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BACKGROUND: The hemodynamic maintenance of brain-dead donors will influence the quality of the organs procured for transplantation, including the

CONCLUSION:

intestine. Although norepinephrine (NE) and dopamine (DA) are commonly used to sustain mean arterial pressure in humans, there are
no standardized protocols for their use during maintenance of brain-dead donors. Our aim was to compare the effects of each drug, in
the intestinal graft quality using a rat brain-dead donation model.

Wistar rats (N = 17) underwent brain death (BD) for 2 hours with NE (NE group) or with DA (DA group) administration; the control group
was mechanically ventilated for 2 hours without BD. Jejunum biopsies were obtained at the end of the maintenance period. Histological
damage was evaluated using Park-Chiu scale. Villi/crypt ratio, mucosal thickness, Goblet cell count, and villi density were evaluated using
Image] software (US National Institutes of Health, Bethesda, MD). Barrier damage was assessed by bacterial translocation culture counting
on liver samples. The inflammatory status of the intestine was evaluated by CD3" counting by immunohistochemistry and gene expression
analysis of interleukin (IL)-6, IL-22, and CXCL10.

Norepinephrine-treated donors had higher focal ischemic injury in the intestinal mucosa without a substantial modification of morphomet-
rical parameters compared with DA-treated donors. CD3" mucosal infiltration was greater in intestines procured from brain-dead donors,
being highest in NE ( p €0.001). Local inflammatory mediators were affected in BD: DA and NE groups showed a trend to lower expression
of IL-22, whereas CXCL10 expression was higher in NE versus control group. Brain death promoted intestinal bacterial translocation, but
the use of NE resulted in the highest bacterial counting in the liver (p < 0.01).

Our results favor the use of DA instead of NE as main vasoactive drug to manage BD-associated hemodynamic instability. Dopamine may
contribute to improve the quality of the intestinal graft, by better preserving barrier function and lowering immune cell infiltration. (J
Trauma Acute Care Surg. 2022;92: 380-387. Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.)
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I ntestinal transplantation remains as the main therapeutic alter-
native for patients with intestinal failure and complications as-
sociated to the chronic use of total parenteral nutrition."> The
vast majority of intestines procured for transplantation are ob-
tained for donation after brain death (BD),> with a limited world-
wide experience using living donation and donors after cardiac
death. Organs from BD are known for being of inferior quality
than those from living donation*®” because of hormonal, metabolic,
and circulatory events related to BD, which are also concomitant to
inflammatory events that results in changes at the tissue and cellular
levels that may require specific interventions for optimal outcomes.®

Brain death, itself, triggers different biological processes
related to dysregulated homeostatic circuits. Among them, the
release of catecholamines might originate a transitory rise of
arterial pressure that is usually followed by hypotension due
to changes in hormone levels related to water and electrolyte man-
agement (insipidus diabetes) and drop in endogenous catechol-
amine levels.”® Usually, in this phase, most patients required differ-
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ent vasopressor agents to maintain mean arterial pressure (MAP)
within physiologic limits. The hemodynamic management required
as part of the BD maintenance will condition the quality of the dif-
ferent organs for transplantation, including the intestinal graft.

Intestine has been shown as one of the most labile organs
for ischemia-reperfusion injury.” Important efforts have been
taken to improve the quality of organ preservation during pro-
curement.'® However, improving the quality of organs by donor
management will also contribute to better performance of the
different interventions performed downstream along the proce-
dure, being intensive care unit (ICU) donor maintenance a criti-
cal part of the whole procedure.

There are different reports on the use of both norepinephrine
(NE) and dopamine (DA) to improve MAP; however, ICUs mostly
do not adopt a standardized protocol for using vasopressors during
the donor maintenance or procurement.'""'* Although there are
some randomized-controlled studies indicating that low-dose DA
administration may be useful in heart and kidney transplantation,
there is no generalized consensus in the selection of vasoactive drug
for brain-dead donor management.'*'# Models to reproduce BD in
rodents are complex, not only because of the procedure required to
cause occlusive BD but also because of the complexity required to
sustain ventilatory support and reproduce vasopressor support. We
have previously published our experience of using a brain-dead
rat model generated by intracranial balloon inflation at con-
trolled rate; adding to the described procedure different refine-
ments, such as regulating the speed of inflation to simulate dif-
ferent types of situations such as traumatic versus cerebrovascu-
lar cause of death, has been proposed.’>!® In most of the
experimental BD protocols in rats, the management of hemody-
namic instability is achieved by the alternative use of NE or DA
as a vasopressor drugs; however, the differential effects of these
drugs on the quality of intestinal graft, which has been shown as
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one of the most reactive organs after BD,™'” has not been
assessed yet. Given that increased intestinal mucosal damage asso-
ciated with adrenergic receptor activation has been reported,'®'? we
hypothesize that NE use may induce a differential effect compared
with DA use to sustain MAP.

