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Carbon monoxide (CO) has anti-inflammatory properties. We previ-
ously reported that acute treatments with inhaled CO inhibit vascular
inflammation and hypoxia-induced vasoocclusion in sickle cell dis-
ease mouse models. Therefore, we hypothesized that chronic CO
inhalation would decrease vascular inflammation and organ pathology
in a sickle cell disease mouse model. The treatment of sickle cell
disease mice with 25 or 250 parts/million inhaled CO for 1 h/day, 3
days/wk for 8—10 wk significantly decreased the total mean white
blood cell, neutrophil, and lymphocyte counts in peripheral blood.
Eight weeks of 250 parts/million CO treatments reduced staining for
myeloid and lymphoid markers in the bone marrow of sickle mice.
Bone marrow from treated sickle mice exhibited a significant decrease
in colony-forming unit granulocyte-macrophage during colony-form-
ing cell assays. Anti-inflammatory signaling pathways phospho-Akt
and phospho-p38 MAPK were markedly increased in CO-treated
sickle livers. Importantly, CO-treated sickle mice had a significant
reduction in liver parenchymal necrosis, reflecting the anti-inflamma-
tory benefits of CO. We conclude that inhaled CO may be a beneficial
anti-inflammatory therapy for sickle cell disease.

inflammation; heme oxygenase

THE HALLMARKS OF sickle cell disease (SCD) are hemolysis and
painful vasoocclusive crises that cause organ infarctions, lead-
ing to increased morbidity and mortality. In recent years the
potential role of leukocytes in SCD vasoocclusion and
pathogenesis has been appreciated (17, 29, 47). An elevated
white blood cell (WBC) count in the absence of sepsis is a
strong indicator of poor patient outcomes, including vasooc-
clusive pain, acute chest syndrome, stroke, and mortality
(35, 41, 45). In murine models of SCD, leukocytes partici-
pate in vasoocclusion by adhering to the vessel wall and to
sickled red blood cells; knockout or blockade of leukocyte
adhesion molecules inhibits vasoocclusion and improves
blood flow (6, 29, 47).

The mechanism behind the elevated WBC counts in SCD
patients and mice is unclear but is likely related to hemolysis and
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the resulting oxidative stress characterizing SCD. Hemolysis in-
duces proinflammatory adhesion molecules and anti-inflamma-
tory heme oxygenase-1 (HO-1), the rate-limiting enzyme in the
catabolism of heme. Not surprisingly, human patients and mice
with SCD have elevated HO-1 (5, 36, 48). A further induction of
HO-1 in SCD mice with hemin or adenovirus HO-1 inhibits
vascular inflammation and vasoocclusion (5).

HO-1 has three enzymatic by-products: carbon monoxide
(CO), biliverdin/bilirubin, and iron, which stimulates ferritin
synthesis. These by-products have established antioxidant and
anti-inflammatory properties. CO gas mimics many of the
protective effects of HO-1. Short periods of inhaled exogenous
CO, at 250 parts/million (ppm), and in some studies as low as
10 ppm (44), reduce inflammatory responses in models of
oxidant injury in similar ways to HO-1 overexpression (39).
The anti-inflammatory properties of CO are in part due to its
ability to activate multiple signal transduction pathways such
as p38 MAPK and Akt (37, 39, 43, 49, 53). CO interactions
with hemoglobin (Hb) may also modulate hemolysis in SCD.
CO binding to Hb S (HbS) can shift the oxygen dissociation
curve to the left and inhibit HbS deoxygenation, HbS poly-
merization, and red blood cell hemolysis (9).

We hypothesize that inhaled CO in SCD mice will inhibit
hemolysis, modulate leukocytosis and vasoocclusion, activate
anti-inflammatory cell-cell signaling pathways, and diminish he-
patic necrosis.

MATERIALS AND METHODS

Mice. All animal experiments were approved by the University of
Minnesota’s Institutional Animal Care and Use Committee. We used
male and female S+S-Antilles (16) transgenic sickle mice as models
for human SCD. S+S-Antilles mice are on a C57BL/6J genetic
background and are homozygous for the deletion of mouse (3-major

Table 1. CO-HbD levels in mice treated with CO for I h

Treatment Group Hours after Treatment C57BL/6] S+S-Antilles
n 4 5-9
No treatment 0 1+0.0 1+0.0
1-h 25 ppm CO 0 1+0.0 2*0.0
1-h 25 ppm CO 24 <1 1+0.0
1-h 250 ppm CO 0 14%+0.0 21.8*£0.8
1-h 250 ppm CO 24 <1 1+0.0

Values are mean percentages = SE; n, number of mice/group. CO, carbon
monoxide; ppm, parts/million.
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Fig. 1. Inhaled carbon monoxide (CO) reduces white blood cell (WBC) counts
in sickle cell disease mice. C57BL/6J (n = 10—12 mice/treatment group) and
S+S-Antilles (n = 8 mice/treatment group) mice were treated with either 25
or 250 parts/million (ppm) inhaled CO for 1 h/day, 3 days/wk for 10 wk.
Control animals were kept in ambient air. Blood was drawn at the end of 10
wk via cardiac puncture 24 h after the final CO treatment, and complete blood
counts were measured. Total mean WBC (A), neutrophil (B), and lymphocyte
(C) counts are shown by treatment group. Values are means = SE. *P < 0.05
compared with untreated controls using ANOVA.

