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Protective role of 17p-estradiol treatment in renal injury on female
rats submitted to brain death
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Background: Clinical and experimental data highlight the consequences of brain death on the quality of
organs and demonstrate the importance of donor state to the results of transplantation. Female rats show
higher cardio-pulmonary injury linked to decreased concentrations of female sex hormones after brain-dead
(BD). This study evaluated the effect of 17B-estradiol on brain death induced renal injury in female rats.
Methods: Female Wistar rats were randomically allocated into 4 groups: false-operation (Sham), BD,
treatment with 17B-estradiol (50 pg/mL, 2 mL/h) 3 h after brain death (E2-T3), or immediately after
brain death confirmation (E2-T0). Creatinine, urea, cytokines, and complement system components were
quantified. Renal injury markers, such as KIM-1, Caspase-3, BCL-2 and MMP2/9 were evaluated.
Results: Brain death leads to increased kidney KIM-1 expression and longer 17B-estradiol treatment
resulted in downregulation (P<0.0001). There was increase of neutrophil numbers in kidney from BD rats
and E2 treatment was able to reduce it (P=0.018). Regarding complement elements, E2-T3 group evidenced
E2 therapeutic effects, reducing C5b-9 (P=0.0004), C3aR (P=0.054) and C5aR (P=0.019). In parallel, there
were 17B-estradiol effects in reducing MMP2 (P=0.0043), MMP9 (P=0.011), and IL-6 (P=0.024). Moreover,
E2-T3 group improved renal function in comparison to BD group (P=0.0938).

Conclusions: 17p-estradiol treatment was able to reduce acute kidney damage in BD female rats owing to

its ability to prevent tissue damage, formation of C5b-9, and local synthesis of inflammatory mediators.
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Introduction

Kidney transplantation is considered the ideal treatment
for patients with end-stage renal disease (1). Donor organ
shortage has consequently led to the acceptance of lower
quality organs for transplantation and now the use of older
and not ideal donors is routine (2). Brain-dead (BD) patients
represent as organ donors an important addition to the
number of renal transplants (3). Clinical and experimental
studies highlight the influence of BD on the viability of the
organs and demonstrate the importance of donor state to
the results of transplantation (4). Preventing/reverting the
brain death deleterious effects on kidneys could positively
influence transplantation and increase the number of
available organs (3).

Brain death affects the endocrine responses and the
changes in hormonal milieu lead to the rationale for
hormone replacement therapy for BD patients. Sex
hormones are important to the maintenance of the
functional activity of organs and previous studies have
identified the association of the BD induced acute estradiol
reduction in female rats to a worst inflammatory profile
in hearts, lungs, and intestine in relation to male donor
profiles (5-7). In female rats, BD results in more edema,
hemorrhagic foci and recruitment of inflammatory cells
to lungs and heart (6). 17B-estradiol (E2) treatment is
able to prevent heart injury caused by BD in female
rats (8). Moreover, previous results pointed to E2
therapeutic effects reducing the release of chemokines,
hindering cell traffic into female rat lungs (9). In this
context, we aimed to investigate the effects of E2 treatment
on the deleterious processes in the kidneys of female rats
submitted to BD.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-1408).

Methods
Animals

Female Wistar rats that were 7-8 weeks old (n=32) were
acquired from our animal facilities. Before the experimental
procedure, all animals were housed at 23+2 °C in a 12-h
light-dark cycle with access to water and food ad libitum.
The animals received humane care in compliance with
the ARRIVE guidelines and the ‘Principles of Laboratory
Animal Care’ formulated by the National Society for
Medical Research and the ‘Guide for the Care and Use of
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Laboratory Animals’ prepared by the Institute of Laboratory
Animal Resources and published by the National Institutes
of Health (NIH Publication No. 86-23, revised 1996). The
experimental protocol was approved by the Animal Subject
Committee of Sao Paulo University Medical School (SDC
No. 4350/16/016).

