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Safety and efficacy of human 
polymerized hemoglobin on guinea 
pig resuscitation from hemorrhagic 
shock
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For the past thirty years, hemoglobin-based oxygen carriers (HBOCs) have been under development as 
a red blood cell substitute. Side-effects such as vasoconstriction, oxidative injury, and cardiac toxicity 
have prevented clinical approval of HBOCs. Recently, high molecular weight (MW) polymerized human 
hemoglobin (PolyhHb) has shown positive results in rats. Studies have demonstrated that high MW 
PolyhHb increased  O2 delivery, with minimal effects on blood pressure, without vasoconstriction, and 
devoid of toxicity. In this study, we used guinea pigs to evaluate the efficacy and safety of high MW 
PolyhHb, since like humans guinea pigs cannot produce endogenous ascorbic acid, which limits the 
capacity of both species to deal with oxidative stress. Hence, this study evaluated the efficacy and 
safety of resuscitation from severe hemorrhagic shock with high MW PolyhHb, fresh blood, and blood 
stored for 2 weeks. Animals were randomly assigned to each experimental group, and hemorrhage 
was induced by the withdrawal of 40% of the blood volume (BV, estimated as 7.5% of body weight) 
from the carotid artery catheter. Hypovolemic shock was maintained for 50 min. Resuscitation was 
implemented by infusing 25% of the animal’s BV with the different treatments. Hemodynamics, 
blood gases, total hemoglobin, and lactate were not different before hemorrhage and during shock 
between groups. The hematocrit was lower for the PolyhHb group compared to the fresh and stored 
blood groups after resuscitation. Resuscitation with stored blood had lower blood pressure compared 
to fresh blood at 2 h. There was no difference in mean arterial pressure between groups at 24 h. 
Resuscitation with PolyhHb was not different from fresh blood for most parameters. Resuscitation 
with PolyhHb did not show any remarkable change in liver injury, inflammation, or cardiac damage. 
Resuscitation with stored blood showed changes in liver function and inflammation, but no kidney 
injury or systemic inflammation. Resuscitation with stored blood after 24 h displayed sympathetic 
hyper-activation and signs of cardiac injury. These results suggest that PolyhHb is an effective 
resuscitation alternative to blood. The decreased toxicities in terms of cardiac injury markers, vital 
organ function, and inflammation following PolyhHb resuscitation in guinea pigs indicate a favorable 
safety profile. These results are promising and support future studies with this new generation of 
PolyhHb as alternative to blood when blood is unavailable.

Trauma remains one of the leading causes of death worldwide, with approximately half of all trauma deaths 
attributed to  hemorrhage1. After hemorrhagic shock (HS), blood pressure (BP) drastically decreases due to lost 
blood volume, limiting blood perfusion and oxygen  (O2) delivery to tissues, and fails to satisfy cellular and tis-
sue metabolic  O2  needs2. Currently, whole blood and blood components are the gold standard for resuscitation 
of patients after HS, but blood has a short shelf life and limited availability, and the use of ex vivo stored blood 
and stored red blood cells (RBCs) can be detrimental and increase mortality rates in certain  scenarios3,4. Blood 
shortages are common, and the frequency of these shortages is expected to increase in the future based on cur-
rent donation rates and blood usage  trends5. While elective surgeries can be delayed during blood shortages, in 
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emergencies such as trauma, the need for blood is immediate. Furthermore, blood availability can be impacted 
during natural disasters, wars, and more recently during the COVID-19 pandemic, highlighting the importance 
of developing alternatives to blood transfusion.

Numerous studies have demonstrated that the quality of whole blood and RBCs decreases as ex vivo stor-
age time  increases6,7. The maximum time approved by the United States Food and Drug Administration (FDA) 
for ex vivo storage of RBCs is 42 days and whole blood is 21 days at 4 °C in the appropriate additive  solution8. 
In an attempt to decrease RBC, whole blood or blood component transfusion dependence, crystalloids have 
been extensively studied for the management of HS, but treatment with these solutions has limitations such as 
hemodilution, blood acidification, coagulopathy, and most importantly they dilute and reduce the  O2 capacity 
of  blood9. New strategies for the treatment of HS suggest appropriate treatment should focus on restoring tissue 
 O2 delivery by restoring blood volume (BV) and blood flow in both the macro and  microcirculation10,11. There-
fore, ideal HS resuscitation fluids should have certain characteristics such as significant  O2 carrying capacity, 
preservation of hemostasis, universal compatibility, and preservation of blood biophysical properties such as 
osmolarity, colloidal oncotic pressure, and blood  viscosity2.

Hemoglobin (Hb) based  O2 carriers (HBOCs) have been developed with promising results as alternatives to 
blood, when blood is not available. However, previous generations of HBOCs have failed in clinical trials, as they 
lead to vasoconstriction, systemic hypertension, and cardiac  lesions12. Recently, we have developed and evaluated 
a high molecular weight (MW) polymerized human Hb (PolyhHb) as an alternative to blood. Increasing the 
MW of the PolyhHb appears to resolve the issues associated with vasoactivity, thus mitigating vasoconstriction 
and hypertension previously observed in earlier generations of  HBOCs13,14. High MW PolyhHb has also been 
shown to be safer and well-tolerated at higher doses, and capable of preserving microvascular blood flow and 
increasing  O2 delivery with limited  toxicity13,14. Moreover, our most recent publication demonstrated that a 
high MW PolyhHb can restore hemodynamics to a similar degree as blood in a severe model of traumatic brain 
injury followed by HS in  rats15.

