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Abstract
AIM: To study the effect of circulating cell-free oxy-

hemoglobin (FHb) on intestinal microcirculation and 
intestinal epithelial injury in a rat model. 

METHODS: To induce elevated intravascular circulat-
ing FHb, male Sprague-Dawley rats received water or 
FHb infusion. Microcirculatory changes in jejunum, ile-
um and colon were evaluated using fluorescent micro-
spheres. Intestinal injury was quantified as plasmatic 
release of ileal lipid binding protein (iLBP) and verified 
by histological analysis of the ileum.

RESULTS: Water and FHb infusions resulted, when com-
pared with saline infusion, in reduced intestinal microcir-
culation (after 30 min P  < 0.05, or better; after 60 min  
FHb infusion P  < 0.05 for jejunum and colon). Circulat-
ing FHb levels correlated significantly with release of 
iLBP (Spearman r  = 0.72, P  = 0.0011). Epithelial cell 
injury of the villi was histologically observed after water 
and FHb infusions.

CONCLUSION: This study shows that circulating FHb 
leads to a reduction in intestinal microcirculatory blood 
flow with marked injury to intestinal epithelial cells. 
These data support the hypothesis that circulating FHb 
contributes to the development of intestinal injury.
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INTRODUCTION
Gastrointestinal complications following cardiovascular 
surgery are feared, as these complications are associated 
with high patient morbidity and mortality rates[1-4]. The 
proposed pathophysiological mechanisms underlying in-
testinal complications include: (1) Ischemia/reperfusion 
and hypoperfusion injury as a result of  redistribution of  
blood flow and increased oxygen demand; (2) Inflamma-
tory mediated endothelial dysfunction and priming; and 
(3) Increased mesenteric vascular resistance[5-7]. 

It is widely accepted that cardiovascular surgery is as-
sociated with considerable injury to red blood cells result-
ing in hemolysis. The use of  extracorporeal circulation, 
donor blood transfusion and cell salvage devices inevita-
bly leads to increased circulating levels of  the hemolytic 
product cell-free oxyhemoglobin (FHb)[8-10]. Such circulat-
ing FHb has been reported to scavenge endothelial nitric 
oxide (NO) in chronic hemolytic diseases, potentially per-
turbing microcirculatory blood flow which may result in 
organ injury and/or organ dysfunction[11,12]. The effect of  
hemolysis on intestinal microcirculation and gut wall in-
tegrity remains unclear. We hypothesized that intravascular 
FHb compromises intestinal blood flow and consequently 
induces intestinal epithelial cell injury. 

The present study aimed to evaluate intestinal blood 
flow and intestinal epithelial cell injury due to elevated 
circulating FHb levels. An animal model was developed 
with FHb plasma levels similar to those found during 
cardiovascular surgery. The influence of  circulating FHb 
on intestinal microcirculation was studied using fluores-
cent microspheres and intestinal injury was evaluated 
both biochemically and histopathologically. 

MATERIALS AND METHODS
Animals
The Animal Ethics Committee of  the Maastricht Univer-
sity Medical Center approved the study. Male Sprague-
Dawley rats, 450-500 g (Charles River Laboratories, Maas-
tricht, The Netherlands) were housed under controlled 
conditions of  temperature and humidity. Prior to the 
experiments, rats were fed standard rodent chow ad libitum 
and had free access to water.

Generation and measurement of FHb
To generate FHb-containing solution for infusion, heparin-
ized blood was obtained from rats through aortic punction 
1 d prior to intervention. Red blood cells were isolated 
by centrifugation (2750 × g, 15 min at 4℃). Supernatant 
and buffy-coat were carefully discarded and the remaining 
red blood cells were washed thrice in fresh sterile saline 
(1:3 v/v). Hemolysis was induced by freeze-thaw cycles. 
To remove all red blood cell membranes the solution was 
ultra-centrifuged (20 000 × g, 30 min at 4℃) and filtered 
(0.2 µm, Schleicher and Schuell, Dassel, Germany). Final 
FHb concentration was adjusted with sterile saline to 
300 µmol/L. FHb concentration for infusion, as well as 
plasma values, were measured by derivative spectropho-
tometry[13].

