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ABSTRACT

PURPOSE: To investigate gender differences in the evolution of the inflammatory process in rats subjected to brain death (BD)._
METHODS: Adult Wistar rats were divided into three groups: female; ovariectomized female; and male rats. BD was induced using
intracranial balloon inflation and confirmed by maximal pupil dilatation, apnea, absence of reflex, and drop of mean arterial pressure.
Six hours after BD, histological evaluation was performed in lungs, heart, liver and kidneys, and levels of inflammatory proteins,
estrogen, progesterone, and corticosterone were determined in plasma.

RESULTS: In the lungs, females presented more leukocyte infiltration compared to males (p<0.01). Ovariectomized female rat
lungs were more hemorrhagic compared to other groups (p<0.001). In the heart, females had higher leukocyte infiltration and tissue
edema compared to males (p<0.05). In the liver and kidneys, there were no differences among groups. In female group estradiol and
progesterone were sharply reduced 6 hours after BD (p<0.001) to values observed in ovariectomized females and males. Corticosterone
levels were similar._

CONCLUSIONS: Sex hormones influence the development of inflammation and the status of organs. The increased inflammation in
lungs and heart of female rats might be associated with the acute reduction in female hormones triggered by BD.
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Introduction

Brain death (BD) is a relevant event that causes
When used for

transplantation marginal organs can influence the survival of the

pathological changes on all the organs'?.

receptor’. As brain dead patients are the most common source
of transplanted organs, the comprehension of BD alterations
is useful to show the professionals involved in the process of
capture and transplantation of organs how to treat the brain dead
patient increasing, therefore, the percentage of organs suitable for
transplantation.

Many issues are considered in donor organ evaluation,
such as donor and recipient ages, comorbidities, size matching,
ABO compatibilities, serology and a minimal ischemic time.
However, donor and recipient genders are not directly matched.
There are few reports about this feature and many of them have
limited sample sizes®’. Some studies confirm donor gender
as a factor that influences significantly the outcome of organ
transplantation®® and the survival after transplantation of
lung, heart or kidney is clearly shorter when a male recipient
receives a female organ®'®''. That sex hormones influence the
development of chronic renal allograft rejection was provided by
the observation that a male rat kidney benefits from the absence
of testosterone, while estradiol ameliorates a female rat kidney
function'?. Female sex hormones play an important role in the
preservation of functionality of various organs and systems. As
female rats present a better response to shock, trauma and sepsis
when compared to male rats, several studies state that female
hormones (estradiol, mainly) have a protective action modulating
the generation of inflammatory mediators'*". It has been shown
that estrogen is also a protective factor to infections, reason why
women would be more resistant than men'*. Furthermore, it has
been demonstrated the presence of estradiol receptors (subtypes o
and ) on lymphocytes, neutrophils, macrophages, dendritic cells
and NK lymphocytes, suggesting that estrogens may play a role in
immunocompetence regulation'®.

Pituitary failure is associated with hormonal changes
after BD? but there is not a clear explanation for the sex
hormones influence on organ transplantation. Considered the
immunomodulatory role of female sex hormones, this study
aimed to investigate the influence of gender on the course of the
inflammatory process in the lungs, heart, liver and kidneys, in a rat
model of BD.

Methods

The experimental protocols were approved by the Animal
Subject Committee, Instituto do Coragao (InCor), Universidade de
Sao Paulo (USP), School of Medicine.

In this study, 15 female and five male Wistar rats
(200-300 g) were divided into three groups: female rats (n=10);
ovariectomized female rats (n=5); and male rats (n=5). Animals
were maintained at 23°C + 2°C, under a cycle of 12h light/12h
darkness and were allowed access to food and water ad /libitum
before the experimental procedure. The rats were anesthetized
in a chamber with 5% isoflurane, intubated and ventilated with
a rodent ventilator (Harvard Apparatus, model 683, USA) with
tidal volume of 10 mL/kg and frequency of 70 breaths/min. The
anesthesia was maintained with continuous inhalation of 2%
isoflurane. The carotid artery was cannulated for continuous blood
pressure monitoring and blood sampling. The jugular vein was

cannulated for infusion of saline solution (2 mL/h).