However, preclinical toxicological evaluation of HBOCs requires the use of an appropriate animal species 
that closely reflects human physiology and pharmacology. Interestingly, evaluation of early generation HBOCs in 
rats and mice failed to detect toxicity and cardiac ischemia later observed in clinical  trials16,17. Recently, this issue 
was attributed to the fact that rats and mice produce endogenous ascorbic acid (AA), and thus possess a different 
antioxidant status compared to humans, since humans cannot produce AA and must obtain it from their  diet16,17. 
AA is the primary small-molecule reducing agent in blood that maintains the non-oxidized ferrous  (HbFe2+) 
form of Hb/HBOCs, and prevents accumulation of the non-O2 carrying and heme unstable methemoglobin 
(metHb)  (HbFe3+) form of Hb/HBOCs16,17. Consequently, guinea pigs may be a more useful small animal species 
to estimate the safety of new HBOCs, since guinea pigs, like humans, are incapable of endogenous production 
of AA due to the evolutionary loss of functional hepatic L-gulonolactone oxidase (LGO)17. Therefore, this study 
aimed to evaluate the efficacy and safety of resuscitation from HS with high MW PolyhHb compared to fresh 
blood and 2-week-old stored blood, in a guinea pig model. Our hypothesis was that high MW PolyhHb is safe 
and effective at restoring hemodynamics after resuscitation from HS in guinea pigs.

Results
Hemodynamics and hematological parameters. Mean arterial pressure (MAP), heart rate (HR), total 
Hb (tHb) and hematocrit (Hct) are presented in Fig. 1. All groups experienced a similar decrease in MAP dur-
ing HS (approximately 35% compared to baseline), and there was no difference in MAP between groups at 
24 h after resuscitation. However, two hours after resuscitation, the stored blood (SB) group had lower MAP 
(57.8 ± 6.6 mmHg) compared to the fresh blood group (FB) (p = 0.01), while the MAP for the PolyhHb group 
(64.6 ± 3.4 mmHg) was no different from the FB group (69.3 ± 2.1 mmHg). After 24 h, all groups restored MAP 
to a similar level (FB: 79.0 ± 3.0; PolyhHb: 79.0 ± 2.8; SB: 76.3 ± 2.5 mmHg). There were no differences in HR 
between groups at any of the timepoints. The differences in HR between the procedure day (hemorrhagic shock 
resuscitation) and the 24-h time point are due to the effects of anesthesia on the animals during the procedures, 
and the animals being awake at the 24-h time point.

The tHb decreased in all groups similarly after hemorrhage, and was restored to a similar degree in all groups 
at 15 min and 2 h after resuscitation. However, the PolyhHb group had statistically lower tHb (7.4 ± 0.3 g/dL) 
compared to the FB group (11.0 ± 0.3 g/dL, p < 0.01) and to the SB group (9.6 ± 0.3 g/dL, p < 0.01) 24 h after resus-
citation. The Hct decreased in all groups similarly after hemorrhage, by approximately 12% from baseline across 
all groups during HS. Resuscitation with FB restored the Hct (36 ± 0.8%) significantly higher than resuscitation 
with SB (32 ± 1.7%) at 15 min (p = 0.01). The Hct was not recovered in the group resuscitated with PolyhHb 
(25 ± 0.9%), and was statistically lower compared to FB (p < 0.01) and SB (p < 0.01).

Blood gases and lactate are presented in Table 1. There were no statistically significant differences between 
groups in terms of pH,  pO2, or  pCO2 throughout the experimental protocol. Classically, it is expected to observe 
increased lactate concentrations after  HS18, since hypoxic tissues change energy production to anaerobic metabo-
lism, resulting in higher lactate levels. In the present study, the lactate concentration increased equally between 
groups during HS and recovered to baseline for all groups at 24 h after resuscitation (Table 1).

Vital organ damage and injury. Liver and kidney. It has been extensively reported that transfusion of 
early generations of HBOCs can increase oxidative stress leading to organ damage, making it important to evalu-
ate damage to vital organs upon  transfusion19–21. In this study, we used a set of classical biomarkers to determine 
early kidney or liver injury in response to resuscitation with blood or PolyhHb. Biomarkers of liver damage are 
presented in Fig. 2 (panels A to I). Aspartate aminotransferase (AST) was statistically higher after resuscitation 
with SB (59.0 ± 9.1U/L) compared to FB (35.9 ± 1.6 U/L) (p < 0.01), but was not different from resuscitation with 
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PolyhHb (43.7 ± 2.0 U/L) (p = 0.05). AST was not different between resuscitation with FB and PolyhHb. Alkaline 
phosphatase (ALP) was statistically higher after resuscitation with SB (60.3 ± 8.1 U/L) compared to FB (32.1 ± 2.9 
U/L) (p < 0.01). Alanine aminotransferase (ALT) after resuscitation was not different between groups. Moreover, 
no differences were observed for malondialdehyde (MDA), asymmetric dimethylarginine (ADMA), superoxide 
dismutase (SOD), vitamin C (vit C), and glycogen between groups. The SB group presented statistically higher 
chemokine ligand-1 (CXCL1) (207.7 ± 8.0 pg/mg of protein), a liver inflammatory marker, compared to the FB 
group (155.9 ± 7.5 pg/mg of protein) (p < 0.01). Reperfusion with PolyhHb did not change liver CXCL1 com-
pared to FB or SB groups.