globin locus and express human a-, BS-, and BS-Antlles_g]obin trans-
genes. BS-Antlles_olobins contain, in addition to the 35-mutation at 36,
a second mutation at B23 (Val—Ile) (16). BS*S-Antlles mijce have
lower oxygen affinity than 35 and decreased solubility under deoxy-
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Fig. 2. Kinetics of WBC decrement during CO treatment. Weekly WBC
counts were performed on 7 age-matched S+ S-Antilles mice for 2 consecutive
wk to determine mean baseline WBC (week 0). The mice then received 250
ppm inhaled CO 1 h/day, 3 days/wk, 1 h/day, with a blood sample drawn
weekly to assess total WBCs. After 7 wk of CO, there was a significant
decrease in mean WBC counts. CO treatments were continued for an additional
week (week 8) and then discontinued. The mean WBC counts of the mice
remained significantly lower for 5 wk (weeks 9—13) after CO withdrawal.
Values are means = SE. #P < 0.05 compared with baseline using a one-way
repeated-measure ANOVA.

genated conditions, resulting in a more severe form of SCD. S+S-
Antilles mice have severe congestion and pathology in the liver,
lungs, and spleens (16). Normal male and female C57BL/6 mice from
Jackson Laboratories were used as controls. All of the mice used in
these studies were age matched at the initiation of CO treatments. The
mice were housed in specific pathogen-free housing to prevent com-
mon murine infections that could cause an inflammatory response. All
the mice were maintained on a standard chow diet and weighed
between 20—40 g at the conclusion of the study period.

Four cohorts of S+S-Antilles and C57BL/6 mice were used for these
studies. The first cohort was used to measure CO-Hb levels in whole
blood after CO treatments (Table 1). The second cohort was treated with
CO for 10 wk before euthanasia and was used in Table 2 and Figs. 1 and
8. The third cohort was treated with CO for 8 wk, followed by a 5-wk
washout and was used to measure the kinetics of the effects of CO on
white counts (Fig. 2). The fourth cohort was treated with CO for 8 wk
before euthanasia and was used in all the remaining figures (Figs. 3-7).
All four cohorts were housed as described above.

Treatments of mice. Mice were exposed to inhaled CO 3 times/wk
for a 1-h duration in the specific pathogen-free facility at the Univer-
sity of Minnesota for 8 to 10 wk. No treatment-related morbidity or
mortality was seen in any mice during the course of the study. Briefly,
mice were sorted by sex and placed in a universal rat cage with lid
(VetEquip). The cage was placed within a certified class II biosafety
fume hood (NuAire). Certified tanks of either 25 or 250 ppm CO
(Minneapolis Oxygen) were connected to the cage by tubing, and the
mice were provided with a continuous flow of CO at the desired
concentration for 1 h. CO levels in the cage reached the levels of the
tank within 5 min of treatment and remained at that level for the
duration of the treatment. Controls were kept in the same housing

Table 2. Reticulocyte count and hematocrit in mice treated for 10 wk (1 h/day, 3 days/wk) with inhaled CO

Treatment Control 25 ppm 250 ppm
Strain C57BL/6] S+S-Antilles C57BL/6] S+S-Antilles C57BL/6] S+S-Antilles
n 11 8 12 8 12 8
Hematocrit 49.6*0.6 46.5*+1.0 49.8*+1.4 49.5*+1.5 49.0*+0.4 48.5*+1.4
Reticulocyte 24+0.3 4.7+04 2.2+0.2 4.2*0.1 1.9+0.2 4.6*0.4

Values are mean percentages * SE; n, number of mice/group.
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room, which had CO concentrations < 1 ppm CO. CO concentrations
were certified by the manufacturer and verified with the use of a
three-gas photoionization detector set for CO (RAE Systems).

Blood and serum analysis. Blood was collected via cardiac puncture
at the time of euthanasia from mice into sodium EDTA or serum
separator tubes 24 h after the last CO treatments were completed (1 h/day,
3 days/wk, 8—10 wk). Complete blood counts with differential, hemato-
crit levels, and reticulocytes were measured in EDTA blood as previously
described (4, 5). For serum cytokine analysis, the blood was collected
24 h after the last CO treatment was completed (1 h/day. 3 days/wk, 8
wk) in a Capiject red top tube and allowed to clot at room temperature for
a minimum of 20 min and centrifuged at 1,200 g for 10 min, and the
serum was then separated off and stored at —84°C. The samples were
transported on dry ice for cytokine immunoassay (Millipore) at the
University of Minnesota Cytokine Analysis Laboratory.