Brain death model

The brain death model was based on the model used
by Simas et. al.'* Through a drilled parietal burr hole, a catheter
Fogarty®4F (Baxter Health Care Co., USA) was inserted in the
intracranial space. BD was induced by rapid inflation of the
baloon with 400-500uL of saline solution. After BD induction,
the isoflurane inhalation was interrupted. BD was confirmed by
maximal pupil dilatation, apnea, absence of reflex, and drop of
mean arterial pressure (MAP). All animals were monitored for 6
hours after BD induction. At the end of the experiments, the animals
were exsanguinated from the abdominal aorta and lungs, heart,
liver and kidneys were removed. Blood samples were collected for

cellular inflammatory proteins and hormonal quantification.

Ovariectomy

Ten days before BD induction, ovariectomized female
rats were anesthetized with an intraperitoneal injection containing
ketamine (100 mg/kg) and xylazine (20 mg/kg). A midline
laparotomy was performed and the ovaries were identified, their
pedicles were ligated and the ovaries removed. The abdominal
wall was closed with a 4.0 nylon thread in two layers. After the
procedure, Tramadol (5 mg/kg, intramuscular) and Penthabiotic

(540 mg/kg, intramuscular) were administered. After the period
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of 10 days, the ovariectomy was confirmed by vaginal smears

compatible with the diestrus phase.

Histopathological analyses

The collected lungs, heart, liver and kidneys were
removed, fixed in formalin, and paraffin embedded. Samples were
cut into 4 mm sections, and stained with hematoxylin and eosin
(H&E). The parameters investigated were leukocyte infiltration
(in the lungs, heart, liver and kidneys), edema (interstitial edema
in the lungs and heart, intracellular edema in the liver and tubular
edema in the kidneys), and hemorrhage (in the lungs and liver).
Analyses were performed by two researchers and the score used to
measure the intensity of tissue alterations was 1, 2, 3 or 4 (absent,

slight, moderate and intense, respectively).

Determination of cellular inflammatory proteins

Cytokine-induced neutrophil chemoattractant 1 (CINC-
1) and macrophage-inflammatory protein 2 (MIP-2) were
quantified in serum aliquots collected 6 hours after BD induction
using a Milliplex® MAP kit (Merk Millipore, Billerica, USA).

Determination of plasmatic hormonal levels

Following BD, blood samples were collected and
centrifuged (700 g, 25 minutes, 25°C) for determination of plasmatic
estradiol and progesterone levels using radioimmunoassay Kkits
(Coat-A-Count,

were determined using enzyme immunoassay kit, following

Siemens, Germany). Corticosterone levels

200+

o
-]
n

Mean arterial pressure (mmHg)

manufacturer’s recommended protocol (Cayman Chemical, Ann
Arbor, USA).

Statistical analyses

Histopathological and cellular inflammatory proteins data
are presented as median and upper/lower limits. These overall group
differences were compared using a Kruskal-Wallis test followed
by a post hoc Dunn multiple comparison test. Hemodynamic and
hormonal data are presented as mean =+ standard error of the mean.
Comparisons were made by one-way analysis of variance followed
by Tukey’s multiple comparisons test or paired student’s t test.
Each p-value was adjusted to account for multiple comparisons. A
p-value of less than 0.05 was considered significant. All statistical

®

analyses were performed using GraphPad Prism® version 6.10 for

Windows (GraphPad Software, La Jolla California, USA).