With the aim of analyzing the differential effect of DA ver-
sus NA in the management of BD on the intestinal graft quality,
an experimental protocol was designed to further study the ef-
fects of BD and the associated vasopressor support with NE or
DA in the morphological, physiological, and mechanistic as-
pects of the intestinal graft.

MATERIALS AND METHODS

Animal Use and Care

Adult male Wistar rats (mean + SD, 300 + 20 g) were
housed in a climate-controlled room (21°C £ 2°C and relative
humidity of 45% 4 15%) on a 12-hour light-dark cycle at our
institution's animal facilities. The protocol was approved by the
Animal Welfare Ethics Committee of The Veterinary Sciences
School of the National University of La Plata, Argentina (54-1-15 T).

Surgical Procedure

All animals were anesthetized with isofluorane, in a satu-
rated chamber for induction, then with a mask, and, finally and
for the whole procedure, using the endotracheal intubation.

Under surgical microscope, lines were placed in the carotid
artery and jugular vein to control MAP and deliver solutions.
Using the same surgical approach, a tracheostomy is performed,
and an endotracheal tube is placed to initiate the assisted ventila-
tory support.

All animals were maintained under mechanical ventilation
with 70 breaths per minute, 2.5 mL/kg and positive end expiratory
pressure 1 to 4 cmH20 (683 Small Animal Ventilator; Harvard Ap-
paratus, Holliston, MA), controlling MAP (70-120 mm Hg),
SpO,, heart rate, and temperature (37-38°C). Animals with MAP
below 60 mm Hg for more than 10 minutes were discarded.

After 2 hours of maintenance, a midline celiotomy was done,
and the small bowel was dissected according the technique previ-
ously described;*® the aorta was clamped proximal to the superior

mesenteric artery and flushed with 5 mL of cold lactate Ringer's so-
lution; and then, samples of small intestine and liver were taken.

BD Model

The BD model used was the gradual onset of procedure de-
scribed by Pratschke et al.>! Through a drilled Bregma's front-
lateral burr hole, a catheter Fogarty 4F (Edwards LifeSciences
Co., Irvine, CA) was inserted in the subdural space. Brain death
was induced by a progressive inflation of the balloon with
500 pL of saline solution using a syringe infusion pump
(PC11UBT; Apema S.R.L., Buenos Aires, Argentina), at 1 mL/
h rate. After 30 £ 5 minutes, BD was confirmed by apnea, Cush-
ing response, and maximal pupil dilatation.

Experimental Design

Three groups were established (Fig. 1).

Live donor group (control group [CG]) (n = 6), used as
CG: rodent under assisted ventilation for 2 hours, under anesthe-
sia without BD procedure or use of vasopressor drug support.

Brain death norepinephrine group (n = 6): 2 hours of venti-
latory support after BD combined with the use of NE as vasopres-
sor agent was used with a maximum dose of 1 pg/kg per minute, to
keep MAP between 70 and 120 mm Hg, a dose higher than the
proposed one, which was considered as exclusion criteria.

Brain death dopamine group (n = 5): 2 hours of ventila-
tory support after BD combined with the use of DA as vasopres-
sor agent; 5 ug/kg per hour was considered as a limit for exclu-
sion criteria (Fig. 2).>***

A total of six additional rats were discarded during the sur-
gical procedures. Three of them were because of hypotension
during maintenance that could not be controlled with vasopres-
sors, two because of bleeding at the arterial cannulation site,
and one because of acute pulmonary edema.

