA-SD mice
(Figure 6A). These results support the hypothesis that FD
attenuates endothelial dysfunction in SCD by reducing
vascular activation, vasoconstriction, inflammation and
oxidative stress. 

Discussion

The effects of ω-3 fatty acid supplementation have been
widely studied in cardiovascular diseases and in other dis-
orders characterized by acute or chronic vascular damage
and an amplified inflammatory response.44,45 In SCD, vas-
culopathy, inflammation and intravascular oxidative stress
are crucial in the pathogenesis of acute and chronic clinical
complications. Recent reports on the beneficial effects of
ω-3 fatty acid supplementation on the human hematologic
phenotype of SCD suggest a possible therapeutic effect of
ω-3 fatty acids in SCD.12-14 The present work provides evi-
dence for several relevant mechanisms underlying this
potential benefit. We propose that the beneficial role of ω-
3 PUFA on SCD vascular dysfunction might be exerted: (i)
directly through the reduction of ET-1 expression, which
is involved in adaptive inflammation, expression of adhe-
sion molecules such as VCAM-1, and neutrophil chemo-
taxis;46 and (ii) indirectly through reduced inflammation
and oxidative stress. Importantly, the ω-3 PUFA supple-
mentation in our study is comparable to that achieved in
recent human studies.47
In SS mice, ω-3 PUFA consistently modulate ET-1, a

potent vasoconstrictor, in agreement with recent meta-
analyses demonstrating a significant improvement in
flow-mediated dilation in subjects supplemented with
FD.45,48 This is of particular interest in the context of SCD,
in which ET-1 has been implicated in severe clinical com-
plications of SCD.28,49 The positive impact of FD on ET-1 is
not limited to the aorta but also involves the pulmonary
vascular bed, where we observed a decrease in the abnor-
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Figure 5. FD reduces H/R-induced liver damage and vascular activation. (A-D) Hematoxylin and eosin-stained sections of liver tissue at 400x mag-
nification from SS mice under a SD (A and C) or FD supplementation (B and D) exposed to H/R. Livers from mice given FD have less inflammatory
cellular infiltrate (B) and thrombi (D) than livers from SS mice fed a SD.  The infiltrate shown best in (B) is composed mostly of lymphocytes.
Scattered hemosiderin deposits and areas of necrosis are also present. (E) Immunoblot analysis with specific antibodies against ET-1, VCAM-1,
HO-1, and heat shock protein-27 (HSP27) of liver from AA and SS mice treated as in (A-D). One representative gel from six with similar results is
presented. Densitometric analysis of ET-1, VCAM-1, HO-1 and HSP27 immunoblots is shown in Online Supplementary Figure S5.
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mal pulmonary vascular leakage and a decrease in the
accumulation of protein and inflammatory cells in the
alveolar space (Figure 2A,B).  
To explore the critical balance between vascular tone

and endothelial activation in SCD, we used a H/R stress
model, which mimics the acute organ damage observed in
SCD VOC (Figures 4 and 5; Table 2).19,50 Compared to SD,
FD significantly reduced H/R-related ET-1 expression in
the aorta (Figure 6). This was accompanied by a significant
reduction in both ET-1 and ET-1BR expression in lungs
from SS-FD mice (Fig. 4F, Online Supplementary 5SA), sug-
gesting that the beneficial effects of FD treatment on H/R-
induced pulmonary vascular permeability might be related
to the combination of both ligand and target reduction in
the ET-1 system.33,51 No significant changes in ET-1 expres-
sion were observed between livers from H/R-exposed SS-
FD and SS-SD mice (Figure 5), most likely because of the
peculiar organization of liver vasculature or because of the
organ’s sensitivity in the context of H/R stress used in the
present study. 
We then evaluated the effects of FD on VCAM-1 expres-

sion, since elevated VCAM-1 has been associated with a
severe SCD phenotype and increased risk of early
death.49,52,53 In conditions of normoxia, FD significantly
reduced VCAM-1 expression in aortas and hearts of SS
mice compared to SS-SD mice (Figure 1B,C). This was
associated with improved left ventricular outflow tract
dimensions, suggesting a possible contribution of FD in
delaying the progression of SCD cardiovascular disease.54-
56 We demonstrated a synergistic effect of ω-3 PUFA on
both ET-1-mediated endothelial dysfunction and VCAM-
1-mediated endothelial activation on aortas following H/R
(Figure 6A). Notably, FD also significantly reduced
VCAM-1 expression in livers of SS mice exposed to H/R
stress compared to the expression in SS-SD mice (Figure

