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ABSTRACT
PURPOSE: To evaluate whether topical renal hypothermia (TRH) at different levels of temperature has protective effects on lung tissue
after renal I/R, through an analysis of organ histology and inflammatory markers in lung tissue.
METHODS: Twenty-eight male Wistar rats were randomly allocated across four groups and subjected to renal ischemia at different
levels of topical renal temperature: normothermia (no cooling, 37°C), mild hypothermia (26°C), moderate hypothermia (15°C), and
deep hypothermia (4°C). To induce I/R, the vessels supplying the left kidney of each animal were clamped for 40 minutes, followed by
reperfusion. After four hours, another procedure was performed to harvest the tissues of interest. TNF-α, IL-1β and myeloperoxidase
activity were measured in lung tissue. Histological analysis was performed in hematoxylin and eosin-stained lung specimens.
RESULTS: Induction of renal I/R under deep topical hypothermia resulted in a significant decrease in lung concentrations of TNF-α
compared with normothermic I/R (p<0.05). A trend toward significant correlation was found between lung IL-1β concentration and
intensity of hypothermia (Spearman r=−0.37; p=0.055). No difference was found in myeloperoxidase activity or histologic injury
between groups.
CONCLUSION: Topical renal hypothermia reduces activation of the inflammatory cascade in the lung parenchyma. However, tissueprotective effects were not observed.
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Introduction
Ischemia and reperfusion (I/R) play a central role in the
pathophysiology of renal transplantation and partial nephrectomy.
Interruption of blood flow causes tissue injury; paradoxically,
its restoration leads to a cascade of events that induce additional
damage1. Although the mechanisms of I/R are still poorly
understood, inflammation is involved in the pathophysiology
of reperfusion injury. The inflammatory response results in
endothelial activation and impairment of microvascular blood
flow. Inflammatory mediators such as tumor necrosis factoralpha (TNF-α), interleukin-1beta (IL-1β), interleukin-6 (IL6), interleukin-8 (IL-8), interleukin-12 (IL-12), interleukin-18
(IL-18), keratinocyte-derived chemokine (KC), and monocyte
chemotactic protein-1 (MCP-1) are produced by the renal tubular
epithelium during I/R of kidney tissue2-4.
In addition to local damage, renal I/R is also a
determinant of lung injury, and the leukocytes and cytokines
released into the systemic circulation appear to play a central
role in this process. Increased pulmonary expression of TNF-α,
IL-1β, IL-6, MCP-1, and intercellular adhesion molecule-1
(ICAM-1) due to upregulation of these mediators also occurs
after kidney I/R, and has a synergistic effect in triggering lung
tissue damage2. Histologically, the lung injury of renal I/R is
characterized by inflammation and hemorrhagic infiltration of
the alveoli and parenchyma with consequent loss of endothelial
barrier function5.
Several strategies have been proposed to minimize
I/R injury, and hypothermia has attracted increasing interest
due to its recognized cytoprotective effect in different
experimental scenarios, such as acute myocardial infarction,
organ transplantation, cardiopulmonary bypass, spinal cord
injury, intestinal ischemia, and neonatal hypoxia. In clinical
settings, prospective randomized clinical trials have demonstrated
improved neurological outcomes following cardiac arrest and
neonatal hypoxia6. However, systemic application of hypothermia
has been limited due to the risks inherent to this method, such
as hemodynamic disturbances, coagulopathy, metabolic acidosis,
and arrhythmias. Thus, localized cooling has emerged as a less
invasive, safer, and more cost-effective method7. In experimental
studies, topical hepatic and mesenteric hypothermia attenuated
lung injury in models of I/R of these organs8,9. However, the effects
of topical renal hypothermia (TRH) on lung tissue have not been
studied. The purpose of the present study was to evaluate whether
TRH during renal I/R has protective effects on lung tissue and to
ascertain the how much cooling is necessary to achieve protection.
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Methods
The study protocol was approved by the local Animal
Research Ethics Committee (Research and Post-Graduation
Group, Hospital de Clínicas de Porto Alegre) under number 120052. All experimental procedures were consistent with the U.S.
National Institutes of Health Good Animal Practice Guidelines
(Guide for the Care and Use of Laboratory Animals, Bethesda,
USA, 2011).
Procedures were performed on 28 male Wistar rats
(weight 240–487g). All animals were housed under standard
environmental conditions with free access to water and food.
Anesthesia and surgical protocol
Detailed descriptions of the surgical technique, I/R
model, and method of renal cooling employed are available
in a previous publication by our research group10. Briefly,
procedures were performed under general anesthesia achieved
by intraperitoneal administration of ketamine (75 mg/kg) and
xylazine (10 mg/kg). Adequacy of the depth of anesthesia was
obtained by hindpaw reflex testing. Each animal was placed on
a heating pad and core body temperature was monitored by a
rectal probe and maintained at 37°C during the entire procedure.
A longitudinal midline laparotomy was performed, a right
nephrectomy was carried out, and the vascular supply of the left
kidney was interrupted by placement of an atraumatic vascular
clamp for 40 minutes (ischemia time). During this period of
ischemia, the animals were subjected to one of four different
topical kidney temperature levels, depending on the group to
which they had been randomly allocated: G1 (normothermia,
no cooling, 37°C), G2 (mild hypothermia, 26°C), G3 (moderate
hypothermia, 15°C), or G4 (deep hypothermia, 4°C). A thermal
insulation device made of latex and polystyrene was applied to
isolate the left kidney from the rest of the abdominal cavity in the
hypothermic I/R groups. An intraparenchymal temperature probe
was inserted within the kidney to monitor core temperature. The
left kidney target temperature was achieved through irrigation of
iced saline solution and maintained throughout the ischemia time.
After the period of ischemia, the renal pedicle was unclamped and
the abdominal wall was closed. Animals were returned to their
cages and allowed to recover. After 240 minutes of reperfusion
(reperfusion time), the rats were anesthetized again and another
surgical procedure was performed. The lungs were removed and a
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fragment was flash-frozen in liquid nitrogen and stored at -80°C.
The remaining lung tissue was fixed in formalin for subsequent
histologic evaluation. Cardiectomy was performed to ensure
sacrifice still under anesthesia.
Myeloperoxidase assay
Myeloperoxidase (MPO) activity was measured as
described by Bradley et al.11. MPO extraction was performed by
homogenization of the lung tissue in phosphate buffer (50mM),
pH 6.0, containing 0.5% hexadecyltrimethylammonium bromide
(100mg tissue/ml phosphate buffer). The samples were sonicated,
frozen in liquid nitrogen, and thawed three times. Homogenates
were then centrifuged at 12.000 rpm for 10 minutes at 4°C
(5810R centrifuge). A 7-μL aliquot of supernatant was added to
200 μL phosphate buffer (50mM, pH 6.0, containing 0.167mg/
ml o-dianisidine and 5x10-4% H2O2) for measurement of MPO