Experimental design
After induction with 4% isoflurane, anesthesia was main-
tained at 2% during the whole study protocol. To calculate 
mean arterial pressure (MAP) a cannule (polyethylene 
tubing, PE-10) was placed in the left femoral artery and 
connected to an external pressure transducer (Uniflow®; 
Baxter, Utrecht, The Netherlands). Microspheres were in-
fused via a cannule (PE-10, 11 cm) that was placed in the 
aortic arch via the right femoral artery. The left femoral 
vein was used to infuse saline, water or FHb.

Three groups (n = 6 per group) were included in the 
study. To induce intravascular hemolysis and yield circulat-
ing FHb, the first group received sterile pyrogene-free water 
infusion (prime 0.6 mL/100 g BW, continuous infusion of  
2 mL/100 g BW per hour); the second group received FHb 
infusion (prime 0.65 mL/100 g BW, continuous infusion  
1.3 mL/100 g BW per hour). The control group received sa-
line infusion in the same volume as the water infusion group.

Assessment of microcirculatory blood flow using 
microspheres
To evaluate the intestinal microcirculatory blood flow pre-
infusion, and after 15, 30 and 60 min, fluorescent micro-
spheres with different colors were used (yellow, lemon, 
orange or persimmon; diameter 15 µm, 1 × 106 micro-
spheres/mL; Dye-Trak®, Triton Technology, San Diego, 
CA). Infusion of  microspheres (0.25-0.3 mL) and calcula-
tion of  organ blood flow were performed as described pre-
viously[14]. 

Evaluation of intestinal injury
To evaluate enterocyte damage, the release of  intestinal 
ileal lipid binding protein (iLBP) was measured. For iLBP 
assessment, arterial blood samples (600 µL) were collected 
before infusion and after 15, 30 and 60 min of  infusion. 
ILBP was measured in plasma by an Enzyme Linked Im-
muno Sorbent Assay (ELISA, detection limit 1.28 ng/mL), 
kindly provided by Hycult biotechnology (Hbt, Uden, The 
Netherlands).

Hanssen SJ et al . Hemolysis and intestinal injury

214 January 14, 2011|Volume 17|Issue 2|WJG|www.wjgnet.com

105

90

75

60

45
0         10        20         30        40        50        60

M
AP

 (
m

m
H

g)

t /min

80

70

60

50

40

30

20

10

0

FH
b 

( µ
m

ol
/L

)

b

d d

d

d

d

Saline infusion
Water infusion
FHb infusion

Figure 1  The effect of saline, water or free oxyhemoglobin infusion on 
mean arterial pressure and free oxyhemoglobin levels. During the study 
period the mean arterial pressure (MAP) (left Y-axis) remained unchanged in 
all interventional groups. Plasma free oxyhemoglobin (FHb) levels (right Y-axis) 
were significantly elevated in the group with water infusion and in the group with 
FHb infusion after 15 min and onwards. bP < 0.01, dP < 0.001.



After sacrifice, ileum tissue samples were fixed in neu-
tral buffered formaldehyde and embedded in paraffin 

wax. For morphological evaluation, deparaffinized 3 µm 
sections were either stained with hematoxylin and eosin 
or anti-iLBP, using a polyclonal rabbit anti-mouse iLBP 
(cross-reactive with rat, Hbt, Uden, The Netherlands) 
and a biotinylated polyclonal antibody swine anti-rabbit, 
a streptavidin-biotin system (Dako, Glostrup, Denmark), 
and visualized by applying 3-amino-9-ethylcarbazole (AEC, 
Sigma, St. Louis, MO). A Nikon eclipse E800 microscope 
with a Nikon digital camera DXM1200F was used to cap-
ture images. 

Statistical analysis
To test for differences in plasma levels of  FHb and iLBP, 
two-way analysis of  variance with Bonferroni post-tests 
was used. To test for differences between changes in mi-
crocirculatory blood flow, two-tailed unpaired t-test was 
used. To evaluate an association between plasma FHb 
and plasmatic iLBP release, Spearman correlation analysis 
for nonparametric data was used on area under the curve 
(AUC) between FHb and iLBP for each individual subject 
of  every group. 