Results

Hemodynamic parameters

All rats showed a sudden increase in the MAP in the
first minute after the induction of BD, which was followed by a
decrease in the MAP below the baseline level, and a subsequent
increase to a normal level after approximately one hour. As
illustrated in Figure 1, there were no significant differences in the
MAP over time among the groups. Furthermore, no differences
were observed in arterial blood gases, lactate, electrolytes and
hematocrit values at baseline and 6 h after the surgical procedures

(data not shown).
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FIGURE 1 - Mean arterial blood pressure of brain dead male (n=5), female (n=10) and ovariectomized female (n=5) rats. All animals were monitored
over time before the balloon catheter inflation (Oh) until the end of the experimental period (6h). Data are presented as mean =+ standard error of the

mean. There were no significant differences among groups.
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Histopathological evaluation

Results, summarized in Table 1, showed that female
rats presented an increased number of leukocytes in the lungs
when compared to male rats. The lungs of ovariectomized female
rats showed to be more hemorrhagic than the lungs of female or
male rats. The interstitial edema did not differ among the groups.
Representative photomicrographs are shown in Figure 2. In the
heart, female rats presented increased leukocyte infiltration and
tissue edema compared with male rats (Table 1, Figure 2). In the
liver, all groups presented slight to moderate leukocyte infiltration,
absent to moderate edema, and absent to slight hemorrhage, with
no statistical differences among groups (Table 1, Figure 2). In the
kidneys, the leukocyte infiltration had a wide distribution in the
rats of the female group, mainly absent to a moderate level. In
the male group there was a slight leukocyte infiltration, and in
the ovariectomized female group infiltration varied from absent
to slight, with no statistical differences among groups (Table 1,
Figure 2). The tubular edema varied from absent to slight in male
and ovariectomized female groups, and from absent to moderate in
the female group, with no statistical significant differences among

groups (Table 1, Figure 2).

TABLE 1 - Histological injury score.

Ovariec- i
Male  Female  tomized
value
female
Leukocyte sk
Lung infiltration 2(1-4) 3014 2(1-4) 0.009
Hemorrhage 1(1-2) 2(1-2.7) 2(1-3)® 0.001
Edema 2(1-4) 2(1-4) 2(1-3) 0.17
Leukocyte "
Heart infiltration 3(1-4) 4014 3(2-4) 0.022
Edema 2(1-3) 35(1-4* 3(14) 0.03
. Leukocyte
Liver infiltration 2(1-4) 2(1-4) 2(1-4) 0.67
Hemorrhage 1(1-3) 1 (1-3) 1(1-2) 0.88
Edema 2(1-3) 2(1-4) 1(1-3) 0.60
. Leukocyte
Kidney infiltration 2(1-3) 2(1-4) 2(1-2) 022
Edema 1(1-3) 1(1-4) 1(1-3) 0.73

Histological injury score. The score used to measure the intensity of tissue altera-
tions were 1=absent; 2=slight; 3=moderate; 4=intense. Values are presented as me-
dian and upper/lower limits for 5-10 rats in each group. *p<0.05 and **p<0.01,
compared to Male group; ®p<0.001 compared to the other groups.

L L

FIGURE 2 - Photomicrographs of heart, lung, liver and kidney from brain dead female, male and ovariectomized female rats. 1: Female rats; 2: Male
rats; 3: Ovariectomized female rats. A: Heart; B: Lung; C: Liver; D: Kidney. Arrows indicate intercellular edema in heart (Female and Ovariectomized
female) and arrowheads show inflammatory cells in heart and lungs (Female). Heart and lungs from Female group presented bigger leukocyte

infiltration than the same organs from Male group.
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Cellular inflammatory proteins levels

Plasmatic levels of cellular inflammatory proteins

obtained 6 hours after BD induction are showed in Figure 3.
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CINC-1 levels were significantly higher in female rats, when
compared to male animals. Similar behavior was also observed
but statistical

regarding MIP-2 determinations, without

significance.
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FIGURE 3 - Plasmatic levels of cellular inflammatory proteins (CINC-1 and MIP-2), 6 hours after BD induction. Values are presented

as median and upper/lower limits for 5-10 rats in each group.