Sampling

Intestinal samples from jejunum were collected for histo-
pathological injury assessment and gene expression analysis.
Liver samples from the distal part of the left lateral lobe were
aseptically collected to analyze bacterial translocation.
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Figure 1. Representation of the experimental design. Three groups were performed, two of them with BD during 2 hours. In each group,
the correction of the MAP during the BD period was done using either NE or DA. The CG included animals mechanically ventilated for
2 hours. Once the stipulated time was over, intestinal and liver samples were taken for subsequent analysis. Created with BioRender.com.
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Figure 2. Arterial pressure and dose of vasopressors used during the 2 hours of BD period. (A) Variation in MAP during the BD
experimental phase. No significant differences between groups were detected at any time point. (B) Norepinephrine and DA use of
vasopressors during the experiment. For each animal, the total dose of vasopressors infused along the BD period is represented in NE

equivalence using a 83.3:1 ratio taken from De Bakker et al.??

Intestinal Histological Evaluation

Sections of the animals' small bowel were fixed in 10%
formalin, embedded in paraffin, and stained with hematoxylin
and eosin for histological evaluation.

Intestinal ischemic histological damage was scored accord-
ing to Park-Chiu classification scale (PC scale) as previously de-
scribed?>© (0, normal mucosa; 1, subepithelial space at villus tip;
2, more extended subepithelial space; 3, epithelial lifting along
villus side; 4, denuded villi; 5, loss of villus tissue; 6, crypt layer
infarction; 7, mucosal infarction; 8, transmural infarction).

To perform a more descriptive analysis that includes both
global and focal injury, ischemic damage was analyzed on 9 ran-
domized fields at 10 times magnification for each sample, which
was assigned a score within the PC scale. For each individual,
the median of the nine randomized fields was taken as represen-
tative, and the results are shown as mean and SD within each
group, representing the global damage. In the case of focal damage
analysis, fields with values greater than or equal to 4 on the PC
scale are counted and assigned a percentage value for each individ-
ual, and then, the results are displayed as mean and SD within each
group. Using ImageJ software(US National Institutes of Health,
Bethesda, MD),%”® intestinal villus height and crypt depth were
measured to calculate villus/crypt ratio and mucosal thickness.

At least 20 individual villi and crypt were measured in each rat
to determine this parameter. We also quantified the total mucosal area
and counted the number of fully functional villi (=3 on PC scale) with
the aim to calculate effective villi density. Goblet cell count was per-
formed on Alcian Blue/neutral red coloration,” counting 25 randomly
selected villi per animal. The immunohistochemistry technique was
performed using an anti-CD3 antibody (DakoCytomation, Santa
Clara, CA) and the LSAB2 kit (DakoCytomation) as detection
method using 3,3’-diaminobenzidine as substrate. Antigen retrieval
was performed with the steam method.** Hematoxylin was used as
contrast colorant, and synthetic balm was used as montage media.
CD3" lymphocytes were counted in 150 randomly selected fields at
40 times magnification per individual.

Bacterial Culture

A portion of the liver (approximately 1 g) was aseptically col-
lected and placed in sterile tubes containing 3 mL of sterile phos-
phate saline buffer. The organ was homogenized, and the suspension
was diluted in series 1:10 and 1:100; then, 100 pL of that suspension
was seeded on a Luria-Bertani-agar plates. Bacterial growth was

© 2021 Wolters Kluwer Health, Inc. All rights reserved.

assessed by colony counting after 48 hours at 37°C. The results were
expressed as colony-forming units per gram of tissue.

To validate the aseptic sampling, in this case, we add a
sham operated group (n = 4), where the individuals where anes-
thetized, aseptically conditioned, and sampled through a midline
laparotomy (not shown).

