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ABSTRACT 
      

INTRODUCTION: Activation of the complement system contributes to the pathogenesis of 
ischemia/reperfusion (I/R) injury. Human C-reactive protein (CRP) has been shown to 
enhance infarct size in a rat model for acute myocardial infarction by activating complement. 
In a rat model of intestinal I/R, CRP and IgM depositions were demonstrated to correlate 
with local complement activation. As CRP is only present in mice in trace amounts, a murine 
model of intestinal I/R injury is used as a ‘natural knock-down’ system to explore the role of 
CRP in intestinal I/R injury. 

AIM: To evaluate a murine intestinal I/R injury model by investigating the binding of human 
CRP to murine apoptotic cells and to assess the potential of human CRP to enhance tissue 
injury in a murine model of intestinal I/R. 

METHOD: Binding of human CRP to vital, early and late apoptotic murine Sp2/0 cells was 
evaluated with flow cytometry. An intestinal I/R model in male C57BL/6 WT mice (n=22) 
was used to study the role of human CRP. After pre-ischemic administration of human CRP 
(15µg/g bodyweight i.v.) or saline for control groups (each n=5), mice underwent 10 
minutes of intestinal ischemia by superior mesenteric artery occlusion followed by two 
hours of reperfusion. As a control, sham laparotomy without ischemia was applied (n=4). 
Intestinal histopathological damage was assessed according to the Park-Chiu classification. 
At sacrifice, blood gasses and circulating CRP concentrations were measured. 

RESULTS: Human CRP was found to bind to late apoptotic murine Sp2/0 cells. Vital and 
early apoptotic Sp2/0 cells did not bind human CRP. In a murine intestinal I/R model, 
administration of human CRP yielded no significant differences in intestinal histopathological 
damage as compared to saline-treated groups. Compared to sham groups, saline or CRP-
treated ischemic groups demonstrated significantly higher histological damage scores 
(p<0.05). Hemodynamic parameters were similar in saline and CRP-treated animals. 
Circulating CRP levels at sacrifice ranged within human acute phase levels. 

CONCLUSION: Human CRP binds to late apoptotic murine Sp2/0 cells, but does not 
enhance tissue injury in a murine intestinal I/R model.  

INTRODUCTION

Ischemia/reperfusion (I/R) represents a model of tissue injury in which circulation of an 
organ is reinstalled after interruption of blood flow. The ischemic insult makes the affected 
tissue more susceptible to inflammatory damage during reperfusion. Furthermore, mediators 
produced in the ischemic areas diffuse into other areas when circulation is restored causing 
inflammation in remote organs not exposed to ischemia. Activation of the complement 
system is a key component in the pathogenesis of I/R injury1-4. Suppression of complement 
by complement inhibitors and complement-deficient animals attenuates tissue injury in 
various I/R animal models5-8. 

In humans, C-Reactive Protein (CRP) is an acute phase-protein with levels that can increase 
dramatically from a typical baseline of <3 µg/ml to levels approaching 1 mg/ml within days 
after an inflammatory insult9. CRP is predominantly secreted by the liver and adipose tissues 
in response to inflammatory stress and its synthesis is mainly regulated by interleukin-6. 
CRP possesses several biological properties relevant to disease. CRP exerts many biological 
actions by binding to both activating and inhibitory Fcy receptors10,11. An important property 
of CRP is activation of the classical complement pathway, which occurs after binding to 
ligands on damaged cells by interaction with complement proteins such as C1q12. Hence 
CRP potentially plays a pro-inflammatory role in exacerbation of tissue injury during an 
acute phase response via opsonization of targeted cells and/or direct cytotoxicity12-14. 
Indeed, Pepys and colleagues demonstrated human CRP to enhance infarct size in a rat 
model for acute myocardial infarction by activating complement15, abrogating the effect 
upon administration of a specific inhibitor of CRP16. A recent study in transgenic mice 
expressing human CRP demonstrates an important role for CRP in enhancing kidney 
damage in a renal I/R injury model17. On the contrary, in wild type mice, human CRP has 
been demonstrated to protect against lethal pneumococcal infection18-20, whereas a similar 
protective effect was found in mice transgenic for human CRP 19. Presumably, this protective 
mechanism involves complement activation as it has been shown to be dependent on a 
functioning complement system21-24.

