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Abstract
BACKGROUND—Stored red blood cells (RBCs) undergo progressive deleterious functional,
biochemical, and structural changes. The mechanisms responsible for the adverse effects of
transfusing stored RBCs remain incompletely elucidated.

STUDY DESIGN AND METHODS—Awake wild-type (WT) mice, WT mice fed a high-fat diet
(HFD-fed WT) for 4 to 6 weeks, and diabetic (db/db) mice were transfused with syngeneic
leukoreduced RBCs or supernatant with or without oxidation (10% of total blood volume) after
storage for not more than 24 hours (FRBCs) or 2 weeks (SRBCs). Inhaled nitric oxide (NO) at 80
parts per million was administered to a group of mice transfused with SRBCs. Blood and tissue
samples were collected 2 hours after transfusion to measure iron and cytokine levels.

RESULTS—SRBCs had altered RBC morphology and a reduced P50. Transfusion of SRBCs into
WT or HFD-fed WT mice did not produce systemic hemodynamic changes. In contrast,
transfusion of SRBCs or supernatant from SRBCs into db/db mice induced systemic hypertension
that was prevented by concurrent inhalation of NO. Infusion of washed SRBCs or oxidized SRBC
supernatant into db/db mice did not induce hypertension. Two hours after SRBC transfusion,
plasma hemoglobin (Hb), interleukin-6, and serum iron levels were increased.

CONCLUSION—Transfusion of syngeneic SRBCs or the supernatant from SRBCs produces
systemic hypertension and vasoconstriction in db/db mice. It is likely that RBC storage, by
causing in vitro hemolysis and posttransfusion hemoglobinemia, produces sustained NO
scavenging and vasoconstriction in mice with endothelial dysfunction. Vasoconstriction is
prevented by oxidizing the supernatant of SRBCs or breathing NO during SRBC transfusion.

Red blood cell (RBC) transfusion is a lifesaving therapy employed to treat patients with
anemia or major blood loss. Transfused RBCs replace lost blood volume and transport
oxygen to sustain tissues and organs. Every year, approximately 75 million units of blood
are collected worldwide.1 In the United States, approximately 14 million units of RBCs are
transfused annually, with an estimated mean duration of storage before transfusion of 16.4
days.2
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During ex vivo storage, RBCs undergo numerous biochemical, structural, and functional
alterations, which are collectively termed the “storage lesion.” RBC storage systems
approved by the Food and Drug Administration (FDA) require that, after storage, the level
of hemolysis in the storage bag remains below 1% and a minimum of 75% of the transfused
RBCs persist in the recipient’s blood at 24 hours after transfusion.3 These two criteria may
not ensure the safety and efficacy of stored RBC transfusions and only partially reflect the
progressive alterations of RBCs during storage.4 Transfusion with blood stored for longer
durations was associated with an increased rate of infection,5,6 mortality,7,8 and multiorgan
failure,9,10 as well as longer hospitalizations.11–13 In contrast, other clinical studies of
selected patient populations, including those undergoing cardiac surgical procedures, trauma
victims, and critically ill patients, reported no association between the duration of RBC
storage and adverse clinical outcomes.2,14–18

The precise mechanisms responsible for the deleterious effects on the recipient produced by
stored RBC transfusion are not fully understood. Several possible mechanisms have been
proposed. The “RBC deformability” theory suggests that tissue injury is attributable to
impaired microcirculatory blood flow and oxygen delivery due to reduced RBC
deformability.19,20 A reduction of oxygen delivery may cause ischemia by reducing oxygen
delivery due to decreased 2,3-diphosphoglycerate (2,3-DPG) levels (and increased
hemoglobin [Hb]-oxygen affinity) in stored RBCs.21 The “iron hypothesis” proposes that
transfusing stored RBCs generates Hb degradation products (such as reactive iron) that can
stimulate an inflammatory response by generating reactive oxygen species.22,23 Several
groups have proposed a “nitric oxide (NO)-based” theory attributing some of the adverse
events associated with transfusing stored RBCs to the inflammatory, thrombotic, and
vasoactive effects of NO scavenging by excess plasma Hb levels.24,25 Recently, plasma Hb
has been shown to exist in microparticles as well as free Hb.26 Others have attributed these
NO depletion side effects to loss of S-nitroso-Hb during storage.27 We recently reported that
extracellular Hb can induce hypertension in mice by scavenging NO produced by
endothelial NO synthase.28 Moreover, we observed that mice with endothelial dysfunction
due to high-fat-diet (HFD) feeding or diabetes mellitus are particularly sensitive to the
vasoconstricting effects of extracellular Hb.29 Since storage of RBCs produces extracellular
Hb (cell-free Hb and Hb-containing microparticles), it is conceivable that recipients with
endothelial dysfunction are more vulnerable to the vasoconstrictor effects of stored RBCs.

