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Physiol 304: G283–G292, 2013. First published October 25, 2012;
doi:10.1152/ajpgi.00371.2012.—Ischemia-reperfusion (IR) injury
causes a vigorous immune response that is amplified by complement
activation, leading to local and remote tissue damage. Using MRL/lpr
mice, which are known to experience accelerated tissue damage after
mesenteric IR injury, we sought to evaluate whether complement
inhibition mitigates organ damage. We found that complement depletion with cobra venom factor protected mice from local and remote
lung tissue damage. Protection from injury was associated with less
complement (C3) and membrane attack complex deposition, less
neutrophil infiltration, and lower levels of local proinflammatory
cytokine production. In addition, complement depletion was able to
decrease the level of oxidative stress as measured by glutathione
peroxidase 1 mRNA levels and superoxide dismutase activity. Furthermore, blockage of C5a receptor protected MRL/lpr mice from
local tissue damage, but not from remote lung tissue damage. In
conclusion, although treatments with cobra venom factor and C5a
receptor antagonist were able to protect mice from local tissue
damage, treatment with C5a receptor antagonist was not able to
protect mice from remote lung tissue damage, implying that more
factors contribute to the development of remote tissue damage after IR
injury. These data also suggest that complement inhibition at earlier,
rather than late, stages can have clinical benefit in conditions that are
complicated with IR injury.
ischemia-reperfusion injury; intestine; complement; systemic lupus
erythematosus
MESENTERIC ISCHEMIA-REPERFUSION (IR) injury is encountered
after restoration of intestinal blood supply following a brief
period of ischemia. The reestablishment of blood flow leads to
a robust activation of the innate and adaptive immune response
(22, 44, 14), which results in local organ injury and, subsequently, damage of remote organs. Production of reactive
oxygen species (3, 27) and deposition of natural antibodies on
newly expressed antigens on the ischemic cells (28, 40) are
the main initiators of this cascade. The extensive activation
of the complement cascade contributes to the amplification
of the immune response, which eventually leads to vascular
injury, increased mucosal permeability, and tissue necrosis
(5, 6, 19, 42).
The complement system consists of proteins that are
synthesized primarily by the liver and are found in the blood

Address for reprint requests and other correspondence: A. Ioannou, Division
of Rheumatology, Dept. of Medicine, Beth Israel Deaconess Medical Center,
Harvard Medical School, 330 Brookline Ave., CLS-928, Boston, MA 02115
(e-mail: aioannou@bidmc.harvard.edu).
http://www.ajpgi.org

as inactive precursors. The complement system is activated
through three different cascades, the classical, alternative,
and lectin pathways, and is an important mediator of innate
immune defense and inflammation (50, 51). Complement
proteins are activated through protease cleavage, resulting
in a significant increase in bioactive complement fragments
such as C3a and C5a (50, 51). Although various studies
using C3-deficient mice (43), factor B-deficient mice (21),
and mannose-binding lectin (MBL)-deficient mice (34, 52)
showed the importance of all three pathways to the expression of tissue damage after IR injury, more studies are
needed to elucidate the exact mechanisms whereby complement orchestrates the immune response.
Understanding the mechanisms involved in the tissue damage that follows IR is important in improving the clinical
outcome of life-threatening conditions such as trauma/hemorrhagic shock (41), organ transplantation (8), and cardiovascular
diseases (46). IR injury may also affect the disease process in
patients with autoimmune diseases such as systemic lupus
erythematosus (SLE) (1, 36, 47). SLE is characterized by the
production of autoantibodies directed against a variety of
self-antigens and the formation of immune complexes (45).
Circulating autoantibodies and immune complexes are deposited on vessel walls and activate complement, which leads to
local inflammation and vasculopathies, which, in turn, lead to
accelerated atherosclerosis with coronary heart disease (22)
and gastrointestinal small vessel vasculitis (39). The combination of thrombotic events and various vasculopathies could be
responsible for an increased incidence of transient episodes of
ischemia and reperfusion in SLE patients. However, in a
disease with a high level of complexity, such as SLE, more
studies are needed to clarify the importance of IR injury in the
overall pathophysiology of the disease. In support of this
concept are data that have shown that the lupus-prone mouse
B6.MRL/lpr displays increased and accelerated organ damage
after mesenteric IR and that the injury depends on the presence
of autoantibodies and the subsequent complement activation
(15, 54).
Complement depletion or blockage of the complement
pathway using molecules such as cobra venom factor (CVF)
(24, 33) and C5a receptor antagonists (C5aRA) (49) has
been demonstrated to protect from tissue damage in various
IR animal models. However, the effect of complement
depletion or complement receptor blockage in the context of
increased levels of autoantibodies and continuous complement activation has not been evaluated. In this study, we
show that complement depletion protects lupus-prone mice
from local and remote IR injury and that blockage of C5a
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receptors protects mice from local tissue damage, but not
from remote lung damage.
MATERIALS AND METHODS