A separate cohort of S+S-Antilles mice was used to follow the
kinetics of the effects of CO on WBC counts. Nonterminal blood
draws were conducted weekly 24 h post-CO treatment via saphenous

A Control B
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venipuncture into sodium EDTA tubes. WBC counts were obtained by
counting cells (n = 2—4 counts/sample) on a hemocytometer.
Mouse tissue collection. After terminal blood draws, the mice were
euthanized and tissues were harvested as previously described (6).
Mice were asphyxiated in a CO, chamber, and their organs were
removed and weighed. Organ sections for homogenate preparation
were wrapped in aluminum foil and immediately frozen in liquid
nitrogen and stored at —84°C. Organ sections were collected for
histopathology and placed in 10% buffered formalin before embed-
ding in paraffin blocks and sectioning. For bone marrow, both femurs
and a humerus were disarticulated and placed immediately in ice-cold
saline. The muscle was removed from the bone, and the femoral head
was removed with a sterile scalpel. A 19-gauge syringe was then used
to flush the marrow out of the bone with ice-cold saline. The marrow
was centrifuged at 500 g for 10 min and washed three times in
Dulbecco’s phosphate-buffered solution (DPBS). Red blood cells
were lysed with distilled water, and the remaining cells were centri-
fuged at 500 g and resuspended in cold DPBS. The cells were counted

250 ppm
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1 e 29K Fig. 3. CO treatments (250 ppm) decrease mature

myeloid myeloperoxidase (MPO positive) cells in
the bone marrow of S+S-Antilles mice. S+S-
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Antilles mice (n = 4) were treated with 250 ppm
CO, 3 days/wk, 1 h/day for 8 wk. After 8 wk, bone
marrow from age-matched CO-treated and un-
treated mice (n = 5) was collected, stained for
MPO, and analyzed by flow cytometry. A and
B: representative fluorescence-activated cell sort-
ing (FACS) plots of the forward scatter (FSC) vs.
side scatter (SSC) profiles of control (A) and 250-
ppm CO-treated (B) S+S-Antilles mice. C and
D: representative FACS plots of the MPO vs. SSC
gating of control (C) and 250-ppm CO-treated (D)
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S+S-Antilles mice. E: bar graph demonstrating a
significant decrease in the percentage of MPO-
positive cells in mouse bone marrow from 250-
ppm CO-treated S+ S-Antilles mice (15.6 * 3.4%)
compared with control S+ S-Antilles mice (36.5 =
2.8%). Mean %MPO = SE. *P < 0.01 compared
with controls using 7-test.
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and aliquoted for flow cytometry analysis and colony-forming unit
(CFU) assays.

Flow cytometry. Flow cytometry was performed using a BD FACSCanto
benchtop cytometer (BD Biosciences). All antibodies were purchased
from BD Bioscience with the exception of mouse monoclonal myelo-
peroxidase (MPO; Abcam). For MPO, the cells were fixed with 2%
paraformaldehyde and permeabilized with 0.2% (vol/vol) Tween-20-
PBS solution. Alexa Fluor 488-conjugated goat anti-mouse IgG;
secondary antibody (BD Biosciences) was used to label. For cell
surface markers, the bone marrow was stained with phycoerythrin-
conjugated rat anti-mouse antibodies to CD45R, CDI117 (c-kit),
CD135 (Flk2), or GR-1 (Ly-6G and Ly-6C) plus fluorescein isothio-
cyanate-conjugated rat anti-mouse CD71 or CD90.1 (Thy 1.1) (BD
Biosciences). Data were analyzed using FlowJo software (Tree Star)
or FCS Express software (DeNovo Software).

A Control 250 ppm

CARBON MONOXIDE AND SICKLE CELL DISEASE

Methylcellulose colony assay. Bone marrow cells were washed
with DPBS and plated in 35-mm tissue culture dishes in 1.1 ml
methylcellulose containing growth factors (StemCell Technologies)
according to the manufacturer’s instructions. The cells were seeded at
2.0 X 10* cells/dish and cultured at 37°C in a humidified atmosphere
with 5% C0O,-95% room air for 10 days before scoring colonies. The
colonies were distinguished as blood-forming units-erythroid (BFU-
E), CFU granulocyte-macrophage (CFU-GM), or CFU granulocyte-
erythroid-macrophage-megakaryocyte based on their morphological
appearance (manufacturer’s atlas).

Western blot analysis. For Western blots, the organ homogenates
were prepared as previously described using frozen tissue (4-6).
Homogenate DNA concentrations were measured using the PicoGreen
DNA quantitation kit (Invitrogen) per the manufacturer’s directions using
a fluorimeter (Bio-Tek). An equal amount of homogenate DNA per lane
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Fig. 4. CO treatments (250 ppm) decrease myeloid precursors in S+S-Antilles bone marrow. S+S-Antilles mice (n = 4) were treated with 250-ppm CO 3
days/wk, 1 h/day for 8 wk. SSA, side-scatter area; FSC-A, forward-scatter area. After 8 wk, bone marrow from the age-matched CO-treated and untreated controls
(n = 5) was collected and stained for GR-1 (Ly-6) and CD71 (transferrin receptor). A: representative FSC vs. SSA FACS plots demonstrating the difference
between untreated control and 250-ppm CO-treated S+S-Antilles mice. B: representative histographs for GR-1" population in control and 250-ppm CO-treated
S+S-Antilles mice. Bar graph showing the significant decrease in the percentage of GR-1* cells in mouse bone marrow in 250-ppm CO-treated S+ S-Antilles

mouse bone marrow compared with control S+S-Antilles mice. C: representative histographs for GR-1"CD717" (erythroid) cells in mouse bone marrow from