RNA Isolation and Quantification

Total RNA extraction intestinal graft was performed using the
NucleoSpin RNA 1I kit (GE Healthcare, Aurora, OH). Reverse tran-
scription was performed using random primers and MMLV-Reverse
transcriptase (Invitrogen, Carlsbad, CA) as previously described.?
Real-time quantitative polymerase chain reaction was per-
formed following manufacturer's protocol using the iCycler
iQ5 thermal cycler (BioRad, Philadelphia, PA). Primers for
rat interleukin (IL)-6, IL-22, CXCL10, and Actin-b were de-
signed by us or adapted from literature: qRat-actB-forward
ACAACCTTCTTGCAGCTCCTC 1, qRat-actB-reverse ACA
ACCTTCTTGCAGCTCCTC 1, qRat-1L6-forward CTGATT
GTATGAACAGCGATG 1, qRat-IL6-reverse GAACTCCAGAAG
ACCAGAG 1, qRat-CXCL10-forward CTGCACCTGCATCGAC
TTCC, qRat-CXCL10-reverse TTCTTTGGCTCACCGCTT
TC, gRatlL.22-forward TGGTGCCTTTCCTGACCAA  self-designed,
and qRat-IL22-reverse GTTCTGGTCATCACCGCTGAT self-
designed. Relative difference calculation using the AACt
method was previously described.?!-*?

Statistical Analysis

Comparisons among groups were performed using an analysis
of variance or Kruskal-Wallis, followed by Dunn's test for multiple
comparisons, or Student's # test or Mann-Whitney test for unpaired
or paired data, as appropriate using GraphPad 5.0 software
(GraphPad Software Inc, San Diego, CA). Results were expressed
as mean + standard error of the mean. Differences between means
were considered statistically significant when p < 0.05.

RESULTS

Higher Focal Ischemic Injury in the Intestinal
Mucosa Was Observed in NE-Treated Donors
Compared With DA-Treated Donors

Brain death has a negative impact on the intestinal mu-
cosa. Both groups under BD condition show a higher score on
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Figure 3. Intestinal histopathological parameters to characterize global ischemic damage. (A) Ischemic damage under Park/Chiu score
(9 random images of intestinal tissue of each individual are analyzed). The line is located at the mean value of the distribution. (B) Focal
damage represented by samples that have a Park-Chiu score of 4 or higher (t test CG vs. NE, *p = <0.05). (C—E) Morphometric analysis of
the intestinal mucosa. (C) The villus/crypt ratio; (D) the mucosal thickness, calculated as the sum of villus length and crypt depth; and (E)
the effective villi density, estimated by measuring the mucosal area and counting the villi with a maximum of 3 in PC scale (which still
maintains epithelial lining); no significant differences were observed between the groups.

the PC scale compared with the CG. Norepinephrine group was
the most damaged (1.94 + 1.57 PC scale) followed by the DA
group (1.33 £ 1.24 PC scale), and finally, the CG was the one
with the least degree of injury (1.11 £ 1.56) (Fig. 34). To deter-
mine the extension of focal damage, the percentage of tissue
showing values higher than 4 in the PC scale was calculated
for each condition (Fig. 3B). The NE group showed the highest
focal damage including 22% of values 24. The DA group pre-
sented 13.20% of values 24 on PC scale, whereas, in the CG

group, 9.16% showed focal damage. These results indicate that
the selection of vasopressor has an impact on mucosal integrity.

Furthermore, villi/crypt ratio was slightly higher in NE
group (3.31 £ 1.03) in comparison with CG (2.94 + 0.96) and
DA groups (2.75 + 0.88) (Fig. 3C). Intestinal mucosa was found
thicker in treated groups. Dopamine group showed the greater
value (546.1 = 70.95) followed by NE (488.1 £+ 136.5) and CG
groups (472.4 + 153.3), respectively (Fig. 3D). On the other
hand, villi density was not substantially affected with the use

€202/0€/€0 U0 9ZA0ZSgUI4NSIVORAZESMZWSNMUHIB8TISEXq0Z LANGAEHASDAEPLTISO@IZNdNIZAIMSZIXDEDID/AO

x2ywaggspbx16mbirepix+,sainbyp4owogglgoeeMBybeHdTA Aq ewunenljwod mm| sfeusnoly/:dny wouy papeojumoq

4 GOBLETS
, (8 50
b 28 '.."—'
gk 40 A
. l‘ 2 =
. 230 o g
\ g
N L]
B 20
45 L] =1 =3
"&"2‘. 19
WA 8
& N
cD3+

& &

Figure 4. Differential cell population counting. (A) Representative microphotographs of Alcian Blue staining that allows the counting of
GCs. The GC number per villi was evaluated for each individual by counting at least 25 individual villi. Box plot represents the mean value
and superior and inferior quartiles of the distribution of values. Brain death significantly affects GC number, with no differential effect
with either NE or DA treatment (**p < 0.01). (B) CD3™ T lymphocyte immunohistochemical staining. Representative 10 times
microphotograph (enlarged) and 40 times insets are depicted; black arrows indicate a positive CD3 T lymphocyte. CD3* count was
significantly higher in NE group, almost triplicating the count for CG (**p < 0.01; ***p < 0.001).
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of vasopressors (CG, 10.08 + 5.52; NE, 11.12 + 6.17; and
DA, 9.051 £ 2.93) (Fig. 3E).

