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Abstract

Severe adverse events have been observed following the infusion 
of Hemoglobin Based Oxygen Carriers (HBOCs) in patients subjected to 
elective orthopedic procedures, cardiopulmonary bypass surgery, and 
vascular surgical procedures. Along with all three of the hemoglobin 
based oxygen carriers, the patients received Ringer’s D,L-lactate as 
the resuscitation fluid, Ringer’s D,L lactate in the excipient medium 
for the stroma-free hemoglobin, and liquid preserved red blood cells 
that has been stored at 4˚C for longer than 2 weeks.  The Ringer’s 
D,L lactate solution has been shown to be toxic in both animals and 
patients. In a recent publication morbidity and mortality have been 
reported and associated with the length of storage of red blood cells 
at 4˚C for longer than 2 weeks in patients subjected to re-operative 
cardiac surgery. Current clinical adverse events with HBOCs may be 
associated with the composition of the resuscitation solution (Ringer’s 
lactate), the composition of the excipient medium (Ringer’s lactate) 
for the hemoglobin based oxygen carrier, and the length of storage 
of the liquid preserved red blood cells infused with the hemoglobin 
based oxygen carrier.

Two billion dollars have been spent on attempts to develop Food 
and Drug Administration (FDA)-approved safe and therapeutically 
effective hemoglobin based oxygen carriers. Despite the significant 
investment, the clinical studies performed in elective orthopedic 
surgical patients; in patients subjected to cardiopulmonary bypass 
surgery; and in patients subjected to major vascular surgical 
procedures have all been associated with severe adverse events. 
The combination of the Ringer’s D,L lactate resuscitation fluids 
administered to these patients, the Ringer’s D,L lactate excipient 
medium for the HBOC, and the length of storage at 4˚C of the liquid 
preserved RBC infused into these patients who received HBOC may be 
responsible for severe adverse events that have been observed.
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Objective
The objective of this review is to identify the factors that 

affect the toxicity of HBOCs.
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Hemoglobin based oxygen carriers (HBOCs) are resuspended 
in media referred to as excipients. The primary excipient for 
HBOC has been Ringer’s D,L lactate solution supplemented 
with antioxidants to prevent the formation of methemoglobin 
during the storage period. Investigators have reported cardiac 
arrhythmias in animals and patients infused with Ringer’s 
D,L lactate solution. Studies have also shown that D-lactate 
stimulates human granulocytes to generate oxygen free radicals 
[1,2]. These studies led the manufacturers to modify the Ringer’s 
D,L-lactate solution so that it now contains only the L isomer of 
lactate. However, a publication by Cross HR and associates has 
shown that L-lactate inhibits glycolysis impairing resuscitation of 
the isolated rat hearts [3].

Based on several studies, Veech RL has recommended 
replacing the 28 mM Ringer’s D,L lactate with 28 mM Na-D-
beta hydroxybutyrate (NaD BHB). NaD BHB has been shown to 
reduce the generation of oxygen free radicals by mitochondria 
and human granulocytes. The original Ringer’s ketone solution 
suggested by RL Veech contained a physiological concentration 
of glucose (5 mM) [4].

Alam HB and associates, Koustova E and associates, Jaskille A 
and associates, and Ayuste EC and associates demonstrated that 
Ringer’s ketone-glucose solution administered to rats and swine 
subjected to hemorrhagic shock, produced significantly less 
apoptosis in the lung than Ringer’s D,L lactate solutions [5-8].

Ringer’s D,L lactate has been the principle resuscitation fluid 
used in clinical medicine and the excipient for HBOC for more 
than 30 years [9]. Ringer’s D,L lactate solution causes neutrophil 
activation which produce reactive oxygen intermediates which 
are inhibited by ketones [10-12].