Markers of kidney function after resuscitation are shown in Fig. 3. The SB group (1.6 ± 0.1 mg/dL, p < 0.01) 
and the PolyhHb group (1.5 ± 0.1 mg/dL, p = 0.03) showed statistically higher creatinine compared to the FB 
group (1.2 ± 0.1 mg/dL). Blood urea nitrogen (BUN) and urine neutrophil gelatinase-associated lipocalin (U 
Ngal) (classic markers of kidney injury) were not different between groups, suggesting the absence of kidney 
damage after resuscitation.

Heart. Early generations of HBOCs were reported to elicit vasoconstriction, hypertension, and cardiovascu-
lar  events12,22. Thus, our study aimed to track possible cardiac damage after resuscitation. Cardiac troponin, 
c-reactive protein, atrial natriuretic peptide (ANP), and inflammatory markers were evaluated to indirectly 
assess any cardiac damage (Fig. 4). No significant differences between groups were observed for heart inflam-
matory interleukin (IL) − 6 (FB: 126.7 ± 2.3; PolyhHb: 125.7 ± 3.1; SB: 135.5 ± 9.6 pg/mg of protein), and tumor 
necrosis factor-α (TNF-α) (FB: 135.1 ± 3.3; PolyhHb: 139.7 ± 7.7; SB: 134.1 ± 5.3 pg/mg of protein), however the 
SB group presented between 35 and 30% lower levels of monocyte chemoattractant protein-1 (MCP-1) in the 

Figure 1.  Hemodynamics and hematological parameters. PolyhHb restored hemodynamics after hemorrhagic 
shock (HS) similar to fresh and stored blood. However, stored blood took a longer period of time to achieve a 
similar blood pressure compared to fresh blood and PolyhHb. Although, PolyhHb half-life was approximately 
13 h and total hemoglobin was lower 24 h after resuscitation, PolyhHb restored hemodynamics at 24 h 
post-resuscitation. (a) Mean arterial pressure (MAP); (b) Heart rate (HR); (c) Total hemoglobin (tHb); (d) 
Hematocrit (Hct). Measurements were taken at baseline (BL), 50 min into hemorrhagic shock (shock) and 
15 min, 2 h, and 24 h after resuscitation. Animals were awake at the 2 h and 24 h timepoints. *, p < 0.05. 
Statistical comparisons were completed using a two way- ANOVA; Tukey’s multiple comparison test.
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heart compared to the FB (p < 0.01) and PolyhHb (p < 0.01) groups (FB: 167.9 ± 6.9; PolyhHb: 151.8 ± 5.6; SB: 
109.1 ± 13.4 pg/mg of protein). Cardiac troponin was statistically higher (41%) for the SB group compared to 
the FB group (p < 0.01) (FB: 103.8 ± 4.0; PolyhHb: 125.3 ± 2.5; SB: 147.4 ± 15.4 ng/mg of protein), while c-reac-
tive protein was no different between groups (FB: 245.2 ± 8.5; PolyhHb: 250.4 ± 9.4; SB: 227.6 ± 16.3 ng/mg of 
protein). The increased cardiac troponin level indicated cardiac damage caused by resuscitation with stored 
blood. Surprisingly, ANP levels were 17% lower in the SB group compared to the PolyhHb group (p < 0.01) (FB: 
413.1 ± 12.9; PolyhHb: 452.6 ± 19.5; SB: 375.6 ± 16.8 ng/mg of protein).

Systemic and splenic inflammatory markers, and catecholamines. Inflammatory responses are expected from 
blood transfusions, and are exacerbated by transfusion of stored blood and, potentially by  PolyhHb20,23,24. Plasma 
and spleen inflammatory markers are presented in Fig. 5. Plasma IL-6 (FB: 288.6 ± 15.3; PolyhHb: 330.2 ± 17.7; 
SB: 336.1 ± 12.7 pg/mL) and CXCL1 (FB: 223.7 ± 6.0; PolyhHb: 242.1 ± 7.6; SB: 258.6 ± 25.7 pg/mL), two inflam-
matory markers, were not statiscally different in the SB and PolyhHb groups compared to the FB group sug-
gesting there was no systemic inflammation. In contrast, the SB group presented 45% higher levels of IL-10 (an 
anti-inflammatory marker) compared to the FB group (p < 0.01), and 22% higher compared to the PolyhHb 
group (p = 0.04) (FB: 251.7 ± 11.3; PolyhHb: 299.8 ± 11.3; SB: 365.0 ± 31.62 pg/mL). Moreover, splenic CXCL1 
was higher only in the PolyhHb group by 23% compared to the FB group (p = 0.04), and was no different com-
pared to the SB group (FB: 368.3 ± 9.7; PolyhHb: 452.0 ± 17.0; SB: 418.8 ± 45.8 pg/mg of protein).

Catecholamines are autonomic nervous system biomarkers and can predict cardiovascular  risk25. At 24 h after 
resuscitation, the SB group had sympathetic hyperactivation, as suggested by higher norepinephrine compared 
to the FB and PolyhHb groups (p < 0.01 and p < 0.01) (FB: 728.3 ± 18.9; PolyhHb: 824.7 ± 50.1; SB: 1055 ± 44.8 pg/
mL). Similarly, epinephrine was higher after resuscitation in the SB group compared to the FB and PolyhHb 
groups (p < 0.01 and p < 0.01) (FB: 333.6 ± 7.0; PolyhHb: 370.1 ± 11.8; SB: 525.6 ± 64.5 pg/mL).