Studies on the mechanisms of I/R injury have postulated that complement activation is 
initiated by recognition and binding of adaptor proteins such as CRP or natural IgM 
antibodies to neo-epitopes exposed on injured cells. In intestinal I/R models, complement 
activation is postulated to be triggered by binding of natural IgM to binding sites exposed 
on ischemic tissue such as non-muscle myosin heavy chain type II (NMHC-II) and negatively 
charged phospholipids and/or ß-glycoprotein25-27. In human infarcted myocardium, 
deposition of IgM colocalises with that of complement and CRP, suggesting that the 
deposited IgM had bound to the same ligands in the ischaemic heart as CRP28. In line with 
these findings, CRP-specific complement activation products have been eluted in human 
infarcted myocardial tissue29 suggesting a role for CRP in complement-mediated I/R injury. 
In humans, the exact role of CRP in intestinal I/R injury has not yet been elucidated. In a rat 
model of intestinal I/R injury, CRP and IgM depositions were demonstrated to correlate with 
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local complement activation30. Based on these findings, IgM and CRP seem to recognize 
similar epitopes in ischemic tissues. 

In mice, circulating levels of CRP rarely exceed 2 µg/ml and the protein does not function as 
an acute phase protein31,32. As a result, murine models have been employed as a ‘natural 
knock-down’ system to define the in vivo functions of CRP31-33. In the present study we 
aimed to investigate the direct binding of human CRP to murine apoptotic cells and aimed 
to assess potential direct effects of this protein on tissue injury in a murine model of 
intestinal I/R.

MATERIALS AND METHODS

Assessment of binding of CRP to apoptotic murine cells by flow cytometry 
SP2/0 cells (mouse myeloma cell line) were cultured in Iscove’s modified Dulbecco culture 
medium (IMDM) supplemented with 5%, v/v, heat-inactivated fetal calf serum (Bodinco, 
Alkmaar, The Netherlands), 20 µg/ml human apo-transferrin (Sigma-Aldrich, Zwijndrecht, 
The Netherlands), 100 U/ml penicillin, and 100 µg/ml streptomycin (Life Technologies, 
Grand Island, NY, USA) at 37 °C in a humidified atmosphere (5% CO2/95% air). Apoptosis 
was induced by incubation at 1.0 × 106 cells/ml in serum-free IMDM containing 100 µM 
Etoposide (Sigma-Aldrich) for 24 hours at 37 °C34. After apoptosis induction, cells were 
washed three times with serum-free culture medium to remove etoposide and incubated 
with purified CRP 5% v/v (Biodesign International, Kennebunk, ME, USA) diluted in Hepes 
buffer containing calcium (Hepes 10 mM, NaCl 150 mM, CaCl2 1.8 mM, and MgCl2 1 mM, 
pH 7.4). After an incubation for 30 min at 37 °C, cells were washed three times with Hepes 
buffer and incubated with monoclonal anti-human CRP (5G4, Sanquin, The Netherlands) or 
isotype controls (mouse IgG2a, Sanquin) (10 µg/ml in 50 µl final volume) for 30 min at 4 °C 
in darkness. After a second washing procedure, cells were incubated with goat anti-mouse 
Alexa-633 (1:10,000 dilution; Molecular Probes, Leiden, The Netherlands) and Fluorescein 
isothiocyanate (FITC)-labeled annexin V (1:100 dilution; BD Biosciences, San Jose, CA, USA) 
in a final volume of 100 µl for 30 min at 4 °C in darkness. After washing with Hepes buffer, 
cells were resuspended in Hepes buffer containing 4’,6-diamidino-2-phenylindole (DAPI) 
and samples measured immediately (BD FACScan, California, USA).  Results were analysed 
with FACS DIVA software (Version 5.0, Uppsala, Sweden). Viable cells are identified as 
AnnV-/DAPI-, early apoptotic cells as AnnV+/DAPI- and late apoptotic cells as AnnV+/DAPI+. 
Autofluorescence was corrected by appropriate gating.