Both Ringer’s D,L lactate and HBOC produce oxygen free 
radicals and the presence of both may be responsible for severe 
adverse events reported with the use of HBOC in patients 
subjected to elective orthopedic and cardiopulmonary bypass 
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surgical procedures. Orthopedic and cardiopulmonary bypass 
patients who received HBOC in Ringer’s D,L lactate excipient 
have also been resuscitated with Ringer’s D,L lactate solution. 
Oxygen free radicals generated by Ringers D,L lactate and 
HBOC may oxidize nitric oxide in endothelial cells, causing the 
vasoconstrictor effects reported following the infusion of HBOC. 
In addition, generation of oxygen free radicals activate Nuclear 
Fragment-Kappa Beta (NF-Kb) and the apoptotic cascade. The 
combination of Ringer’s D,L lactate resuscitation fluid and the 
HBOC in the Ringer’s D,L lactate excipient may be responsible 
for the severe adverse events observed in the clinical studies of 
HBOC [13].

Scientific rational for use of Ringer’s ketone solution include 
the maintenance of ATP production which is essential for cell 
survival and function. NaD BHB (NaD beta hydroxybutyrate) 
produces ATP by mitochondria and prevents oxygen free radical 
damage. By acting as a substrate during acute and chronic stress 
NaD BHB maintain cell survival and function and modifies disease 
progression [2].

Studies done by our laboratory demonstrated that final 
heat sterilization or irradiation could not be used to sterilize 
the Ringer’s ketone solution containing 5 mM glucose without 
adversely affecting beta hydroxybutyrate and glucose levels. The 
large volume (1L) Ringer’s ketone-glucose solution was prepared 
by a commercial company using final filter sterilization [13].

Recent studies have demonstrated that removal of 5 mM 
glucose allowed for heat sterilization of the solution with no 
adverse effects on beta hydroxybutyrate levels. Ringer’s ketone 
solution is now prepared without glucose to allow for heat 
sterilization.

Insulin Resistance and Therapeutic Effect of NaD 
Beta Hydroxybutyrate Solution

Severe injury, infection and hemorrhage all cause insulin 
resistance. Insulin resistance blocks glucose entry into cells 
and conversion of pyruvate to acetyl CoA impairing cellular 
energy production. Na-DB-hydroxybutyrate containing fluids, 
increase metabolic efficiency and bypass blocks caused by 
insulin resistance and lactate. D-lactate containing fluids can 
cause neurological dysfunction, cardiac arrhythmias and death 
[1,4,14,15]. Ringer’s D,L lactate solution was a major cause of 
DaNang lung in Vietnam wounded casualties. Ringer’s D,L lactate 
was used to prevent hyperchloremic acidosis [16] and Ringer’s 
D,L lactate became the standard for treatment of hemorrhagic 
shock [17]. After publication of several papers in 1986 on the 
toxicity of Ringer’s D,L lactate solution, Baxter Laboratories 
provided Ringer’s L lactate solution in 1987.

Acute respiratory distress syndrome observed in wounded 
casualties by administration of Ringer’s D,L lactate can be 
prevented by the use of Ringer’s ketone solution.. The ketone 
body Na D-B-hydroxybutyrate improves cardiac efficiency, 
maintains brain function and can be incorporated into improved 
resuscitation fluids [18].

Sato K and associates reported that Ringer’s ketone solution 

increased myocardial function of isolated perfused rat heart by 
28% while decreasing oxygen consumption compared to Ringer’s 
D,L lactate solution [19]. Clarke K and associates have reported 
that feeding ketone esters to rats increased physiological and 
cognitive performance. Masuda R and associates have reported 
Na-D-B-hydroxybutyrate was neuroprotective against hypoxia 
in serum free hippocampal cultures [20]. Hu ZG and associates 
have reported that ketogenic diet reduced apoptosis in traumatic 
brain injury [21].  Effective therapy of traumatic brain injury 
can be achieved by closure of the mitochondrial permeability 
transitional pore by administration of cyclosporine A or by oral 
administration of ketone body esters [22]. Prins ML has reported 
on cerebral metabolic adaptation and ketone metabolism after 
brain injury [23].