Reproducible animal models of RBC storage can provide important insights into the effects
of transfusing stored blood. Development of a murine model is especially valuable because
it enables elucidation of the contribution of genetic factors to the responses associated with
transfusing stored RBCs. Prior studies have documented the development of biochemical
and functional alterations in stored murine30 and human RBCs.31,32 In our studies, we chose
to utilize the leukoreduced murine RBC storage model described by Gilson and colleagues30

and Hod and colleagues.23 We studied the impact of transfusing fresh and stored syngeneic
RBCs into C57BL/6 mice. The use of syngeneic blood transfusion allowed us to focus
specifically on the effects of the storage lesion without the confounding effects of immune
incompatibility

Our studies had three objectives. First, we characterized the storage lesion of murine RBCs
stored for 2 weeks in several important respects (life span, hemolysis, 2,3-DPG depletion).
Second, we compared the hematologic changes and inflammatory responses induced by
transfusing fresh leukoreduced murine RBCs (FRBCs, stored ≤24 hr) and stored
leukoreduced murine RBCs (SRBCs, stored for 2 weeks) into syngeneic recipients. Third,
we investigated if the extracellular Hb released from SRBCs could be responsible for the
deleterious effects of transfusing SRBCs in both awake and anesthetized wild-type (WT)
mice, WT mice fed a HFD for 4 to 6 weeks, and mice with diabetes mellitus (db/db). We
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found that storage of murine RBCs for 2 weeks produced hemolysis levels in storage bags
and a 24-hour survival rate after transfusion similar to those values observed in human
RBCs stored for the FDA limit of 42 days.3 We report that murine RBCs stored for 2 weeks
developed characteristics of the storage lesion. We observed that transfusion of SRBCs but
not FRBCs markedly elevated serum iron levels and produced a systemic inflammatory
response in WT mice fed a standard diet or a HFD and db/db mice. Transfusion of SRBCs
into db/db mice induced systemic vasoconstriction and hypertension, which could be
prevented by concurrent inhalation of 80 parts per million (ppm) NO. Infusion of
supernatant from SRBCs also produced systemic vasoconstriction in db/db mice. In contrast,
transfusion of either washed stored RBCs or oxidized supernatant from SRBCs into db/db
mice did not induce systemic hypertension.

MATERIALS AND METHODS
Animals

All animal studies were approved by the Subcommittee on Research Animal Care at
Massachusetts General Hospital (Boston, MA). We studied 8- to 10-week-old male C57BL/
6J WT mice and B6.Cg-m+/+Leprdb/J (C57BL/6J background) db/db mice. Additional WT
mice were fed a HFD (60 kcal% fat; Research Diets, Inc., New Brunswick, NJ) for 4 to 6
weeks. Eight- to 10-week-old, male green fluorescent protein (GFP) transgenic C57BL/6-Tg
(UBC-GFP) 30Scha/J (C57BL/6J background) mice with GFP expressed on RBCs were
used to measure RBC survival. All mice were obtained from The Jackson Laboratory (Bar
Harbor, ME).

Murine blood collection and storage
Blood (approx. 1 mL/mouse) was withdrawn aseptically by open chest cardiac puncture
from C57BL/6J WT mice into a syringe containing CPDA-1 (Sigma-Aldrich, St Louis,
MO). The final concentration of CPDA-1 was 14%. After collection, blood was
leukoreduced by passage through a neonatal leukoreduction filter (Pall Biomedical Products
Co., East Hills, NY). The efficacy of leukoreduction was measured by a complete blood
count (HemaVet veterinary analyzer, Heska, Loveland, CO). Leukoreduced blood was
centrifuged for 15 minutes at 600 × g, adjusted to a hematocrit (Hct) of 70% to 75% by
removing plasma, and stored in Eppendorf tubes at 4°C. The lipopolysac-charide (LPS)
levels in samples of FRBCs or SRBCs were measured using a limulus amoebocyte lysate
assay, as previously described.33

Preparation of stored RBC components
Supernatants were obtained after centrifuging FRBCs or SRBCs at 400 × g for 10 minutes at
4°C To minimize hemolysis induced by washing, FRBCs and SRBCs were gently washed
with 10 vol of 1.5% sodium chloride and centrifuged at 400 × g for 10 minutes at 4°C
Before transfusion, washed FRBCs or SRBCs were resuspended in fresh murine plasma to
obtain a final Hct of 70% to 75%

To oxidize ferrous Hb in the supernatant of SRBCs, the supernatant was exposed to 800
ppm NO gas in nitrogen through an oxygenator (Living Systems Instrumentation, Inc., St
Albans, VT) for 2 hours to produce methemoglobin (met-Hb).28 Supernatant (2 mL) was
then dialyzed three times (Spectra/Por molecular porous membrane; MWCO, 12–14,000,
Spectrum Laboratories, Inc., Rancho Dominguez, CA) against 3 L of 0.9% saline to reduce
low-molecular-weight NO metabolites.
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Biochemical, hematologic, and morphologic changes in SRBCs
Blood gas tensions (PCO2 and PO2), pH, and standard base excess (SBE) were measured in
FRBCs and SRBCs (ABL800 FLEX, Radiometer, Westlake, OH). Electrolyte
concentrations (sodium, potassium, calcium, chloride, HCO3

−) and lactate were also
determined in FRBCs and SRBCs (Critical Care Xpress, Nova Biomedical, Waltham, MA).

To determine Hb levels in the supernatant, FRBCs or SRBCs were centrifuged at 1700 × g
for 8 minutes at 4°C, and supernatant Hb levels were measured with a Hb assay kit
(QuantiChrom, BioAssaySystems, Hayward, CA). Hemolysis (%) was calculated using a
standard formula:

Hemolysis (%) = (supernatant Hb × [1 - %Hct])/ total Hb × 100.34

To investigate the impact of storage on RBC morphology, FRBCs or SRBCs were smeared
and stained with a manual staining system (Hema3, Fisher Diagnostics, Middletown, VA),
and images were obtained using an upright microscope fitted with a dry objective (Nikon
EDIPSE 80i and Plan Fluor 60×, respectively, Nikon Instruments, Inc., Melville, NY).