250-ppm CO-treated S+ S-Antilles mice compared with control S+ S-Antilles mice. Bar graph demonstrates a trend (P = 0.14) toward increased GR-1"CD71*
population in 250-ppm CO-treated S+S-Antilles mice compared with controls. The CD71* population was gated from the GR-1~ populations as indicated by
arrows. Values in bar graphs are mean %positive cells = SE. *P < 0.05 compared with controls using two-tailed #-test.
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was loaded and subjected to electrophoresis on a 15% Tris-HCI gel
(Bio-Rad). Afterward, the samples were transferred electrophoreti-
cally to polyvinylidene difluoride membranes (Millipore), and an
immunoblotting of the organ homogenates was performed with rabbit

CARBON MONOXIDE AND SICKLE CELL DISEASE

polyclonal anti-HO-1 antiserum (Assay Designs).
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For nuclear signaling molecules, a nuclear extract was made from
the organ homogenate using a nuclear extraction kit (Panomics).
Organ homogenate (100 wl) was added to nuclear extraction buffer B
(900 wl) prepared with 1 M dithiothreitol, 5 mM vanadate, 1 M

B-glycerophosphate, 1 mg/ml leupeptin, 100 mM phenylmethane-
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Fig. 5. CO treatments (250 ppm) decrease the common
lymphoid progenitor population in S+S-Antilles bone
marrow. S+ S-Antilles mice (n = 4) were treated with 250
ppm CO 3 days/wk, 1 h/day for 8 wk. After 8 wk, bone
marrow from the treated mice and age-matched untreated
controls (n = 5) was collected and stained for CD45R and
CD117 (c-kit). A: representative FSC vs. SSC FACS plots
for control and 250-ppm CO-treated S+ S-Antilles mice.
B: representative CD45R vs. SSC FACS plots of control
and 250-ppm CO-treated S+ S-Antilles mice featuring the
gating for CD45R™ cells. C: representative CD117 vs.
CD45R micrograph for the gating performed on the
CD45R™* population for CD117'°Y cells, with the gate set
for expression levels between 100-1,000 fluorescence
intensity. D: bar graph demonstrating the significant de-
crease in the percentage of CD45R*CDI117""% cells in
mouse bone marrow in 250-ppm CO-treated S+ S-Antilles
mice compared with untreated control S+S-Antilles mice.
Values are mean %positive cells = SE, *P < 0.05
compared with controls using #-test.
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sulfonylfluoride in ethanol, and 1 pwg/ml protease inhibitor cocktail
(Sigma-Aldrich). The samples were sonicated for 10 s, followed by a
gentle shaking on ice. After 2 h, the samples were centrifuged for 10
min at 14,000 g at 4°C. The supernatant nuclear extract was removed,
and the protein content was determined using a Bradford-based
protein assay (Bio-Rad). An equal amount of nuclear extract protein
was loaded per lane and subjected to electrophoresis on a 15%
Tris-HCl gel (Bio-Rad). All signaling antibodies for p38 MAPK, Akt,
phosphorylated (phospho) p38 MAPK (residue Thr180/Tyr182), and
phospho-Akt (residue Ser473) were purchased from Cell Signaling
Technology.

Sites of primary antibody binding were visualized with alkaline
phosphatase-conjugated goat anti-rabbit or rabbit anti-goat IgG (Santa
Cruz Biotechnology). The final detection of immunoreactive bands
was performed using an ECF substrate (GE Healthcare) and visual-
ized on a Storm Reader (GE Healthcare). All membranes were
stripped using Restore stripping buffer (Thermo Scientific) and re-

A Control B
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probed with rabbit anti-GAPDH (Sigma-Aldrich). The bands were
quantitated using ImagelJ software (National Institutes of Health).

Pathology. Formalin-fixed tissues were processed routinely, em-
bedded in paraffin, sectioned, and stained with hematoxylin and eosin.
Two pathologists surveyed the organs in a blinded manner using the
semiquantitative criteria designated by Manci and associates (33).
Upon unblinding, contingency tables were made for statistical analy-
sis. Bone marrow and blood smears were stained using Wright-
Giemsa solution or anti-MPO antibody (Sigma-Aldrich). Differential
counts were performed in a standard manner.

Statistics. Data were entered into Excel spreadsheets for prelimi-
nary analysis, with final statistical analysis performed using SigmaStat
software version 3.5 (SYSTAT). Comparisons between control, 25-
ppm-, and 250-ppm-treated C57BL/6]J and S+S-Antilles animals
were conducted using one-way analysis of variances (ANOVA). A
one-way repeated-measure ANOVA was performed for serial blood
draws. For analysis of pathology scoring, x>-tests were performed

250 PPM

Ommq

Fig. 6. CO treatments (250 ppm) significantly increased
immature hematopoietic cells in S+S-Antilles bone
marrow. S+S-Antilles mice (n = 4) were treated with
250 ppm CO 3 days/wk, 1 h/day for 8 wk. After 8 wk,
bone marrow from the CO-treated mice and untreated
age-matched controls (n = 5) was collected and stained
for CD135 (fik2) and CD90.1 (Thyl.1). A and B: repre-
sentative SSC vs. CD90.1 FACS plots featuring the
gating of CD90.1" populations in control (A) and 250-
ppm CO-treated (B) S+S-Antilles mice. C and D: rep-
resentative SSC vs. CD135 FACS plots for the CD90.1*
populations in control (A) and 250-ppm CO-treated (B)
S+S-Antilles mice. E: bar graph demonstrating the sig-
nificant increase in the percentage of CD90.1*CD135%
cells in mouse bone marrow in 250-ppm CO-treated
S+S-Antilles mice compared with control S+S-Antilles
mice. Values are mean %positive cells = SE. *P <
0.001 compared with controls using two-tailed r-test. E
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using assembled contingency tables. All other comparisons between
control and 250-ppm-treated animals used a two-tailed Student’s
t-test. See figure legends for specific statistical tests used.