Mice. Adult (12- to 14-wk-old) female MRL/lpr mice (Jackson
Laboratory, Bar Harbor, ME) were used for all experiments. All mice
were maintained in specific pathogen-free conditions in the animal
research facility at the Beth Israel Deaconess Medical Center. All
experiments were performed in accordance with the guidelines and
approval of the Institutional Animal Care and Use Committee of the
Beth Israel Deaconess Medical Center.
IR injury procedure. Mice were randomly assigned to sham or IR
groups. Mice were anesthetized by injection of tribromoethanol
(Avertin, 250 mg/kg ip) and maintained under anesthesia with Avertin
(125 mg/kg ip). The procedure was done as previously described (56).
Briefly, a midline laparotomy was performed, and the superior mesenteric artery was isolated and clamped with a small microvascular
clip for 30 min. The clip was removed, and the intestine was
reperfused for 2 h. Sham-treated mice underwent the same surgical
procedure without artery clamping. The incision was sutured with 4.0
SOFSILK (Synture, Mansfield, MA), and the mice were resuscitated
with subcutaneous administration of 1.0 ml of prewarmed sterile PBS
and monitored during the reperfusion period. Body temperature was
maintained at 37°C throughout the experimental procedure. At the end
of the reperfusion period, mice were euthanized by carbon dioxide
asphyxiation. Mice were injected intraperitoneally with a total of 24 U
of CVF in 0.5 ml of PBS at 24 and 16 h before the surgery. Control
mice were injected intraperitoneally with the same volume of PBS. A
specific C5aRA (PMX53, 1 mg/kg body wt in PBS), the cyclic
hexapeptide Ac-Phe-[Orn-Pro-dCha-Trp-Arg], was used. After 30
min of ischemia, the mice were injected intraperitoneally with the
peptide. Control mice were injected with the control peptide (Ac-Phe[Orn-Pro-dCha-Ala-dArg]) at the same concentration.
Histology. Histopathology was determined on formalin-fixed paraffin-embedded 6- to 8-m sections stained with hematoxylin and
eosin and examined using a light microscope.
For intestinal villi injury scoring, 50 –100 villi per tissue section
were graded as previously described (7): 0 for a normal-appearing

villus, 1 for villi demonstrating tip distortion, 2 for villi without goblet
cells and with Guggenheim’s spaces, 3 for villi exhibiting patchy
disruption of the epithelial cells, 4 for villi demonstrating exposed,
intact lamina propria and sloughing of epithelial cells, 5 for villi
demonstrating exuding lamina propria, and 6 for villi with hemorrhage or denudation. In the case of lungs, alveolar and periluminal
injury scores for each lung section were calculated on the basis of the
method of Cooke et al. (10). Ten fields at ⫻400 magnification were
viewed for each lung section and scored for alveolar infiltration as
follows: 0 when no infiltrate was present, 1 when the infiltrate could
be visualized easily only at ⫻400 magnification, 2 when infiltrates
were readily visible, and 3 for consolidation. Similarly, each section
was scored for periluminal damage (airway or blood vessel) at ⫻100
magnification as follows: 0 when there was no infiltrate, 1 when the
infiltrate was 1–3 cell layers thick, 2 when the infiltrate was 4 –10 cell
layers thick, and 3 when the infiltrate was ⬎10 cell layers thick. On
the basis of the overall involvement of the section, a severity score
was calculated as follows: 1 for 0 –25% involvement, 2 for 25–50%
involvement, and 3 for ⬎50% involvement. For calculation of the
total lung injury score, the means of alveolar and periluminal scores
for each section were summed and multiplied by the severity score,
which gave a final score of 0 –18.
Immunohistochemical staining of paraffin-embedded tissues. Formalin-fixed paraffin sections of small intestine were subjected to
rehydration, and endogenous peroxidase activity was quenched by 3%
H2O2. Then antigen retrieval was performed using Retrievagen A (BD
Pharmingen, San Jose, CA) according to the manufacturer’s directions. The sections were blocked with 10% BSA-PBS containing the
serum from host species of secondary antibody. Primary antibodies
prepared in 10% BSA-PBS were applied overnight at 4°C. For
immunohistochemical (IHC) studies, the following reagents were
used: mouse anti-complement 3 (C3), rabbit anti-mouse C5b-C9
(ab55811, Abcam), horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG, HRP-conjugated goat anti-mouse IgG, and normal
goat serum (Jackson ImmunoResearch, West Grove, PA). Consecutive tissue sections were stained with appropriate isotype controls. The
slides were then incubated with HRP-conjugated secondary antibody
for 60 min at room temperature, developed with NovaRED (Vector