Oxygen dissociation curves (ODCs) of FRBCs and SRBCs (adding 20 µL of RBCs to 5 mL
of Hemox solution containing 20 µL of additive-A and 10 µL of antifoaming agent) were
determined with an analyzer (Hemox, TCS Scientific Corp., New Hope, PA). P50, defined as
the partial pressure of oxygen at which Hb is 50% saturated, was calculated from the ODC.
The levels of 2,3-DPG in FRBCs and SRBCs were measured using a 2,3-DPG kit (Roche
Diagnostics, Mannheim, Germany).

Measuring murine RBC survival
To measure survival of transfused murine RBCs, we used the GFP-labeled RBC method
reported by Gilson and coworkers.30 Briefly, blood was withdrawn from both UBC-GFP
and WT mice by cardiac puncture into a 1-mL syringe containing CPDA-1, and blood
mixtures were prepared containing 40% RBCs from UBC-GFP mice and 60% RBCs from
WT mice, leukoreduced, centrifuged, and stored at 4°C for less than 24 hours (FRBCs) and
2 weeks (SRBCs). WT mice were transfused with 100 µL of FRBCs or SRBCs containing
GFP-labeled RBCs via a tail vein. At 10 minutes, 30 minutes, 1 hour, 24 hours, and 8 days
after transfusion, blood samples were obtained from the retroorbital space into heparinized
glass microcapillary tubes. The percentage of GFP-positive RBCs was determined with a
flow cytometer (BD Biosciences, San Jose, CA). The flow cytometer was calibrated to the
same settings on different acquisition days by Sphero rainbow fluorescent particles
(Spherotech, Inc., Lake Forest, IL). The RBC survival rate at 24 hours after transfusion (%)
was calculated by dividing the percentage of GFP-positive RBCs measured 24 hours after
transfusion by the percentage of GFP-positive RBCs at Time 0. Fluorescence at Time 0 was
extrapolated by linear regression from the data at 10 minutes, 30 minutes, and 1 hour.

Biochemical assays 2 hours after transfusion
After transfusion of FRBCs or SRBCs, mice were killed at 2 hours with an intraperitoneal
injection of pentobarbital (200 mg/kg). Approximately 1 mL of blood was withdrawn from
each mouse by cardiac puncture into a heparinized syringe and centrifuged at 2700 × g, 4°C
for 8 minutes. Heparinized plasma was obtained to measure blood chemistry, as well as
interleukin-6 (IL-6), haptoglobin (Hp), and hemopexin (Hx) levels. Serum samples were
obtained for the measurement of iron levels. Liver specimens were snap-frozen in liquid
nitrogen for subsequent determination of heme oxygenase-1 (HO-1).

To compare the acute biochemical effects of transfusing FRBCs or SRBCs, we sacrificed 12
WT and 12 db/db mice at 10 minutes posttransfusion with an intraperito-neal injection of
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pentobarbital (200 mg/kg). Whole blood was obtained by cardiac puncture for blood
chemistry measurements.

Measurement of serum iron levels
Serum iron levels were determined using an iron and unsaturated iron binding capacity assay
(Thermo Fisher Scientific, Middletown, VA).

Measurement of plasma IL-6, Hp, and Hx levels
Plasma IL-6 levels were determined with a mouse IL-6 enzyme-linked immunosorbent assay
(ELISA) kit (Duoset, R&D Systems, Minneapolis, MN). Plasma Hp and Hx levels were
measured using mouse Hp and Hx ELISA kits, respectively (Life Diagnostics, Inc., West
Chester, PA).

Quantification of tissue mRNA levels
Total mRNA was extracted from murine livers using reagent (Trizol, Invitrogen Life
Technologies, Carlsbad, CA). cDNA was synthesized by the reverse transcriptase reaction
(MMLV-RT, Invitrogen Life Technologies). Realtime amplification of transcripts was
performed by the SYBR method using a thermal cycler (Mastercycler Realplex, Eppendorf,
Hamburg, Germany). The relative expression of target transcripts was normalized to the
levels of 18S rRNA and analyzed using the relative CT method. The sequences of primers
used are listed in Table S1 (available as supporting information in the online version of this
paper).

Noninvasive measurement of blood pressure in awake WT, HFD-fed WT, and db/db mice
after transfusion of FRBCs or SBRCs

FRBCs, SRBCs, washed FRBCs and SRBCs, supernatants from FRBCs and SRBCs, and
oxidized supernatant from SRBCs were transfused (total injectate volume was 10% of
estimated blood volume) via a tail vein into WT, HFD-fed WT, or db/db mice. Systolic
blood pressure (SBP) was measured with a noninvasive blood pressure system (XBP 1000,
Kent Scientific, Torrington, CT).28,29 All tail vein injections were performed over 1 minute.
The numbers of mice in each experimental group are reported in Table S2 (available as
supporting information in the online version of this paper). One group of db/db mice
received SRBCs while breathing 80 ppm NO in air (Medical-Technical Gases, Inc.,
Medford, MA) from 10 minutes before transfusion until 2 hours after transfusion using
methods described previously.28

Invasive hemodynamic measurements in anesthetized mice
Invasive hemodynamic measurements were performed as described previously.29 Left
ventricular pressure-volume loops and cardiac output, as well as mean arterial blood
pressures, were measured at baseline and 5 minutes after transfusion with FRBCs, SRBCs,
the supernatant from FRBCs, or the supernatant from SRBCs (10% of estimated blood
volume, infused at a rate of 75 µL/min over 3 minutes through a separate catheter placed in
the right jugular vein; please see Table S2 in the online supplement for the number of
animals in each experimental group).