Longnecker DE et al [24] recommended investigation of 
NaD-B-hydroxybutyrate resuscitation fluids at the Institute of 
Medicine Committee on Fluid Resuscitation for Combat Casualties 
and Civilian Injuries in 1999. Methods for the production of Na-D-
B-hydroxybutyrate parenteral fluids have been developed at NIH 
by Veech RL and associates.  In collaboration with Dr. Richard 
Veech Ringer’s ketone solutions were prepared by NBRL, Boston, 
MA which are stable following storage at room temperature for 
2 years.

Severe Adverse Events Associated with  Hemoglo-
bin Based Oxygen Carriers:  Role of Resuscitation 
Fluids and Liquid Preserved RBC

At an Institute of Medicine meeting held in September 1998 
in Washington, DC on resuscitation fluids, the toxicity of Ringer’s 
D,L lactate was discussed. Veech RL has reported the cardiac 
arrhythmias observed in experimental animals and patients 
infused with Ringer’s D,L lactate solution [4]. Veech also reported 
that D- lactate generated oxygen free radicals and that the 
metabolism of L-lactate inhibited glycolysis and recommended 
the use of Ringer’s ketone solution which contains 28mM D beta 
hydroxybutyrate instead of the 28 mM of D,L-lactate. Subsequent 
studies by Alam, Koustova, Jaskille, Ayuste and associates 
have reported that Ringer’s D,L-lactate resuscitation solution 
produced pulmonary apoptosis and intracellular adhesion 
molecule-1 expression in rats and swine and that those adverse 
effects were attenuated by the use of Ringer’s ketone solution 
and Ringer’s pyruvate solution [5-8]. Ringer’s ketone solution 
is stable at room temperature for at least 2 years, but Ringer’s 
sodium pyruvate and Ringer’s ethyl pyruvate solutions are not 
stable at room temperature.

In studies conducted during the Vietnam war, young wounded 
servicemen who were resuscitated with large volumes of 
crystalloid solutions consisting of Ringer’s D,L lactate developed 
acute respiratory distress syndrome referred to as “Danang Lung” 
In recent studies in which rats subjected to hemorrhagic shock 
were resuscitated with Ringer’s D,L lactate, the toxic effects of this 
solution were observed in the production of pulmonary, liver and 
intestinal apoptosis. Rhee and associates have reported that Ringer’s 
D,L lactate stimulates human granulocytes to produce oxygen free 
radicals but that Ringer’s L-lactate is less effective [10,11].
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A study was performed at the NBRL with the collaboration 
of Dr. Carl S. Apstein and his associates to assess the therapeutic 
effect of Ringer’s ketone solution or Ringer’s D,L lactate solution 
on myocardial function in rats. The cardiac output was reduced 
from 60 ml/min to 5-7 ml/minute and then the rats were 
resuscitated with Ringer’s ketone solution or Ringer’s D,L lactate 
solution for 2 hours followed by stimulation with dobutamine. 
Both mortality and cardiac output were measured.

The data shows that treatment with Ringer’s ketone solution 
produced significant improvement in survival in rodents at one 
hour and two hours following hemorrhage and resuscitation. 
Cardiac output was significantly improved at one hour and 
two hours in rats resuscitated with Ringer’s ketone solution 
compared to Ringer’s D,L lactate solution [25].

In another study at the NBRL, the therapeutic effect of 
resuscitative solutions to treat hypovolemic anemic rats 
subjected to renal ischemia was studied in collaboration with 
Dr.W.Lieberthal and his associates. A protocol was developed 
in rats subjected to hypovolemic anemia and renal ischemia to 
assess the therapeutic effects of blood, Ringer’s D,L-lactate, and 
Ringer’s ketone solution.

The left kidney of the rat was removed and the right renal 
artery was clamped for 30 minutes. During the period of renal 
ischemia, 8 ml of blood was removed in l0 minutes for the three 
groups except for the sham-treated rats. The 8 ml of heparinized 
blood was reinfused over a 10-minute period or 15 ml of solution 
of Ringer’s ketone or Ringer’s D,L lactate. The renal artery clamp 
was removed after 30 minutes of renal ischemia.  Twenty-
four (24) hours and 2 days following the resuscitation of the 
hypovolemic anemic rats with renal ischemia, the Glomerular 
Filtration Rate (GFR), the hematocrit, the weight and ratio of 
insulin in the urine and plasma were measured.

