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Abstract

Purpose: To establish a hypotensive brain death pig model and observe the effects of hypotension on
small bowel donors.

Methods: The hypotensive brain death model was produced using the modified intracranial water sac
inflation method in ten domestic crossbred pigs. Effects of hypotensive brain death on small bowel
tissue morphology were evaluated through changes in intestinal tissue pathology, tight junction
protein of the intestinal mucosa and plasma intestinal fatty acid-binding protein (i-FABP) levels. The
pathophysiological mechanism was examined based on changes in superior mesenteric artery (SMA)
blood flow and systemic hemodynamics.

Results: After model establishment, SMA blood flow, and the mean arterial pressure (MAP)
significantly decreased, while heart rate increased rapidly and fluctuated significantly. Small bowel
tissue morphology and levels of tight junction protein of the intestinal mucosa showed that after
model establishment, small bowel tissue injury was gradually aggravated over time (P<0.05). Plasma
i-FABP levels significantly increased after brain death (P<0.05).

Conclusions: A hypotensive brain death pig model was successfully established using an improved
intracranial water sac inflation method. This method offers a possibility of describing the injury
mechanisms more clearly during and after brain death.
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m Introduction

Intestinal transplantation (ITx) has become an
effective treatment for various irreversible intestinal
failures. However, the number of patients on the
waiting list for small bowel transplantation is larger
than the number of available intestinal donors®.
Currently, most small bowel transplantations are from
deceased donors (DDs), while a few come from living
donors (LDs)?*®. Nevertheless, cardiac death donors
(DCDs) inevitably suffer a period of warm ischemia
before organ donation, which attenuated the graft
activity and clinical success of ITx. Therefore, donors
after brain death (DBDs) are an ideal donor source.
However, a series of pathophysiological changes
produced by brain death, especially brain death
coupled with circulation instability and extended
hypotension, affect the intestinal quality of DBDs. Poor-
quality organs significantly affect the survival rate and
function of transplant organs*®. The pathophysiological
mechanism of the effect of hypotensive brain death on
donor bowels has not been fully elucidated.

This study established a hypotensive brain death
pig model. The utilization of an improved intracranial
water sac inflation method is more stable and suitable
for the transplantation field. The effects of brain death
hypotension on the small bowel donors were observed,
on the basis of changes in systemic hemodynamics,
intestinal tissue pathology, level of tight junction
protein of intestinal mucosa and plasma intestinal fatty
acid-binding protein (i-FABP).

m Methods

The animals were treated humanely by use of
protocols that were approved by the Institutional Animal
Use and Care Committee of Linyi People’s Hospital.
All procedures were carried out in accordance with
“Principles of laboratory animal care” (NIH publication
No. 85-23, revised in 1985). Ten domestic crossbred pigs
of both sexes, weighing 20 -25 kg, were used in the study
after a 5- to 7-day acclimatization. Food and water were
provided ad libitum.

Experiment design

The baseline data were measured at the end of
animal preparation, and then the hypotensive brain
death model was induced. After the model was
successfully established, the animals were monitored
for 12 hours. The animals were sacrificed at the end
of the study. TO to T12 represent O - 12 hours after
model establishment.
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Experimental preparation

After 24-hr fast with water ad libitum, all
animals were premedicated with ketamine
(20mg/kg), diazepam (8mg/kg), and atropine
(0.06mg/kg) intramuscularly prior to being intubated
and anesthetized with propofol (150 mg/kg/hr) and
fentanyl (3~6ug/kg/hr) intravenously. Respiration
was supported by a ventilator. Internal jugular
vein and carotid arterial catheters were aseptically
placed for intravenous access, hemodynamic
monitoring, and sample collection. In addition, a 12-
lead electrocardiogram was recorded. Laparotomy
was performed through a midline incision of the
abdomen. Ultrasonic flow probes were inserted
around the superior mesenteric artery (SMA). After
the bladder puncture catheterization, the abdominal
wall was closed. The animal was adjusted to the
prone position. A sagittal midline skin incision was
performed and the skin was retracted laterally. A
craniotomy was performed along the median line
of the skull. A 14F Foley catheter was placed in the
intracranial epidural space.