Iron metabolism. Oxidative damage caused by ferryl Hb is one of the major adverse chemical reactions associ-
ated with prior generations of  HBOCs26,27. In the present study, the enzyme ferritin was measured in all organs 
as well as total bilirubin, in an effort to understand iron metabolism and track possible adverse effects caused 
by either blood or PolyhHb. Serum, spleen, liver, heart ferritin and bilirubin after resuscitation are presented in 
Table 2. Serum ferritin, spleen ferritin, and heart ferritin was lower in the SB group compared to the FB (p < 0.01) 
group and the PolyhHb group (p < 0.01). Liver ferritin was lower in the SB group compared only to the PolyhHb 
group (p = 0.04). Total bilirubin was lower in the fresh blood group compared to the PolyhHb group (p = 0.04) 
and the stored blood group (p < 0.01).

Table 1.  Blood gases, pH and lactate levels. All resuscitation solutions preserved blood gases and pH within 
physiological ranges after resuscitation from HS. Moreover, all resuscitation solutions restored lactate to 
normal levels 24 h after resuscitation. Animals were awake at the 2 h and 24 h timepoints. Data was presented 
as the mean ± SE. BL (Baseline); HS (Hemorrhagic Shock); Resus (Resuscitation). No statistical differences 
were detected between groups in blood gases, blood pH, or blood lactate. Statistical comparisons were 
completed using a two way-ANOVA; Tukey’s multiple comparison test.

Fresh blood (FB) PolyhHb Stored blood (SB)

pCO2 (mmHg)

BL 48.8 ± 2.9 50.5 ± 1.8 53.3 ± 5.7

Shock 50 min 41.9 ± 1.8 43.5 ± 1.5 45.6 ± 3.9

Resus 15 min 44.2 ± 2.3 40.5 ± 2.1 49.9 ± 3.2

Resus 2 h 38.8 ± 1.9 29.6 ± 1.3 36.3 ± 3.0

Resus 24 h 36.0 ± 2.8 39.0 ± 1.0 37.1 ± 1.9

pO2 (mmHg)

BL 107.4 ± 3.8 88.6 ± 10.6 108.6 ± 5.8

Shock 50 min 106.2 ± 2.8 92.1 ± 8.6 103.9 ± 5.5

Resus 15 min 95.1 ± 5.8 88.3 ± 9.5 98.7 ± 4.1

Resus 2 h 82.0 ± 6.7 84.1 ± 7.9 82.2 ± 6.4

Resus 24 h 75.2 ± 8.5 72.3 ± 3.6 67.3 ± 6.8

pH

BL 7.262 ± 0.033 7.290 ± 0.016 7.199 ± 0.068

Shock 50 min 7.316 ± 0.044 7.313 ± 0.017 7.355 ± 0.043

Resus 15 min 7.343 ± 0.032 7.341 ± 0.021 7.341 ± 0.037

Resus 2 h 7.435 ± 0.018 7.429 ± 0.019 7.445 ± 0.034

Resus 24 h 7.436 ± 0.017 7.456 ± 0.017 7.449 ± 0.015

Lactate (mmol/L)

BL 1.94 ± 0.75 1.47 ± 0.39 1.63 ± 0.39

Shock 50 min 3.56 ± 1.18 2.66 ± 0.47 2.07 ± 0.38

Resus 15 min 1.86 ± 0.78 1.90 ± 0.39 1.23 ± 0.19

Resus 2 h 0.76 ± 0.04 2.52 ± 0.57 0.87 ± 0.17

Resus 24 h 1.08 ± 0.48 1.19 ± 0.16 0.67 ± 0.03
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Figure 2.  Markers of liver function after resuscitation. These results indicate that animals resuscitated with 
stored blood presented an increased risk for liver damage at 24 h after resuscitation, while resuscitation with 
PolyhHb do not seem to drastically impair liver enzymes. (A) Aspartate aminotransferase (AST); (B) Alanine 
aminotransferase (ALT); (C) Alkaline phosphatase (ALP); (D)  Malondialdehyde (MDA); (E) Asymmetric 
dimethylarginine (ADMA); (F) Superoxide dismutase (SOD); (G) Vitamin C (Vit C); (H) Glycogen; (I) Liver 
chemokine ligand 1 (CXCL-1). Measurements were taken 24 h after resuscitation. *, p < 0.05 versus Fresh Blood; 
†, p < 0.05 versus Stored Blood. Statistical comparisons were completed using a one way- ANOVA; Tukey’s 
multiple comparison test.

Figure 3.  Markers of kidney function after resuscitation. Stored blood and PolyhHb groups indicate changes in 
kidney function compared to the fresh blood group, as observed by increased serum creatinine. However, the 
level of dysfunction could be transient since BUN and U Ngal, both kidney damage markers, did not change 
when compared to the fresh blood group. (A) Serum creatinine; (B) Blood urea nitrogen (BUN); (C) Urinary 
neutrophil gelatinase-associated lipocalin (U Ngal). Measurements were taken 24 h after resuscitation. *, p < 0.05 
versus Fresh Blood. Statistical comparisons were completed using a one way—ANOVA; Tukey’s multiple 
comparison test.
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Discussion
The main finding in the present study was that high MW PolyhHb can restore systemic hemodynamics after HS 
in guinea pigs that was comparable to blood. Additionally, our results indicated that resuscitation with high MW 
PolyhHb displayed insignificant toxicity towards the heart, liver, spleen, and kidney based on classical markers 
of organ function and inflammation. These results are promising and exciting as they demonstrate a positive 

Figure 4.  Markers of cardiac injury. Stored blood caused a greater degree of cardiac injury compared to fresh 
blood, since cardiac troponin increased for stored blood. However, resuscitation with stored blood or PolyhHb 
did not cause remarkable changes in cardiac inflammation. (A) Interleukin-6 (IL-6); (B) Tumor necrosis factor 
alpha (TNFα); (C) Monocyte chemoattractant protein-1 (MCP-1); (D) Troponin; (E) C-reactive protein; (F) 
Atrial natriuretic peptide (ANP). Measurements were taken 24 h after resuscitation. *, p < 0.05 vs. Fresh Blood; 
†, p < 0.05 versus Stored Blood. Statistical comparisons were completed using a one way—ANOVA; Tukey’s 
multiple comparison test.