Groups and treatment

For this study, female rats were used for maximal estradiol
secretion to the proestrus and estrous phases of the cycle
and randomized into four groups: (I) Sham: rats subjected
to trepanation without BD induction; (II) BD: rats
subjected to BD induction; (III) E2-T0: rats administered
E2 in saline (50 pg/mL to 2 mL/h; Sigma-Aldrich, St.
Louis, Missouri, USA) immediately after BD induction
and continuously until the end of the experiment; (IV) E2-
T3: rats administered E2 in saline (50 pg/mL to 2 mL/h;
Sigma-Aldrich, St. Louis, Missouri, USA) 3 h after BD
induction and continuously until the end of the experiment
(Figure 1). Sham and BD groups received fluid replacement
(saline solution, 2 mL/h). The E2 administered is associated
with cyclodextrine in order to allow its water-solubility
(Sigma-Aldrich, St. Louis, Missouri, USA). BD and Sham
groups received the correspondent volume of cyclodextrine
to discard effects of this vehicle. A group of nonmanipulated
rats were used to obtain reference parameters (- - -) as a line
for all data presented.

Estrous cycle verification and serum estradiol quantification

Phosphate-buffered saline (PBS) was used for vaginal lavage
procedure, placed in glass slides and stained with crystal
violet solution (0.2%). The estrus and proestrus cycles
were recognized using an optical microscope. In order to
verify estradiol levels after the experimental period, serum
samples were used in ELISA assay following manufacturer’s
instructions (Cayman Chemical Company, USA).

Brain death model

BD induction was based on the method published by
Breithaupt-Faloppa e 4/. [2016] (5). Anesthesia was induced
in a closed chamber with 5% isoflurane, followed by
intubation and mechanical ventilation (Harvard Apparatus,
model 683, Holliston, Massachusetts USA) at a tidal volume
of 10 mL/kg, 70 breaths/min and of 2% isoflurane. Blood
sampling under constant blood pressure-monitoring was
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Figure 1 Experimental timeline. Sham, false-operated rats; BD, rats submitted to BD; E2-T0, 17B-estradiol (E2)-treated rats after
confirmation of BD and E2-T3, 17B-estradiol (E2)-treated rats after 3 h of confirmation of BD. BD, brain death.

obtained from a cannula inserted in the carotid artery.
Saline solution (2 mL/h), with or without treatment, was
infused into the jugular vein. A Fogarty 4F catheter (Baxter
Healthcare Co., Deerfield, Illinois, USA) was inserted
intracranially through a parietal drilled hole. BD was
induced by rapid balloon inflation (400 pL, saline solution),
established through the absence of reflexes, mydriasis, and
then isoflurane inhalation was interrupted. Sham animals
were maintained anesthetized with isoflurane during the
whole experimental period. All animals were maintained
and monitored for 6 h.

Quantification of serum levels of creatinine and urea

Creatinine and urea concentrations in serum were measured
colorimetrically, using a commercial kit according to the
manufacturer’s specifications (Bioclin/Quibasa, Minas
Gerais, Brazil).

Histopathologic kidney analysis

Kidney samples were obtained and fixed in 10%
formaldehyde for 24 h, embedded in paraffin, sectioned
(4 pm), and stained with hematoxylin and eosin. Leukocyte
infiltration was evaluated by two observers blinded for
intervention. The obtained mean values were analyzed by
correlation tests to determine inter-observer variability.
Leukocyte infiltration was reported in cells per square
millimeter of renal tissue.

© Annals of Translational Medicine. All rights reserved.