Plasmatic hormonal levels

As illustrated in Figure 4, levels of plasmatic estradiol
and progesterone in the female group were sharply reduced 6
hours after the induction of BD. Initial levels of both hormones
were reduced in ovariectomized female rats compared to the initial
levels in the female group. Similar levels were observed in male

rats. Furthermore, values attained 6 hours after BD did not differ
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between female and ovariectomized female groups. In male rats,
values of estradiol and progesterone were almost undetectable
(Figure 4). In addition, there were no differences in plasma
corticosterone levels among groups 6 hours after BD. Values were
(mean = standard error of the mean): 623.3 £ 48.5 pg/ml in female
rats; 527.0 + 64.2 pg/ml in ovariectomized female rats, and 759.4
+ 246.1 pg/ml in male rats (p=0.4734).
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FIGURE 4 - Plasmatic estradiol and progesterone levels before (initial) and after brain death (6h) of female (n=10), ovariectomized
female (Female Ovx, n=5), and male (n=>5) rats. Data are presented as mean + standard error of the mean. *p<0.001 compared to initial
values; ©p<0.01 and ©p<0.05 compared to initial values in female group.

Discussion

Data presented strengthen the idea that genders may have
an important influence in the histopathological changes that occur
after BD. Despite transplantation of brain dead organs depends

on many criteria’ and donor management strategies are still
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evolving!”, the injury that occurs in the brain dead donor, mainly
in the lungs and heart!, is a serious factor that can determine a
reduced graft function.

The results of the present study indicate that the balloon
inflation resulted in a transient hypertensive peak followed by
sustained hypotension. This pattern was observed in all the
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studied groups. In a rodent model of BD it was demonstrated that
the hemodynamic instability due to hypovolemia or neurogenic
hypotension is critical for the consequences of BD observed in the
lungs'®. In this regard, it is important to reiterate that there were no
hemodynamic differences between male and female rats.

Analyzing the histopathological findings, it is clear
that male and female rats presented many statistically significant
differences. The alterations were observed mainly at the lungs
and heart of the studied animals, while liver and kidneys showed
no differences between groups. These alterations arise together
with hormonal changes; in female rats, estradiol and progesterone
serum levels were sharply reduced after BD to values observed in
male rats.

Data presented herein indicate that lungs and heart are
the organs most affected by BD. These conclusions are consistent
with data from a previously published study'. Indeed, lungs are
the organs most often considered unsuitable, with only 10-20%
of lungs from multiple organ donors used for transplantation'’.
In addition, gender-related hormonal differences may play a role
in the acute lung lesion due to intestinal ischemia/reperfusion
injury’?.

In animal models, a previous study has demonstrated
that lungs from brain dead male rats have an increased number
of polymorphonuclear cells and macrophages®. In this study, we
corroborate this evidence and notice that lungs from brain dead
female rats presented an elevated number of leukocytes when
compared to brain dead male rat lungs. This difference indicates a
higher inflammatory level in female lungs. The higher hemorrhage
incidence in the ovariectomized female group could be due to
the reduction of estradiol levels that down-regulate vascular
endothelial growth factor (VEGF) production'.

In regard to the damages found in the heart, it is known
that BD produces severe derangements in cardiac function®! and
there is a clear association between BD time and failure of the graft
arising from brain dead donors®. Yeh et al.?* using a similar model
of BD, but with rabbits, found many histological manifestations
in the heart, such as cytoplasmic clearing, contraction banding
and loss of myofibrilar striations. Another study, performed by
Wilhelm et al.** and using a model of gradual onset of BD in
rats, found that hearts from brain dead animals were rejected
earlier by their recipients because of an accelerated inflammatory
response and leukocyte infiltration. Indeed, it has been shown that
overexpression of inflammatory markers, including cytokines
and endothelial adhesion molecules, occurs in hearts from male
brain dead rats*. As demonstrated herein, brain dead female rats

exhibited greater leukocyte infiltration and intracellular edema

when compared to brain dead male rats, which suggest that
some degree of discrepancies may have occurred due to species
particularities and methodological distinctions.