Statistical analysis
All values are expressed as mean ± SEM. Data were analyzed by a one-way analysis of
variance (ANOVA) with Tukey adjustment (SigmaStat 3.0.1, Systat Software, Inc., San
Jose, CA). SBP measurements in awake mice were analyzed by a repeated-measures two-
way ANOVA with interaction. Probability values less than 0.05 were considered significant.
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RESULTS
Characterization of stored murine blood

Since the storage of RBCs produces a host of biochemical changes, we examined these
changes in the murine storage model. We compared FRBCs stored for not more than 24
hours with SRBCs stored for 2 weeks. In SRBCs, pH, PO2, HCO3

−, and SBE were markedly
decreased while PCO2 and lactate were greater than in FRBCs (Table 1). In addition, we
observed that sodium levels were less and potassium levels were greater in SRBCs than in
FRBCs. The level of hemolysis in SRBCs was markedly greater than that in FRBCs.
Similarly, supernatant Hb levels were greater in SRBCs than in FRBCs. These results are
consistent with the data of Makley and colleagues,31 who reported that, after prolonged
storage (up to 35 days), murine RBCs exhibited a decreased pH and increased levels of
potassium and supernatant Hb. Met-Hb levels measured in the supernatant of both FRBCs
and SRBCs were less than 1% of the supernatant Hb (data not shown).

A previous study has shown that murine RBCs experience morphologic changes during
storage;31 we therefore compared these changes in FRBCs with SRBCs. In FRBCs, cell
morphology was dominated by discocytes (Fig. 1A, top panel). After storage for 2 weeks,
the majority of RBCs were abnormally shaped (e.g., echinocytes or spheroechinocytes, as
indicated by arrows in Fig. 1A, bottom panel). We observed storage-induced morphologic
changes in murine RBCs that appear similar to those reported in stored human RBCs.31

The primary function of the RBCs is to transport oxygen; thus, we measured the changes of
Hb-oxygen affinity after RBCs storage. The ODC of SRBCs was markedly left-shifted,
compared to FRBCs (21 ± 1 mmHg vs. 43 ± 0 mmHg, respectively; Fig. 1B, n = 5, p <
0.01). RBC 2,3-DPG levels decreased from 3.8 ±0.1 mmol/L in FRBCs to 0.2 ±0.1 mmol/L
in SRBCs (Fig. 1C). Since oxygen affinity is modulated by the allosteric inhibitory binding
effects of 2,3-DPG to Hb in mice, the reduction of 2,3-DPG with storage, similar to that
observed in stored human RBCs, markedly augmented the oxygen affinity. Taken together,
these results document that murine RBCs undergo biochemical, hematologic, and
morphologic changes during the 2-week storage.

Impact of storage duration on RBCs survival after syngeneic transfusion
To track the survival of infused FRBCs and SRBCs, we studied the impact of storage on
GFP-labeled RBCs. Twentyfour hours after transfusing GFP-labeled FRBCs, the fraction of
GFP-labeled RBCs was 99 ± 3% of that calculated at Time 0 after infusion (Fig. 1D).
Twentyfour hours after transfusing GFP-labeled SRBCs, the fraction of GFP-labeled RBCs
was 68 ± 1% of that calculated at Time 0 after transfusion. Beginning 24 hours after
transfusion, the rate of decrease in GFP-labeled RBCs was similar in FRBCs and SRBCs.
These results are consistent with those reported by Gilson and colleagues30 and suggest that
storage lesion seen in stored blood has a heterogeneous impact on RBCs.

Impact of FRBC and SRBC transfusion on Hct, Hb, and plasma Hb in WT, HFD-fed WT, and
db/db mice

We assessed alterations of hematologic variables after transfusion, and we drew arterial
blood samples from mice at 10 minutes (WT and db/db mice) and 2 hours (WT, HFD-fed
WT, and db/db mice; Table S3, available as supporting information in the online version of
this paper) after transfusion of FRBCs or SRBCs. Transfusion of either FRBCs or SRBCs
increased Hct and total Hb levels at 10 minutes and 2 hours after transfusion in all studied
mice. Transfusion with SRBCs, but not FRBCs, increased plasma Hb levels at 10 minutes
and 2 hours after transfusion in all the groups of mice that we studied. These results indicate
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that increased plasma Hb levels after SRBCs transfusion is most likely due to the release of
Hb during storage and after transfusion.

Serum iron levels after transfusion
Since SRBCs have a shortened life span and are rapidly removed from the circulation, they
could contribute iron from their heme to enhance the reactive oxygen species generation. In
the current study, we measured serum iron levels in mice at 2 hours after transfusion of
FRBCs or SRBCs (Fig. 2). Serum iron levels were greater at 2 hours after transfusion of
SRBCs into WT, HFD-fed WT, and db/db mice, but not after transfusion of FRBCs. These
results document that transfusion of SRBCs increases serum iron more than FRBC
transfusion.

Inflammation after transfusion
To learn whether transfusion of either FRBCs or SRBCs would induce a systemic
inflammatory response in mice, IL-6 levels were measured in plasma samples collected from
WT, HFD-fed WT, and db/db mice at 2 hours after transfusion (Fig. 3A). Transfusion of
SRBCs, but not FRBCs, increased plasma IL-6 levels in WT, HFD-fed WT, and db/db mice
(p < 0.05). Since approximately 97% of the white blood cells in stored cells were removed
by leukoreduction and no endotoxin (e.g., LPS) was detected in the transfused samples, the
increased IL-6 level is most likely a sequel of SRBC transfusion.