RESULTS

Inhaled CO treatments briefly elevated CO-Hb levels in
normal and sickle mice. After treatment with 250 ppm CO for
1 h, the CO-Hb levels in C57BL/6J mice increased from 1% at
baseline to 14.0% in C57BL/6J mice and 20.0% in S+S-
Antilles mice (Table 1). The elevation in CO-Hb levels after
1 h of 25 ppm CO treatment was minimal. The CO-Hb levels
in all mice returned to baseline after 24 h, as predicted by the
half-life of CO-Hb (46). No signs of acute physiological stress
or mortality were seen in any mice during these studies or in
any subsequent studies presented.

CO decreased mean total WBCs in sickle mice. Ten weeks
of inhaled CO treatments for 1 h/day, 3 days/wk with 25 and
250 ppm CO significantly (P < 0.05) decreased the mean total
WBC count in S+S-Antilles mice (Fig. 1A). The mean total
WBC count in normal C57BL/6J mice did not change with
either the 25- or 250-ppm CO treatment. The drop in mean
total WBC count in S+S-Antilles mice was primarily due to
significant (P < 0.05) decreases in mean total neutrophil (Fig.
1B) and lymphocyte (Fig. 1C) counts (see supplemental Table
1; note: all supplemental materials can be found posted with
the online version of this article). CO treatments did not
significantly change mean neutrophil or lymphocyte counts in
C57BL/6]J mice. There were no significant changes in either
the mean hematocrit or reticulocyte counts in any CO-treated
mice (Table 2).

The weekly mean WBC values were measured for 16 wk in
a separate cohort of seven age-matched S+S-Antilles mice
treated with 250 ppm CO for 1 h/day, 3 days/wk inhaled CO to
determine the kinetics of the CO-induced changes. Before the
treatment initiation, the mean baseline WBC value for the
S+S-Antilles mice was 15.1 = 1.2 X 10> ™! (Fig. 2, week
0, supplementary Table 2). There was a significant decrease in
the mean total WBC count after 7 and 8 wk of CO treatment
compared with that of baseline. The weekly mean WBC count
was monitored after the withdrawal of the CO treatments (week
8). The mean WBC count remained significantly lower than
baseline for 5 additional wk (weeks 9—13) after treatment
withdrawal, returning within the range of the baseline value
after 6 wk of no treatments (week 14).

CO decreased myeloid and lymphoid cells in sickle mouse
bone marrow. Bone marrow smears, which were collected after
8 wk of 250-ppm CO treatments and stained with Wright-
Giemsa, showed a decrease in polymorphonuclear cells in
CO-treated S+S-Antilles mice compared with untreated S+S-
Antilles control mice (data not shown). To determine whether
a change in myelopoiesis was occurring in CO-treated mice,
the bone marrow from 250-ppm CO-treated and untreated
S+S-Antilles mice was analyzed for markers of myelopoiesis.
Bone marrow was collected from S+S-Antilles mice after 8
wk of CO treatment (250 ppm CO for 1 h/day, 3 days/wk),
stained for MPO, and analyzed by flow cytometry (Fig. 3). The
number of MPO-positive cells in CO-treated mice was de-
creased (P < 0.01) compared with that in the untreated con-
trols (Fig. 3E).

Maturation of myeloid cells was examined by staining bone
marrow cells for GR-1 (a myeloid differentiation antigen also
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known as Ly-6G and Ly-6C) and CD71 (the transferring
receptor). The mean percent CD71" cells in S+S-Antilles
bone marrow was not significantly (P = 0.14) different in
untreated controls versus 250-ppm CO-treated S+ S-Antilles
mice (Fig. 4C). However, the mean population percentage of
CD71~ GR-1" cells was significantly (P < 0.05) decreased in
bone marrow from 250-ppm CO-treated mice versus controls
(Fig. 4B).

S+S-Antilles bone marrow was also examined for evidence
of decreased lymphopoiesis. Bone marrow from CO-treated
and untreated S+S-Antilles mice was stained for lymphoid
antigen markers CD117 (c-kit) and CD45R (13, 52) (Fig. 5).
Cells positive for CD45R* were gated (Fig. 5B), followed by
subsequent gating for cells with decreased expression of
CD117 (CD117"%) (Fig. 5C). In S+S-Antilles mice, the mean
population percentage of CD45R*CD117"°% (lymphoid) cells
was significantly (P < 0.05) decreased in CO-treated mice
versus controls (Fig. 5D).

CO increased immature hematopoietic cells in sickle mouse
bone marrow. A less mature hematopoietic progenitor subset
was examined by staining bone marrow cells with CD135
(fik-2) and CD90.1 (Thyl.1) (13). When gating on the cells
expressing CD90.1 (Fig. 6, A and B), there was a pronounced
shift in the CO-treated cell population toward increased
CD90.1 expression. This increase in cell population was car-
ried over into the CD135-positive cells (Fig. 6, C and D),
leading to a highly significant (P < 0.001) increase in the mean
population percentage of CD90.1"CDI135" cells in S+S-
Antilles mice treated with 250 ppm CO compared with un-
treated mice.