Establishment of a hypotensive brain death model

The catheter was inflated with saline solution at a
rate of 0.5mL/min using a peristaltic pump to increase
intracranial pressure, and heart rate (HR) and blood
pressure were monitored to confirm brain death. The
criteria for brain death were as follows: (1) deep coma,
excluding reversible factors such as anesthesia and
low temperature; (2) absence of oculopupillary and
corneal reflexes, repeated twice; (3) loss of spontaneous
breathing; (4) no electroencephalographic activity
as continuously recorded for 30 minutes; (5) had an
atropine test result; (6) disappearance of tic reaction;
and (7) showed no changes in characteristics 1 to 6 over
a 8-hour period®’.

Monitoring, sampling, and measurements

During the study, the mean arterial pressure (MAP),
was maintained at >60 mm Hg; central venous pressure,
at 8 to 12mmHg; arterial oxygen saturation, >95%;
PaC02, 35 to 45mm Hg; and body temperature, >36°C
as much as possible. The HR, MAP, and SMA blood flow
was recorded at baseline and every 2 hours from TO
to T12. A blood sample was extracted from the portal
vein at baseline, TO, T4, T8, and T12 to determine the
plasma endotoxin and i-FABP levels with an ELISA kit.
The intestinal mucosal biopsies were also taken through
a midline laparotomy for further analysis at baseline, T4,
T8 and T12.
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Histopathological evaluation

Intestinal biopsies were fixed in 10% buffered
formaldehyde and embedded in parafin. Histopathology
tissue sections, stained with hematoxylin and eosin
(H&E), were evaluated by light microscopy. Histological
injury of the intestinal samples was quantitatively
evaluated according to the scoring system of Park/
Chiu®. The grades are as follows: 0, normal mucosa; 1,
subepithelial Gruenhagen'’s space (edema) at the apex
of the villi; 2, extension of the subepithelial space with
moderate epithelial lifting; 3, large subepithelial space
and extensive epithelial lifting with occasional denuded
villi tips; 4, denuded villi with dilated capillaries;
and 5, lamina propria disintegration, hemorrhage,
and ulceration.

Transmission electron microscopy

The pieces of small bowel (2mmx2mm) were
washed and fixed with 4% glutaraldehyde for 2 hours
and then post-fixed with 1% osmium tetroxide. Tissues
were embedded in Epon 812. Thin sections were cut
and stained with uranyl acetate and lead citrate and
examined with an H-600 (Hitachi, Japan) transmission
electron microscope.

Western blotting of tight junction proteins

Intestinal mucosal biopsies were frozen in liquid
nitrogen until further use. Proteins were extracted
from intestinal tissues, separated by SDS-PAGE, and
then subsequently transferred onto PVDF membranes.
The membranes were incubated with primary antibody
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(1:250, abcam), or rabbit anti-B-Actin (1:5000, Beijing
Zhongshan) over-night at 4°C , followed by exposure
to secondary antibody (HRP- anti-rabbit IgG, 1:1000,
GenScript) for 2 hours at room temperature. The proteins
were visualized with an enhanced chemiluminescent
detection system (Thermo) and exposed to X-ray film.
Densitometry of the blots was performed using Quantity
One 1-D analysis software (Bio-Rad).

Statistics

All values were expressed as median/range or means
+ SD. Data were analyzed with student’s t test, by using
SPSS 16.0 (SPSS, Inc) software. A P value < 0.05 was
considered statistically significant.

m Results

Two of the ten animals died from cerebral
hemorrhage. The remaining eight animals completed
the establishment of a hypotensive brain death model
and survived until the end of the study.

