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Abstract
Previous studies have demonstrated that co-administration of rat adrenomedullin (AM) and human
AM binding protein-1 (AMBP-1) has various beneficial effects following adverse circulatory
conditions. In order to reduce rat proteins to elicit possible immune responses in humans, we
determined the effect of human AM combined with human AMBP-1 after intestinal ischemia and
reperfusion (I/R). Intestinal ischemia was induced in the rat by occluding the superior mesenteric
artery for 90 min. At 60 min after the beginning of reperfusion, human AM/AMBP-1 at 3 different
dosages was administered intravenously over 30 min. At 240 min after the treatment, blood and tissue
samples were harvested and measured for pro-inflammatory cytokines (i.e., TNF-α and IL-6),
myeloperoxidase activities in the gut and lungs, and cleaved caspase-3 expression in the lungs, as
well as serum levels of hepatic enzymes and lactate. In additional groups of animals, a 10-day survival
study was conducted. Results showed that administration of human AM/AMBP-1 reduced pro-
inflammatory cytokines, attenuated organ injury, and improved the survival rate in a seemingly dose-
response fashion. Co-administration of the highest dose of human AM/AMBP-1 in this study had
the optimal therapeutic effect in the rat model of intestinal I/R.
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1. Introduction
Acute mesenteric ischemia is a common emergency resulting from either a focal interruption
of mesenteric blood supply or as a consequence of a more global hypoperfusion. Although it
is increasingly recognized in patients leading to earlier diagnosis, the mortality of the condition
has changed little in the last 25 years, ranging as high as 60-80% [1-3]. The disease process is
usually recognized in two parts with an obstruction of blood flow (whether embolic or
thrombotic, arterial or venous) causing ischemic injury to the bowel and a reperfusion injury
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after restoration of blood flow. The direct injury to the bowel depends both on the degree or
ischemia and its duration and it ranges from minimal mucosal injury to transmural necrosis
and perforation [4]. Curiously, reperfusion injury can produce even greater local damage as
well as amplify the effects of the ischemia by making a focal injury a global insult [5]. Multiple
explanations for this amplification have included translocation of bacteria and bacterial
products [6,7], production of cytokines [8], and activation of circulation neutrophils and
macrophages [3]. As a result, numerous agents and interventions have been studied to reduce
gut ischemia and reperfusion (I/R)-induced organ injury and its mortality, but none has so far
been entirely successful [9]. It remains important, therefore, to find an effective therapeutic
agent which improves both local perfusion, ameliorates ischemic organ injury and blunts the
consequent associated circulatory collapse and distant organ injury.

The polypeptide adrenomedullin (AM) has potent and long-lasting vasoactive effects which
made is a plausible intervention in the management of I/R injury based upon earlier experience
with vasodilatation in the clinical management of focal mesenteric ischemia [10]. AM was
discovered and isolated from human pheochromocytoma extracts in 1993 [11] and is was
widely distributed in the endocrine and neuroendocrine system [12,13], suggesting that AM
plays an important role in the control of systemic and local circulation. AM also effects humoral
secretion [14]. Elevated levels of endogenous AM have been demonstrated in various diseases
such as sepsis, hypertension, renal failure, heart failure, and shock [15,16].

A 120-140 kD AM-binding protein-1 (AMBP-1) was first reported in 1999 to be identical to
human complement factor H [17,18]. Previous studies in this laboratory have demonstrated
that human AMBP-1 synergistically enhanced rat AM-induced vascular relaxation and that the
administration of rat AM and human AMBP-1 in combination prevented the transition from
the hyperdynamic to the hypodynamic state of sepsis [19-22]. We have also demonstrated that
rat AM and human AMBP-1 in combination down-regulated inflammatory cytokines,
attenuated tissue injury, decreased gut permeability, and prevented acute lung injury after
intestinal I/R [8,23,24]. A number of obstacles to the development of AM/AMBP-1 as a
therapeutic agent are obvious. One is the potential immunogenicity of rat proteins in humans.
Human AM is 52-amino acids in length, while rat AM is 50-amino acids in length. Six amino
acid differences are seen between the human and rat protein [10]. A second problem is that the
therapeutic benefit of the AM/AMBP-1 combination may be dependent on the rat AM and not
be demonstrable with the human protein. The aim of this study, therefore, was to investigate
the effects of human AM combined with human AMBP-1 on intestinal I/R-induced
inflammation, organ injury, and mortality in rats and, if beneficial, to determine the optimal
dosage of human AM/AMBP-1.