Fig. 1. Intestinal tissue damage is reduced following mesenteric ischemia-reperfusion (IR) in complement-depleted MRL/lpr mice. A: C3 complement factor
levels as measured by ELISA (n ⫽ 8 per group). CVF, cobra venom factor. B–E: hematoxylin-eosin-stained sections of small intestine from control (Sham) mice
and mice exposed to 30 min of ischemia and 2 h of reperfusion. Representative images are shown at ⫻100 magnification. F: injury score in intestine. Values
are means ⫾ SD of a total of 6 mice for each control and experimental group in 3 separate experiments. *P ⱕ 0.05.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org
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Laboratories, Burlingame, CA), counterstained with hematoxylin, and
dehydrated. The sections were mounted in mounting medium
(Thermo Scientific, Waltham, MA).
For neutrophil staining, the fast blue salt method for detecting
esterase reaction in neutrophils was performed. Briefly, formalin-fixed
paraffin sections of small intestine were subjected to rehydration and
incubated with chloroacetate solution [Naphesol AS-D (N-0758,
Sigma) and fast blue BB salt (F-3378, Sigma)] for 1.5 h at room
temperature in darkness. The slides were counterstained in freshly
filtered Vector nuclear fast red for 5 min at room temperature and
mounted in aqueous mounting medium (Fluoromount-G, Southern
Biotech). All images were viewed and captured using a Nikon Eclipse
80i microscope.
Real-time PCR protocol. Real-time RT-PCR was performed with
the LightCycler 480 system (Roche, South San Francisco, CA) using
TaqMan gene expression master mix and predesigned TaqMan probes
for mouse IL-6, IL-1␤, TNF-␣, glutathione peroxidase 1 (GPX-1),
and GAPDH, as recommended by Applied Biosystems. The averaged
cycle threshold (Ct) values of each reaction derived from the target
gene, determined with LightCycler 480 system software (Roche),
were normalized to GAPDH levels. Ct values were used to calculate
relative mRNA expression by the ⌬⌬Ct relative quantification
method.
Antibodies and reagents. CVF was purchased from Quidel (catalog
no. A600). For measurement of C3 levels in mouse serum, the mouse
C3 ELISA kit (catalog no. 130047, Genway) was used. For determination of superoxide dismutase activity, the superoxide dismutase
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activity colorimetric assay kit (catalog no. ab65354, Abcam) was used
according to the manufacturer’s directions.
Statistical analysis. GraphPad Prism 4.0 for Windows (GraphPad
Software, San Diego, CA) was used for all statistical calculations
using the unpaired t-test. Values are means ⫾ SD. Differences were
considered significant when P ⱕ 0.05.
RESULTS

CVF protects MRL/lpr mice from local tissue damage following mesenteric IR. CVF forms a stable convertase with
factor B and factor D that is resistant to hydrolysis and
continuously activates C3 through the alternative complement
pathway, eventually resulting in complement depletion (26).
Because CVF has never been used in lupus-prone mice, we
treated MRL/lpr mice with CVF and evaluated its ability to
deplete complement. Mice received 12 U of CVF intraperitoneally in 0.5 ml of PBS at 24 and 16 h prior to mesenteric IR
or sham procedure. Serum samples were obtained immediately
after euthanasia, and the C3 levels were determined by ELISA.
Mice treated with CVF did not have detectable levels of C3
compared the PBS-treated group (Fig. 1A). Next, we examined
whether depletion of complement has a beneficial effect on
expression of local intestinal damage. We compared the intestinal injury of complement-depleted mice with that of control

Fig. 2. C3 and C5b-C9 complex deposition in tissue is reduced following mesenteric IR in complement-depleted MRL/lpr mice. A–F: immunohistochemistry
(IHC) with an anti-C3 antibody (red). G–L: IHC with an anti-C5b-C9 complex antibody (red). Representative images are shown at ⫻100 magnification. Nuclei
stained blue with hematoxylin. A total of 6 mice were used for each control and experimental group in 3 separate experiments.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org
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mice. Control mice subjected to IR displayed severe mucosal
damage after 2 h of reperfusion compared with complementdepleted mice (Fig. 1, B–E). Decreased villus height, edema,
and hemorrhage were prominent in the complement-sufficient
mice. Cumulative data from three separate experiments are
shown in Fig. 1F.
Although C3 levels were undetected in the serum of
complement-depleted MRL/lpr mice, we sought to evaluate
the level of local complement activation in the intestine by
staining for C3 and C5b-9 complex deposition. We found a
noticeable decrease in the deposition of C3 and C5b-9 in the
intestine of complement-depleted compared with control
mice, confirming that there was no local complement activation (Fig. 2).
Complement depletion reduces local neutrophil infiltration
and oxidative stress response following mesenteric IR. It is
well established that the increased production of reactive oxygen species and the increase in neutrophil infiltration in the
ischemic tissue are important initiating events in the pathophysiology of IR injury (22). To evaluate whether complement
is required in the evolution of these events, we stained intestinal tissues for neutrophils. We found reduced numbers of
neutrophils in the intestine of complement-depleted compared
with control mice (Fig. 3, A–D). To evaluate oxidative stress in
the intestine, we measured mRNA levels of GPX-1, as well as
the activity of superoxide dismutase, two very important en-

zymes in antioxidant defense. We found increased expression
of GPX-1 in complement-depleted compared with control mice
(Fig. 3E). Moreover, we observed a significant increase in
superoxide dismutase activity in the complement-sufficient
mice, which is consistent with an acute increase in oxidative
stress in the intestine (Fig. 3F).
Complement depletion decreases the mRNA levels of proinflammatory cytokines in MRL/lpr mice following mesenteric IR
injury. After ischemic injury, the levels of proinflammatory
cytokines increase, indicating the presence of an inflammatory
response. We measured the mRNA levels of the proinflammatory cytokines IL-6, IL-1␤, and TNF-␣ to investigate the effect
of complement depletion (Fig. 4). We observed significantly
lower levels of proinflammatory cytokines in complementdepleted than control mice, and we can conclude that complement depletion can protect MRL/lpr mice from local tissue
damage following mesenteric IR by decreasing the inflammatory response that leads to tissue damage.
Complement depletion protects MRL/lpr mice from remote
tissue damage following mesenteric IR. As soon as the blood
supply is reestablished at the ischemic tissue, proinflammatory
cytokines and immune cells are transferred via the bloodstream
to remote tissues such as the lung, where they are able to
induce a secondary inflammatory response that can cause tissue
damage (22). To further investigate the effect of complement
depletion in remote lung tissue damage after mesenteric IR, we