Immunobistochemistry

Cryosections of the kidney tissue (8-pm thick) were fixed
in acetone for 10 min. The sections were washed in Tris-
buffered saline Tween-20 (TBST), permeabilized with
TBST and Triton X-100, the non-specific sites were
blocked with TBST, containing 3% bovine serum albumin
(BSA), and then blocked with endogenous peroxidase (H,0O,,
2%). Sections were incubated at 37 °C for 1 h with primary
antibodies in TBST/BSA: rabbit anti-rat antibodies—
kidney injury marker (KIM)-1 (1:100; Boster, Pleasanton,
USA), Caspase-3 (1:50; Abcam, Cambridge, UK), BCL-
2 (1:100; Boster, Pleasanton, USA), and metalloproteinase
(MMP)-9 (1:100; Abcam, Cambridge, UK); mouse anti-
rat antibodies—membrane attack complex (C5b-9) (1:100;
Hycult biotech, Uthen, NL), MMP2 (1:100; Abcam,
Cambridge, UK); and goat anti-rat antibody—C3 (1:200;
Abcam, Cambridge, UK). Next, a 1:400 horseradish
peroxidase-conjugated (HRP) secondary antibody was
applied to the sections at 37 °C for 1 h (EMD Millipore
Corporation). Next, staining was performed using HRP
substrate (3-amino-9-ethylcarbazole or diaminobenzidine
DAB; Vector Laboratories, Burlingame, California,
USA) for 5-10 min. Stained areas were identified in the
glomerular area, after determining a threshold, and analysis
of staining area fractions was carried out with an image
analyzer (NIS-Elements; Nikon, Minato City, Tokyo, JP).
Background was determined by sections incubated in the
absence of the primary antibody as a negative control.
Kidney tissue paraffin sections (4 pm) were rehydrated
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and treated with EDTA (pH 8.0) 15 min at 95 °C for antigen
retrieval. First endogenous peroxidase was blocked (H,O,,
0.3%). Immunohistochemistry used myeloperoxidase
(MPO) 1:20 primary antibody (anti-MPO, Abcam, UK),
1:100 secondary antibody (goat anti-rabbit, Dako, USA)
and 1:100 third antibody (rabbit anti-goat, Dako). Finally,
we developed the reaction with 3,3’-diaminobenzidine
(DAB, Thermo Fisher Scientific, USA) and counter stained
with haematoxylin. Negative controls were performed by
incubating sections in the absence of the primary antibody.
We used NIS-Elements software (Nikon) for determining
and quantifying stained cells. The data was expressed as
number of MPO stained cells/mm?.

Gene expression evaluation

Kidney tissue samples were stored at -80 °C. RNA was
extracted using a commercial mirVana Kit (Ambion,
Austin, Texas, USA). The cDNA was transcribed with
reverse transcriptase (High-Capacity Reverse Transcriptase
Kit, Applied Biosystems, Foster City, California, USA).
RT-PCR was conducted using SYBR Green PCR Real-
time PCR (RT-PCR) Master Mix (Applied Biosystems)
and SYBR Green primers (Applied Biosystems) against
B-actin, kidney injury marker-1 (KIM-1), Caspase-3, BCL-
2, C3, C3aR, C5aR, decay-accelerating factor (DAF),
membrane attack complex-inhibitor protein (MAC-IP/
CD59), interleukin (IL)-1B, and IL-6 (Table 1). Targets were
amplified over 1 cycle for 2 min at 50 °C, 1 cycle for 10 min
at 95 °C, and 40 cycles for 15 s at 95 °C and for 1 min at
60 °C.

In parallel, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), metalloproteinase (MMP)-2, and MMP9
target genes (able 1) were amplified with TagMan primers
(Applied Biosystems) and TagMan Universal PCR Master
Mix (Applied Biosystems) over 1 cycle for 2 min at 50 °C,
1 cycle for 10 min at 95 °C, and 40 cycles for 15 seconds at
95 °C and for 1 minute at 60 °C. Relative gene expression
was determined in relation to the values of naive animals

(n=4).

Homogenization of renal tissue

Kidney fragments were weighed and homogenized in PBS
(3 mL/g) using a gentleMACS Dissociator (Miltenyi Biotec,
Bergisch Gladbach, North Rhine-Westphalia, Germany)
and stored at -80 °C for analysis.

© Annals of Translational Medicine. All rights reserved.
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Quantification of inflammatory mediators

Interleukin (IL)-1B, IL-6, and vascular endothelial growth
factor (VEGF) were quantified in renal tissue homogenate
by enzyme-linked immunosorbent assay (ELISA)
following the manufacturer’s instructions (R&D Systems,
Minneapolis, Minnesota, USA).

Quantification of the serum levels of complement
component C3 was performed by ELISA (Abcam,
Cambridge, Massachusetts, USA).