Animals and intestinal model of I/R injury
Male wild-type C57Bl/6 mice, aged 12 weeks, were purchased from Harlan, Horst, The 
Netherlands. All mice were acclimated for at least 1 week and housed in filter-top cages in 
a temperature-controlled room (22–24 °C) with an alternating 12 h-light/dark cycle. 
Animals were fasted before the operation. This study was approved by Animal Experiments 
and Welfare Committee of the Academic Medical Center, University of Amsterdam. All 
animals were anesthetised using controlled mechanical ventilation with isoflurane 1.5-3% 
(Florene, Abott laboratories, Queensborough, UK), v/v, and positive end-expiratory airway 
pressure. Rectal temperature was maintained at 37.0 °C (±0.2 °C). A carotid canula was 
inserted, allowing fluid support consisting of Hydroxyethyl starch (eloHAES Fresenius, 
Netherlands) at 0.3 ml/h, and continuous monitoring of mean arterial pressures (MAPs) to 
ensure hemodynamic stability. The latter was stabilised using isoflurane adjustment. Thirty 
minutes before ischemia human CRP (15µg/g bodyweight i.v) or saline for control groups 
(each n=5), was administered in equal volumes. Human native CRP was purchased from 
Biodesign International (Kennebunk, ME, USA) and additionally purified on a protein G 
column to remove contaminating IgG. The protein G flow-through was concentrated by 
Amicon (Amicon BV, The Netherlands) YM-10 ultrafiltration, dialyzed against saline and 
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analyzed on SDS-PAGE. The ultimate preparation used in the studies described here was 
>99% pure. 

Intestinal ischemia was induced by occlusion of the superior mesenteric artery with a 
nontraumatic microvascular clamp for 10 minutes. Subsequently, the clamp was removed 
under direct vision and the intestine was allowed to reperfuse for 2 hours. Ischemia and 
reperfusion times were chosen based on pilot experiments (data not shown). Sham-
operated controls underwent the same surgical procedure without clamping (n=4). 
Hemodynamic stability was ensured by maintenance of mean arterial pressures between 65 
and 73 mmHg throughout the experiment. Temperatures were maintained between 36.5 
and 37.5˚C. After reperfusion, mice were sacrificed using a cardiac puncture under 
anesthesia. At sacrifice, arterialized blood samples were withdrawn from the carotid 
cannula, collected in heparinized glass capillaries (Clinitubes, Radiometer, Copenhagen, 
Denmark). Samples were immediately introduced into the blood gas analyser (ABL 505, 
Radiometer) to obtain pH, buffer base, base excess, potassium and actual bicarbonate 
values. The remaining blood was centrifuged (1200 x g, 10 minutes, 4 ºC) and stored as 
plasma at -80 ºC. The jejunum was removed immediately after blood was drawn, frozen in 
liquid nitrogen and stored at -80 °C or fixed in 4% (w/v) formaldehyde for further analysis. 

Determination of circulating levels of CRP in plasma
Human CRP concentrations were determined using an ELISA as described35. Briefly, 
polyclonal rabbit anti-human CRP (KH61) was used as capture antibodies and biotinylated 
monoclonal antibody 5G4 (Sanquin) was used as the detecting antibody. Results were 
obtained by reference to a standard from Behringwerke (Marburg, Germany).

Histopathological analysis
Intestinal histopathological damage was assessed according to the Park/Chiu classification. 
Parts of jejunum were immediately fixed in 4% buffered formaldehyde after collection and 
routinely processed using standard histologic techniques including formalin fixation, 
dehydration and paraffin embedding. Subsequently 4µm sections were stained with 
hematoxylin and eosin (H&E). The histopathological score was assessed in a blinded manner 
according to the system of Park/Chiu (0= normal mucosal villi; 1= subepithelial space at 
villus tips; 2= extension of subepithelial space with moderate lifting; 3= epithelial lifting 
down sides of villi, some denuded tips; 4= denuded villi; 5= disintegration of lamina 
propria)36-38, in which 25 consecutive villi over a section of jejunum were assessed and 
averaged.  

Assessment of intestinal edema   
Edema was assessed by weighing a 4 cm jejunal section before and after incubation at 60 
°C. Dry weight was determined when weight at 60 °C remained unchanged. Percentage of 
water was calculated by the formula: (wet weight – dry weight/ wet weight) x 100%).