The differences between the groups in the liver and
kidneys are less evident than the ones occurred in the other organs
analyzed. It does not mean that liver and kidneys are not affected
by BD. A clinical study have attested that liver suffer important
impairments after BD?, due to hemodynamic instability and an
activated inflammatory status of the donor liver. Furthermore, it is
well determined that kidneys are also damaged by BD, event that
triggers an ischemic injury that reduces graft function of kidneys
from brain dead donors?’. However, in the present study, all groups
of rats were injured in similar degrees, which demonstrate that
the protective action conferred by female hormones were not so
pronounced in the liver and kidneys as it was in the heart and lungs.

Plasmatic levels of CINC-1, much higher in female
rats, show that animals from this group were more inflamed than
male animals at the end of the procedures. Although without
statistical significance, MIP-2 plasmatic levels showed the same
behavior. These proteins, as markers of inflammation, influence
the mechanism of inflammatory cells migration, which determine
a higher inflammation degree in the female group. When analyzed
together with hormonal and histological findings, this result
strengthen the hypothesis that female sex hormones have an
important influence on inflammation after BD.

BD leads to inflammatory, circulatory, and hormonal
alterations'*. Due to pituitary failure, there is a significant decrease
of all hormones, including the female ones measured in this
study. There are also important immunological alterations, such
as cytokine release and upregulation of adhesion molecules®?’,
microcirculatory hypoperfusion, increased inflammation and
organ dysfunction®.

We observed that female rats presented a worse response
than male rats to the harm caused by BD. The explanation of this
fact starts from the observed drop in estradiol and progesterone
levels after BD in female rats. The suggestion is that the abrupt
change in female hormones suddenly withdraw the protection that
these hormones used to confer to females. Once these females
are not accustomed to the absence of female hormones (mainly
estradiol), they suffer the effects of BD more than the other rats.
Gender has already been proposed as a factor that may influence
the outcome of transplantations’®. Averring the findings of this
study, it is also suggested that female-to-male transplantation is
worse than male-to-male one®*!!, which is probably due to the
absence of protective effect of female hormones found at male

subjects, but not at female ones'>'®
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Ovariectomized female rats have not presented damage
in the same level of female rats because, unlike the female ones,
they have had some time between the decrease of female hormonal
levels and the BD. Thus, ovariectomized female and male rats
proved to be similar to each other; rats from both groups have
not presented significant histopathological differences. This stems
from the fact that, some days after the ovariectomy, female rats
do not have high serum concentrations of female hormones and,
therefore, resemble to male rats. The present study demonstrated
that female subjects do not tolerate well the acute absence of
estradiol. Its lack is known to be a deleterious factor to female
organs'?, and that is why female rats present damages more
relevant than the other groups of animals since this hormone has
an important role as a modulator of the immune response'*'¢.

Hormonal replacement is already included in some
protocols of brain dead organs transplantation®. Thyroid hormone
(T3) replacement is proven to be beneficial both to donor and
recipient of brain dead organs®. Corticosteroid replacement
has some evidence of being beneficial, but it is not universally
accepted®. Female hormones (estradiol and progesterone) may
modulate inflammatory events triggered by BD, which establishes
perspectives for a possible therapeutic use of these hormones
on female brain dead donors. Nevertheless, further studies are
needed to better understand the dynamic of this protective effect
of estradiol and to assess current outcome indicators.

Further studies are also necessary to evaluate the effects
of estradiol specifically as a treatment. Thus, the magnitude of
the reduction of the inflammation degree that a treatment with
estradiol could provide after BD can be stated more emphatically.
The effects that a big amount of female hormones could have in
male rats after BD is another point that need further investigation.

Conclusions

Sex hormones influence the development of inflammatory
events triggered by brain death and the status of the organs that
may be used for transplantation. The increased inflammation
in lungs and heart of female rats might be a result of the acute
reduction in female hormones triggered by BD. Therefore, the
idea of introducing a therapeutic use of female sex hormones on
female brain dead donors could be considered.
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