The glomerular filtration rate and the insulin urine to plasma 
ratio 48 hours following resuscitation were the highest for rats 
treated with Ringer’s ketone solution. The weight loss in the rats 
treated with Ringer’s ketone was similar to the sham treated 
rats.  Greater weight loss was observed in the rats treated with 
blood and Ringer’s D,L-lactate.  The Ringer’s ketone solution 
improved renal function 48 hours after resuscitation when 
compared to the Ringer’s D,L lactate solution.  The observation 
on the improvement of renal function in hypovolemic anemic rats 
subjected to renal ischemia by the use of Ringer’s ketone solution 
supports the preparation of ketone containing resuscitation 
solutions [25].

Following the documentation of Ringer’s D,L-lactate’s 
toxicity and the demonstration that the D-isomer of lactate 
was primarily responsible for its toxicity, Ringer’s DL-lactate 
solution was modified and the solution now contains only the 
L-isomer of lactate, i.e. Ringer’s L-lactate.  However, there has 
been no clinical testing of the modified solution. Cross and 
associates have reported that L-lactate inhibited glycolysis and 
impaired resuscitation of isolated rat hearts [3]. Recent studies in 
rodents and swine subjected to hemorrhagic shock showed that 
resuscitation with Ringer’s L-lactate solution reduced the hepatic 

and pulmonary apoptosis observed with Ringer’s D,L-lactate 
solution [3].

Any resuscitation fluid and excipient medium used in 
the HBOC should minimize the oxygen free radicals that 
may be formed by the HBOC.  Beta hydroxybutyrate, when 
substituted for D,L lactate in the Ringer’s ketone solution, has 
been shown to attenuate the pulmonary apoptosis in rat lungs 
following hemorrhagic shock and resuscitation. Moreover, beta 
hydroxybutyrate reduces the generation of oxygen free radicals 
by mitochondria and by human granulocytes [4,12].

Data have shown that Ringer’s D,L-lactate resuscitation fluid 
combined with a HBOC that contains Ringer’s D,L-lactate in the 
excipient may be responsible for reported severe adverse events 
observed in clinical studies of HBOC.  Diabetic patients have a 
higher incidence of severe adverse events than non-diabetic 
patients following cardiopulmonary bypass surgery when they 
received HBOC in the Ringer’s D,L-lactate excipient. In these 
patients, Ringer’s D,L-lactate was used as hemodilution solution 
and it was infused as the resuscitation solution. Ringer’s D,L-
lactate is toxic and it should not be used as the excipient for 
HBOC. Ringer’s L-lactate should be more extensively evaluated, 
both as a resuscitation fluid and as an excipient medium for the 
HBOC. The therapeutic effectiveness of Ringer’s ketone solution 
in resuscitation has been demonstrated in animals and it appears 
to be an ideal resuscitative fluid and excipient medium for HBOC 
[18].

The Effects of Preserved Red Blood Cells on the 
Severe Adverse Events Observed in Patients 
Infused with Hemoglobin Based Oxygen Carriers

The severe adverse events observed in patients who received 
hemoglobin based oxygen carriers (HBOCs) were associated with 
the Ringer’s D,L-lactate resuscitation solution administered and 
in the excipient used in the HBOCs containing Ringer’s D,L-lactate 
and the length of storage of the preserved RBC administered to 
the patient at the time that the HBOCs were infused. The quality 
of the red blood cells preserved in the liquid state at 4˚C and 
that of previously frozen RBCs stored at 4˚C with regard to their 
survival, function, therapeutic effectiveness and safety need to be 
assessed. Severe adverse events have been observed related to 
the length of storage of the liquid preserved RBC at 4˚C for longer 
than 2 weeks prior to transfusion [26]. The current methods to 
preserve RBC in the liquid state in additive solutions at 4˚C is to 
maintain their survival and function for only 2 weeks.  The freezing 
of red blood cells with 40% W/V glycerol and storage at -80˚C 
allows for storage at -80˚C for 10 years and following thawing, 
deglycerolization and storage at 4˚C in the additive solution (AS-
3 Nutricel) for 2 weeks with acceptable 24 hour post transfusion 
survival, less than 1% hemolysis, and moderately impaired 
oxygen transport function with no associated adverse events.  
Frozen deglycerolized RBCs are leukoreduced and contain less 
than 5% of residual plasma and non-plasma substances. Frozen 
deglycerolized RBCs are the ideal RBC product to transfuse 
patients receiving HBOCs [27].
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Role of Nitric Oxide in the Prevention of Severe 
Adverse Events Associated with Blood Products