Data analysis 
Statistical Package for the Social Sciences (SPSS 16.0, SPSS Inc, Chicago, IL, USA) for Windows 
was used for data analysis. Statistical analysis of in vitro (flow cytometry) data is expressed as 
mean Fluorescence intensity (MFI) and statistical comparison was performed using parametric 
analysis (Student’s t test) as data appeared to be normally distributed. In vivo (murine I/R) 
data is expressed as means ± SD. Statistical comparisons between in vivo groups was 
performed using non-parametric analysis (Mann-Whitney). In all analyses P < 0.05 was 
considered significant.

Assessment of binding of human CRP to apoptotic murine cells by flow cytometry 
First, the capacity of human CRP to bind to murine apoptotic cells was assessed. Flow 
cytometry was used for identification of vital, early and late apoptotic cell populations as 
described in SP2/0 cells (mouse myeloma cell line), according to the described method in 
Jurkat cells34. Cells were incubated with etoposide for 24 hours to induce apoptosis. The 
forward scatter (FCS) and side scatter (SSC) pattern as well as FITC-labeled Annexin V and 
DAPI were used to identify apoptotic cells. Vital cells were defined as negative for both 
Annexin-V as well as DAPI, early apoptotic cells as single Annexin-V-FITC positive, and late 
apoptotic cells as double positive for Annexin-V-FITC and DAPI, as shown in Figure 1A and 
B. Vital, early and late apoptotic cells were gated and binding of CRP to each cell population 
was studied as described in Materials and Methods. As a control for the specificity of the 
antibody binding, a control mouse IgG2a antibody was used (Sanquin). Late apoptotic cells 
demonstrate an increase in CRP binding signal, as shown in Figure 1C (mean fluorescence 
intensity (MFI) 1150 with isotype control, vs. MFI 7267 with monoclonal anti-human CRP 
antibody). Vital cells and early apoptotic cells did not show an increase in CRP binding 
signal (data not shown). Data are representative of 3 duplicate experiments. Thus, human 
CRP is capable of binding to late apoptotic murine cells.
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Assessment of tissue damage in mouse intestinal I/R model
Circulating levels of CRP in plasma
Concentrations of human CRP in plasma at sacrifice were determined to ensure that CRP 
levels were sufficiently high to elicit a response. Plasma concentrations were measured 
using ELISA as described. Plasma levels in sacrificed mice were in the same range as during 
acute phase reactions in human plasma, i.e. 50 µg/ml and 53 µg/ml in sham and ischemia-
treated mice, respectively (median values), with undetectable levels in saline-treated mice. 

Histopathology
To evaluate the effect of human CRP on intestinal ischemia, we next measured the 
histopathological damage scores as described in the methods section. As shown in Figure 
2, saline or CRP-treated ischemic groups demonstrated significantly higher histopathological 
damage scores when compared to sham groups (p<0.05) (saline-treated sham: mean 0.58 
± 0.96 (n=4); saline-treated ischemia: mean 2.20 ± 0.56 (n=4); CRP-treated ischemia: mean 
2.24 ± 0.61 (n=5); CRP-treated sham: mean 0.38 ± 0.25 (n=4)). Pathological features of 
injury such as subepithelial lifting and shortening of villi are visible in comparable amounts 
in ischemic Rag1-/- mice after administration of saline and CRP. Administration of human 
CRP did not significantly change the intestinal histopathological damage scores after I/R as 
compared to saline-treatment. In conclusion, our histopathological scores did not 
demonstrate an effect of human CRP on tissue damage.