2. Materials and methods
2.1. Experimental animals

Male Sprague-Dawley rats (275-385 g), purchased from Charles River Laboratories
(Wilmington, MA), were used in this study. All procedures performed were described in
protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the
Feinstein Institute for Medical Research. Animal experimentation was carried out in
accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources). The rats were housed in a temperature-controlled room on a 12 h light/
dark cycle and fed a standard Purina rat chow diet. The rats were fasted with free access to
water the night before laparotomy. Operative procedures were performed under general
anesthesia with isoflurane and a steady state of sedation was maintained with subsequent
intravenous injections of sodium pentobarbital (∼30 mg/kg BW). The procedures were
performed using sterile surgical technique.
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2.2. Experimental protocol
Experiment animals were divided into one of five groups with six animals per group: Sham
(laparotomy without mesenteric occlusion), and mesenteric occlusion and treatment with either
Vehicle, 1X human AM/AMBP-1, 2X human AM/AMBP-1, and 4X human AM/AMBP-1.
Detailed information regarding groups is provided in Table 1. A length of PE-50 tubing was
introduced into the femoral vein after carefully separating it from the femoral nerve to allow
administration of drug and withdrawal of blood. The animals were not heparinized. A midline
laparotomy was performed and the superior mesenteric artery (SMA) was dissected
circumferentially and isolated. Ischemia was produced by complete occlusion of the SMA for
90 min after which the SMA clamp was removed. No additional fluids were administered. At
60 min post-reperfusion, human AM and human AMBP-1 in combination, or human serum
albumin (Vehicle) was infused intravenously over a period of 30 min. The incision was then
closed and rats were allowed to awaken and were observed for additional 240 min. At the end
of experiment, blood and tissue samples (small intestines and lungs) were harvested and stored
at -80°C until assayed.

2.3. Determination of tumor necrosis factor-a and interleukins-6
The lung and small bowel were excised and lysated in an ice-cold lysis buffer (1% Triton X-100
in TBS with protease inhibitors, pH, 7.5) and sonicated 30 s on ice. The tissue lysates were
centrifuged at 12,000 rpm for 10 min and protein concentration was measured by using Bio-
Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA). Tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6) in gut and lung ware quantified with the use of specific enzyme linked
immunosorbent assay (ELISA) kits according to the instructions provided by manufacturer
(BD Biosciences Pharmingen, San Diego, CA).

2.4. Determination of serum levels of transaminases, lactate, and creatinine
Serum concentrations of aspartate aminotransferase (AST), alanine aminotransferase (ALT)
and lactate were determined by using assay kits according to the manufacturer's instructions
(Pointe Scientific, Canton, MI).

2.5. Cleaved caspase-3 measurement
The lung and gut tissues were excised and lysated in an ice-cold lysis buffer (1% Triton X-100
in TBS with protease inhibitors, pH, 7.5) and sonicated 30 s on ice. The tissue lysates ware
centrifuged at 12,000 rpm for 10 min and protein concentration was measured by using Bio-
Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA). 50 μg of total proteins were loaded onto
NuPAGE Novex 10% Bis-Tris Gel (Invitrogen, Carlsbad, CA). Proteins were transferred to a
0.45 μm nitrocellulose membrane (Invitrogen, Carlsbad, CA) blocked with 5% nonfat dry milk
for 2 h at 37°C, and incubated with rabbit anti-cleaved caspase-3 antibody (Cell Signaling
Technology, Beverly, MA) or β-actin (Sigma, St. Louis, Mo). Bands were visualized with a
horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG secondary antibody
secondary antibody followed by ECL using the SuperSignal kit (GE healthcare,
Buckinghamshire, UK).