Figure 5.  Systemic inflammation, splenic inflammation, and catecholamines. Neither PolyhHb or stored 
blood presented higher systemic inflammation compared to fresh blood (the gold standard for resuscitation). 
However, stored blood increased catecholamine levels compared to fresh blood and PolyhHb suggesting higher 
sympathetic activation after resuscitation. (A) Interleukin-6 (IL-6); (B) Chemokine ligand 1 (CXCL-1); (C) 
Interleukin-1(IL-10); (D) Splenic CXCL-1; (E) Norepinephrine; (F) Epinephrine. Measurements were taken 
24 h after resuscitation. *, p < 0.05 versus Fresh Blood; †, p < 0.05 versus Stored Blood. Statistical comparisons 
were completed using a one way—ANOVA; Tukey’s multiple comparison test.
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safety profile for high MW PolyhHb that is comparable to blood in an animal species with similar antioxidant 
capacity to  humans16. The results support the hypothesis that high MW PolyhHb can restore hemodynamics, 
and causes minimal toxicity in this clinically relevant animal model.

PolyhHb efficiently recovered hemodynamics after resuscitation from HS compared to fresh blood and stored 
blood. All groups recovered MAP equally after resuscitation with no differences in HR. We showed similar results 
with a high MW bovine polymerized Hb (PolybHb) in a previous  study28. This previous study was completed 
in rats resuscitated with PolybHb, and showed that PolybHb restored both the  O2 carrying capacity and MAP 
comparable to  blood28. Similar outcomes have been previously reported for other HBOCs, such as PEGylated 
albumin-heme29,  PolybHb30, polyethylene glycol-modified human  Hb31, Hb  vesicles32, and polymerized human 
placental  Hb33. Taken together our results and those from the literature provide strong evidence that HBOCs 
can be a suitable option to treat trauma associated blood loss when blood is not available. However, our results 
are especially exciting, because we tested the PolyhHb in a guinea pig model, and as mentioned before these 
animals are a more relevant model to evaluate HBOCs safety and efficacy due to their similar antioxidant status 
to  humans16.

Other HBOCs formulations have been evaluated in HS models, e.g. Li et al. demonstrated that polymerized 
human placental Hb improved hemodynamic recovery after HS but provided little protective effect against car-
diac  dysfunction33. The authors discussed that the reason for the negative cardiac effects observed in their study 
stemmed from the presence of unpolymerized Hb in solution, which caused nitric oxide (NO) scavenging and 
vasoconstriction. They also hypothesized that increasing the structural stability of the polymerized Hb to reduce 
the concentration of cell-free Hb could be a possible solution to resolve this issue. Moreover, the solution tested 
in that study included polymerized Hb molecules with low MW (64–600 kDa)33, which our previous studies 
have demonstrated that causes increased blood pressure, vasoconstriction, and  toxicity34,35. In the present study, 
our next generation high MW PolyhHb appears to be superior to stored blood, in terms of cardiac injury, as sug-
gested by cardiac markers. In fact, the increased cardiac troponin of the stored blood group, a classical marker of 
cardiac dysfunction, suggests that stored blood might increase cardiovascular risks when compared to PolyhHb. 
These results demonstrate that high MW PolyhHb does not elicit cardiac side-effects, corroborating our previ-
ous publication where we demonstrated that increasing the MW of the polymerized Hb decreases its’  toxicity14.

During HS, the reduced blood flow limits  O2 delivery and tissues become hypoxic and are forced to switch 
to anaerobic metabolism, which increases lactate production. Therefore, lactate is a good marker of metabolic 
recovery from HS given its strong relationship to inadequate tissue oxygenation and morbidity and  mortality36. 
In this study, all groups increased lactate during HS, but PolyhHb was the only group that did not return lactate 
to baseline levels after 2 h post-resuscitation, besides not being statistically significant, the p value compared to 
fresh blood group was p = 0.06. The increase in lactate could be a result of tissue hypoperfusion, although other 
markers do not seem to support the idea of reduced blood flow after resuscitation with PolyhHb, moreover, the 
pH was normal and similar for all groups, suggesting a lack of metabolic acidosis. There is no indication that 
PolyhHb impairs the clearance of lactate, as liver enzymes were normal for animals resuscitated with PolyhHb. 
Despite the acute increase at 2 h after resuscitation, at 24 h after resuscitation lactate levels were restored and 
pH was also within the normal range for PolyhHb resuscitated animals suggesting that the excess lactate at 2 h 
was cleared out by the liver. Our group has tested HBOCs in diverse animal models, however the experimental 
design is different between these studies, thus a comprehensive comparison of HBOC efficacy to restore lactate 
levels after resuscitation from hemorrhage using similar experimental models is necessary, and although we 
have evaluated PolyhHb in rats and guinea pigs, the protocol and species physiological differences challenge the 
analysis of the effects of PolyhHb on the recovery of lactate after resuscitation.

