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Aim: Non-occlusive mesenteric ischemia (NOMI) is associated with high mortality
rates, but definitive treatments have not yet been established. Although experimental
animal models are worthwhile, reproducible models that reflect the pathophysiology
of NOMI have not been developed.

Methods: We combined risk factors for NOMI, comprising hemorrhagic shock, sys-
temic vasopressor infusion, and local vasopressor infusion from the superior mes-
enteric artery (SMA) in swine under maintained anesthesia. Experiment 1 involved
tull-intensity (40%) phlebotomy and systemic vasopressor (norepinephrine and
epinephrine). Experiment 2 involved full-intensity (40%) phlebotomy, systemic nor-
epinephrine, and local vasopressor infusion into the SMA. Experiment 3 involved
moderate (27%) phlebotomy, systemic norepinephrine infusion, and local epineph-
rine infusion. We evaluated serum lactate levels, intestinal serosa color, computed
tomography (CT) angiography, and pathological findings.

Results: After inducing hemorrhage, systemic vasopressor alone and in combina-
tion with local vasopressin or norepinephrine infusion did not induce ischemic color
changes in the intestine. The combination of systemic norepinephrine and local epi-
nephrine (0.5 pg/kg/min) after moderate (27% blood loss) hemorrhage induced gross
color change, pathological destruction, and elevation of serum lactate. Patent flow in
the SMA was confirmed on CT angiography.

Conclusion: We established a swine NOMI model with systemic norepinephrine in-
tusion and local epinephrine with moderate hemorrhagic shock.
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INTRODUCTION

Non-occlusive mesenteric ischemia (NOMI) develops
with septic shock and multiorgan failure, resulting in a
mortality rate of 70%-90%, representing a notably high
value among the various types of AMI'™ Various risk fac-
tors have been reported, including hypovolemia, cardiac

dysfunction, and mesenteric hypoperfusion due to vaso-
pressors.”* The definitive treatment of NOMI requires
improving the underlying conditions and eliminating risk
factors.' Interventional local vasodilatory therapy, such as
papaverine infusion or prostaglandin E1, has shown possi-
ble potential as a rescue therapy.”>”” Laparotomy should be
performed for patients presenting with intestinal necrosis
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or subsequent peritonitis.4 However, current outcomes for
NOMI patients after diagnosis and treatment strategy re-
main insufficient.

Animal models are expected to allow the establishment
of novel treatment strategies, as NOMI remains associated
with high mortality rates despite the numerous treatment
options proposed. No reproducible experimental models
simulating the pathophysiology of NOMI have yet been de-
veloped. This study investigated a swine experimental model
to understand NOMI better.

METHODS AND ANALYSIS
Animal preparation

Experimental swine were 3-4months old and weighed
30-40kg (Figure 1). All swine were female Landrace. In
Experiments 1-3, one swine was used for each experiment to
avoid any effect of the previous experiment. Swine were iso-
lated for at least 7 days, fasted for 24 h, and allowed to drink
water ad libitum before experiments. Prior to the experi-
ments, we premedicated swine intramuscularly with medeto-
midine (0.06 mg/kg; Nippon Zenyaku Kogyo, Fukushima,
Japan), midazolam (0.3 mg/kg; Astellas Pharma Inc., Tokyo,
Japan), and atropine (0.08 mg/kg; Mitsubishi Tanabe Pharma
Corporation, Osaka, Japan). Swine were then transported
to the animal operating room. We started and maintained
anesthesia with sevoflurane and then performed tracheal
intubation. Ventilation was maintained with a tidal volume
of 7-10mL/kg and a respiratory rate of 10-15 breaths/min.
End-tidal CO, was maintained at 40+5mmHg and pe-
ripheral oxygen saturation at 95%-100%. A heated blanket
(39°C) was used to prevent hypothermia of the swine during
the experiment. After inducing general anesthesia, a central
venous catheter was placed in the right jugular vein. An ar-
terial line was placed in the right carotid artery for blood

pressure monitoring and sampling. We placed a 10-Fr sheath
in the right femoral artery. Additionally, in Experiments 2
and 3, we inserted an angiographic catheter to administer
vasopressor into the SMA before phlebotomy. To prevent
thrombosis, 5000 units of unfractionated heparin were in-
jected intravenously and then infused at 1000 units/h.