RESULTS
Hemolysis, FHb and MAP
Plasma levels of  FHb before intervention were compara-
ble between all groups (Figure 1). Water and FHb infusions 
resulted in significantly elevated plasma levels of  FHb 
[peak values 29.6 (8.9) µmol/L and 32.6 (2.7) µmol/L,  
respectively, P < 0.001]. These levels are comparable to 
those found in patients during cardiovascular surgery in 
our University Medical Center, whereas infusion of  saline 
did not result in elevated plasma FHb levels. Infusion of  
either solution did not lead to changes in MAP. 

Changes in intestinal microcirculation during hemolysis
The microcirculation was evaluated in the jejunum, ileum 
and colon (Figure 2). Whereas after 15 min of  infusion 
no differences in blood flow occurred, at 30 min a sig-
nificant decrease in microcirculatory blood flow of  the 
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Figure 2  Decreased intestinal microcirculatory blood flow after water and 
free oxyhemoglobin infusion. The gut was divided into three sections: jejunum, 
ileum and colon. Basal flow was set at 100% for all groups at T0. In both the wa-
ter infusion group as well as in the free oxyhemoglobin (FHb) infusion group the 
microcirculation decreased. After infusion of saline, the microcirculatory blood flow 
remained around 100% throughout the study. Changes in time in microcirculatory 
blood flow are presented at T15, T30 and T60 and compared with the saline infu-
sion group. aP < 0.05, bP < 0.01.

Figure 3  Hemolysis is associated with intestinal injury. The infusion of wa-
ter and free oxyhemoglobin (FHb) led to a rapid and significant release of ileal 
lipid binding protein (iLBP), a cytosolic protein mainly present in the ileum and 
expressed in mature enterocytes. aP < 0.05, bP < 0.001.

30

25

20

15

10

5

0
0                   15                  30                  60

iL
BP

 (
ng

/m
L)

t /min

Saline infusion
Water infusion
FHb infusion

a

b

b

b

Hanssen SJ et al . Hemolysis and intestinal injury



jejunum, ileum and colon was seen, when compared to 
the saline group (P < 0.05 or better). After 60 min, the 
jejunal and colonic microcirculation was still significantly 
reduced in the FHb infusion group (jejunum and colon: 
FHb vs saline infusion, P < 0.05). These data indicate a 
deleterious effect of  FHb on intestinal microcirculatory 
blood flow. 

Intestinal injury during elevated circulating FHb levels
Release of  iLBP: iLBP levels before infusion were com-
parable in all groups (Figure 3). Interestingly, at the time 
of  reduced microcirculatory blood flow, at 30 and 60 min, 
plasma iLBP levels were significantly elevated in both 
the water and FHb infusion groups (peak values 20.6  
(4.4) ng/mL and 16.1 (2.5) ng/mL, respectively). Moreo-

ver, the AUC for plasma FHb levels correlated significantly 
with the AUC for iLBP release (r = 0.72, P = 0.0011), indi-
cating a strong association between hemolysis and intesti-
nal injury.

Histological analysis for intestinal injury
Histological analysis (Figure 4) showed subepithelial spaces 
and injury at the tip of  the villi in both the water infusion 
and FHb infusion groups, but not in the saline infusion 
group. Immunohistochemical staining of  the ileum showed 
subepithelial spaces positive for iLBP in both the water and 
FHb infusion groups, indicating that iLBP had leaked from 
epithelial cells. No staining was observed in control sections 
(data not shown). These data indicate epithelial cell injury 
of  the gut. 
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Figure 4  Histological and immunohistochemical evaluation of intestinal injury. Histological evaluation of the ileum was performed using HE staining (A, C and E, 
× 100). When compared to the saline group (A, B), water (C, D) and free oxyhemoglobin (FHb) (E, F) infusions led to the development of subepithelial spaces (aster-
isks) in the villi. In support of the findings of plasmatic release of ileal lipid binding protein (iLBP), immunohistochemical analysis of the ileum shows cytosolic staining 
for iLBP in the epithelial cells of the upper part of the villi (B, × 200). Leaking of iLBP in the subepithelial spaces (arrows) indicates intestinal epithelial cell injury after 
water or FHb infusion (D, F, × 200). Insets show 400 × magnification of selected areas where staining of iLBP can be seen outside the intestinal epithelial cellular 
membrane, indicating epithelial cellular injury (D, F).
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DISCUSSION
Taken together, these data show that elevated plasma 
levels of  circulating FHb, as occurs during intravascular 
hemolysis, decrease intestinal microcirculation and result 
in intestinal injury, as demonstrated by the release of  iLBP 
and confirmed immunohistochemically. 