Figure 1. Binding of human CRP to late apoptotic murine cells
Flow cytometry results for Sp2/0 cells (mouse myeloma cell line). Apoptosis of cells was induced by incubation 
with 200 µM etoposide for 24 hours. A. The forward scatter (FCS) and side scatter (SSC) pattern as well as 
FITC-labeled Annexin V and DAPI were used to identify apoptotic cells. B. Viable cells are selected in the lower 
left quadrant (AnnV-/DAPI-) (light green quadrant), early apoptotic cells in the lower right quadrant (AnnV+/
DAPI-) (dark green quadrant) and late apoptotic cells in the upper right quadrant (AnnV+/DAPI+) (blue 
quadrant). C. Flow cytometry results for binding of human CRP to late apoptotic Sp20 cells. Late apoptotic 
cells incubated with purified CRP 5% and stained with goat anti-mouse Alexa-633 were used to assess 
binding of CRP. In the corresponding histogram, the filled pink histogram indicates incubation the CRP binding 
signal using the isotype control, whilst the open blue histogram indicates the CRP binding signal using the 
CRP-specific antibody 5G4. Vital cells and early apoptotic cells did not show an increase in CRP binding signal 
while late apoptotic cells demonstrate an increase in CRP binding signal (mean fluorescence intensity (MFI) 
1150 isotype control – MFI 7267 5G4 antibody). Results are representative of 3 duplicate experiments.

Fig. 2. Reconstitution of human CRP in WT mice has no effect on intestinal I/R-damage. 
A.  Pathology scores were assigned based on the degree of injury. Results are presented as means +/- SD. 

Asterisks indicate statistical significance when compared to corresponding sham groups (p < 0.05). 
B.  Representative sections of mice reconstituted with saline or CRP were stained with H&E. Original 

magnification x10. 
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Intestinal edema
One of the features of endothelial cell injury is increased vascular permeability and edema 
formation within the intestinal wall39. We aimed to assess whether human CRP influences 
the formation of intestinal edema after I/R. As depicted in Figure 3, ischemic groups showed 
significantly more intestinal edema when compared to their corresponding sham groups 
(saline-treated sham: mean 69.4 ± 1.9%; saline-treated ischemia: mean 80.8 ± 1.0%) 
(CRP-treated sham: mean 69.9 ± 2.2%; CRP-treated ischemia: mean 78.2 ± 1.6%) (both 
p<0.05). Saline and CRP-treated animals showed comparable amounts of intestinal oedema 
after I/R. 

Hemodynamic response   
Finally, the influence of human CRP on any parameters of the hemodynamic response after 
intestinal I/R injury was evaluated. Using blood gas analysis pH, potassium levels, pCO2, 
pO2, chloride and base excess were determined at the end of the experiment. Ischemic 
animals treated with CRP did not demonstrate significant differences in pH, potassium 
levels, pCO2, pO2, chloride and base excess in comparison to ischemic animals treated with 
saline (Table 1).

Fig. 3. Intestinal edema in mice reconstituted with saline or CRP and exposed to intestinal I/R Results are 
illustrated in a box and whiskers plot in which bold lines indicate medians, box plots indicate 25 to 75th 
percentiles and whiskers show the range. *Indicates a significant difference between I/R and corresponding 
sham group (P<0.05). 

Table 1. Hemodynamic response to I/R injury 
Data are expressed as mean ± SD. P-values indicate comparison between I/R with saline and the corresponding 
I/R group with CRP (Mann-Whitney).
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DISCUSSION 

CRP is endowed with several pro- and anti-inflammatory properties in vitro and in vivo, 
including stimulatory effects on the complement system and FcYreceptors on several cell 
types24,30,33,35,40. The pro-inflammatory effects of CRP are presumed to be important for its 
role in the innate host defense. Among these effects are recognition of pathogens with 
subsequent activation of complement and recruitment of phagocytes, next to skewing of 
macrophages17. Anti-inflammatory effects of CRP include phagocytosis of apoptotic cells41, 
protection from bacterial infections22 and maintenance of LDL cholesterol homeostasis42. 

Next to these direct effects of CRP on cells of the innate immune response, complement-
mediated I/R injury has also been hypothesized to be initiated by direct recognition and 
binding of adaptor proteins such as CRP to neo-epitopes exposed on injured cells. According 
to this theory, hypoxia-related events result in exposition of neo-antigens on injured 
membranes and subsequent recognition leads to activation of the complement system and 
acute inflammation, ultimately resulting in tissue injury. CRP can bind phosphatidylcholine 

and particularly lyso-phosphatidylcholine via phosphorylcholine, and hence this chemical 

group can be postulated to be a potential binding site. 