Systemic hemodynamic parameters

As shown in Figure 1, HR increased rapidly and
fluctuated significantly and the MAP showed a downward
trend after TO. Compared with the baseline, the HR at TO
and the subsequent time points increased significantly
and the MAP was also significantly reduced (P<0.05).
After model establishment, the blood flow in the SMA
showed a decreasing trend. Compared with the baseline
blood flow, the blood flow was significantly reduced at
TO and subsequent time points (P<0.05).
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Figure 1 - Changes in hemodynamics during the study. Compared with the baseline, *P <.05. A, Changes in heart rate and
mean arterial pressure during the study; B, changes in SMA blood flow during the study.
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Histopathological evaluation

Figure 2A showed integrated villi and compactly
arrayed epithelium at baseline. At T4, slight edema and
an infiltration of necrotic epithelial cells could be found
in the intestinal villi and the gap between epithelial cells

L B

Figure 2 - Morphologic changes of small bowel mucosa (HEx100) during the study. A, Baseline; B, T4; C, T8; D, T12.
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Figure 3 - Intestinal injury scores. Compared with the
baseline, "P<0.05.
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slightly increased (Fig. 2B). Based on the Park/Chiu’s scoring
system, brain death was found to promote intestinal
mucosal damage with the prolongation of time (Fig. 3). This
result indicated that long term intestinal hypoperfusion
may partially intensify intestinal mucosal injury.

Transmission electron microscopy

Tight junctions (TJs) are belt-shaped and expand
around the apex of epithelial cells. As shown in Figure
4, the transmission electron microscope showed the
microvilli arranged in order, and the TJs appeared as
typical membrane fusions with intact T) structure at
the baseline, which can be observed as a linear fusion
with high electron density between the adjoining
cells. However, a compromised TJ ultrastructure was
observed with loss of linear fusion and decreased
electron density, and the microvilli were sparse with
irregular lengths and arrangements after long term
intestinal hypoperfusion.
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Figure 4 - Electron micrograph of intestinal epithelial cells showing tight junction. A, Baseline; B, T4; C, T8; D, T12;

desmosome (red arrows); T) (white arrow).

Western blotting of ZO-1 and occludin protein

Western blotting analysis showed that there was
a statistically significant decrease in occludin and
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Z0-1 expression post brain death when compared to
baseline (P<0.05) (Fig. 5).
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Figure 5 - The expression of ZO-1 and occludin proteins in small bowel demonstrated by western blot analysis. Levels of

the indicated protein at the baseline, T4, T8 and T12.
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Serum concentration of i-FABP

Serum i-FABP levels showed elevated trends after
model establishment. Compared with baseline values,
serum i-FABP levels were significantly increased at 4, 8,
and 12 hours after brain death (P<0.05) (Fig. 6).
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Figure 6 - Intestinal permeability and damage were
determined with serum i-FABP. Compared with the
baseline ("P<0.05).

m Discussion

Intestinal transplantation is an effective treatment
for various irreversible intestinal failures'. DBDs are one
of the sources of organs for intestinal transplantation
in most countries®>. However, despite progressive
improvement in immunosuppression, both the short-
and long-term success rates for transplantation remain
substantially inferior to solid organ, which may be related
to the sensitivity of small intestine to ischemia. Therefore,
establishment of a stable, reproducible, and hypotensive
animal model of DBDs is important to understand the
effect of brain death on intestinal donor quality.

The most recent application is the classic epidural
water sac inflation method®®. The rate and amount
of water injected is the key to this modeling method,
which have reported differences in previous literatures,
and caused obvious differences among the established
brain death animal models. Therefore, these models
cannot accurately assess the physiological and
biochemical changes of DBDs''?, We modified the
classic method by slowly discontinuously injecting using
a peristaltic pump to increase intracranial pressure.
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This can prevent a very fast and/or high increase in
intracranial pressure, which can cause unnecessary
damage to the brain, and also an excessive fluctuation
of intracranial pressure, which can cause excessive
fluctuations of the cycle and cardiac functions. In
this study, the hypotensive brain death model was
successfully established in all surviving animals, and
monitoring indicators such as HR, MAP, and SMA blood
flow showed that the induction process was stable,
with the MAP fluctuated at 60mmHg during the study.