CO decreased the percentage of GM-CFU colonies in sickle
mouse bone marrow but did not significantly change BFU-E
colonies. CFU assays were performed on bone marrow from
S+S-Antilles mice treated 1 h/day, 3 days/week for 8 wk with
250 ppm CO to determine the fates of the progenitor cells from
the bone marrow. After 10 days in culture, there was no
significant difference in the total number of CFU colonies
counted between control and 250-ppm CO-treated mice. How-
ever, when broken down into colony types, there was a signif-
icant (P < 0.05) decrease in the percent CFU-GM colonies in

701 OBFU-E OCFU-GEMM ECFU-GM

60 9

50 1 p=0.06 *

40 + I

30 4

HH

20 +

10 9

Percent Colonies Counted

0

Control 250 ppm

Fig. 7. CO treatments (250 ppm) decrease the colony-forming unit (CFU)
granulocyte-macrophage (GM) precursor population in S+S-Antilles bone
marrow. S+ S-Antilles mice (n = 4) were treated with 250 ppm CO 3 days/wk,
1 h/day for 8 wk. After 8 wk, bone marrow from the CO-treated mice and
age-matched untreated controls (n = 5) was collected, and methycellulose
CFU assays were performed with 3 assay dishes/animal. After 10 days in
culture, blood-forming units-erythroid (BFU-E), CFU-granulocyte-erythroid-
macrophage-megakaryocyte (GEMM), and CFU-GM were counted and the
percentage of total colonies counted from each of the 3 dishes was calculated.
Values are mean %colonies counted = SE. *P < 0.01 using two-tailed #-test.
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Table 3. Serum cytokine levels in S+S-Antilles Mice Treated
for 8 wk (1 h/day, 3 days/wk) with inhaled CO

Treatment Control 250 ppm

n 5 4

IL-6 53.8%38.1 61.2+56.7
G-CSF 418.6+138.3 368.0£75.6
IP-10 56.9+14.2 50.1x7.7
MIP-1a 58.0%£24.0 62.4+36.3
RANTES 28.9*6.9 26.6+7.4
VEGF 45*15 3.4x0.4

Values are means pg/ml = SE; n, number of mice/group. G-CSF, granulo-
cyte colony-stimulating factor; IP-10, interferon-inducible protein-10; MIP-
la, macrophage inflammatory protein-lo; RANTES, regulated upon activa-
tion, normal T-cell expressed, and secreted factor.

CO-treated mice compared with controls (Fig. 7). There was
also a modest, but not significant (P = 0.06), increase in the
percent blood forming unit-erythroid (BFU-E) colonies in the
mice treated with CO compared with controls.

CO treatments did not change the cytokine profile of sickle
mice. Patients with SCD have elevated IL-6 cytokine levels
(14, 15). To explore whether a change in cytokine levels was
occurring in CO-treated mice, serum samples were collected
from age-matched untreated control S+S-Antilles mice and
250-ppm (1 h/day, 3 days/wk for 8 wk) CO-treated S+S-
Antilles mice. There were no significant differences be-
tween the treatment groups for any of the cytokines ana-
lyzed (Table 3).

CO treatments increased expression of activated p38 MAPK
and Akt, HO-1, and ferritin heavy chain in the livers of sickle
mice. We examined liver samples from untreated and 250-ppm
CO-treated S+S-Antilles mice to investigate anti-inflamma-
tory signaling molecules known to interact with CO (18, 55).
Phospho-p38 MAPK and Akt were markedly increased in
nuclear extracts from the livers of S+S-Antilles mice treated

A
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with 250 ppm CO for 8 wk (1 h/day, 3 days/wk) compared with
untreated control S+S-Antilles mice (Fig. 8A). There was no
change in the nuclear expression of either total p38 MAPK or
total Akt between treated and control livers. We also measured
the expression of HO-1 and another cytoprotective protein,
ferritin heavy chain (FHC), in liver homogenates by Western
blot analysis (Fig. 8B). There was an increase (P < 0.01) in
liver HO-1 and FHC expression in CO-treated mice compared
with controls.

CO treatments decreased liver parenchymal necrosis sever-
ity in sickle mice. We systematically evaluated the histopathol-
ogy sections from the lungs, livers, and spleens of CO-treated
and untreated S+S-Antilles mice (33). No specific lesions
were observed in the spleen and lungs except for severe red
blood cell congestion. Numerous histopathology lesions were
observed in the livers of the S+S Antilles mice. The hepatic
lesions comprised irregularly shaped and variably sized
areas of coagulation necrosis within the liver that involved
single or small groups of hepatic lobules (see Fig. 9A).
Some of these necrotic lesions had an associated cellular
response consisting of variable numbers of neutrophils, mac-
rophages, and fibroblasts or a stromal response within or at the
margins of the lesion. The robust nature of the pathology in the
livers of the S+S-Antilles allowed for a semiquantitative
analysis of the sections, which revealed a significant (P <
0.001) decrease in the extent of parenchymal necrosis severity
score in 250-ppm CO-treated S+ S-Antilles mice (1 h/day, 3
days/wk, 10 wk total) compared with untreated control animals
(Fig. 9B). In addition, there was a trend (P = 0.06) toward a
decreased severity score for WBC infiltration (Fig. 9C) in
CO-treated sickle mice.