We defined the beginning of phlebotomy as T'=0. Swine
were phlebotomized through the femoral artery sheath
for 20min (T=0 to T=20). Based on a previous report,
we performed phlebotomy to achieve blood loss of 30 mL/
kg, representing approximately 40%.® Swine were phlebot-
omized at 2.15mL/kg/min for 7 min, followed by 1.15mL/
kg/min for 13 min, defined as “full intensity.” We also ti-
trated moderate hemorrhage using two thirds of that full-
intensity phlebotomy rate, defined as “moderate intensity.”
In moderate-intensity hemorrhage, swine were phleboto-
mized at 1.43 mL/kg/min for 7 min, followed by 0.77 mL/kg/
min for 13 min.

Systemic vasopressor was started at T=0 to maintain
hemodynamics during phlebotomy. Local vasopressor ad-
ministration was added at T=30. We performed blood gas
analysis and observed the gross appearance of the intestinal
serosa, then obtained pathological intestine specimens every
60min until T=270. We also performed computed tomog-
raphy (CT) angiography to clarify the relationship between
radiological and surgical findings.

Evaluation modality of mesenteric ischemia
Blood gas analysis (lactate)

We assessed the systemic ischemic burden with blood sam-
pling. Using the blood samples, we employed point-of-care
blood gas analysis (Epoc; Siemens Healthineers, Erlangen,
Germany) every 60 min and measured lactate levels (Lactate
Pro; AKRAY, Kyoto, Japan) every 30 min.
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Experimental methods. Experiment 1 was performed from T=0 to T=180. At T=180, CT angiography was performed, and the swine

was killed in Experiment 1. In Experiments 2 and 3, intestinal resection, CT angiography, and killing were performed at T'=270.
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Gross findings at laparotomy

The intestinal serosa became pale due to ischemia, and sur-
face veins became dark red due to venous congestion. All
members, including surgeons, confirmed color changes in
the intestinal serosa every 30 min and recorded those find-
ings as photographs.

Pathological evaluation

Before killing, we resected small pieces of intestine (T'=270).
Resected specimens were fixed in formalin and stained with
hematoxylin and eosin. We evaluated the intestinal damage
pathologically.

CT angiography

Swine were transferred to a CT system (SOMATOM®
Definition AS+ [128-slice]; Siemens Healthcare GmbH).
Before killing, CT angiography was performed (T'=270).
CT angiography confirmed SMA patency and mesenteric
ischemia.

Finally, swine were deeply anesthetized and killed with-
out awakening from anesthesia.

Experimental procedures
Experiment 1

Full-intensity hemorrhagic shock and systemic vasopressor
infusion

After inducing full-intensity hemorrhagic shock, an intrave-
nous infusion of norepinephrine 0.5 pg/kg/min was started
simultaneously with phlebotomy [T=0]. We then also exam-
ined systemic epinephrine infusion.

Experiment 2

Full-intensity hemorrhage in combination with both
systemic and local vasopressors

After full-intensity hemorrhage and systemic norepineph-
rine infusion, we added local vasopressor infusion at T'=30.
A local vasopressor was administered through an angio-
graphic catheter in the superior mesenteric artery. We vali-
dated three local vasopressors: norepinephrine, vasopressin,
and epinephrine. We chose norepinephrine as the systemic
vasopressor in all experiments.

Local vasopressin or norepinephrine infusion. With the
titration of systemic norepinephrine, we infused vasopressin
or norepinephrine locally and increased the dose of each
Vasopressor.

& SURGERY

Local epinephrine infusion. ~After the two vasopressors, we
validated epinephrine and investigated the vasopressor dose
and intestinal ischemia.

Experiment 3

Moderate-intensity hemorrhage in combination with both
systemic and local vasopressors

Full-intensity hemorrhagic shock induces severe hemo-
dynamic collapse that requires a high-dose systemic va-
sopressor. We attempted moderate-intensity hemorrhagic
shock at two thirds of the blood loss (approximately 27%
blood loss).

RESULTS
Experiment 1

We increased the dose of norepinephrine from 0.5 to 3.0 pg/
kg/min, and serosa color remained unchanged. Lactate lev-
els were not significantly elevated (Figure 2). Following the
examination with norepinephrine, we changed the vasopres-
sor to epinephrine and increased the dose from 4.0 to 7.5 pg/
kg/min, showing a slight change in mesenteric color. Lactate
levels were markedly elevated at >25mmol/L (beyond the
upper limit of the Lactate Pro “High >25”) (Figure 2). CT of
the abdomen did not demonstrate bowel non-enhancement
or other radiological findings of NOMI.