Fig. 3. Complement depletion reduces local neutrophil infiltration and oxidative stress in intestine of MRL/lpr mice following mesenteric IR. A–D: neutrophil
infiltration evaluated using the fast blue salt method for detecting esterase reaction in neutrophils (blue). E: glutathione peroxidase 1 (GPX-1) mRNA levels after
mesenteric IR injury in IR and Sham MRL/lpr mice. F: superoxide dismutase activity (SDA). All representative images are shown at ⫻100 magnification. A
total of 6 mice were used for each control and experimental group in 3 separate experiments. *P ⬍ 0.05.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org
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Fig. 4. Complement depletion decreases
mRNA levels of proinflammatory cytokines
in MRL/lpr mice following mesenteric IR.
A–C: IL-6, IL-1␤, and TNF-␣ mRNA levels
in the intestine after mesenteric IR. mRNA
expression was analyzed using quantitative
RT-PCR. A total of 6 mice were used for
each control and experimental group in separate experiments. *P ⱕ 0.05.

evaluated the levels of lung damage in MRL/lpr mice (Fig. 5).
Complement-depleted mice displayed a significant reduction in
lung damage (Fig. 5, A–D) compared with complement-sufficient MRL/lpr mice after mesenteric IR. Cumulative data in
Fig. 5E show a statistically significant reduction in tissue
damage in complement-depleted MRL/lpr compared with control mice. C3 deposition followed a pattern similar to that in the
intestinal tissues (Fig. 6). Significantly less C3 deposition was
observed in lung tissue from complement-depleted than control
mice. These experiments indicate that complement activation
can lead to remote tissue damage after mesenteric IR.
C5aRA protects MRL/lpr mice from local, but not remote,
tissue damage following mesenteric IR. We showed that systemic depletion of complement leads to a reduction of local and
remote lung tissue damage. However, long-term systemic complement depletion would most probably cause unwanted side
effects, since complement activation has a very important role in

the immune response against infectious agents, as well as the
clearance of immune complexes. To address this issue, we
assessed whether blocking the effects of specific complement
fragments after initiation of the complement cascade has protective effects on tissue damage. One of the most important
complement fragments that has been implicated in the pathophysiology of IR injury is the anaphylatoxin C5a (4, 49, 57).
C5a is a fragment of the activated complement factor C5 and
has the ability to modulate the neutrophil response to injury
and cause cell death through release of reactive oxygen species
and granule-based enzymes (12, 20, 53). We found that MRL/
lpr mice treated with C5aRA, a peptide that targets the C5a
receptor and, thus, blocks the effects of the C5a complement
fragment, are protected from local tissue damage after mesenteric IR compared with mice treated with control peptide (Fig.
7, A–D and I). Mucosal destruction, loss of villi and epithelial
cells, and hemorrhage were significantly decreased in the

Fig. 5. Remote lung tissue damage is reduced following mesenteric IR in complement-depleted MRL/lpr mice. A–D: hematoxylin-eosin-stained sections
of mouse lung tissues after 30 min of ischemia and 2 h of reperfusion. Images are representative of a total of 6 mice. Representative images are shown
at ⫻200 magnification. E: injury score in intestine. Values are means ⫾ SD of a total of 6 mice for each control and experimental group in 3 separate
experiments. *P ⱕ 0.05.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org
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Fig. 6. C3 deposition is reduced in lung tissue
following mesenteric IR in complement-depleted MRL/lpr mice. A–F: IHC with an anti-C3
antibody (red). All representative images are
shown at ⫻200 magnification. Nuclei stained
blue with hematoxylin. A total of 6 mice were
used for each control and experimental group in
3 separate experiments.

C5aRA-treated mouse intestine after mesenteric IR injury compared with control mice. Blockage of the C5a receptor greatly
reduced neutrophil recruitment in the intestine (Fig. 7, E–H)
compared with control mice. In addition, differences in the
levels of proinflammatory cytokines showed the same trend
observed in the previous experiments, although they were not
statistically significant (data not shown). Administration of
C5aRA did not protect MRL/lpr mice from remote lung tissue
damage (Fig. 8), indicating that additional factors contribute to
the expression of remote lung tissue damage.
DISCUSSION