5). These data support a multimodal therapeutic action of
FD on both arterial and microvascular sites, preventing
vascular activation and possible amplification of local pro-
inflammatory events during acute VOC.
HO-1 is a key cytoprotector interfacing between vascu-

lar dysfunction and oxidative stress in SCD.23,30 Under nor-
moxia, ω-3 PUFA significantly reduced HO-1 expression in
the aorta, heart and liver of SS mice (Figure 1B and 2C).
Interestingly, FD did not affect lung HO-1 expression in SS
mice, even though a pulmonary anti-inflammatory effect
for FD supplementation was observed (i.e. reduced neu-
trophil counts in BAL fluid and reduced pulmonary cell
infiltrates) (Figures 2 and 4). This suggests that, under
steady state conditions, the anti-inflammatory effects of
FD on lungs of SCD mice may be more related to down-
regulation of ET-1. During acute VOC mimicked by H/R
stress, FD reduced HO-1 expression, indicating a stronger
role of ω-3 PUFA in acute events involving the lung than in
the steady state condition. This is in agreement with recent
studies on the protective role of ω-3-derived pro-resolving
mediators in models of acute lung injury.57,58 The pro-
resolving effects of FD supplementation during H/R stress
were also evident in aortas of SS-FD mice, in which we
observed a marked reduction in H/R-induced HO-1 expres-
sion and prevention of the H/R-induced expression of anti-
oxidant systems such as SOD-1 and Prx2 (Figure 6A). 
In livers from SCD mice exposed to H/R stress, FD was

associated with HO-1 mRNA down-regulation and a
marked decrease in the expression of HSP27, which is a
crucial liver cytoprotector against H/R stress.42 This finding
supports the anti-inflammatory activity of FD in reducing
liver injury during H/R stress in SCD mice. 
Finally, we observed a reduction in dense red cell for-

mation in SS-FD mice exposed to H/R compared to SS-SD
mice, which may contribute to the multimodal action of
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Figure 6. FD prevents H/R-induced ET-1 expression, vascular activation and modulates anti-oxidant systems. (A) Immunoblot analysis with spe-
cific antibodies against ET-1, VCAM-1, HO-1, SOD-1, and peroxiredoxin-2 (Prx-2) of isolated aortas from AA and SS under a SD or FD and
exposed to H/R. One representative gel from six with similar results is presented. Densitometric analysis of ET-1, VCAM-1 and HO-1
immunoblots is shown in Online Supplementary Figure S7. (B) Schematic diagram of effects of ω-3 fatty supplementation on acute vaso-occlu-
sive crises (VOC) in a mouse model of SCD. ω-3 fatty supplementation (i) beneficially affects sickle red cell membrane composition, with a
shift towards an anti-inflammatory substrate (ii) has potent anti-inflammatory action in target organs for SCD such as lung and liver; (iii)
improves vascular dysfunction through either a reduction of ET-1 (lung) or VCAM-1 (liver) or the synergizing decrease of both molecules in aorta. 
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ω-3 PUFA on SCD vasculopathy. Changes in membrane
lipid composition might affect red cell deformability, as
recently shown in a mouse model supplemented with ω-
3 PUFA (docosahexaenoic acid),59 as well as variations in
pro-inflammatory arachidonic acid incorporated into
sickle erythrocytes.60 These red cell changes may play a
role in reducing the systemic pro-inflammatory environ-
ment, which contributes to the pathogenesis of vascu-
lopathy in SCD.6
In summary, we propose that ω-3 PUFA may limit sickle

cell-related acute damage by: (i) shifting the sickle red cell
membrane towards an anti-inflammatory substrate; (ii)
exerting local anti-inflammatory effects in target organs
for SCD (lung, liver); (iii) improving vascular dysfunction
through the reduction of VCAM-1 or ET-1 or the synergis-
tic decrease of both molecules. This functional model sup-
ports the preliminary results of a clinical trial with ω-3
PUFA supplementation in SCD patients, which showed a

reduction in the rate and severity of painful crises.13 Taken
together, our data add significant new elements to the
mechanism of action of ω-3 PUFA in SCD, and generate a
rationale for future studies focused on the bioactive
metabolites of ω-3 PUFA.
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