Statistical analysis

Study data are expressed as mean = standard error (SEM)
or as median and 95% percentile interval (abnormal
distribution). The data regarding kidney function was
submitted to two-way ANOVA test. All other data, Kruskal-
Wallis test followed by post-hoc Dunn multiple comparison
test was performed, with P values normalized to account for
multiple comparisons. Statistical analysis was executed with
GraphPad Prism software v.9.1 (GraphPad, San Diego,
California, USA) and values of P<0.05 were considered
significant.

Results

The E2 treatment was based on previous studies (8,9),
using the same model of BD, in which both treated groups
presented similar increases in serum estradiol levels after the
end of E2 infusion compared to the BD group (BD =68.2+8,
E2-T0 =1,713.5+44.7, E2-T3 =1,717.9+29.2 pg/mL;
P<0.05).

Mean arterial pressure (MAP) and renal function

As illustrated in Figure 2A, the BD led to a sudden increase
in intracranial pressure, resulting in a transient hypertensive
crisis followed by a period of hypotension and, finally,
normalization of MAP. Regarding to E2 treatment, there
were no relevant differences in MAP over experimental
time between treated groups.

The BD group had an increase in the serum creatinine
levels at the end of the experiment compared to the Sham
group. On the other hand, the E2-T3 group exhibited lower
serum creatinine levels than the BD group (Figure 2B).

Moreover, all groups showed an increase in urea levels
after 6 h in relation to the initial value; however, these
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Gene Description

Sequence

Real time PCR SYBR green

p-actin RN b-act fw
RN b-act rv
KIM-1 RN KIM-1 fw
RN KIM-1 rv
Caspase-3 RN CASP-3 fw
RN CASP-3 rv
BCL-2 RN BCL-2 fw
RN BCL-2 rv
C3 RN C3 fw
RN C83 rv
C3aR RN C3aR fw
RN C3aR rv
CbaR RN C5aR fw
RN C5aR rv
DAF RN DAF fw
RN DAF rv
MAC-IP/CD59 RN CD59 fw
RN CD59 rv
IL-15 RN IL-1p fw
RN IL-1B rv
IL-6 RN IL-6 fw
RN IL-6 rv

Real time PCR TagMan

GAPDH Rn01775763_g1
MMP2 Rn01538170_m1
MMP9 Rn00579162_m1

5'-GGAAATCGTGCGTGACATTAAA-3'
5'-GCGGCAGGGCCATCTC-3'
5'-AGAGAGAGCAGGACACAGGCTTT-3'
5'-ACCCGTGGTAGTCCCAAACA-3'
5'-GCATGCCAGAAGATACCAGTGG-3'
5'-AGTTTCAGCATGGCGCAAA-3'
5'-CTGGGATGCCTTTGTGGAA-3'
5'-TCAGAGACAGCCAGGAGAAATCA-3'
5'-CAGCCTGAATGAACGACTAGACA-3'
5'-TCAAAATCATCCGACAGCTCTATC-3'
5'-CCTAAGCAGATGTTCTGAGGTGAA-3'
5'-AGGGTGGCCAGGCTGTCTA-3'
5'-CCCGGTCCTCATCCACTTTT-3'
5'-AGTTGATGTAGGCCAGGGAAAC-3'
5'-TGTCATCGTCTTGAAGGTGTGCTA-3'
5'-TATGCATTGAAAAGACCATTCCAGA-3'
5'-CACAGTGGTCTCCAAGTCACCTAA-3'
5'-CACCACCACTCGCCATTTTG-3'
5'-CAGCAATGGTCGGGACATAGTT-3'
5'-GCATTAGGAATAGTGCAGCCATCT-3'
5'-CAACTTCCAATGCTCTCCTAATG-3'
5'-TTCAAGTGCTTTCAAGAGTTGGAT-3'

RT-PCR, real-time polymerase chain reaction; KIM, kidney injury marker; DAF, decay accelerating factor; MAC-IP, membrane attack
complex- inhibitor protein; IL, interleukin; GAPDH, glyceraldeyde-3-phosphate dehydrogenase; MMP, matrix metalloproteinase.

values did not differ among the groups (Figure 2C).