In this study, we show, in a lupus mouse model, that
complement depletion mitigates tissue damage after mesenteric
IR. In particular, we demonstrate that intestinal tissue damage
is significantly reduced in complement-depleted MRL/lpr
compared with complement-sufficient MRL/lpr mice. The protection was linked with a decrease in C3 and C5b-C9 complex
deposition, a reduction in mRNA levels of proinflammatory
cytokines, decreased levels of oxidative stress, and a significant
reduction in the infiltration of neutrophils in the damaged
tissue. Next, we evaluated the effects of complement depletion
in the development of remote tissue damage. Consistent with
previous studies (11, 55), we showed that complement-depleted mice are also protected from remote lung damage after
mesenteric IR. Noticeably, C3 deposition was significantly

reduced in lung tissue of complement-depleted mice. Our
results establish that complement modulation can protect lupus-prone mice from tissue damage resulting from mesenteric
IR injury (2, 16, 18, 25, 37, 48).
To our knowledge, the role of complement depletion in IR
injury using a lupus mouse model has not been investigated
until now. The MRL/lpr mouse is an autoimmune-prone mouse
model that has been shown to present with significantly increased tissue damage after mesenteric IR compared with
normal B6 mice (17). It has been claimed that ischemic cells
express new surface antigens to which readily circulating
autoantibodies can bind and, in turn, activate the complement
cascade, creating a positive-feedback loop in the inflammatory
response. However, it is important that a transient ischemic
episode is needed for the expression of tissue damage, and the
presence of these autoantibodies alone does not lead to tissue
injury. The increased susceptibility of these mice to tissue damage
after IR injury may reflect the sensitivity of SLE patients to
tissue damage. We can speculate that comorbidities, such as
atherosclerosis, immune-complex related renal damage, and
various forms of vasculopathies, in SLE patients (36, 45, 47)
can cause local reduction of blood flow, leading to a temporary ischemic state that could be enough to initiate the IR
cascade. However, more studies are needed to confirm the
contribution of IR-related damage in the clinical expression
of SLE.

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org
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Fig. 7. Intestinal damage is reduced following mesenteric IR in MRL/lpr mice after administration of the C5a receptor antagonist. A–D: hematoxylin-eosin
(H&E)-stained sections of mouse small intestine after 30 min of ischemia and 2 h of reperfusion. A total of 4 mice were used in 2 separate experiments.
E–H: images of neutrophil staining (blue). All representative images are shown at ⫻100 magnification. I: injury score in intestine. CP, control peptide.
Values are means ⫾ SD. *P ⱕ 0.05.

Complement activation leads to production of the C3a and
C5a anaphylatoxins (50). The anaphylatoxin C5a has been
implicated in the promotion and amplification of the inflammatory reaction (12, 20, 53), and other studies have demonstrated that C5a is a central player in the expression of tissue
damage after IR (4, 19, 49, 57). Consistent with the abovementioned studies, our treatment using a C5aRA in the MRL/
lpr mouse model of IR was able to protect these mice from
local tissue damage. A significant pathological improvement in
tissue damage and a reduction in neutrophil infiltration in the
intestine are demonstrated in the current study. However,
blockage of the C5a receptor was not able to protect mice from
remote lung tissue injury, indicating that more factors are
involved in this process.

The difference between the CVF treatment and the C5aRA
can be explained by the different mechanisms of action. CVF
depletes all complement factors through activation; thus, by the
time of the ischemic assault, no complement is available to
initiate an immune response as a result of the damage. On the
other hand, the C5aRA is administered after the ischemic
injury and after complement activation; thus only a component
of the complement cascade is blocked, which, as our results
suggest, is beneficial for the local tissue damage, but not for the
remote lung damage. This can also explain why the differences
in the mRNA levels of the proinflammatory cytokines in the
lung after treatment with C5aRA do not reach a statistically
significant level (data not shown). We believe that a level of
inflammatory response is still being induced, because other

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org
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Fig. 8. Remote lung tissue damage is not reduced following mesenteric IR after administration of the C5a receptor antagonist. A–D: hematoxylin-eosin-stained
sections of mouse lung tissues after 30 min of ischemia and 2 h of reperfusion. A total of 4 mice were used for each control and experimental group in 2 separate
experiments. All representative images are shown at ⫻200 magnification. E: injury score in intestine. Values are means ⫾ SD. ns, Not significant.

fragments of activated complement factors, such as C3a or
C4b, may lead to the activation of different cells such as
platelets, resulting in the expression of remote lung damage.
Recent studies from our laboratory and others have emphasized
the importance of complement activation by platelets and vice
versa (23, 35), as well as the novel role of platelet activation
and platelet-derived molecules, in the expression of tissue
damage in IR injury (29 –32) and in autoimmune diseases (13,
14, 38).
In conclusion, we have shown that CVF can effectively
deplete complement in lupus-prone mice and suppress the
inflammatory response and injury in tissues experiencing IR
injury and mitigate remote organ damage. The fact the blockage of the action of C5a protects only local injury but fails to
limit remote organ damage suggests that other components of
the activated complement cascade or blood cells traveling
through the reperfused organ account for the development of
remote organ damage.
ACKNOWLEDGMENTS
We thank Dr. John D. Lambris (Department of Pathology and Laboratory
Medicine, University of Pennsylvania School of Medicine, Philadelphia, PA)
for kindly providing the C5aRA (PMX31) and the control peptide.
A. Ioannou is a student of the graduate program “The Molecular Basis of
Human Disease” of the University of Crete Medical School.
GRANTS
The research presented here was supported by US Army Medical Research
and Material Command Grants W81XWH-09-1-0530 and W81XWH-09-10536.
DISCLAIMER
The opinions or assertions contained herein are the private views of the
authors and are not to be construed as official or as reflecting the views of the
US Department of the Army or the Department of Defense.

DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the authors.
REFERENCES
1. Abdellatif AA, Waris S, Lakhani A, Kadikoy H, Haque W, Truong
LD. True vasculitis in lupus nephritis. Clin Nephrol 74: 106 –112, 2010.
2. Anderson J, Fleming SD, Rehrig S, Tsokos GC, Basta M, SheaDonohue T. Intravenous immunoglobulin attenuates mesenteric ischemiareperfusion injury. Clin Immunol 114: 137–146, 2005.
3. Bodwell W. Ischemia, reperfusion, and reperfusion injury: role of oxygen
free radicals and oxygen free radical scavengers. J Cardiovasc Nurs 4:
25–32, 1989.
4. Busche MN, Stahl GL. Role of the complement components C5 and C3a
in a mouse model of myocardial ischemia and reperfusion injury. Ger Med
Sci Sep: 8, 2010.
5. Carden DL, Granger DN. Pathophysiology of ischemia-reperfusion
injury. J Pathol 190: 255–266, 2000.
6. Chang JX, Chen S, Ma LP, Jiang LY, Chen JW, Chang RM, Wen LQ,
Wu W, Jiang ZP, Huang ZT. Functional and morphological changes of
the gut barrier during the restitution process after hemorrhagic shock.
World J Gastroenterol 11: 5485–5491, 2005.
7. Chiu CJ, McArdle AH, Brown R, Scott HJ, Gurd FN. Intestinal
mucosal lesion in low-flow states. I. A morphological, hemodynamic, and
metabolic reappraisal. Arch Surg 101: 478 –483, 1970.
8. Clavien PA, Harvey PR, Strasberg SM. Preservation and reperfusion
injuries in liver allografts. An overview and synthesis of current studies.
Transplantation 53: 957–978, 1992.
9. Collins CE, Rampton DS. Platelets in inflammatory bowel disease—
pathogenetic role and therapeutic implications. Aliment Pharmacol Ther
11: 237–247, 1997.
10. Cooke KR, Kobzik L, Martin TR, Brewer J, Delmonte J Jr, Crawford
JM, Ferrara JL. An experimental model of idiopathic pneumonia syndrome after bone marrow transplantation. I. The roles of minor H antigens
and endotoxin. Blood 88: 3230 –3239, 1996.
11. Dalle Lucca JJ, Simovic M, Li Y, Moratz C, Falabella M, Tsokos GC.
Decay-accelerating factor mitigates controlled hemorrhage-instigated intestinal and lung tissue damage and hyperkalemia in swine. J Trauma 71:
S151–S160, 2011.