Brain death often engenders hemodynamic
changes, hormonal alterations, blood coagulation
factor consumption, lung tissue changes, hypothermia,
and electrolyte disturbance®. Thus, changes invariably
influence intestinal morphology and functions. The
morphologic integrity of the small bowel graft is
paramount to preventing bacterial translocation and
subsequent infectious complications of the recipients.
Koudstaal et al.**® found that intestinal mucosal
injury was clearly present 1-hour after brain death in
rats compared to controls. Nevertheless, we found
no significant change in small bowel tissue pathology
observed 4 hours after hypotensive brain death, and
that the reversible damage increased gradually 4 to 12
hours after hypotensive brain death. This may be related
to the differences of species. Séfteland et al.*® confirmed
that porcine intestines have a slower development of
tissue injury compared to human intestines, while rat
intestines appear to have a faster injury development.
Similar to the changed pathology, the transmission
electron microscope also found that the TJ ultrastructure
and microvilli were significantly altered after a period
of hypotension. The explanation for these remarkable
interspecies differences remains unknown. However,
the practical consequence of this finding is that ischemic
studies using pig small bowels would need a longer time
than those using rats, to attain a significant amount of
tissue injury. The current results further confirm that pigs
have important anatomical and physiological similarities
to humans including comparable digestive function and
intestinal structure and physiology making this species a
useful animal for preclinical research®.

In contrast with the mild histologic changes, we
also found some early molecular changes involving the
TJs. Tls are the most apical component of intercellular
junction complexes, thus functioning as major
determinants of intestinal epithelial barrier function.
Disruption of the tight junctions can cause an increased
permeability and leakiness. Oltean et al.*® found that
expression of all proteins within the junctional complex
was subjected to various durations of cold storage. ZO-
1, tricellulin, and occludin were significantly decreased
after 8 hour of cold storage and continuously
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worsened, while Claudin-3, Claudin-4 and E-cadherin
expression remained relatively unaltered during cold
storage®®. Therefore, the changes of ZO-1 and occludin
could reflect the condition of TJs and intestinal mucosa
barrier. The current study showed that the expression
of Z0-1 and occludin was significantly reduced after
model establishment and subsequent time points,
which was similar to the results of transmission electron
microscopy and pathological results. In addition,
plasma i-FABP, which is a sensitive biochemical marker
of early gut mucosal injury®?°, was also evaluated in
our study. Normally, the content of i-FABP in serum is
very low, which is difficult to detect. However, i-FABP
can be detected in plasma and urine after damage of
cells. Increased i-FABP concentrations after model
establishment indicated intestinal dysfunction in brain-
dead pigs.

Brain death is a complex situation with an enormous
number of variables affecting donor organs. Golling et
al.?* found in a pig brain death model that systemic
perfusion parameters, intestinal ischemia, and
oxidative stress were affected by the hemodynamic
status. Van Der Hoeven et al.?? found that maintaining
normal blood pressure after brain death could reduce
the damage of the intestinal mucosa, but it could
not completely prevent other functional disorders
associated with brain death. McCuskey et al.2 found
that hypotension could lead to obvious gastrointestinal
ischemia and was associated with intestinal mucosal
permeability increase and endotoxin displacement. In
this study, SMA blood flow monitoring showed that
the gastrointestinal tract presented a low perfusion
state under hypotensive brain death. Under the state
of brain death, hemodynamic abnormalities and low
perfusion of the small bowel may impair the donor
bowel through direct and/or indirect pathways.

m Conclusions

A hypotensive brain death pig model was successfully
established using an improved intracranial water sac
inflation method. Gutinjury was found to be progressively
aggravated under a state of hypotensive brain death.
Therefore, it offers the possibility to describe the injury
mechanisms during and after BD, allowing evaluation
of new strategies to ameliorate intestinal quality and
patient survival after intestinal transplantation.

m References

1. Kesseli S, Sudan D. Small bowel transplantation. Surg Clin
North Am. 2019;99:103-16. doi: 10.1016/j.suc.2018.09.008.

Characterization of the intestinal graft in a swine hypotensive after brain death model

10.