DISCUSSION

We report here that the treatment of S+S-Antilles SCD mice
with 25 or 250 ppm inhaled CO for 1 h/day, 3 days/wk for

Control 250 ppm

Phospho-p38

Fig. 8. CO treatments (250 ppm) increases phos- Total p38

pho-p38 MAPK, phospho-Akt, heme oxygen-
ase-1 (HO-1), and ferritin heavy chain (FHC)
protein expression in the livers of S+S-Antilles
mice. Organ homogenates and nuclear extracts
were isolated from the livers of control and 250-
ppm CO-treated S+S-Antilles mice. A: Western
blot showing phospho-p38 MAPK and phospho- B
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Total -Akt
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Akt expression in nuclear extracts from the livers
of S+S-Antilles mice treated for 8 wk with 250
ppm CO compared with untreated controls. Total
p38 MAPK and Akt protein expression in the
nuclear extracts did not change. B: Western blots
of HO-1, FHC, and GAPDH protein expression
with corresponding densitometry bar graph of the
HO-1-to-GAPDH and FHC-to-GAPDH ratios in
liver protein samples from S-+S-Antilles mice
treated for 10 wk with 250 ppm CO compared
with untreated controls. Values are mean relative
expression = SE. *P < 0.05 compared with
controls using a two-tailed #-test.
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Fig. 9. CO (250 ppm) reduces parenchymal necrosis severity in the livers of
S+S-Antilles mice. Histopathology slides of the livers from S+S-Antilles
mice treated with 250 ppm CO for 10 wk (1 h/day, 3 days/wk), and untreated
control mice were analyzed semiquantitatively by 2 pathologists (n = 7 to 8
animals/group). Results were analyzed using x>-statistics. A: representative
micrograph of liver from an S+S-Antilles mouse demonstrating a clearly
delineated, irregular area of hepatic coagulative necrosis (arrow). Bar = 100
wm. Parenchymal necrosis severity (B) and WBC infiltration severity (C) bar
graphs compare the number of animals assigned the severity scores from 1
(less severe) to 3 (most severe) in untreated control and 250-ppm CO-treated
S+S-Antilles mice.

8—10 wk decreased the total mean WBC, neutrophil, and
lymphocyte counts in peripheral blood. Decreased WBC
counts were accompanied by a reduced staining for myeloid
and lymphoid markers in bone marrow and a decrease in
CFU-GM in colony-forming cell assays. Anti-inflammatory
signaling pathways phospho-p38 MAPK and phospho-Akt
were markedly increased in CO-treated livers, and the cyto-
protective proteins HO-1 and FHC were also increased. Most
importantly, CO-treated SCD mice had reduced hepatic paren-
chymal necrosis after only 10 wk of treatment.

In SCD, the insufficient amounts of HO-1 activity and CO in
response to hemolysis can result in both increased inflamma-
tion and deficient cytoprotection (5). In previous studies, we
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demonstrated that SCD mouse models have inadequate levels
of HO-1 to compensate for hemolysis and that they benefit
from additional upregulation of HO-1 (5). For example, in a
dorsal skinfold chamber model, inhaled CO (250 ppm, 1 h/day,
3 days in a row) significantly reduces vasoocclusion in S+S-
Antilles mice (4, 5, 28). In the current study, we present
experiments that address the hypothesis that the chronic in-
flammation in SCD can be reduced by prolonged therapy with
CO. Our results demonstrate that CO treatments are effective
in decreasing leukocytosis, increasing anti-inflammatory pro-
tection, and reducing organ pathology in SCD.

CO therapy for SCD has been previously explored by other
groups. In the 1970s, Beutler (9) gave 1,000-2,000 ppm
inhaled CO to two patients with SCD for brief intervals and
achieved CO-Hb levels of up to 23.6%. The study concluded
that moderate elevations of the CO-Hb percentage may be
beneficial for treating patients with SCD who are admitted to
the hospital for pain crisis (9). This study was limited in its
duration of CO exposure and in its final therapeutic end points.
Additionally, Yallop and associates (54) determined that envi-
ronmental levels of CO (in parts per billion) are inversely
correlated with hospital admission rates for SCD, with low
levels of environmental CO resulting in a higher incidence of
hospitalization (54).

Our study is novel in that it provided exposure to low doses of CO
to SCD mouse models over several weeks with the hope of
inhibiting inflammation and preventing the pathophysiology of
SCD, rather than alleviating acute symptoms. Levels of CO-Hb in
patients exposed to CO do not correlate with the presence of
symptoms or with outcomes when patients are admitted for CO
poisoning (51). Both the CO dose and duration of exposure are
elements that determine toxicity in both humans and animals.
In our studies, the dose of 250 ppm CO 1 h/day, 3 days/wk,
was both nontoxic and therapeutic for sickle mice as the WBC
counts fell, liver necrosis was reduced, and the mice appeared
normal. Additionally, none of the sickle or normal mice died
during the treatments, despite levels of CO-Hb reaching up-
ward of 20% (Table 1).