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org

COMPLEMENT AND MESENTERIC ISCHEMIA-REPERFUSION INJURY
12. DiScipio RG, Schraufstatter IU, Sikora L, Zuraw BL, Sriramarao P.
C5a mediates secretion and activation of matrix metalloproteinase 9 from
human eosinophils and neutrophils. Int Immunopharmacol 6: 1109 –1118,
2006.
13. Duffau P, Seneschal J, Nicco C, Richez C, Lazaro E, Douchet I,
Bordes C, Viallard JF, Goulvestre C, Pellegrin JL. Platelet CD154
potentiates interferon-␣ secretion by plasmacytoid dendritic cells in systemic lupus erythematosus. Sci Transl Med 2: 47–63, 2010.
14. Edgerton C, Crispin JC, Moratz CM, Bettelli E, Oukka M, Simovic
M, Zacharia A, Egan R, Chen J, Dalle Lucca JJ, Juang T, Tsokos GC.
IL-17 producing CD4⫹ T cells mediate accelerated ischemia/reperfusioninduced injury in autoimmunity-prone mice. Clin Immunol 130: 313–321,
2009.
15. Eisenberg RA, Craven SY, Fisher CL, Morris SC, Rapoport R,
Pisetsky DS, Cohen PL. The genetics of autoantibody production in
MRL/lpr lupus mice. Clin Exp Rheumatol 7 Suppl 3: S35–S40, 1989.
16. Eror AT, Stojadinovic A, Starnes BW, Makrides SC, Tsokos GC,
Shea-Donohue T. Anti-inflammatory effects of soluble complement receptor type 1 promote rapid recovery of ischemia/reperfusion injury in rat
small intestine. Clin Immunol 90: 266 –275, 1999.
17. Fleming SD, Monestier M, Tsokos GC. Accelerated ischemia/reperfusion-induced injury in autoimmunity-prone mice. J Immunol 173: 4230 –
4235, 2004.
18. Fleming SD, Mastellos D, Karpel-Massler G, Shea-Donohue T, Lambris JD, Tsokos GC. C5a causes limited, polymorphonuclear cell-independent, mesenteric ischemia/reperfusion-induced injury. Clin Immunol
108: 263–273, 2003.
19. Fleming SD, Phillips LM, Lambris JD, Tsokos GC. Complement
component C5a mediates hemorrhage-induced intestinal damage. J Surg
Res 150: 196 –203, 2008.
20. Guo RF, Ward PA. Role of C5a in inflammatory responses. Annu Rev
Immunol 23: 821–852, 2005.
21. Hart ML, Ceonzo KA, Shaffer LA, Takahashi K, Rother RP, Reenstra WR, Buras JA, Stahl GL. Gastrointestinal ischemia-reperfusion
injury is lectin complement pathway dependent without involving C1q. J
Immunol 174: 6373–6380, 2005.
22. Ioannou A, Dalle Lucca J, Tsokos GC. Immunopathogenesis of ischemia/reperfusion-associated tissue damage. Clin Immunol 141: 3–14, 2011.
23. Ioannou A, Kannan L, Tsokos GC. Platelets, complement and tissue
inflammation. Autoimmunity. In press.
24. Jaeschke H, Farhood A, Bautista AP, Spolarics Z, Spitzer JJ. Complement activates Kupffer cells and neutrophils during reperfusion after
hepatic ischemia. Am J Physiol Gastrointest Liver Physiol 264: G801–
G809, 1993.
25. Karpel-Massler G, Fleming SD, Kirschfink M, Tsokos GC. Human C1
esterase inhibitor attenuates murine mesenteric ischemia/reperfusion induced local organ injury. J Surg Res 115: 247–256, 2003.
26. Kock MA, Hew BE, Bammert H, Fritzinger DC, Vogel CW. Structure
and function of recombinant cobra venom factor. J Biol Chem 279:
30836 –30843, 2004.
27. Koyama I, Bulkley GB, Williams GM, Im MJ. The role of oxygen free
radicals in mediating the reperfusion injury of cold-preserved ischemic
kidneys. Transplantation 40: 590 –595, 1985.
28. Kulik L, Fleming SD, Moratz C, Reuter JW, Novikov A, Chen K,
Andrews KA, Markaryan A, Quigg RJ, Silverman GJ, Tsokos GC,
Holers VM. Pathogenic natural antibodies recognizing annexin IV are
required to develop intestinal ischemia-reperfusion injury. J Immunol 182:
5363–5373, 2009.
29. Lapchak PH, Ioannou A, Kannan L, Rani P, Dalle Lucca JJ,
Tsokos GC. Platelet-associated CD40/CD154 mediates remote tissue
damage after mesenteric ischemia/reperfusion injury. PLos One 7:
e32260, 2012.
30. Lapchak PH, Ioannou A, Rani P, Lieberman LA, Yoshiya K, Kannan
L, Dalle Lucca JJ, Tsokos GC. The role of platelet factor 4 in local and
remote tissue damage in a mouse model of mesenteric ischemia/reperfusion injury. PLos One 7: e39934, 2012.
31. Lapchak PH, Kannan L, Ioannou A, Rani P, Karian P, Dalle Lucca
JJ, Tsokos GC. Platelets orchestrate remote tissue damage after mesenteric ischemia-reperfusion. Am J Physiol Gastrointest Liver Physiol 302:
G888 –G897, 2012.
32. Lapchak PH, Kannan L, Rani P, Pamuk ON, Ioannou A, Dalle Lucca
JJ, Pine P, Tsokos GC. Inhibition of Syk activity by R788 in platelets
prevents remote lung tissue damage after mesenteric ischemia-reperfusion

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.
47.

48.

49.

50.
51.
52.