11.

12.

13.

14.

15.

16.

LiLetal

Fischer-Frohlich CL, Konigsrainer A, Schaffer R, Schaub F,
Pratschke J, Pascher A, Steurer W, Nadalin S. Organ donation:
when should we consider intestinal donation. Transpl Int.
2012;25:1229-40. doi: 10.1111/j.1432-2277.2012.01556.x.
Tzvetanov |G, Tulla KA, D’Amico G, Benedetti E. Living
donor intestinal transplantation. Gastroenterol Clin North
Am. 2018;47:369-80. doi: 10.1016/j.gtc.2018.01.008.
Bugge JF. Brain death and its implications for management
of the potential organ donor. Acta Anaesthesiol Scand.
2009;53:1239-50. doi: 10.1111/j.1399-6576.2009.02064 .x.
Zirpe K, Gurav S. Brain death and management of potential
organ donor: an Indian perspective. Indian J Crit Care Med.
2019;23:5151-S6. doi: 10.5005/jp-journals-10071-23194.
Shemie SD, Baker A. Uniformity in brain death criteria. Sem
Neurol. 2015;35:162-8. doi: 10.1055/s-0035-1547538.
Scripko PD, Greer DM. An update on brain death criteria:
a simple algorithm with complex questions. Neurologist.
2011;17:237-40. doi: 10.1097/NRL.0b013e318224edfa.
Quaedackers JS, Beuk RJ, BennetL, Charlton A, oude Egbrink
MG, Gunn AJ, Heineman E. An evaluation of methods for
grading histologic injury following ischemia/reperfusion of
the small bowel. Transplant Proc. 2000;32:1307-10. doi:
10.1016/s0041-1345(00)01238-0.

Sereinigg M, Stiegler P, Puntschart A, Seifert-Held T, Zmugg
G, Wiederstein-Grasser |, Marte W, Marko T, Bradatsch A,
Tscheliessnigg K, Stadlbauer-Kollner V. Establishing a brain-
death donor model in pigs. Transplant Proc. 2012;44:2185-
9. doi: 10.1016/j.transproceed.2012.07.105.

Floerchinger B, Oberhuber R, Tullius SG. Effects of brain death
on organ quality and transplant outcome. Transplant Rev
(Orlando). 2012;26:54-9. doi: 10.1016/j.trre.2011.10.001.
Purins K, Sedigh A, Molnar C, Jansson L, Korsgren O, Lorant
T, Tufveson G, Wennberg L, Wiklund L, Lewén A, Enblad P.
Standardized experimental brain death model for studies
of intracranial dynamics, organ preservation, and organ
transplantation in the pig. Crit Care Med. 2011;39:512-7.
doi: 10.1097/CCM.0b013e318206b824.

Li S, Korkmaz-lcoz S, Radovits T, Ruppert M, Spindler R,
Loganathan S, Heged(is P, Brlecic P, Theisinger B, Theisinger
S, Hoger S, Brune M, Lasitschka F, Karck M, Yard B, Szabo G.
Donor preconditioning after the onset of brain death with
dopamine derivate n-octanoyl dopamine improves early
posttransplant graft function in the rat. Am J Transplant.
2017;17:1802-12. doi: 10.1111/ajt.14207.