In this study we evaluated this direct binding of human CRP to murine apoptotic cells and 
assessed the effects of this protein on tissue injury in a murine model of intestinal I/R. 
Human CRP was found to bind to late apoptotic murine Sp2/0 cells in flow cytometry 
experiments, where vital and early apoptotic Sp2/0 cells did not bind human CRP. Similar 
preferential binding of human CRP to late apoptotic cells has been described for human 
cells, particularly Jurkat cells34,43,44. Furthermore, CRP has been shown to compete with 
natural IgM antibodies and and other pentraxin Serum Amyloid P component (SAP) for 
binding to apoptotic cells34. 
 
Whereas human CRP demonstrated binding to apoptotic murine cells in our in vitro model, 
administration of human CRP yielded no significant differences in intestinal histopathological 
damage scores after I/R as compared to saline-treated groups. Compared to sham groups, 
saline or CRP-treated ischemic groups demonstrated significantly higher histological 
damage scores (p<0.05). Similarly, saline and CRP-treated animals showed comparable 
hemodynamic parameters, where hemodynamic responses have been described to be 
correlated to the amount of I/R tissue damage in animal models. 

The absence of an effect of CRP in our in vivo model raises the questions about whether 
human CRP was administered in a sufficient dosage. In our study we used an intravenous 
concentration of 15µg/g bodyweight CRP, an equivalent of approximately 0.4 mg per 
mouse. Furthermore, plasma CRP concentrations were assessed and equivalent to the acute 
phase reaction range in humans (median 50 µg/ml and 53 µg/ml sham and ischemia-treated 
mice respectively), with undetectable levels in saline-treated mice. In literature, human CRP 
has been administered in various rat and mouse models studying inflammatory responses 

and complement activation, using dosages ranging from 0.1 mg to 1.2 mg per mouse16,33,45-47. 
Insufficient levels of CRP therefore do not seem a probable explanation for the absence of 
an effect of CRP in this I/R mouse model. The second question arising from the absence of 
an effect of CRP in our in vivo model is whether human CRP indeed bound to the ischemic 
intestinal murine tissue. Immunohistochemical staining of ischemic tissue was hampered by 
high background staining signals so that we could not confirm binding of CRP or activated 
complement to the ischemic tissue.  

A possible explanation for the lack of an effect of CRP on I/R tissue damage in our study, 
might be that complement activation is initiated by a different adaptor molecule than CRP 
in this model. In the light of these findings and the in vitro competition studies between 
CRP and natural IgM antibodies for binding to apoptotic cells34, one could hypothesize that 
in animals such as mice with high IgM and low CRP levels, IgM will be the dominant adaptor 
protein, whereas in animals with high CRP levels, CRP may be more dominant as the adaptor 
molecule that binds to ischemic cells to trigger complement activation. Besides natural IgM 
antibodies, multiple other recognition molecules mediating I/R-injury by triggering 
complement activation have been described. Studies in animal models of intestinal, hindlimb 
and myocardial I/R have demonstrated complement activation to occur via binding of 
natural IgM antibodies and Mannose-Binding Lectin (MBL)16,48-51. Protection from intestinal 
I/R injury has been demonstrated in MBL-deficient mice as well as in C2- and factor 
B-deficient (C2/fB-/-) mice, where supplementation of MBL and C2 significantly restored 
injury and could be reversed by monoclonal anti-MBL52. The findings by Zhang and 
colleagues provide support of a pathogenic natural IgM subset to bind to ischemia-specific 
self-antigens and hence specifically restore I/R injury in RAG-/- mice27. In line with these 
findings, human natural IgM was shown to induce intestinal I/R injury in RAG-/- mice53. Later 
studies in Factor B knockout mice have indicated that the lectin complement pathway 
operates immediately downstream of the natural IgM--ischemic antigen interaction during 
intestinal I/R. Furthermore, the classical complement pathway also appears to interact with 
the of the natural IgM-ischemic antigen immunocomplex54. 

In summary, our results demonstrate that human CRP specifically binds to late apoptotic 
mouse cells in vitro but does not enhance tissue injury in our murine intestinal I/R model. 
Whether CRP binds to the intestinal I/R injured cells and influences intestinal I/R injury by 
activation of the complement pathway is yet to be determined by tissue staining studies.
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