G291

injury. Am J Physiol Gastrointest Liver Physiol 302: G1416 –G1422,
2012.
Maroko PR, Carpenter CB, Chiariello M, Fishbein MC, Radvany P,
Knostman JD, Hale SL. Reduction by cobra venom factor of myocardial
necrosis after coronary artery occlusion. J Clin Invest 61: 661–670, 1978.
Moller-Kristensen M, Wang W, Ruseva M, Thiel S, Nielsen S, Takahashi K, Shi L, Ezekowitz A, Jensenius JC, Gadjeva M. Mannanbinding lectin recognizes structures on ischemic reperfused mouse kidneys
and is implicated in tissue injury. Scand J Immunol 61: 426 –434, 2005.
Peerschke EI, Yin W, Ghebrehiwet B. Complement activation on
platelets: implications for vascular inflammation and thrombosis. Mol
Immunol 47: 2170 –2175, 2010.
Ramos-Casals M, Nardi N, Lagrutta M, Brito-Zeron P, Bove A,
Delgado G, Cervera R, Ingelmo M, Font J. Vasculitis in systemic lupus
erythematosus: prevalence and clinical characteristics in 670 patients.
Medicine (Baltimore) 85: 95–104, 2006.
Rehrig S, Fleming SD, Anderson J, Guthridge JM, Rakstang J,
McQueen CE, Holers VM, Tsokos GC, Shea-Donohue T. Complement
inhibitor, complement receptor 1-related gene/protein y-Ig attenuates intestinal damage after the onset of mesenteric ischemia/reperfusion injury
in mice. J Immunol 167: 5921–5927, 2001.
Schmitt-Sody M, Metz P, Klose A, Gottschalk O, Zysk S, Hausdorf J,
Veihelmann A, Jansson V. In vivo interactions of platelets and leucocytes with the endothelium in murine antigen-induced arthritis: the role of
P-selectin. Scand J Rheumatol 36: 311–319, 2012.
Shapeero LG, Myers A, Oberkircher PE, Miller WT. Acute reversible
lupus vasculitis of the gastrointestinal tract. Radiology 112: 569 –574,
1974.
Shi T, Moulton VR, Lapchak PH, Deng GM, Dalle Lucca JJ, Tsokos
GC. Ischemia-mediated aggregation of the actin cytoskeleton is one of the
major initial events resulting in ischemia-reperfusion injury. Am J Physiol
Gastrointest Liver Physiol 296: G339 –G347, 2009.
Shoemaker WC, Appel P, Czer LS, Bland R, Schwartz S, Hopkins JA.
Pathogenesis of respiratory failure (ARDS) after hemorrhage and trauma.
I. Cardiorespiratory patterns preceding the development of ARDS. Crit
Care Med 8: 504 –512, 1980.
Solligard E, Juel IS, Spigset O, Romundstad P, Gronbech JE, Aadahl
P. Gut luminal lactate measured by microdialysis mirrors permeability of
the intestinal mucosa after ischemia. Shock 29: 245–251, 2008.
Stahl GL, Xu Y, Hao L, Miller M, Buras JA, Fung M, Zhao H. Role
for the alternative complement pathway in ischemia/reperfusion injury.
Am J Pathol 162: 449 –455, 2003.
Tsokos GC. B cells, be gone—B cell depletion in the treatment of
rheumatoid arthritis. N Engl J Med 350: 2546 –2548, 2004.
Tsokos GC. Systemic lupus erythematosus. N Engl J Med 365: 2110 –
2121, 2011.
Turer AT, Hill JA. Pathogenesis of myocardial ischemia-reperfusion
injury and rationale for therapy. Am J Cardiol 106: 360 –368, 2010.
Urowitz MB, Gladman D, Ibanez D, Fortin P, Sanchez-Guerrero J,
Bae S, Clarke A, Bernatsky S, Gordon C, Hanly J, Wallace D,
Isenberg D, Ginzler E, Merrill J, Alarcon G, Steinsson K, Petri M,
Dooley MA, Bruce I, Manzi S, Khamashta M, Ramsey-Goldman R,
Zoma A, Sturfelt G, Nived O, Maddison P, Font J, van Vollenhoven R,
Aranow C, Kalunian K, Stoll T, Buyon J. Clinical manifestations and
coronary artery disease risk factors at diagnosis of systemic lupus erythematosus: data from an international inception cohort. Lupus 16: 731–
735, 2007.
Vakeva AP, Agah A, Rollins SA, Matis LA, Li L, Stahl GL. Myocardial
infarction and apoptosis after myocardial ischemia and reperfusion: role of
the terminal complement components and inhibition by anti-C5 therapy.
Circulation 97: 2259 –2267, 1998.
van der Pals J, Koul S, Andersson P, Gotberg M, Ubachs JF, Kanski
M, Arheden H, Olivecrona GK, Larsson B, Erlinge D. Treatment with
the C5a receptor antagonist ADC-1004 reduces myocardial infarction in a
porcine ischemia-reperfusion model. BMC Cardiovasc Disord 10: 45,
2010.
Walport MJ. Complement. First of two parts. N Engl J Med 344:
1058 –1066, 2001.
Walport MJ. Complement. Second of two parts. N Engl J Med 344:
1140 –1144, 2001.
Walsh MC, Bourcier T, Takahashi K, Shi L, Busche MN, Rother RP,
Solomon SD, Ezekowitz RA, Stahl GL. Mannose-binding lectin is a

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org

G292

COMPLEMENT AND MESENTERIC ISCHEMIA-REPERFUSION INJURY

regulator of inflammation that accompanies myocardial ischemia and
reperfusion injury. J Immunol 175: 541–546, 2005.
53. Ward PA. Role of C5 activation products in sepsis. Sci World J 10:
2395–2402, 2010.
54. Warren RW, Caster SA, Roths JB, Murphy ED, Pisetsky DS. The
influence of the lpr gene on B cell activation: differential antibody
expression in lpr congenic mouse strains. Clin Immunol Immunopathol 31:
65–77, 1984.
55. Weeks C, Moratz C, Zacharia A, Stracener C, Egan R, Peckham R,
Moore FD Jr, Tsokos GC. Decay-accelerating factor attenuates remote

ischemia-reperfusion-initiated organ damage. Clin Immunol 124: 311–
327, 2007.
56. Yoshiya K, Lapchak PH, Thai TH, Kannan L, Rani P, Dalle Lucca JJ,
Tsokos GC. Depletion of gut commensal bacteria attenuates intestinal
ischemia/reperfusion injury. Am J Physiol Gastrointest Liver Physiol 301:
G1020 –G1030, 2011.
57. Zheng X, Zhang X, Feng B, Sun H, Suzuki M, Ichim T, Kubo N, Wong
A, Min LR, Budohn ME. Gene silencing of complement C5a receptor
using siRNA for preventing ischemia/reperfusion injury. Am J Pathol 173:
973–980, 2008.

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00371.2012 • www.ajpgi.org