All groups presented similar tHb at 2 h after resuscitation, but after 24 h the PolyhHb group showed a lower 
level of tHb compared to the fresh blood and stored blood groups. The main reason for the reduction in tHb for 
the PolyhHb group after 24 h is its’ clearance from the circulation by the liver and spleen (circulatory half-life 
estimated to be between 11 and13 h)13. More specifically, PolyhHb is trapped by the reticuloendothelial system 
and metabolized similarly to cell-free  Hb14. The reduced circulatory half-life makes it challenging to preserve 
 O2 carrying capacity beyond 12 h, and we are working on developing approaches to increase the circulatory 
half-life of PolyhHb to further take advantage of its’  O2 carrying capacity for longer periods of time. Despite the 
lower tHb 24 h after resuscitation, PolyhHb provided sufficient  O2 carrying capacity to restore hemodynamics 
in the present model, as no signs of anaerobic metabolism were noted in the PolyhHb group compared to the 

Table 2.  Iron metabolism. Imbalanced iron metabolism was observed in the group resuscitated with 
stored blood, suggesting a reduced capacity for processing the excess of iron present in the circulation after 
resuscitation, and this imbalance could be associated with the organ injury observed in this group. Data was 
presented as the mean ± SE. *p < 0.05 versus Fresh Blood, †p < 0.05 versus Stored Blood. Statistical comparisons 
were completed using a one way—ANOVA; Tukey’s multiple comparison test.

Fresh blood (FB) PolyhHb Stored blood (SB)

Serum ferritin (µg/L) 445.4 ± 19.5 417.7 ± 19.3† 306.3 ± 9.9*

Spleen ferritin (µg/g) 595.0 ± 26.5 534. 5 ± 29.9† 397.1 ± 23.9*

Heart ferritin (µg/g) 710.3 ± 24.7 617.1 ± 30.6† 375.1 ± 22.5*

Liver ferritin(µg/g) 339.7 ± 11.5 333.7 ± 24.2† 251.2 ± 5.6

Total bilirubin (mg/dL) 5.0 ± 0.3 7.3 ± 0.4* 9.2 ± 2.8*
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fresh blood and stored blood groups. Moreover, the Hct was lower for the PolyhHb group compared to the other 
groups, because of the lack of RBCs in the PolyhHb formulation.

In addition to its’  O2 carrying capacity, high MW PolyhHb has many other ideal biophysical characteristics 
that enable restoration of hemodynamics after HS such as its’ high viscosity to restore blood rheology and 
endothelial mechano-transduction, and high colloid osmotic pressure (COP) to retain intravascular fluids and 
prevent PolyhHb extravasation into the tissue  space37,38. Our previous studies showed that  O2 delivery, viscosity, 
and COP are very important factors to consider for recovering blood pressure, cardiac function, and blood flow 
after resuscitation from  HS37. Moreover, it has been discussed in the literature that the  O2 carrying capacity of 
the resuscitation fluid is one of the main characteristics that enables effective  resuscitation33. A previous study 
demonstrated that resuscitating animals with solutions with increased  O2 carrying capacity increased survival 
from 40 to 80%33. The blood pressure and hematological parameters results presented herein suggest that these 
optimal biophysical characteristics are playing an important role in restoring hemodynamics and avoiding tissue 
toxicity in the treatment of HS in the guinea pig model.

Interestingly, only stored blood showed an increase in AST, ALP, and liver CXCL1 compared to fresh blood, 
suggesting that stored blood increases the risk of liver damage. The same effect was not observed in the PolyhHb 
group, suggesting a lack of liver toxicity by PolyhHb. These results are consistent with a previous study from our 
group, where we demonstrated that stored blood exhibited higher liver toxicity in rats compared to a high MW 
 PolybHb39. Furthermore, You et al. demonstrated that isovolumic hemodilution with glutaraldehyde polymer-
ized human placental Hb attenuated rat liver ischemia/reperfusion injury, reinforcing the notion that PolyhHb 
is a good resuscitation fluid that can preserve liver function in trauma  models40.

Serum creatinine, BUN, and urine Ngal were measured to assess the resuscitation solution effects on kidney 
function. Increased serum creatine suggests that both stored blood and PolyhHb cause kidney dysfunction, while 
the lack of changes in BUN and UNgal levels demonstrates that PolyhHb did not cause further kidney injury. 
Changes in kidney function are typically acute and could be transient, as previously demonstrated by Zhang 
et al.41. To better clarify the extent of the change in kidney function, additional experiments will be necessary to 
assess renal function after 48 h. Acute kidney injury (AKI) after RBC transfusion is usually associated with excess 
iron in the circulation and if ferritin is not present to remove the excess of iron, it can cause even worse clinical 
outcomes. Baek et al. demonstrated that administration of a ferroportin inhibitor to switch compartmentaliza-
tion of iron from the plasma to the spleen and liver, prevents post-transfusion iron accumulation, oxidative 
stress, and  AKI42. Unlike the published study, we elected to use whole blood instead of RBCs, but we believe that 
potential iron toxicity still remains as mechanism of iron toxicity. It is important to highlight that our results 
demonstrate the renal safety of PolyhHb compared to fresh and stored blood, the gold standard treatments for 
HS. Since potentially all groups in this study were subjected to renal ischemia during the HS protocol, all groups 
might have some degree of kidney damage. Hence, we expect to evaluate kidney safety of PolyhHb in models 
more appropriate to answer this question in future studies.