The reduction in vitro of nitric oxide binding to the globin 
portion of hemoglobin (SNoHb) in fresh and liquid preserved red 
blood cells has been reported to be responsible for the Severe 
Adverse Events (SAEs) associated with red blood cell transfusion. 
No in vivo data were reported that the reduction in SNoHb in red 
blood cells produced severe adverse events (SAEs) in recipients.

Several articles have reported severe adverse events 
associated with the transfusion of FDA-approved RBC blood 
products. The recent article published in the Proceedings of 
the National Academy of Sciences Journal by Bennett-Guerrero 
E and associates [28] reported on the possible relationship 
between the decrease in nitric oxide occurring in fresh and 
liquid preserved RBC in AS-3 additive solution (Nutricel) during 
storage at 4˚C for 42 days and the mortality and morbidity 
associated with the transfusion of FDA approved RBC products. 
Since this article received extensive coverage in the lay press, 
we felt that it was important to comment on our experiences at 
the NBRL in human and baboon studies which suggest that the 
reduction in S-nitrosohemoglobin is a reversible defect that is 
corrected following transfusion. The preservation of red blood 
cell, platelets, and plasma using freeze preservative procedures 
has not been associated with the severe adverse events that are 
currently observed with the transfusion of FDA-approved blood 
products.

The recent publication by Bennett-Guerrero B and associates 
suggests that nitric oxide bound to the cysteine of the globin 
portion of hemoglobin (S-N0Hb) within red blood cells is 
rapidly lost in fresh CPD whole blood and in CP2D RBC stored 
in the additive solution AS-3 (Nutricel) at 4˚C for 42 days. The 
authors speculate that this depletion of S-nitrosohemoglobin 
(S-NOHb) produces severe adverse events in recipients related 
to vasoconstriction of the microcirculation. They report no data 
to document that this in vitro decrease in S-NOHb is irreversible 
and is not corrected following the transfusion of the red blood 
cells [29].

Valeri CR and RL Veech have reported on the unrecognized 
effects of the volume and composition of the resuscitation fluid 
used during the administration of blood products [30]. Recent 
publications have reported the severe adverse events associated 
with blood products but have not considered the effect of the 
volume and composition of the resuscitative fluids infused with 
the blood products.

Injury leads to cellular reaction characterized by insulin 
resistance during which glucose cannot enter muscle and fat 
cells.  In all cells, mitochondrial Pyruvate Dehydrogenase (PDH) 
activity is decreased during insulin resistance leaving cells 
deficient in substrates needed to power the Krebs cycle and make 
ATP.

D-B-hydroxybutyrate, a normal ketone body metabolite, 
enters cells on the monocarboxylate transport channel 
mimicking the action of insulin and bypassing the enzymatic 

block at PDH. Metabolism of ketone bodies increases efficiency of 
mitochondrial energy production and cellular ATP level.

Infusion of 250 ml of 600 mM Na-D-B-hydroxybutyrate 
solution, with the same osmotic strength as the hypertonic NaCl 
solution currently being used would correct insulin resistance, 
provide energy substrates for cells to produce ATP, correct the 
tendency of injured tissue to swell due to decreased energy of 
ionic gradients, and correct acidosis observed in hemorrhage 
(Table 1).  Table 1 reports the composition of isotonic Ringer’s 
lactate solution, isotonic Ringer’s ketone solution, and isotonic 
sodium chloride solution used for high volume resuscitation 
and hypertonic sodium chloride solution and hypertonic ketone 
solution used for low volume resuscitation that are available for 
evaluation.