BD Affects Goblet Cells Population in the Villi

Goblet cells (GCs) constitute one of the most significant
innate defenses barriers against crypt mucosal injury, by pre-
venting direct bacterial contact with enterocytes. Brain death
significantly decreases the number of GCs all along the villi
(Fig. 44, p < 0.01). The CG showed a mean + SD of 28.45
+ 7.18 GCs per villi; meanwhile, the average number of GCs
per villi in the DA and NE groups was 17.54 + 3.01 and
17.07 + 2.8, respectively, showing that, regardless of the vasopres-
sor drug used, there is a marked decrease in the GC count. This de-
crease in GCs is more pronounced in the NE group with respect to
CG (p = 0.0025, ¢ test performed) and a little less noticeable but
still significant between CG and DA (p = 0.0059, ¢ test performed).

CD3" Mucosal Infiltration Is Greater in Intestines
Procured From Brain-Dead Donors Treated With NE
As previously mentioned, the organs from donors with
BD are of lower quality compared with living donors; one of
the aspects that impact on tissue status is the inflammatory activ-
ity in the lamina propria. We analyzed the lymphocyte infiltra-
tion on intestinal lamina propria under different situations. A
mean + SD of 4.4 + 1.45 CD3" lymphocytes per 40 times field
is observed in the CG; these values were duplicated in the case of
DA-treated donors (DA, 8.8 = 2.94) and were even higher in
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NE-treated donors (NE, 12.95 + 1.07) (Fig. 4B; p < 0.0001).
These results confirm in intestine what it was already described
for other tissues*>>* and show that NE treatment is associated
with highest levels of lymphocyte infiltration in lamina propria.

Local Inflammatory Mediators Are Affected in BD

To investigate the inflammatory gene expression of the in-
testinal graft, the levels of IL-6, IL-22, and CXCL10 expression
were evaluated in the different groups. Interleukin-22 showed a
trend to lower expression in the DA and NE groups compared with
the control, while, in the case of CXCL10, the NE group showed
the highest expression of this cytokine compared with the other
groups under study (p = <0.05). In the case of IL-6, NE was the
group with a trend to show the highest expression of this cytokine,
while DA and CG showed similar results (Figs. 54—C).

The Use of NE Affects the Intestinal Barrier
Permeability Amplifying Bacterial Translocation

Brain death has a deleterious effect on the intestinal barrier,
promoting bacterial migration from the lumen to the bloodstream
colonizing different abdominal organs.>>=*® By using NE, we could
observe a significant increase in bacterial translocation to the liver,
compared with the CG (CG vs. NE, p = 0.044; ¢ test performed),
whereas the use of DA showed intermediate results (Fig. 5D).

To perform this experiment, we use a sham control with
no BD, showing no bacterial translocation to liver, validating
the methodology used (not shown).
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Figure 5. Gene expression evaluation and intestinal barrier function (*p < 0.05). (A-C) Gene expression in intestinal samples. (A)
Interleukin-6 expression. No statistical differences between groups were observed. (B) Interleukin-22 expression. (C) CXCL10 expression.
Higher values were observed in NE group compared with CG group (*p ©0.05). (D) Assessment of intestinal barrier integrity evaluated by
total bacterial counting in liver. Norepinephrine group showed two orders of magnitude higher bacterial count than the CG group. Box
plot represents the mean value and superior and inferior quartiles of the distribution of values.
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DISCUSSION

Previous reports®” described the direct negative effect of
BD and maintenance on the procured grafts, but little has been
written on the effect on the intestinal mucosa and intestinal graft.