2.6. Measurement of myeloperoxidase (MPO) activity
MPO activity in homogenates of whole gut and lung was determined as described by Rana et
al [25] and Koike et al [26]. Briefly, samples of 100 mg were suspended in 1 ml of 0.5%
hexadecyltrimethylammonium bromide in 50 mmol/L phosphate buffer (pH 6.0) and sonicated
90 s on ice. Homogenates were cleared by centrifuging at 12,000 rpm at 4°C, and the protein
concentration of supernatants was determined by using Bio-Rad DC Protein Assay Kit (Bio-
Rad, Hercules, CA). The reaction was carried out in a 96-well plate by adding 290 μl of 50
mmol/L phosphate buffer with 3 μl substrate solution (containing 20 mg/ml o-dianisidine
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hydrochloride), and 3 μl H2O2 (20 mmol/L). Sample (10 μl) was added to each well to start
the reaction. Plates were read spectrophotometrically at 460 nm for 3 min on CERES UV 900C
Microplate reader (Bio-Tek Inst Inc, Winooski, VT). MPO activity (1 unit defined as change
in absorbance of 1 per min) was expressed as units per gram of tissue.

2.7. Survival study
Survival was assessed in an additional group of animals. The animals were divided into one
of 4 groups, vehicle (n=16), 1X human AM/AMBP-1 (n=17), 2X human AM/AMBP-1 (n=16)
and 3X human AM/AMBP-1 (n=18). Human albumin or human AM/AMBP-1 was
administered intravenously over 30 minutes to animals who had been exposed to 90 minutes
of meseneteric ischemia and 60 minutes of reperfusion as described above. After treatment,
the incision was closed and the rats alowed food and water ad libitum. All surviving animals
were sacrificed on day 10.

2.8. Statistical analysis
All data are expressed as means ± SE and compared by one-way analysis of variance (ANOVA)
and Student-Newman-Keuls method. The survival rate was estimated by Kaplan-Meier method
and compared by the log-rank test. Differences in values were considered significant if p<0.05.

3. Results
3.1. Effects of human AM/AMBP-1 on serum levels of AST, ALT, and lactate after intestinal I/
R

Serum levels of ALT and AST were measured as a surrogate for hepatic injury. As seen in
Figures 1A-B, serum ALT and AST activity increased by 273% and 295% after intestinal I/R
(p<0.05). Human AM/AMBP-1 administration significantly attenuated the ALT and AST
levels. A dose-dependent effect of human AM/AMBP-1 on serum AST levels is seen in Fig.
1B. Serum lactate increased by 225% after the completion of intestinal I/R in the vehicle group
(p<0.05, Fig. 1C). Administration of human AM/AMBP-1 resulted in a 30-50% decrease in
serum lactate levels, again in a nearly dose-dependent (p<0.05, Fig. 3C).

3.2. Effects of human AM/AMBP-1 on gut and lung levels of pro-inflammatory cytokines after
intestinal I/R

TNF-α and IL-6 levels were increased significantly in the gut (Figs. 2A, 3A) and lungs (Figs.
2B, 3B) after intestinal I/R as compared to sham-operated animals (p<0.05). Gut and lung TNF-
α and IL-6 levels decreased significantly after administration of AM/AMBP-1 across all
dosages (p<0.05). The decreases in intestinal levels of TNF-α and IL-6 (Figs. 2A and 3A)
appear to be dose-dependent.

3.3. Effects of human AM/AMBP-1 on gut and lung MPO after intestinal I/R
MPO is a marker of neutrophil infiltration. MPO activities were each increased by >600% after
intestinal I/R as compared to sham-operated controls in the gut (Fig. 4A) and lungs (Fig. 4B).
MPO activity was decreased by >70% (p<0.05) in the gut, and reduced by 7%, 25% and 32%
(p<0.05) in the lungs after 1X, 2X, and 4X human AM/AMBP-1 treatment, respectively.

3.4. Effect of human AM/AMBP-1 treatment on lung apoptosis after intestinal I/R
As shown in Figure 5, cleaved-caspase-3, a key mediator of cell apoptosis, was significantly
increased in vehicle-treated I/R group in the lungs. The treatment with human AM/AMBP-1
dramatically inhibited the caspase-3 activation.
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3.5. Effect of human AM/AMBP-1 on survival after intestinal I/R
Figure 6 shows that the survival rate after intestinal I/R with vehicle administration is 33% at
day 1 and 25% at days 2-10. With 1X human AM/AMBP-1 treatment, the survival rate
increased to 67% of day 1 and stabilized at that level thereafter. With 2X human AM/AMBP-1,
the survival rate increased to 75% at days 1-10. With a 4X human AM/AMBP-1, the survival
rate increased to 78% at day 1 and 72% at day 2 through 10. The survival rate is statistically
significantly greater after 2X or 4X human AM/AMBP-1 as compared to the survival rate after
vehicle administration (p<0.05).