Substrate Resuscitation
Carl W. Walter in l937estab1ished the first blood bank in 

Boston. He later developed the plastic bag for collection of 
blood thus facilitating the separation of blood components. In 
1986, he wrote a succinct summary of a paper which outlined 
the toxicity of current parenteral fluid published by RL Veech 
[4]. “The prescribing of parenteral fluids has become so routine 
that most physicians have become oblivious to the toxic impact 
of current practices on the cellular metabolism of their patients. 
Few physicians recognize the iatrogenic threat of replacement 
of body fluids based solely on volumetric and caloric needs. 
Understanding the metabolic and ionic organization of cells can 
provide the physician means to use parenteral fluids to control 
the inherent metabolic energy of cells. Application of new insight 
into physical chemistry and metabolic properties of the cell can 
enhance the physician’s therapy in critically ill patients.”

Injury of any sort, leads to a cellular reaction which is 
characterized by insulin resistance [31]. During insulin resistance, 
glucose cannot enter muscle and fat cells nor can the cell 
metabolize the lactate given in lactated Ringer’s solutions. More 
importantly in all cells the mitochondrial pyruvate dehydrogenase 
(PDH) activity is decreased during insulin resistance leaving 
the cell deficient in substrates needed to power the Krebs cycle 
to make ATP [32].  The normal ketone body metabolite D-B-
hydroxybutyrate enters cells via the monocarboxylate transport 
channel mimicking the action of insulin [33] and bypassing the 
enzymatic block at PDH. Even more importantly, the metabolism 
of ketone bodies, increases the efficiency of mitochondrial energy 
production and increases the energy contained within the ATP 
molecule that is the delta G ATP [19].

In order to prevent dilutional coagulopathy, one needs to 
use low volume, substrate based resuscitation fluids which 
are capable of correcting the metabolic and physical chemical 
abnormalities and the energy deficit of the injured cell. The 
most important metabolic defect needing correction in injured 
patients receiving blood products and parenteral fluids is insulin 
resistance [31].  Insulin resistance prevents the injured cell from 
metabolizing the lactate produced by glycolysis as well as the 
lactate administered in Ringer’s lactate fluids. This metabolic 
defect of insulin resistance in the cells of injured patients can 
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be overcome by the administration of Na-D-B-hydroxybutyrate 
containing solutions which bypass the metabolic block at PDH 
and increase the energy of the ATP molecule [19,33].  The six most 
important metabolic effects of ketone bodies can be summarized 
as follows [19]:

•	 Increases the concentration of Krebs cycle substrates 
depleted by insulin resistance

•	 Production of mitochondrial NADH required as a 
substrate for electron transport

•	 Oxidation of coenzyme Q thus lowering the production of 
free radicals

•	 Increases the energy of ATP hydrolysis, delta G ATP

•	 Mimics the action of insulin

•	 Overcomes the blockade of insulin resistance

Such a solution would be compromised of 600 mM Na-D-B-
hydroxybutyrate which would have the same osmotic strength 
as the current hypertonic NaCl solutions being used. It could be 
provided in 250 ml volumes.  Infusion of D-B-hydroxybutyrate 
containing solutions would correct the insulin resistance of injury 
[31] provide energy substrates for the cell to produce ATP [19] 
correct the tendency of injured tissue to swell due to the decrease 
in the energy of ionic gradients [34] as well as correcting the 
acidosis often accompanying hemorrhage.

Summary
This review reports the interactions of hemoglobin based 

oxygen carriers (HBOCs), the Ringer’s D,L lactate resuscitation 
fluid and excipient in which the HBOCs are resuspended and the 
length of storage of the liquid preserved RBC administered with 
the HBOCs to produce the severe adverse events (SAEs) observed 
in these patients. The trifecta of the HBOCs, the Ringer’s D,L 
lactate solution, and the length of storage of RBCs at 4˚C prior to 
transfusion with the HBOCs needs to be investigated. 
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