Experiment 2
Local vasopressin or norepinephrine infusion

After phlebotomy began, we titrated systemic norepineph-
rine. We then recorded the color changes of the intestinal
serosa during gross observation of the abdomen with local
vasopressin infusion. Serum lactate levels were elevated
(Figure 3), but the change in intestinal serosa color was
minimal (Figure 4C). We then changed the vasopressor to
norepinephrine up to 2.0 pg/kg/min. The serum lactate level
elevated to 11.1 mmol/L (T'=210), but the color of the intesti-
nal serosa changed only minimally (Figure 4D).

Local epinephrine infusion

Following norepinephrine infusion, we examined the local
infusion of epinephrine at 2.0 pg/kg/min (Figure 3). Unlike
norepinephrine and vasopressin, local epinephrine infu-
sion significantly changed the serosa color (Figure 4E).
Serum lactate level also increased markedly (Figure 3). CT
angiography revealed poor bowel enhancement with patent
flow in the SMA (Figure S1). Histopathological examination
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High-dose intravenous infusion of norepinephrine and epinephrine. In Experiment 1, lactate levels were markedly elevated when

epinephrine rather than norepinephrine was administered to swine. However, only a slight change in the color of the intestinal serosa was observed.
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Comparison of types of vasopressors with intra-arterial infusion. In Experiment 2, intra-arterial infusion of vasopressin resulted in

elevated lactate levels and decreased pH, but no change in the color of the intestinal serosa. Lactate levels improved when norepinephrine was used
instead of vasopressin, and lactate levels increased when epinephrine was administered selectively into the SMA.

revealed damage to the mucosal epithelium at T=270
(Figure S2).

In Experiments 1 and 2, swine were alive until killing.
However, full-intensity hemorrhage significantly reduced
blood pressure and circulatory stability.

Experiment 3

After applying two thirds phlebotomy and a maintenance
dose of norepinephrine, we evaluated intestinal ischemia
with gross observation and lactate levels during local epi-
nephrine infusion. The moderate-intensity hemorrhage
model appears more hemodynamically stable. The model
with moderate hemorrhage and local epinephrine showed
progressive elevation of lactate levels (Figure 5) and intestinal

mucosal damage at T'=270 (Figure 6). CT angiography con-
firmed a patent SMA (Figure 7).

DISCUSSION

Non-occlusive mesenteric ischemia is a life-threatening se-
quela resulting from the combination of multiple risk fac-
tors."* In creating mesenteric ischemia in the experimental
animal, direct SMA occlusion is the most straightforward
option.”'® However, the NOMI model must be induced with-
out arterial occlusion. Pericardial tamponade and partial
aortic occlusion have been reported as possible methods for
creating NOMI models.""'? Previous reports have described
NOMI models induced using only a single risk factor.""'?
Those models may not reflect the pathogenesis of NOMI.
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FIGURE 4 Changes in color of the intestinal serosa. (A) Before phlebotomy, (B) after phlebotomy, (C) intra-arterial vasopressin, (D) intra-arterial
norepinephrine, and (E) intra-arterial epinephrine. Venous vasopressor infusion and intra-arterial infusion of norepinephrine or vasopressin induced
slight ischemic changes as reflected by intestinal coloration. Intra-arterial epinephrine infusion at 2 pg/kg/min markedly changed the intestinal serosa.
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FIGURE 5 Combination of hemorrhagic shock and intra-arterial
epinephrine infusion. We employed moderate-intensity hemorrhage,
systemic norepinephrine, and local epinephrine infusion at 0.5 pg/kg/
min into the SMA. With the administration of epinephrine, lactate levels
gradually increased, and pH gradually decreased.

FIGURE 6 Intestinal mucosal changes at T=270 in Experiment 3.
Hematoxylin and eosin staining revealed inflammatory cell infiltration,
epithelial shedding, exposed and dilated capillaries, and denuded villi.
No hemorrhage or ulceration is evident.