4. Discussion
The injury of intestinal I/R is a common abdominal emergency and can result in severe tissue
and organ destruction with a very high mobility and mortality rate [1,27,28]. The causes of I/
R in patients are the result of occlusive disease (local) or systemic hypoperfusion (global).
Focal ischemia may be the result of arterial embolization (commonly consequent to atrial
fibrillation), arterial occlusion, mesenteric venous occlusion or obstruction with concomitant
vascular insufficiency [29]. Occlusion and reperfusion of arteries can cause circulatory shock
by releasing pro-inflammatory substances and nitrogen-derived and oxygen-derived free
radicals [30,31]. I/R can also result in the loss of effective mucosal barrier, increasing intestinal
permeability, allowing translocation of intestinal bacteria and bacterial products which may
damage distant organs [32]. Numerous substances have been studied to reduce intestinal I/R-
induced organ injury and mortality, but no successful clinical results have been reported. The
problem of intestinal ischemia is further complicated by the inconsistency and unreliability of
clinical signs prior to frank ischemic necrosis and bowel perforation. At this point in a patient,
resection of the necrotic bowel becomes necessary, but despite this, mortality remains high
presumably consequent to a septic cascade which has already been initiated and which may be
amplified by the reperfusion of ischemic (but not necrotic) bowel.

Because of its potent and long-lasting vasoactive properties [11,19], AM has attracted the
interest of investigators in the cardiovascular field since it was reported 15 years ago. The
primary functions of AM are vasodilation, diuresis, natriuresis and inhibition of aldosterone
secretion [33]. Many cells can produce AM, and endothelial cells are the main target cells of
AM [34]. AM can increase the cyclic adenosine monophosphate (cAMP) of vascular smooth
muscles and induce the release of nitric oxide of vascular endothelial cells [35-37]. The
discovery of AM binding protein in 1999 [17] which greatly increases the vasodilatory effects
of AM has expanded the role of these two substances as therapeutic agents. Direct installation
of vasodilating drugs has been a part of the management of mesenteric ischemia both before
and after operation for many years [38-40]. The use of heparin and other anticoagulants in
general has been suggested as adjunctive therapy [41,42] to further maintain both arterial inflow
and venous outflow in both focal and non-occlusive ischemia.

Our previous studies have demonstrated that rat AM combined with human AMBP-1 increased
the anti-inflammatory effect of AM by down-regulating production of pro-inflammatory
cytokines [43], mediating through both the cAMP-dependent pathway and proline-rich tyrosine
kinase-2 (Pyk-2)-ERK1/2-dependent induction of peroxisome proliferator-activated receptor-
γ (PPAR-γ) [44]. Rat AM combined with human AMBP-1, but not rat AM or human AMBP-1
alone, down-regulated inflammatory cytokines, attenuated organ injury, and improved survival
after intestinal I/R in rat [8,23]. These beneficial effects of rat AM combined with human
AMBP-1 lead us to explore this combination as a therapeutic agent for future clinical
application. The immunogenicity, however, of therapeutic proteins or peptides is an area of
concern for pharmaceutical agencies. The mRNA of human AM is 1.6 kilobases long and
encodes for 185 amino acids. The precursor of the 185 amino acids is then processed to a 164-
amino acid peptide, which is called proAM. The biologically active peptide is 52 amino acids
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in length and formed from the proAM [11]. Southern blot analyses have indicated that the
human AM gene is situated in a single locus on chromosome 11 [45]. Rat AM has been cloned
and differs from human AM in six positions of amino acids and is only 50 amino acids in
length. Because sequence variation and the length of amino-acids are main factors of
influencing immunogenicity, it is important to determine the treatment effect of human AM
for decreasing the therapeutic proteins to elicit antibody responses in human. The present study
proved that human AM combined with AMBP-1 down-regulated inflammatory cytokines,
attenuated tissue injury, and improved the survival rate on intestinal I/R in rats. Human AM/
AMBP-1 in these experiments, then, had the same therapeutic effect as rat AM.