Histopathological analysis

No difference was observed in leukocyte influx among
the groups (Figure 34). The leukocyte staining for
MPO showed increased neutrophil numbers in BD rats

© Annals of Translational Medicine. All rights reserved.

(Figure 3B). The E2 treatment for 3 h was able to reduce
the neutrophil infiltrate to the kidneys.

KIM-1

KIM-1 is the most highly upregulated protein in the
proximal tubule of the kidney after injury (3) and has
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Figure 2 Mean arterial pressure (A), serum (B) creatinine and (C) urea levels. Sham, false-operated rats; BD, rats submitted to BD; E2-
T0, 17p-estradiol (E2)-treated rats after confirmation of BD and E2-T3, 17B-estradiol (E2)-treated rats after 3 h of confirmation of BD.
Values represent the mean + SEM  (n=7). Statistical analysis: ANOVA (A) P=0.019; (B) P***=0.114 and P"™™=0.025 (C) P****=0.955 and
P™<0.0001 (GraphPad Prism software v.9.1). *, P<0.05. BD, brain death; ANOVA, analysis of variance.

proved to be an indicator of kidney injury in the rat. Our
results showed that, in comparison to the Sham group,
higher values of KIM-1 protein expression were seen in
the BD group. In contrast, treatment with E2 significantly
decreased KIM-1 protein expression in renal tissue
(Figure 44). No differences were detected among the groups
in KIM-1 gene expression (Figure 4B).

Caspase-3 and BCL-2 expression

In order to evaluate the cell death pathway, we based our
evaluation in the expression of pro-apoptotic protein,
caspase-3 and the expression of anti-apoptotic protein,
BCL-2, as previously studied in the heart (8). With respect
to the expression of the apoptotic protein, Caspase-3,
higher values were found in the BD group in protein
(Figure 5A). In contrast, lower values were found in groups
E2-T0 and E2-T3 in terms of Caspase-3 protein expression
analysis. No relevant differences were found among groups
for protein expression of the anti-apoptotic protein, BCL-
2 (Figure 5B). Besides, no significant difference was found
with respect to Caspase-3 and BCL-2 gene expression
(Figure 5C,D).

© Annals of Translational Medicine. All rights reserved.

Complement system components

In BD organ donors, systemically and locally activated
complement is an important mediator of inflammation
and graft injury (3). With respect to complement cascade
activation, there were no significant differences among
groups in serum C3 levels, but higher values were found
in the BD group and lower values were found in groups
E2-T0 and E2-T3 (Figure 64). Following the cascade, BD
increased C3 deposition in the glomerulus of BD female
rats in relation to the Sham group, but without significant
alteration within the treated groups (Figure 6B). Further,
there were no differences in the expression of C3 in renal
tissue (Figure 6C).

Regarding terminal complement system pathway
activation, higher values were seen in the BD group in the
formation of C5b-9, reduced only with treatment by E2
after 3 h of BD (Figure 6D).

Regarding the analysis of renal gene expression of
complement receptors, in relation to the Sham group, BD
upregulated the expression of C3aR without changing the
gene expression of C5aR. In contrast, only treatment with
E2 after 3 h of BD was able to downregulate the expression

Ann Transl Med 2021;9(14):1125 | https://dx.doi.org/10.21037/atm-21-1408
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BD, rats submitted to BD; E2-T0, 17B-estradiol (E2)-treated rats after confirmation of BD and E2-T3, 17B-estradiol (E2)-treated rats after 3
h of confirmation of BD. (A) Formaldehyde-fixed sections of renal tissue were stained with hematoxylin and eosin. (B) Immunohistochemical
analysis of MPO expression in kidney sections. Original magnification images: 20x for all images. Values represent the median and 95%
percentile interval (n=6 per group; 1 tissue section per animal, 10 fields). Statistical analysis: Kruskal-Wallis (A) P=0.0639 and (B) P=0.018
(GraphPad Prism software v.9.1). MPO, myeloperoxidase; BD, brain death.