Plasma Hp, Hx, and hepatic HO-1 after transfusion
The primary protective mechanisms against extracellular Hb are often termed “antioxidant
proteins,” such as Hp, Hx, and HO-1. Extracellular Hb binds to circulating Hp. Clearance of
the Hb-Hp complex takes place within the circulation and the liver (macrophages),
eventually leading to the breakdown of heme via HO-1.35 Hx serves as the primary carrier
of plasma heme and participates in its clearance by transporting it to the liver.36 HO-1 is the
inducible isoform of heme degradation and is protective against inflammatory injury.37 We
measured increased levels of plasma Hb after SRBCs transfusion; therefore, we examined
the impact of FRBC and SRBC transfusion on the mechanisms responsible for clearing
plasma Hb. Plasma Hp levels decreased at 2 hours after either FRBC or SRBC transfusion
(Fig. 3B). We noted that transfusion of SRBCs decreased plasma Hx levels at 2 hours in
HFD-fed WT and db/db mice, but not in WT mice (Fig. 3C). Transfusion of FRBCs did not
change Hx levels. At 2 hours after transfusion, we found that hepatic HO-1 mRNA levels
were greater in WT, HFD-fed WT, and db/db mice after SRBC transfusion, but not after
FRBC transfusion (Fig. 4, p < 0.05). These results suggest that since Hp levels at baseline
are quite low in the mouse, the small amounts of Hb released in response to FRBC
transfusion are sufficient to markedly reduce Hp levels, whereas the Hx levels are higher
and were only modestly reduced at 2 hours after transfusion. Transfusion of SRBCs induced
hepatic HO-1 mRNA levels due to increased heme released from SRBCs.

Hemodynamic sequelae of transfusing FRBCs and SRBCs
Our studies have shown that transfusing a blood substitute containing less than 1% of
tetrameric Hb can produce systemic vasoconstrictor effects.29 To examine the effects of
transfusing FRBCs and SRBCs on SBP, we administered FRBCs or SRBCs (as a 10% of
blood volume injection) via a tail vein in awake mice. Transfusion of either FRBCs or
SRBCs did not change SBP in awakeWT mice (Fig. 5A). In a recent study, we reported that
mice with endothelial dysfunction (e.g., HFD-fed WT or db/db mice) are more sensitive to
the vasoconstrictor effects of tetrameric Hb.29 In awake HFD-fed WT mice, transfusion of
FRBCs or SRBCs did not change SBP (Fig. 5B). In contrast, transfusion of SRBCs, but not
FRBCs, increased SBP in awake db/db mice (from 111 ± 2 mmHg at baseline to 127 ± 3
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mmHg at 10 min, p <0.05, Fig. 5C). Since NO breathing prevented the systemic
vasoconstriction induced by infusing tetrameric Hb in mice,28 we studied the ability of
inhaled NO to prevent the vasoconstricting effects of transfusing db/db mice with SRBCs.
We found that breathing 80 ppm NO beginning 10 minutes before transfusion and
continuing for 2 hours thereafter completely prevented the systemic hypertension induced by
the transfusion of SRBCs into db/db mice.

To investigate which component of SRBCs is responsible for its vasoconstricting effects, we
transfused the supernatant obtained from SRBCs or washed SRBCs into awake db/db mice.
Transfusing the supernatant of SRBCs (10% of estimated blood volume of db/db mouse38 or
250 µL, equivalent to four times the volume of supernatant given by transfusing 250 µL of
SRBCs) increased systemic blood pressure (from 112 ± 4 to 132 ± 4 mmHg, p < 0.05),
which lasted for 40 minutes (Figs. 5D and 5E).

To minimize hemolysis induced by washing, we found that suspension of SRBCs in 1.5 g%
sodium chloride minimized acute hemolysis (Table S4, available as supporting information
in the online version of this paper). The transfusion of washed SRBCs into db/db mice did
not increase systemic blood pressure.

Invasive hemodynamic measurements obtained in anesthetized db/db mice confirmed our
findings in awake db/db mice. Transfusion of SRBCs or supernatant from SRBCs increased
left ventricular end-systolic pressure (LVESP; Fig. 6A) and systemic vascular resistance
index (SVRI, Fig. 6B), whereas transfusion of FRBCs or supernatant from FRBCs did not
alter these hemodynamic variables. After we oxidized the supernatant obtained from SRBCs
by exposure to NO gas (thereby converting ferrous Hb to ferric Hb) with subsequent dialysis
to remove low-molecular-weight components (e.g., nitrite and nitrate), transfusion into
awake db/db mice did not increase their systemic blood pressure (Fig. 5D). These
hemodynamic results suggest that infusion of the supernatant from SRBCs causes systemic
vasoconstriction, which is most likely due to the infusion of supernatant Hb released during
2 weeks of storage.26,29