Ferritin and total bilirubin were measured as markers of iron metabolism. Free iron is a labile toxin that con-
tributes to the generation of reactive oxygen species, lipid peroxides, and cellular injury. Ferritin is an enzyme 
that helps with the storage of iron, and it is rapidly expressed to eliminate the redox active form of free iron and 
as a result avoids tissue damage from oxidative  stress43 Stored blood presented lower ferritin levels in all tissues, 
while PolyhHb ferritin levels remained similar to fresh blood. It is interesting to highlight that fresh blood and 
PolyhHb had higher levels of ferritin compared to normal levels in a Sham animal (unpublished data). In this 
scenario, the inability of animals resuscitated with stored blood to increase ferritin levels could be one of the 
reasons that we observed increased tissue damage in this group, since the excess iron that is not metabolized by 
ferritin causes higher redox activity and oxidative stress.

Increased sympathetic nervous system activity is one possible mechanism for the hypertension observed in 
previous generations of  HBOCs25. In the present study, we measured catecholamine levels in order to trace all 
possible side-effects caused by PolyhHb. The increased catecholamines in the SB group suggests that resuscitation 
with stored blood caused sympathetic nervous system activation, and could explain the cardiac injury observed 
in the same group. These results are in agreement with the literature, since it is known that stored blood and 
stored RBCs are associated with adverse events and increased mortality 24 h post  transfusion3,4.

Although HBOCs have been extensively studied, the inflammatory response resulting from HBOC transfu-
sion remains unclear and controversial in the literature. For example, Ortegon et al. observed that HBOC-201 
had immune-activating  potential44, while Zhu et al. demonstrated that a porcine polymerized Hb did not result 
in a significant inflammatory  response24. These conflicting results could be explained by the different formula-
tions of solutions or the time after transfusion that the inflammatory pathway was evaluated. It is important 
to develop a resuscitation solution with minimal effects on inflammatory pathways, especially since it is well 
known that trauma leads to innate inflammatory  activation45,46. We addressed this concern by evaluating IL-6, 
IL-10, and CXCL-1. We did not observe increased levels of systemic inflammatory markers in the stored blood 
group and PolyhHb group compared to the fresh blood group, but the stored blood group increased the anti-
inflammatory marker IL-10. Our previous publication comparing stored blood with high MW PolybHb in rats 
showed an acute increase in inflammatory markers in both PolybHb and stored blood compared to fresh  blood39. 
Our results in guinea pigs are 24 h post-resuscitation, suggesting that the increased inflammation observed in 
the rat model could be acute and transient due to the 2-h observation window in that study. Moreover, since 
guinea pigs are a more clinically relevant model, the lack of inflammatory response in the group resuscitated with 
PolyhHb is very promising. Further investigations are still necessary, including measurement of other markers 
of inflammation, specifically to explain the reason for the increased IL-10 in the stored blood group. Based on 
the anti-inflammatory role of IL-1047, our opinion is that the stored blood group increased IL-10 as a protective 
response to other inflammatory mediators resulting from the resuscitation with stored blood or was present in 
the stored blood itself, an effect not observed for the PolyhHb group, but worthy of future assessment.
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Whole blood was chosen in the present study, due to its long history as a resuscitation fluid in military 
 medicine48, with several studies showing that whole blood is the most optimal resuscitation fluid for treating 
trauma patients suffering from  hemorrhage48–50. In this study, autologous shed blood was used as the fresh blood 
group, which could be impacting the results for this group, because inflammatory mediators and cytokines are 
released during the hemorrhage and the reinfusion of the shed blood during resuscitation can impact the out-
come of the resuscitation. It is important to highlight that the use of whole blood in the fresh and stored groups 
in this study is a limitation, as apoptotic platelets and neutrophils might release extracellular vesicles, cytokines, 
and bioactive lipids that may not reflect the changes associated with storage of leukoreduced  RBCs51. A further 
limitation is that the stored blood was collected in citrate phosphate double dextrose (CP2D) and Additive Solu-
tion 3 (AS-3), but the fresh blood was not, this could also interfere with the results presented herein, and further 
studies are necessary to ensure that the observed side-effects are due to the ex vivo storage time and not due to 
the blood preparation. The guinea pig RBC in vivo circulatory lifetime is not comparable to the human RBC 
circulatory lifetime, and it is expected that the storage limits are completely different between species. However, 
animal models are often used as a translational tool to understand the mechanisms behind the RBC or whole 
blood storage lesion. Our rationale for storing guinea pig blood for 2 weeks is based on the fact that the normal 
circulatory lifetime of human RBCs is 120 days, and human whole blood can be stored for 21 days (nearly 18% of 
the normal RBC circulatory lifetime), and the circulatory lifetime of guinea pig RBCs is 80 days and 18% of their 
circulatory lifetime is 14 days (2 weeks). In addition, Bertolone et al. demonstrated that the hemolysis at the end 
of ex vivo storage for humans is equal to the hemolysis of guinea pig stored blood after 2  weeks52. On the other 
hand, Baek et al. showed that a 28-day old guinea pig RBC unit was equivalent to a 42-day old human RBC  unit49, 
thus highlighting the need for further studies to clarify the adequate time of ex vivo storage to compare guinea 
pig studies to human studies. Finally, the immune effects originating from white blood cells and platelets are very 
relevant towards the evaluation of HBOCs. In future studies, we intend to explore the impact of platelet-sparing 
and leukodepletion on whole blood function relative to PolyhHb. We expect to use an isovolumic transfusion 
model since the HS model’s effects complicate the interpretation of ischemic, hypoxic, and inflammatory changes 
resulting from administration of the transfusion solution.