A P<0.0001 B
0.61 1001
« P=0.006 c
3 8
@ @
g & 101 T
1 Shieal
=5 034 S o
<508 €5
3 O T
£ o T
© =
% °
0.0 0.1
Sham BD  E2T0  E2T3 Sham BD  E2T0 E2-T3

Figure 4 Protein (A) and gene expression (B) of KIM-1 in renal tissue. Sham, false-operated rats; BD, rats submitted to BD; E2-T0,
17B-estradiol (E2)-treated rats after confirmation of BD and E2-T3, 17B-estradiol (E2)-treated rats after 3 h of confirmation of BD. Values
represent the median and 95% percentile interval. (A) Imunohistochemical analysis 5 photos/sample, 1 sample/rat and 6 rats/group. (B)
Gene expression levels are relative to those in naive rats. Statistical analysis: Kruskal-Wallis (A) P<0.0001 and (B) P=0.078 (GraphPad Prism
software v.9.1). KIM, kidney injury marker; BD, brain death.
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17p-estradiol (E2)-treated rats after confirmation of BD and E2-T73, 17-estradiol (E2)-treated rats after 3 h of confirmation of BD. Values
represent the median and 95% percentile interval. (A,B) Imunohistochemical analysis 5 photos/sample and 2 samples/animal. (C,D) Gene
expression levels are relative to those in naive rats in 5 animals/group. Statistical analysis: Kruskal-Wallis (A) P=0.188, (B) P=0.561, (C)
P=0.016 and (D) P=0.199 (GraphPad Prism software v.9.1). BD, brain death.
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Figure 6 Quantification of C3 in serum (A); protein (B) and gene expression (C); membrane attack complex (MAC/C5b-9) protein expression
(D) in renal tissue. Sham, false-operated rats; BD, rats submitted to BD; E2-T0, 17p-estradiol (E2)-treated rats after confirmation of BD
and E2-T3, 17B-estradiol (E2)-treated rats after 3 h of confirmation of BD. Values represent the median and 95% percentile interval. (B,D)
Imunohistochemical analysis 5 photos/sample, 1 sample/rat and 6 rats/group. (C) Gene expression levels are relative to those in naive rats.

Statistical analysis: Kruskal-Wallis (A) P=0.112, (B) P=0.004, (C) P=0.827 and (D) P=0.0004 (GraphPad Prism software v.9.1). BD, brain death.
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Figure 7 Gene expression of complement receptor for C3a (C3aR) (A) and C5a (C5aR) (B), DAF and MAC-IP in renal tissue. Sham, false-
operated rats; BD, rats submitted to BD; E2-T0, 17B-estradiol (E2)-treated rats after confirmation of BD and E2-T3, 17p-estradiol (E2)-
treated rats after 3 h of confirmation of BD. Values represent the median and 95% percentile interval for 1 sample/rat and 6 rats/group. Gene
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of C3aR and C5aR (Figure 74,B).

In relation to the complement inhibitor, there were no
important differences in the gene expression of DAF and
MAC-IP (Figure 7C,D).

Protein and gene expression of MMP2 and MMP9

The major physiologic regulators of extracellular matrix
degradation in the glomerulus are matrix metalloproteinases.
In the analysis of MMP2 protein expression, no significant
differences were observed between the Sham and BD
groups; however, there was a significant reduction in the
E2-T3 group (Figure 84). Regarding MMP9, after BD, the
glomeruli exhibited increased protein expression and there
was a reduction in the expression of MMP9 only in the E2-
T3 group (Figure 8B).

With respect to MMP2 gene expression, no significant
differences were observed among the groups (Figure 8C).
Similarly, no significant difference was seen in MMP9 gene
expression in renal tissue among the groups (Figure 8D).

© Annals of Translational Medicine. All rights reserved.

Inflammatory mediators

The inflammatory response induced by brain death
is characterized by the local and systemic release of
mediators (4). Figure 9 portrays the gene and protein
expression of IL-1B, IL-6, and VEGF in renal tissue
homogenate. In IL-1B, both protein and gene expression in
renal tissue increased after BD. On the other hand, lower
values were found for protein expression in both estradiol-
treated groups. In addition, lower values were found with
the analysis of gene expression of IL-1p in the E2-T3
group.