DISCUSSION
In this study, we report that in vitro storage of syngeneic murine RBCs for 2 weeks altered
RBC morphology, increased levels of supernatant Hb (either free or in micro-particles), and
decreased erythrocytic 2,3-DPG levels and P50. After transfusion, GFP-labeled SRBCs had a
shorter life span than did GFP-labeled FRBCs. At 10 minutes and 2 hours after transfusion
of SRBCs, plasma Hb levels were markedly greater than those after transfusion of FRBCs.
Two hours after transfusion of SRBCs, both serum iron and plasma IL-6 levels increased.
Plasma Hp levels decreased in response to both FRBC and SRBC transfusion (except in db/
db mice) and Hx levels decreased only in HFD-fed WT and db/db mice transfused with
SRBCs. SRBC transfusion increased systemic blood pressure and induced systemic
vasoconstriction in db/db mice but not in WT or HFD-fed WT mice. Transfusing the
supernatant from SRBCs, but not from FRBCs, induced systemic vasoconstriction in db/db
mice. In contrast, transfusion of washed SRBCs or the oxidized supernatant obtained from
SRBCs did not produce systemic vasoconstriction or increase blood pressure. Concomitant
inhalation of 80 ppm NO prevented the systemic hypertension due to transfusion of SRBCs
into db/db mice. Invasive hemodynamic measurements confirmed that transfusion of SRBCs
into db/db mice increased LVESP and SVRI, but this did not occur with transfusion of either
FRBCs or supernatant from FRBCs. Taken together, our findings suggest that ferrous Hb
released into plasma scavenges NO and is the primary cause of the hypertension after
transfusing SRBCs.
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Gilson and colleagues30 as well as Hod and associates23 reported that after 14 days of
storage in CPDA-1, murine RBCs had less than 1% in vitro hemolysis and an in vivo 24-
hour RBC recovery of 64% to 65% measured with both GFP-labeled cells and 51Cr labeling.
These values are similar to the data obtained from human blood stored for 42 days.3 In our
study, we reproduced their RBC storage model, further characterized the biochemical and
functional effects of storing murine RBCs, and investigated the hemodynamic and
inflammatory sequelae of transfusing FRBCs and SRBCs in syngeneic mice.

It is worthwhile to note that we measured reduced levels of both 2,3-DPG and P50 in
SRBCs. Winslow39 proposed an “autoregulation theory” suggesting that enhanced plasma
O2 delivery by low-affinity cell-free Hb triggers arteriolar vasoconstriction. SRBCs and free
Hb, both with a low P50 and high oxygen affinity, should produce less vasoconstriction than
Hb in RBCs. However, our study provides evidence that the vasoconstriction induced by
transfusing SRBCs is most likely due to NO dioxygenation by cell-free Hb and is not due to
increased arteriolar oxygen delivery.

Oxidation of cell-free Hb can injure the host by exacerbating inflammation and by releasing
cytotoxic free heme that can cause irreversible tissue damage and organ failure.35,40 In this
study, an increase of both plasma Hb and serum iron levels was measured after SRBC
transfusion. Hod and colleagues23 demonstrated a dramatic elevation of circulating
proinflammatory cytokine levels after allogeneic transfusion of SRBCs (400 µL) or washed
SRBCs into healthy WT mice and reported no increased inflammation after infusing either
supernatant, stroma-free lysate, or ghosts of SRBCs.They also report the inflammatory
response to infused allogeneic SRBCs was reduced by pretreatment with the iron chelator
deferoxamine. They report similar results in WT mice after transfusing stored syngeneic
RBCs (unpublished data). The more modest inflammation induced by transfusing SRBCs in
our study may be attributable to a smaller transfusion volume or our syngeneic blood
transfusion model. Moreover, we did not detect LPS in our FRBCs or SRBCs, suggesting
that the inflammatory response induced by SRBC transfusion was not attributable to
bacterial contamination of the blood during storage. The observation that SRBC transfusion
induces an inflammatory response in the absence of immunologic differences between donor
and recipient or LPS contamination suggests that the elevated plasma IL-6 levels measured
after SRBC transfusion are due to transfusion of the stored RBCs and their supernatant.

Iron-derived reactive oxygen species can give rise to severe inflammation. Heme is an
abundant source of reactive iron, and both heme and free iron can catalyze free radical
reactions. Heme is hydrophobic and readily crosses cell membranes to increase oxidant
damage to cells. It has been shown that prolonged storage (>17 days) of human RBCs
produces significantly increased levels of nontransferrin bound iron in the supernatant.41 We
measured an increase in serum iron levels 2 hours after SRBC transfusion, but not after
FRBC transfusion.

Numerous cytoprotective mechanisms have evolved to protect against the toxicity produced
by free Hb and free heme, including the Hb-binding protein, Hp; the heme-binding protein,
Hx42–44; and the hememetabolizing enzyme, HO-1. Complexes of Hb-Hp or heme-Hx are
transported to monocytes-macrophages and/or hepatic parenchymal cells, where the heme is
metabolized by HO-1. In the mouse, protection against heme or Hb released during
hemolysis is conferred by circulating Hx and Hp (although the level of Hp in mouse plasma
is 20 times less than the human, the levels of Hx are nearly equal35). In addition, as a
defense against oxidative stress, the vasculature and organs can up regulate the expression of
HO-1.22 Catabolism of heme by HO-1 produces two anti-inflammatory products, carbon
monoxide and biliverdin. In our study, a decrease of plasma Hp and Hx levels (except in
WT mice), and an increase of HO-1 mRNA levels was measured 2 hours after SRBCs
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transfusion. Hp and Hx may partially prevent the toxicity of free Hb or heme by producing
complexes of Hb-Hp or heme-Hx. The increase of hepatic HO-1 after SRBC transfusion is
most likely due to its induction by heme released from SRBCs in hepatic macrophages.37