Conclusion
These results suggest that high MW PolyhHb was as effective in resuscitating guinea pigs from HS as fresh blood. 
Stored blood increased the risk of liver and cardiac damage along with sympathetic hyperactivation, side-effects 
that were not observed with PolyhHb. Additional experiments should be done to ensure PolyhHb’s safety before 
moving forward to clinical trials, such as measurements of oxidative stress, markers of iron tissue accumulation, 
and other inflammatory pathways that could be activated in this model. Nevertheless, these results are promis-
ing and encourage further evaluation of this next generation PolyhHb as an alternative to blood when blood is 
not available.

Methods
Animal preparation. Animal handling and care followed the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals, and the University of California San Diego Institutional Animal Care 
and Use Committee approved the experimental protocol. All methods were carried out in accordance with 
the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments). Guinea pigs weighing between 
300–400 g were used. Animals were placed on a heating pad to maintain their core body temperature at 37 °C for 
any procedures or experimental protocols that were performed under anesthesia. Guinea pigs were anesthetized 
with isoflurane (Drägerwerk AG, Lübeck, Germany) in compressed room air (flow rate 1.0 LPM) slowly, by 
increasing the isoflurane 0.4% every 3 min until a surgical depth of anesthesia was achieved, typically 3%. This 
ensured that the animals did not stop breathing due to airway irritation by isoflurane and prevented variations 
in heart rate (HR). Animals were instrumented with catheters in the right carotid artery and left jugular vein, 
which were exteriorized dorsally.

Blood collection and preparation. Fresh blood: Blood withdrawn from the animal during hemorrhage 
(autologous blood), and kept at room temperature until it was reinfused for resuscitation. Stored blood: A total 
of 4 male guinea pigs were anesthetized with isoflurane (5%). Blood was collected via cardiac puncture into cit-
rate phosphate double dextrose (CP2D), which was taken from an Additive Solution 3 (AS-3) blood preparation 
kit (Haemonetics Corporation, Braintree, MA). Donor blood was then pooled, and the CP2D concentration was 
adjusted to 14%. AS-3 (22%/whole blood volume) was then added, and the blood was mixed gently by inverting 
the bag for 1 min. Lastly, the whole blood was stored at 4 °C for 2 weeks. The day of the experiments, the stored 
whole blood was centrifuged at 1,500 g for 7 min, and some of plasma was removed to adjust the hematocrit 
(HCT) to 40% to match the Hct of the fresh blood group. Stored blood was warmed before infusion during 
resuscitation.

Polymerized human hemoglobin (PolyhHb). PolyhHb was synthesized in the low  O2 affinity quater-
nary tense state (T-state) at a 30:1 molar ratio of glutaraldehyde to human Hb, filtered through a 0.2 µm hollow 
fiber filter, and then subjected to 8–9 cycles of diafiltration on a 500 kDa hollow fiber filter. This resulted in a Pol-
yhHb solution containing only polymerized Hb molecules with molecular weight (MW) greater than 500 kDa 
but less than 0.2 µm in size. PolyhHb was produced and characterized at The Ohio State University and shipped 
overnight frozen to UC San Diego where it was stored at − 80 °C until use. The preparation and characterization 
of high MW T-state PolyhHb has been previously described in the  literature38,53.
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Hemorrhagic shock (HS). HS was induced by withdrawing 40% of the blood volume (BV) from the carotid 
artery (BV estimated as 7.5% of body weight), and the hypovolemic state was maintained for 50 min. After being 
subjected to 50 min of HS, guinea pigs were divided into three study groups, and 25% of their BV was reinfused 
with fresh blood, stored blood or PolyhHb at a Hb concentration of 10 g/dL (PolyhHb) (n = 6 animals/group).

Hemodynamic and hematological measurements. The arterial cannula was connected to a pres-
sure transducer and recording system (MP150, Biopac, Santa Barbara, CA), and blood pressure signals were 
recorded, along with mean arterial pressure (MAP), and heart rate (HR). The Hct was measured from centri-
fuged arterial blood samples taken in heparinized capillary tubes. Arterial blood was collected in heparinized 
glass capillaries (50 μL) and immediately analyzed for  pO2,  pCO2, pH, electrolytes, lactate, and total Hb content 
(ABL90; Radiometer America, Brea, CA). All these measurements were taken at baseline, HS, 15 min after resus-
citation, and animals were allowed to recover from anesthesia. Additionally, measurements were taken without 
anesthesia at 2 h and 24 h after resuscitation.

Harvesting tissues. Guinea pigs were anesthetized with isoflurane 5%, and 10 mL of blood was collected 
from the implanted arterial catheter and centrifuged (3000 RPM for 7 min) to separate the plasma. Guinea pigs 
were euthanized with Fatal Plus (sodium pentobarbital, 300 mg/kg), and urine collected, while the following 
organs were harvested: kidneys, liver, spleen, and heart. Markers of inflammation, organ function, and organ 
injury were evaluated. These analyses were performed by the UC San Diego Histology Core via ELISA and 
flow cytometric analysis of tissue homogenates and plasma. The kits and methods used for these analyses are 
described in Supplemental Table S1.

Statistical analysis. All values are expressed as the mean ± SE. Data between groups were analyzed using 
two-way analysis of variance (ANOVA), with Tukey’s post hoc test when necessary for the parameters over time. 
One-way ANOVA was used for the tissue measurement taken only at 24 h. All statistics were calculated using 
GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA). The specific Tukey’s post hoc multiple compari-
sons test p-values were reported only if differences were significant (p < 0.05) between groups.
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