Essien EO, Fioretti K, Scalea TM, Stein DM. Physiologic features
of brain death. Am Surg. 2017;83:850-4. PMID: 8915193.
Koudstaal LG, ‘t Hart NA, van den Berg A, Olinga P, van Goor
H, Ploeg RJ, Leuvenink HG. Brain death causes structural and
inflammatory changes in donor intestine. Transplant Proc.
2005;37:448-9. doi: 10.1016/j.transproceed.2004.12.258.
Koudstaal LG, ‘t Hart NA, Ottens PJ, van den Berg A,
Ploeg RJ, van Goor H, Leuvenink HG. Brain death induces
inflammation in the donor intestine. Transplantation.
2008;86:148-54. doi: 10.1097/TP.0b013e31817ba53a.
Sgfteland JM, Casselbrant A, Biglarnia AR, Linders J,
Hellstrém M, Pesce A, Padma AM, Jiga LP, Hoinoiu B, lonac
M, Oltean M. Intestinal preservation injury: a comparison
between rat, porcine and human intestines. Int J Mol Sci.
2019;20. doi: 10.3390/ijms20133135.



Characterization of the intestinal graft in a swine hypotensive after brain death model

LiLetal

17. Gonzalez LM, Moeser AJ, Blikslager AT. Porcine models of
digestive disease: the future of large animal translational
research. Transl Res. 2015;166(1):12-27. doi: 10.1016/j.
trsl.2015.01.004.

18. Oltean M, lJiga L, Hellstrom M, Softeland J, Papurica M,
Hoinoiu T, lonac M, Casselbrant A. A sequential assessment
of the preservation injury in porcine intestines. J Surg Res.
2017;216:149-57. doi: 10.1016/j.jss.2017.05.002.

19. Adriaanse MP, Tack GJ, Passos VL, Damoiseaux JG, Schreurs
MW, van Wijck K, Riedl RG, Masclee AA, Buurman WA,
Mulder CJ, Vreugdenhil AC. Serum I-FABP as marker for
enterocyte damage in coeliac disease and its relation to
villous atrophy and circulating autoantibodies. Aliment
Pharmacol Ther. 2013;37:482-90. doi: 10.1111/apt.12194.

20. Schellekens DH, Grootjans J, Dello SA, van Bijnen AA,
van Dam RM, Dejong CH, Derikx JP, Buurman WA.
Plasma intestinal fatty acid-binding protein levels
correlate with morphologic epithelial intestinal damage

Correspondence:

Mingxiao Guo

Department of General Surgery, Linyi People’s Hospital
Xuzhou Medical University, 27 East Jiefang Road

Linyi 276000 China

Tel: +86-5398077316

gmx1211@163.com

Received: July 22, 2019
Review: Sept 26, 2019
Accepted: Oct 23, 2019

Acta Cir Bras. 2019;34(11):e201901107

in a human translational ischemia-reperfusion model.
J Clin Gastroenterol. 2014;48:253-60. doi: 10.1097/
MCG.0b013e3182a87e3e.

21. Golling M, Mehrabi A, Blum K, Jahnke C, Kellner H, Bud O,
Hashemi B, Breitkreutz R, Becker-BrandenburgK, Schemmer
P, Gebhard MM, Herfarth C, Kraus T. Effects of hemodynamic
instability on brain death-induced prepreservation
liver damage. Transplantation. 2003;75:1154-9. doi:
10.1097/01.TP.0000062868.34247.8F.

22. van Der Hoeven JA, Ter Horst GJ, Molema G, de Vos P, Girbes
AR, Postema F, Freund RL, Wiersema J, van Schilfgaarde R,
Ploeg RJ. Effects of brain death and hemodynamic status
on function and immunologic activation of the potential
donor liver in the rat. Ann Surg. 2000;232:804-13. doi:
10.1097/00000658-200012000-00009.

23. McCuskey RS, Urbaschek R, Urbaschek B. The
microcirculation during endotoxemia. Cardiovasc Res.
1996;32:752-63. doi: 10.1016/S0008-6363(96)00113-7.

Conflict of interest: none

Financial sources: National Natural Science Foundation
of China (Grant No0.81500688), Shandong Provincial
Natural Science Foundation of China (Grant
No0.ZR2015HL033) and Shandong Provincial Medical and
health science and technology development program
(Grant No.2016WS0237)

'Research performed at Department of General Surgery,
Linyi People’s Hospital, Xuzhou Medical University.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, I®)s |

and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/deed.en