Our recent studies report that mice with endothelial dysfunction (e.g., WT mice fed a HFD
or db/db mice) showed markedly enhanced vasoconstrictor responses to the NO-scavenging
effects of infusing tetrameric Hb or Hb-based oxygen carriers.29 Similarly, in this study, we
observed that SRBC transfusion–induced hypertension in db/db mice, but not in WT mice
(with or without fat-feeding).We reasoned that mice with endothelial dysfunction are more
vulnerable to the vasoconstrictor effects of extracellular Hb released from SRBCs. Because
we observed that breathing NO prevented the vasoconstriction induced by SRBC
transfusion, and that induced by transfusing supernatant from SRBCs, we proposed that
SRBC-induced vasoconstriction was attributable to the cell-free Hb in the SRBC
supernatant. Although we did not observe systemic hypertension in HFD-fed WT mice after
SRBC transfusion, we speculate that db/db mice are more sensitive to the vasoconstricting
effects of SRBC transfusion because they have more marked endothelial dysfunction than
do HFD-fed WT mice. On the other hand, it remains possible that mechanisms other than
NO scavenging by supernatant Hb may account for the ability of SRBCs to increase blood
pressure in db/db mice.

We previously reported that inhaled NO, a safe method for administering NO, prevented the
vasoconstriction caused by infusing tetrameric Hb.28 We therefore performed studies
designed to test whether NO breathing could prevent the hypertension induced by
transfusing SRBCs. An important finding of this study is that concurrently breathing 80 ppm
NO prevented the systemic hypertension induced by transfusion of SRBCs into db/db mice.
As others have shown in dogs,45 breathing NO at 80 ppm rapidly oxidizes plasma
oxyhemoglobin (oxy-Hb) to met-Hb, which is unable to scavenge NO. In our prior studies,
we also showed that pretreatment with inhaled NO prevented vasoconstriction induced by
subsequent infusion of tetrameric Hb.28 Thus, we believe that breathing NO both oxidizes
circulating oxy-Hb to met-Hb and loads the body’s stores with bioactive NO-containing
molecules (e.g., nitrite and S-nitroso-Hb),46 thereby preventing the systemic
vasoconstriction caused by SRBCs infusion in db/db mice. Although high doses (80 ppm) of
inhaled NO oxidize and inactivate plasma Hb, the oxygen-carrying capacity of erythrocytic
Hb is preserved by met-Hb reductase.

In this study, hemolysis occurred when murine RBCs were stored for 2 weeks with
accumulation of extracellular Hb in supernatant to levels ninefold greater than that detected
in the supernatant of blood stored for less than 24 hours. At both 10 minutes and 2 hours
after transfusion of SRBCs, an increase in plasma Hb levels was detected. The increase in
plasma Hb levels after SRBC transfusion may be attributable to both supernatant Hb
released during storage as well as in vivo lysis of injured SRBCs after transfusion. One
might expect with massive transfusion that persistent hemoglobinemia due to destruction of
stored RBCs would produce sustained NO scavenging and vasoconstriction. It has been
reported in a two-dimensional blood vessel model that a level of cell-free plasma Hb as
lowas 1.61 mg/dL can limit NO bioavailability by scavenging NO.47 After transfusion of
SRBCs in mice, the plasma Hb levels were well above this threshold. Most recently,
Donadee and colleagues26 reported that after 42 days of storage of human RBCs,
approximately 15% of supernatant Hb is contained in microparticles encapsulating Hb
within a lipid cell membrane. Both free Hb and to a lesser extent encapsulated Hb can
scavenge NO via the dioxygenation reaction and contribute to decreased NO bioavailability.
When we oxidized the supernatant by NO exposure, it no longer produced vasoconstriction
upon infusion into db/db mice.Thus, it is likely that transfusion of ferrous Hb in the
supernatant of SRBCs caused systemic hypertension in highly sensitive db/db mice and that
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rapid destruction of transfused SRBCs contributed to the persistent elevation of plasma Hb
at 2 hours.

If observations in mice can be extrapolated to human beings, caution should be taken when
transfusing stored RBCs into patients with diabetes or other diseases inducing endothelial
dysfunction (e.g., cardiovascular diseases such as atherosclerosis). Utilization of “younger”
RBCs should be considered when patients with endothelial dysfunction require transfusion.
The ability of supplementation of vascular NO levels with an NO donor compound or
inhaled NO (to avoid systemic hypotension) to reduce the noxious effects of transfusing
SRBCs in high-risk patients merits additional investigation.

In conclusion, we report that murine RBCs undergo significant biochemical, morphologic,
and functional changes after 2 weeks of storage. Transfusion of SRBCs raised serum iron
levels and induced a mild inflammatory response. Transfusion of SRBCs or supernatant
from SRBCs caused systemic vasoconstriction and hypertension in db/db mice, which was
prevented by breathing NO. Transfusing washed SRBCs or the oxidized supernatant
obtained from SRBCs did not cause vasoconstriction in db/db mice. Thus, mice with
endothelial dysfunction (db/db mice) are sensitized to the adverse hemodynamic effects of
transfusing SRBCs. Transfused ferrous oxy-Hb (either free Hb or Hb in microparticles)
released into the supernatant from RBCs during storage appears to be responsible for the
vasoconstriction produced in db/db mice. Our current data support a possible link between
the RBC storage lesion, Hb and heme release, and elevated iron levels in producing
cardiovascular and inflammatory changes in highly susceptible recipients (e.g., db/db mice).
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ABBREVIATIONS

db/db diabetic (mice)

FRBC(s) fresh leukoreduced murine red blood cells (stored ≤24 hr)