In relation to IL-6, both gene expression and protein
concentrations in renal tissue increased after BD. In
contrast, E2 treatment reduced IL-6 gene expression in
the E2-T3 group and diminished IL-6 levels in the kidney,
showing a significant decrease in the E2-T3 group.

The kidney VEGF protein concentration after 6 h was
reduced in all groups subjected to BD. In relation to gene
expression, no significant difference was observed.
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Discussion

Brain death leads to a systemic inflammatory response that
could be quite severe and which is mediated by ischemic
brain released inflammatory mediators and worsened by
metabolic changes (4). Previous studies have shown a
higher inflammatory female condition in relation to male
donor, which was correlated with acute estradiol reduction
following BD (5-7). In BD female rats, treatment with
E2 efficiently reduced heart and lung injury, modulated
inflammatory cell infiltration, enhanced release of
chemokines, and suppressed cardiomyocyte apoptosis
(8,9). Female sex hormone concentrations acute reduction
after BD may occur probably due to interruption of the
hypothalamic-pituitary-ovary axis and affects the control
of several nonreproductive tissues including the immune
system (5). The treatment applied here was based on
previous study and the aim was to use a low therapeutic
dose and maintain high serum E2 concentration during the
studied period (8).

The model of BD induction used in our study is based on
the acute increase of intracranial pressure which is followed
by an arterial hypertensive peak. As described in previous
study evaluating the effects of E2 treatment in female heart
donor following BD (8), no significant changes in cardiac
function are observed after estradiol treatment. This can
be attributed to the absence of important hemodynamic
changes in this BD model.

Results presented here suggest that, in kidneys, E2
treatment was able to prevent and attenuate renal injury
in BD female rats. The treatment protocol was based on
previous studies in which continuous infusion of E2 is able
to maintain serum levels between 1,500 and 2,000 pg/mL
(8,9). The maintenance of serum estradiol levels, owing
to treatment immediately after BD induction, resulted in
the non-progression of the renal inflammatory process. E2
exerts its effects through specific receptors (ER), which are
present in immune cells and kidney cells. In addition, once
the inflammatory process was established, late treatment
was shown to be effective in reducing inflammation and
renal injury caused by BD, evidenced in the maintenance of
renal function; reduction in kidney tissue damage, marked
by depletion in KIM-1 expression, deposition/formation
of complement system components, and release of
inflammatory mediators. Higher concentration of creatinine
is associated with reduced kidney function and therefore
reflects kidney injury. For this reason, we suggested that E2
has positive effects in kidney function once creatinine levels
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were reduced. Although compromised kidney function is
also associated with increased urea concentration, we do not
observe E2 effects and may consider that there are other
possible non-renal conditions that contribute to its rise.

The progression of renal injury culminates in the loss
of renal function. Acute kidney injury (AKI) is a common
clinical issue marked by reduced glomerular filtration rate
(GFR) (10-12). In the present study, AKI caused by BD was
evidenced by a rise in serum creatinine, as a reflection of
an acute decline in the GFR. In addition, although BD did
not result in significant changes in the expression of pro-
apoptotic protein Caspase-3, the glomerular injury induced
by BD was characterized by upregulation of KIM-1. KIM-1
is a type 1 transmembrane glycoprotein, and at high levels is
correlated with a reduction in the GFR and kidney damage
(13-15). Studies have reported the protective impact of
estradiol treatment in different AKI models (16,17). Abd
El-Lateef er al. (17) described the protective effect of E2
in gentamicin-induced AKI, evidenced by lower KIM-1,
gamma-glutamyl transferase (GGT), LDH, and cystatin
C serum levels in OVx-female rats. Indeed, we established
similar findings; once E2 treatment was able to decrease
KIM-1 expression in female kidney tissue after BD.