It was also of interest to examine what dose would be optimal to reduce inflammation, prevent
tissue injury and increase survival rates after intestinal I/R. To this end, we used three doses,
12/40 (1X), 24/80 (2X) and 48/160 μg/kg (4X) of human AM/AMBP-1 to treat rats after
intestinal I/R. A 1X dose of human AM/AMBP-1, based on our previous studies using rat AM
and human AMBP-1, already down-regulated pro-inflammatory cytokines, reduced the
activity of MPO in the gut and lungs, attenuated the tissue injury, decreased lung apoptosis,
and increased the survival rates significantly. A 4X dose of human AM/AMBP-1 decreased
dramatically in all experiences, and the decrease was greater than that caused by 1X and 2X
dosages. Most of the results showed the dose-dependent effects. It has been concluded that 12
μg/kg of human AM and 40 μg/kg of human AMBP-1 already has the therapeutic effect, but
the optimal therapeutic effect is in high dose of 48 μg/kg of human AM and 160 μg/kg of human
AMBP-1 on intestinal I/R in rats.

As for the injury of I/R, studies have demonstrated that reperfusion of the previously ischemic
organ can result in severe tissue destruction. The problem with reconstitution of blood supply
is that this may be accompanied by significant local and systemic inflammatory injury
effectively limiting the potential benefits of blood flow restoration. In the present experiment,
we extended the reperfusion time to 330 min to cause a great increase of pro-inflammatory
cytokines of the lungs, serum lactate, ALT, AST and mortality, compared to the experimental
protocol conducted in previous papers [8,23], indicating that the damage experience in our
present experiment was more severe. On the other hand, after treatment with human AM/
AMBP-1, percent decreases of serum ALT, AST, lactate and MPO in lung and gut was the
same in the short and long perfusion time, but percent increase in survival rate after human
AM/AMBP-1 application was much greater in our experiment than in previous papers.
Previous study [8] showed a 54% increase only in the survival rate while the present research
showed 135%, 175%, and 189% increases (in a relative term). Since human AM/AMBP-1
attenuated organ damage as demonstrated by decreased organ injury markers in the circulation
and improved survival, it is ascertained that organ function was improved. Nevertheless, we
will determine whether human AM/AMBP-1 will improve gut and lung function in our future
studies.

I/R injury can diminish the barrier function of the gut, and promote an increase in the leakage
of molecules or bacterial translocation to result in harm distant tissues and organs. Intestinal
I/R can induce multiple organ injuries, but the lungs seem particularly susceptible to insult
[27,46]. Besides increased pro-inflammatory cytokines-TNF-α in the lungs, we found that the
expression of cleaved caspase-3 up-regulated significantly. Studies have demonstrated that
TNF-α is a strong inducer of apoptosis and may act through apoptosis signal transduction
pathways to influence pulmonary cellular activity to lead to lung cells apoptosis [47]. It is
important that human AM/AMBP-1 inhibits significantly caspase-3 activation and prevents
lung apoptosis when compared to vehicle controls. We did not observed significant
upregulation of cleaved caspase-3 in the gut (data not shown). The lack of an increase in
intestinal cleaved caspase-3 may be due to the possibility that sever I/R injury results in
necrosis, but not apoptosis.
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It is important, however, to consider the limitations of this animal model in contrast to the
human clinical situation. These caveats are applicable to other agents such as erythropoietin
[48], which have found effective in the management of gut I/R injury in rats. Standard human
therapy today includes fluid resuscitation to increase filling pressure and therefore cardiac
output, correction of acidosis and electrolyte disturbances consequent to changes in pH,
aggressive support of pulmonary function with increased oxygen concentrations to improve
tissue oxygen availability even as oxygen diffusion is decreased consequent to pulmonary
inflammation, and the use of broad spectrum antibiotics to decrease circulating viable bacteria
(whether demonstrated in blood culture or not). Additionally, as described above, some clinical
centers will add aggressive vasodilatation, pressor therapy to maintain perfusion, and
glucocorticoids. Any clinical intervention based upon the data presented here would have to
be in addition to these “standard” therapies.