Our results showed that alterations in hemodynamic parame-
ters can produce alterations of the mucosal architecture; it was ob-
served that changes were worse in animals under NE as vasopressor,
compared with the ones receiving DA. Those observations might be
based on the fact that DA increases superior mesenteric artery blood
flow and is able to sustain appropriate small bowel oxygenation,
as it was shown in a brain-dead pig model.*® On the other hand,
NE used in critical patients has been associated with enterocyte
damage, which is in line with our observations, supporting our
findings in a translational research model with rodents.**

Beyond hemodynamic instability, BD effects on the pro-
cured organs could be related to the release of proinflammatory
mediators to circulatory compartment, which has been linked
with changes in endothelial adhesion molecules.’ This process
causes a secondary effect by increasing immune cell infiltra-
tion.>” In concordance, we found a marked increase of CD3" T
lymphocytes in intestines from the brain-dead groups. Remark-
ably, the DA-treated animals showed significantly lower CD3 in-
filtrates compared with NE-treated animals. It has been reported
that, under stressful clinical conditions, like heat stress; the use
of NE produced a deficient expression of tight junction pro-
teins,*® increasing epithelial permeability inducing bacterial
translocation and immune cell migration toward the intestinal
mucosa, as observed in our experimental settings. In our exper-
iments, the increased liver bacterial content could be attributed
to changes described in mucosal permeability, causing a significant
injury of the intestinal barrier function. Remarkably, we observed
that the BD by itself produces a rise in bacterial traslocation, which
is also in concordance with previous reports of increased systemic
endotoxin in brain-dead animal model without using vasopres-
sors.”3? Interestingly, we also observed a rise in proinflammatory
gene expression in brain-dead animal. The fact that a reduced ex-
pression of IL-22 is found in brain-dead animals compared with
controls adds that BD might also have an associated impairment
of the intestinal epithelial regeneration pathway.*’

There are several reviews on the superiority of NE versus
DA in terms of shock events in ICUs;*'™* even so, most of the
parameters analyzed are focused on the patient under treatment
and his/her survival. The situation of organ donation, in which
the use of one or another vasopressor is important, could have
an impact on the survival of the transplanted organs.’®** Al-
though studies reported that the effect of high dose of vasopressor
use has not shown differences in 1-year survival,* short-term ef-
fects that may be clinically relevant such as delayed graft func-
tion, ICU stay, length of dependence on ventilator assistance,
and time to discharge, among others, were not evaluated. Be-
sides this, there is also a lack of information regarding the num-
ber of donors that are not accepted to be used because of the high
doses of NE used to sustain shock as result of the BD storm,
which also requires the need of a progressive increase of fluid re-
suscitation, which also has a deleterious effect for the abdominal
organs by producing edema and reducing the intestinal motility,
as it is observed at the retrieval. An additional problem in most
countries is related to the lack of recorded information, since,
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in general, those problems are registered as “poor organ/donor
quality” without additional information, with pancreas and in-
testine being the most jeopardized organs.*®

Although there is a lack of controlled studies that may
contribute to the selection of vasopressive agent, the knowledge
produced in this study might contribute to produce a clinical
study aiming to maintain donors with the understanding of using
the vasopressor that will benefit to preserve the integrity of the
organ or organs to be used.

Our experimental study has the limitations inherent to the
use of rodent models that make extrapolations to clinical situations
not straightforward. We have selected a single period to analyze the
effects of BD, a condition that may have dynamic evolution. We
have also measured cell infiltrates without assessment of cell
death/migration, which may account for part of the differences
observed. Despite these limitations, our results highlight the im-
pact of BD and the required support in the quality of the intesti-
nal graft, generating evidence for further experimental studies
on ischemia-reperfusion injury, graft rejection, and graft versus
host disease. A better understanding on the underlying patho-
physiology will allow improved donor management in the ICU
and alternative preconditioning or postconditioning strategies
to improve the quality and the availability of adequate organs
to perform effective transplant procedures.*”*®

Overall and in line with studies that suggest a beneficial
effect of low-dose DA use to maintain donors,>* our results indicate
that DA should be considered as the main vasoactive drug to manage
BD-associated hemodynamic instability by contributing to improve
the quality of the intestinal graft, including the preservation of
barrier function, and by reducing the risk for bacterial translocation.
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