BD results in a systemic and local inflammatory
response, including complement system activation, cytokine
and chemokine release, and leukocyte infiltration into the
organs (3,18-20). Complement activation is a relevant
mechanism during the pathogenesis of renal injury,
affecting renal structure, including the glomerulus, tubule-
interstitium, and/or vasculature (21). Intra-renal complement
activation was first characterized and detected by
immunostaining renal tissue for C3 activation components.
Kusaka et al. (22) confirmed complement activation in the
kidneys of BD rats as evidenced by C3 deposition in the
glomeruli of BD female rats. In terms of sequence, this is
seen through formation of the C3- and C5-convertases and
the creation of anaphylatoxins, such as C3a and C5a. Both
anaphylatoxins mediate inflammatory responses through
interaction with the specific receptors, C3aR and C5aR. In
parallel, after the cleavage of C3 and CS5, terminal pathway
activation results in the generation of MAC/C5b-9, forming
a lytic pore in the outer cell membrane (21,23). Similar
was observed in this study; once BD groups had formation
of C3 and MAC in glomeruli. Despite no reduction in C3
formation, treatment with E2 downregulated C3aR and
C5aR expression in renal tissue. Moreover, such treatment
prevented the formation of MAC. The generation of
complement system components triggers the activation of
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neutrophils as well as monocytes/macrophages, leading to
the synthesis of proinflammatory cytokines and renal injury/
apoptosis (23).

Experimental BD models have highlighted IL-1p and
IL-6 upregulation during renal acute phase protein synthesis
in rats, remarkably complement 3 (C3), o2-macroglobulin,
fibrinogen, and haptoglobin (19,20). A similar finding
was observed in this study, evidenced by an increase in
renal homogenate IL-1 and IL-6 levels along with C3
deposition in renal tissue. Furthermore, the reduction of
such inflammatory markers confirms the anti-inflammatory
effect of E2 donor treatment in the female kidney. Studies
have demonstrated that the binding of E2 to the estrogen
receptor can inhibit the transcriptional activity of NF-«B by
inhibiting NF-xBa (IxkBa) degradation inhibitors, resulting
in a decrease in IL-6 expression (24,25).

The advancement of the inflammatory process is
associated with elevated levels of MMPs, and the duration
of MMP elevation influences the dimensions of renal
damage (26). A vast variety of AKI experimental models
have characterized an elevation in the expression of
gelatinases MMP-2 and MMP-9 (27,28). Both gelatinases
are present in the kidney tissue, degrade components in
the glomerular basement membrane, and digest other
extracellular matrix structures of the kidney tissue involved
in cell survival (28,29). Previous studies have shown that
MMP inhibition leads to a reduction in renal injury,
apoptosis, cytokine release, and histological damage. In
our study, treatment with E2 after 3 h of BD decreased the
glomerular expression of MMP2 and MMP?9 in the renal
tissue of BD female rats.

This study has certain limitations. We made use of a
maintenance time of 6 h, which is usually the standard
duration for such an experimental model. However,
the benefits of E2 in kidney inflammation and renal
tissue injury in BD female rats were observed on early
histopathologic and inflammatory results, thus alluding
to possible mechanisms. It is also important to consider
that receptor levels and dynamics influence tissue
responsiveness to steroid hormones. The genomic
alterations were less observed and more variable, once
they could depend on longer times of rats maintenance.
Besides, the increase and maintenance of E2 serum
concentration could reduce ERa, ERPB, and GPR30 gene
expression and protein expression (30,31). In this context,
we can suggest that such a reduction could compromise
the E2 protective influence on kidneys in the E2-T0
group. Conversely, the E2-T3 group experienced 3 h
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of BD without treatment and might present, due to E2
reduction, increased estradiol receptors expression. An
increased receptor presence could facilitate the therapeutic
effect of the treatment. It is important to point that
estradiol exerts rapid effect through its membrane receptor
(GPER) that are independent of genomic actions. Further
studies are necessary to understand the receptor density
influence on E2 treatment effects.

In conclusion, the data presented in this study indicated
the efficacy of E2 treatment in preventing and protecting
the kidney from tissue injury and inflammation caused by
BD. Thus, drug treatment may improve kidney viability for
transplantation.
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