The most striking finding in our study was the significant
reduction in leukocytes that occurred after 8—10 wk of 250-
ppm therapy. Patient outcome studies have identified the ele-
vation in the steady-state absolute neutrophil count as a pa-
rameter that correlates highly with clinical disease severity
(38). Therefore, a reduction of circulating leukocytes may
prove highly beneficial to patients with SCD.

Several mechanisms were explored to explain why CO
treatments significantly decreased leukocytosis in SCD mice.
The sequestration of leukocytes was an unlikely mechanism,
since normal C57BL/6J mice treated with CO had no change in
WBC, CO-treated S+S-Antilles mice displayed no increase in
organ weights (data not shown), and the organs of CO-treated
mice displayed no increase in leukocytes upon histopatholog-
ical examination.

The data presented provides evidence that CO treatments
were affecting stress hematopoiesis in SCD mice. Under nor-
mal physiological conditions, a balance exists in the bone
marrow between multiple cell-cycle regulators that control the
ability of hematopoietic stem cells (HSCs) to remain quies-
cence or to proliferate and differentiate into hematopoietic
multipotent progenitor cells (MPPs) (11). If the HSCs differ-
entiate and proliferate into MPPs, they are further committed to
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myeloid or lymphoid progenitor cells via the interaction and
controlled expression of multiple transcription factors, cyto-
kines, and cell-cycle regulators (2, 11, 23, 25, 42, 52). Under
stress conditions, the restrictions on HSCs are reduced, pushing
them toward proliferation into MPPs, which are then further
pushed via cytokines and transcription factors toward an in-
creased mature cell production (11, 19, 20, 32). The steady-
state elevation of leukocytes in the SCD mice is similar to
models of hematopoietic stress (11, 20). Therefore, the data
presented in this study provide strong evidence for a decreased
rate of stress hematopoiesis as the primary mechanism for the
decreased leukocytosis in CO-treated mice.

A recent publication that explores the importance of HO-1 in
the response of HSCs to stress in mice heterozygous for HO-1
supports our observations (11). This study demonstrated that
the HO-1 heterozygous mice have an accelerated response to
chemotherapy and radiation-induced stress than normal ani-
mals, with HO-1"/~ mice displaying leukocytosis and reticu-
locytosis 2 to 3 wk after treatment. The authors hypothesized
that the insufficiencies of HO-1 in HSCs lead to inadequate
amounts of endogenous CO needed to maintain HSC ho-
meostasis. Although S+S-Antilles mice have an increased
expression of HO-1 relative to C57BL/6J controls, S+S-
Antilles mice may be HO-1 deficient relative to the amount of
heme overload created by the HbS mutation, making them
similar to the heterozygous HO-1 mice. The addition of CO to
stressed sickle mice may affect the signaling pathways that
inhibit the hematopoietic stress response which occurs in sickle
mice.

CO is an “anti-inflammatory” molecule because it activates
several anti-inflammatory signaling pathways through the gen-
eration of low levels of oxidants via the blockade of the
mitochondrial respiratory chain at complex IV (10). Frank
inhibition of the respiratory chain by CO also mimics hypoxia
by slowing ATP production and cell growth (40) and stimu-
lating the hypoxia-inducible factor-1a pathway. Additionally,
hypoxia leads to a differentiation arrest in HSCs and is impor-
tant in the maintenance of quiescence (21, 24, 26, 31, 50).
CO-treated mice also had a significant decrease in bone mar-
row CFU-GM (Fig. 7), a finding that mirrors what occurs when
human CD34* HSCs are cultured in hypoxic conditions (21).
Therefore, CO treatments in SCD may increase the hypoxic
environment and hypoxia-inducible factor-la levels in the
hematopoietic compartment needed to decrease HSC differen-
tiation. Further investigation into this potential mechanism is
warranted.

In our CO-treated SCD mice, we saw a reduced WBC
infiltration in the livers, with a significantly decreased severity
in parenchymal necrosis (Fig. 9B), suggesting that CO treat-
ment is able to protect SCD livers from damage. CO has many
multifaceted interactions with heme proteins that allow for the
activation of an integrated adaptive response to oxidants which
include p38 MAPK, Akt, and other signaling pathways (10, 12,
27, 40). Therefore, we surveyed liver samples for changes in
these pathways. CO-treated SCD mice had a significant in-
crease in activated phospho-p38 MAPK and Akt (Fig. 84). The
activation of both of these pathways leads to the downstream
expression of numerous cytoprotective genes, including a fur-
ther upregulation HO-1 and FHC expression (Fig. 8B) (8, 10,
12, 43). This activation of anti-inflammatory signaling path-
ways and increased expression of cytoprotective proteins may

CARBON MONOXIDE AND SICKLE CELL DISEASE

allow for a better adaptation to hemolysis and the decrease in
liver pathology observed in our SCD mice.

In conclusion, this study demonstrates that a prolonged
exposure to CO significantly reduces leukocytosis and liver
pathology in SCD mice without toxicity. Overall, these find-
ings suggest that a prolonged treatment with CO initiates a
homeostatic-conditioning program in the inflamed SCD mice
that involves multiple overlapping signaling pathways. The
activation of these pathways, in turn, reduces the inflammation
in SCD that creates stress hematopoiesis and organ pathology.
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