Our animal model was designed after a canine model 
developed by Minneci et al[11] to study the effects of  water 
infusion-induced intravascular hemolysis on NO bioavail-
ability and hemodynamic variables serving as a model for 
chronic hemolysis, such as occurs in sickle-cell anemia. Our 
infusion protocol was adjusted in order to attain plasma 
FHb levels comparable to those found during cardiovas-
cular surgery in our university medical center (Figure 1)[8]. 
The observed decreased microcirculatory blood flow at  
30 min (Figure 2) suggests a rapid exhaustion of  FHb 
scavenger proteins (haptoglobin, CD 163)[15]. The reduc-
tion in microcirculatory blood flow was less pronounced 
after 60 min in both the water and FHb infusion groups. 
This might be explained by the gradual upregulation of  
heme-catabolizing enzymes (HO-1, biliverdin reduc-
tase)[16,17] or enhanced NO-generating systems (NOS Ⅰ, Ⅱ 
and Ⅲ)[18,19], through either enhancement of  FHb clear-
ance or counteraction of  the deleterious effects of  FHb, 
respectively. 

Intestinal damage, assessed by intestinal fatty acid-
binding proteins such as iLBP (Figure 3), has been re-
ported previously in cardiovascular surgical patients[2,5]. 
To the authors’ best knowledge, so far no studies have 
been performed to evaluate a possible correlation between 
FHb and gastrointestinal injury in clinical or experimental 
studies. Recently, we have shown that intestinal epithelial 
cell injury occurring during and after major cardiovascular 
surgery is associated with a systemic inflammatory re-
sponse[20]. It is tempting to speculate that FHb plays a role 
in the development of  intestinal and also renal injury in 
such patients, where levels of  circulating FHb are found 
comparable or even higher than those reached in this 
study[20,21]. Acute gastrointestinal complications after car-
diovascular surgery are known to result in a complicated 
postoperative period and are associated with high mortal-
ity rates. In a current study, we show that the concentra-
tions of  plasma FHb and urine N-acetyl glucosaminidase 
(NAG) levels increase during extracorporeal bypass-assist-
ed cardiovascular surgery, which indicates that hemolysis 
and tubular epithelial injury have occurred. Interestingly, 
we have found that the total release of  plasma FHb is in-
dependently correlated with urine NAG, which in turn is 
independently associated with the postoperative increase 
in serum creatinine[21] used as a marker for acute kidney 
injury.

Taken together, our data suggest that circulating FHb 
is not only a health risk in chronic diseases such as sickle-
cell anemia, thalassemia and malaria, but also may be a 
cause for concern in patients subject to extracorporeal cir-
culation, blood transfusion and cell salvage devices result-
ing in substantial acute hemolysis. Therefore, circulating 
FHb levels should be closely monitored in clinical practice 

when treating these patients, who are at risk of  developing 
gastrointestinal complications. Future studies are needed 
to develop means to counteract the deleterious effects of  
circulating FHb. 
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pathophysiology is often unclear. Cardiovascular surgery is associated with con-
siderable injury to red blood cells, resulting in hemolysis with concomitant release 
of cell-free hemoglobin. Recently, studies in patients experiencing elevated levels 
of cell-free hemoglobin have shown a disturbed microcirculatory blood flow. 
Research frontiers
Hemolysis is not uncommon during cardiovascular surgery, resulting in elevated 
circulating levels of cell-free hemoglobin. The effect of hemolysis on intestinal 
microcirculation and gut wall integrity is unclear, so far. In this study, the authors 
demonstrate that hemolysis decreases intestinal microcirculatory blood flow, 
and that hemolysis, in particular the release of cell-free hemoglobin, is associ-
ated with intestinal damage. 
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Recent studies have emphasized the deleterious effects of hemolysis on microcir-
culatory blood flow and possible induction of organ injury. Moreover, the release 
of cell-free hemoglobin appears to play a pivotal role through its interference with 
vascular endothelial nitric oxide. This is the first study to show a decreased intes-
tinal microcirculatory blood flow during elevated levels of circulating cell-free he-
moglobin, resulting in intestinal damage. Moreover, a strong correlation between 
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potent endothelial vasodilator known), the intravascular release of cell-free hemo-
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