In conclusion, intestinal and pulmonary levels of pro-inflammatory cytokines (TNF-α and
IL-6) and MPO activities, apoptotic cells in lung and serum levels of ALT, AST and lactate
were significantly elevated after vehicle administration. The different doses of human AM/
AMBP-1 for treatment to intestinal I/R down-regulated pro-inflammatory cytokines TNF-α
and IL-6, attenuated organ injury, decreased lung cell apoptosis, and improved survival rate.
It appears that the highest dose of human AM/AMBP-1 used in this study is the optimal
therapeutic dose for intestinal I/R injury.
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Figure 1.
Alterations in serum levels of ALT (A), AST (B), and lactate (C) in sham-operated animals
(Sham), and intestinal I/R animals treated with human albumin (Vehicle: 208 μg/kg BW) or
different doses of human AM/AMBP-1 at 60 min post-reperfusion following 90 min ischemia
(1X: 12/40 μg/kg BW; 2X: 24/80 μg/kg BW, 4X: 48/160 μg/kg BW). Data are presented as
means ± SE (n=6) and compared by one-way ANOVA and student-Newman-Keuls method:
*p<0.05 versus Sham group, # p<0.05 versus Vehicle group.
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Figure 2.
Alterations of TNF-α in the small intestine (A) and lungs (B) in sham-operated animals (Sham),
and intestinal I/R animals treated with human albumin (Vehicle: 208 μg/kg BW) or different
doses of human AM/AMBP-1 after 90 min ischemia and 60 min reperfusion (1X: 12/40 μg/
kg BW; 2X: 24/80 μg/kg BW, 4X: 48/160 μg/kg BW). Data are presented as means ± SE (n=6)
and compared by one-way ANOVA and student-Newman-Keuls method: *p<0.05 versus
Sham group, # p<0.05 versus Vehicle group.
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Figure 3.
Alterations of IL-6 in the small intestine (A) and lungs (B) in sham-operated animals (Sham),
and intestinal I/R animals treated with human albumin (Vehicle 208 μg/kg BW) or different
doses of human AM/AMBP-1 after 90 min ischemia and 60 min reperfusion (1X: 12/40 μg/
kg BW; 2X: 24/80 μg/kg BW, 4×: 48/160 μg/kg BW). Data are presented as means ± SE (n=6)
and compared by one-way ANOVA and student-Newman-Keuls method: *p<0.05 versus
Sham group, # p<0.05 versus Vehicle group.
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Figure 4.
Alterations of MPO in the small intestine (A) and lungs (B) in sham-operated animals (Sham),
and intestinal I/R animals treated with human albumin (Vehicle 208 μg/kg BW) or different
doses of human AM/AMBP-1 after 90 min ischemia and 60 min reperfusion (1X: 12/40 μg/
kg BW; 2X: 24/80 μg/kg BW, 4X: 48/160 μg/kg BW). Data are presented as means ± SE (n=6)
and compared by one-way ANOVA and student-Newman-Keuls method: *p<0.05 versus
Sham group, # p<0.05 versus Vehicle group.
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Figure 5.
Alterations cleaved-caspase-3 protein levels in the lungs in sham-operated animals (Sham),
and intestinal I/R animals treated with human albumin (Vehicle 208 μg/kg BW) or different
doses of human AM/AMBP-1 after 90 min ischemia and 60 min reperfusion (1X: 12/40 μg/
kg BW; 2X: 24/80 μg/kg BW, 4X: 48/160 μg/kg BW). Data are expressed as ratios of caspase-3
over β-actin and are presented as means ± SE (n=6) and compared by one-way ANOVA and
student-Newman-Keuls method: *p<0.05 versus Sham group, # p<0.05 versus Vehicle group.
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Figure 6.
Alterations in the survival rate after intestinal I/R with human albumin (Vehicle: 208 μg/kg
BW) or different doses (1X: 12/40 μg/kg BW; 2X: 24/80 μg/kg BW, 4X: 48/160 μg/kg BW)
of human AM/AMBP-1 treatment. There are 16∼18 animals in each group. The survival rate
was estimated by the Kaplan-Meier method and compared by using the log-rank test. *p<0.05
versus I/R Vehicle group.
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