Our study is the first to describe a multifactor-induced
NOMI animal model that combines hypovolemic shock
and intravenous and intra-arterial infusion of vasopressors.
Clinicians employ various modalities to diagnose NOMI,
including CT angiography and biomarker measurement.
However, previous animal models of NOMI did not validate
pathological changes in the intestine or on CT angiography.
Our study evaluated the NOMI animal model with multiple
modalities to adapt to clinical settings.

We assumed that if we could create NOMI by systemic
vasopressor administration and phlebotomy, that model
would be simple and highly reproducible. Therefore, we at-
tempted to create NOMI up to very high doses. However,
changes in intestinal coloration were insufficient. The vaso-
pressor was changed from norepinephrine to epinephrine to
obtain more potent vasoconstriction and bowel ischemia via
high-dose epinephrine-induced systemic lactic acidosis. We
attributed a slight change in bowel coloration to impaired
bowel circulation as a part of multiorgan failure. Systemic
vasopressor administration mainly affects systemic isch-
emia. Since we judged that such administration for a few
hours showed insufficient local ischemia for a NOMI ani-
mal model, we decided to administer vasopressor from SMA
to obtain bowel ischemia. In Experiment 2, systemic vaso-
pressor combined with local vasopressin or norepinephrine
infusion did not induce gross color changes. Combination
with local epinephrine infusion to produce a more potent
ischemic reaction induced significant ischemic changes on
gross observation within 30 min of infusing epinephrine at
2.0 pg/kg/min. Compared to the other two drugs, local in-
fusion of epinephrine induced intestinal ischemia. Findings
from CT angiography and histological evaluations revealed
irreversible necrotic changes with this dose.

Since we administered epinephrine for only 30 min, we
considered this dose excessive, with less chance of thera-
peutic intervention. Moreover, a previously reported animal
model of hemorrhagic shock with 30mL/kg of blood loss
(approximately 40% blood loss)® induced excessively unsta-
ble hemodynamics. In order to establish models that can
survive until the end of an experiment, we employed phle-
botomy at 20 mL/kg (approximately 27% blood loss). Finally,
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FIGURE 7
enhancement of the bowel was extremely slight (arrow head).

we applied local epinephrine infusion at 0.5 pg/kg/min in the
SMA and employed 27% blood loss with supportive system-
atic norepinephrine infusion as a feasible NOMI model with
acceptable hemodynamics. Experiment 3 tested whether the
NOMI model was valid, even if the phlebotomy volume was
reduced to 27% blood loss. Compared to moderate-intensity
hemorrhagic shock, lactate levels were higher, and ischemia
was more evident on CT angiography and pathological find-
ings in full-intensity hemorrhagic shock. However, necrosis
of the intestinal mucosa also appeared in moderate-intensity
hemorrhagic shock, which could be interpreted as a NOMI
model with more stable circulatory dynamics. This large an-
imal model of NOMI that we developed might prove helpful
in developing new therapeutic strategies.

Several limitations to this study need to be considered. First,
we employed hypovolemic shock and vasoconstriction to cre-
ate mesenteric ischemia but did not incorporate cardiac dys-
function to simulate NOMI. We could not incorporate cardiac
dysfunction into this experiment because we had experienced
in other studies that swine can quickly die from myocardial
ischemia. Second, our observation period was only 4h, which
could be shorter than seen with clinical deterioration in cases
of NOMI. Third, the systemic ischemic burden with blood
sampling was evaluated using only blood gas analysis. The
results of blood gas analysis can be obtained in minutes, un-
like such biomarkers as CK, LDH, and transaminase. Further
studies are needed to assess other biomarker trends. Finally,
as shown in Figures 3 and 5, lactate levels decreased markedly.
The cause of this reduction is not yet understood. However,
in contrast to situations in which blood flow is physically
obstructed, blood flow is maintained in the NOMI animal
model. This suggests that ischemic intensity may vary with
the degree of vasoconstriction. Despite these limitations, our
NOMI model appears reproducible and feasible in swine and
could facilitate the development of therapies for NOML

CONCLUSION

We developed an NOMI animal model with phlebotomy
comprising 27% blood loss, systemic administration of

CT angiography at T=270 in Experiment 3. CT angiography reveals patent flow in the SMA (arrow). The effect of insufficient contrast

norepinephrine to maintain blood pressure, and local epi-
nephrine infusion at 0.5 pg/kg/min into the SMA.
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