GFP green fluorescent protein

HFD high-fat diet

HO-1 heme oxygenase-1

Hp haptoglobin

Hx hemopexin

LPS lipopolysaccharide

LVESP left ventricular end-systolic pressure

met-Hb methemoglobin
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ODC(s) oxygen dissociation curve(s)

oxy-Hb oxyhemoglobin

SBE standard base excess

SBP systolic blood pressure

SRBC(s) stored leukoreduced murine red blood cells (stored for 2 weeks)

SVRI systemic vascular resistance index

WT wild type
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Fig. 1.
Storage-induced morphologic, biochemical, and functional changes in murine RBCs in vitro.
(A) Stained smears of FRBCs (top panel) and SRBCs (bottom panel); arrowheads in the
bottom panel showing increased numbers of abnormally shaped RBCs after 2-week storage.
(B) ODC of FRBCs (—) and SRBCs (- - -). P50, defined as the partial pressure of oxygen at
which Hb is 50% saturated, was calculated from the ODC. The ODC of SRBCs was left-
shifted with a P50 of 21 ± 1 mmHg; in contrast, the P50 of FRBCs was 43 ± 0 mmHg. (C)
Comparison of changes in 2,3-DPG levels of FRBCs (n = 5) and SRBCs (n = 5) with P50 of
FRBCs (n = 3) and SRBCs (n = 3). (D) FRBC (●; n = 6) or SRBC (□; n = 6) survival was
determined by the percentage of GFP-labeled RBCs measured 24 hours after transfusion
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divided by the percentage of GFP-labeled RBCs at Time 0 in WT mice. *p < 0.01 differs
versus FRBCs.
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Fig. 2.
Serum iron levels 2 hours after transfusion with FRBCs or SRBCs in awake WT (A), HFD-
fedWT (B), and db/db (C) mice. Control, no transfusion, n = 4/group; FRBCs, n = 6/group;
SRBCs, n = 6/group. *p < 0.05 differs vs. control and FRBCs.

Yu et al. Page 17

Transfusion. Author manuscript; available in PMC 2013 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Plasma levels of IL-6 (A), Hp (B), and Hx (C) at 2 hours after transfusion of FRBCs or
SRBCs in awake WT, HFD-fed WT, and db/db mice. Control, no transfusion, n = 4/group;
FRBCs, n = 6/group; SRBCs, n = 6/group. *p < 0.05 differs versus control; †p < 0.01 differs
versus FRBCs.
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Fig. 4.
Changes of hepatic HO-1 mRNA levels at 2 hours after transfusion of FRBCs or SRBCs in
awake WT (A), HFD-fed WT (B), and db/db (C) mice. Control, no transfusion, n = 4/group;
FRBCs, n = 6/group; SRBCs, n = 6/group. *p < 0.05 differs versus control and FRBCs.
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Fig. 5.
SBP (mmHg) after different types of transfusions (10% estimated blood volume) in awake
WT, HFD-fed WT, or db/db mice. (A) Transfusion with FRBCs (●; n = 5) or SRBCs (□; n
= 6) in awake WT mice. (B) Transfusion with FRBCs (●; n = 6) or SRBCs (□; n = 6) in
awake HFD-fed WT mice. (C) Transfusion with FRBCs (●; n = 9) or SRBCs with (Δ; n =
12) or without (□; n = 9) breathing iNO (Δ; 80 ppm) in awake db/db mice. (D) Transfusion
with supernatant from FRBCs (●; SFRBCs, n = 11), supernatant from SRBCs (□; SSRBCs,
n = 7), or oxidized SSRBCs (Δ; n = 6) in awake db/db mice. (E) Transfusion with washed
FRBCs (●; n = 9) or washed SRBCs (□; n = 6) in awake db/db mice. *p < 0.05 differs
versus FRBCs and SRBCs plus iNO.
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Fig. 6.
Comparison of changes in systemic hemodynamic measurements in anesthetized db/db mice
before and after transfusion of supernatant of FRBCs (SFRBCs, n = 6), supernatant of
SRBCs (SSRBCs, n = 6), FRBCs (n = 7) or SRBCs (n = 7). (A) Changes in LVESP
(mmHg) before and 10 minutes after transfusion. (B) Changes in SVRI (%) before and 10
minutes after transfusion. *p < 0.05 differs versus either supernatant of FRBCs or the FRBC
group
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TABLE 1

Comparison of blood chemistry in FRBCs (≤24 hr) and SRBCs (2 weeks)*

Measure FRBCs (n = 5) SRBCs (n = 5)

pH 7.06 ± 0.03 6.53 ± 0.03†

PCO2 (mmHg) 16 ± 1 35 ± 4†

PO2 (mmHg) 217 ± 9 140 ± 12†

HCO3
− (mmol/L) 4± 0 3 ± 0†

SBE (mmol/L) −24 ± 0 −30 ± 1†

Na+ (mmol/L) 152 ± 0 137 ±1†

K+ (mmol/L) 3.7 ± 0.4 34.4 ± 2.6†

Cl− (mmol/L) 121 ± 1 120 ± 1

Ca2+ (mmol/L) 0.06 ± 0 0.05 ± 0

Lactate (mmol/L) 2.2 ± 0.3 18.3 ± 2.0†

Hb (g/dL) 14.1 ± 1.6 12.9 ± 0.2

Supernatant Hb (mg/dL) 64 ± 6 571 ± 51†

Hemolysis (%) 0.1 ± 0 0.8 ± 0†

*
Values are mean ± SEM.

†
p < 0.01 differs versus FRBCs.
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