activity. The changes in absorbance at 460 nm visible light were
measured by spectrophotometry (Zenyth 200rt) and recorded at
20-second intervals for 10 minutes. Results are expressed as units/
microgram of tissue (U/µg tissue).
Assessment of TNF-α and IL-1β in lung tissue
Lung tissue previously stored at -80°C was thawed and
homogenized in a buffer composed of phosphate-buffered saline,
0.5% Triton X-100, and protease inhibitor (Sigma P8340, St.
Louis, MO, USA), pH 7.2. Upon completion of homogenization,
the material was centrifuged at 4,000 rpm for 10 minutes at 4°C and
the supernatant collected for enzyme-linked immunosorbent assay
(ELISA). TNF-α (88-7340 eBioscience, San Diego, CA, USA)
and IL-1β (88-6010 eBioscience, San Diego, CA, USA) levels in
lung tissue were determined by immunoassay in accordance with
the manufacturer’s directions. Results are expressed as pg/mL.

Statistical analysis
Statistical analyses were conducted using PASW
Statistics, version 18.0. (SPSS Inc., Chicago, IL, USA). Levels
of TNF-α, IL-1β, MPO, and degree of histologic injury were
expressed as mean ± standard deviation and compared between
groups using one-way analysis of variance (ANOVA) with robust
standard error (Welch’s test) followed by post-hoc comparisons
using Dunnett’s T3 test. Spearman’s correlation coefficient was
employed to assess correlation among variables. The level of
statistical significance was set at p≤0.05 (two-sided).
Results

Effect of TRH on pulmonary neutrophil infiltration
after renal I/R
Polymorphonuclear leukocyte infiltration of lung
tissue after renal I/R was quantitated by measuring pulmonary
MPO activity. After 240 minutes of reperfusion, no statistically
significant differences in level of MPO activity were found
among the four groups. The following mean levels of MPO
activity were observed: G1 (ischemia without hypothermia,
37°C), 30.8±5.6 U/µg; G2 (ischemia with mild hypothermia,
26°C), 33.6±5.1 U/µg; G3 (ischemia with moderate
hypothermia, 15°C), 32.6±1.6 U/µg; G4 (ischemia with deep
hypothermia, 4°C), 32.9±3.7 U/µg (Figure 1).

Lung histology
Formalin-fixed lung specimens were paraffin-embedded
for light microscopy. Sections were obtained and stained with
hematoxylin and eosin (H&E) for histologic examination.
All specimens were analyzed by a pathologist blinded to the
experimental condition of the animals. The histologic criterion
for the evaluation of lung injury was the degree of interstitial and
alveolar hemorrhage after kidney I/R. Hemorrhagic areas were
quantitatively assessed using Image-Pro Plus software (Media
Cybernetics, Silver Spring, MD, USA).

	
  

FIGURE 1 - MPO activity in rats undergoing renal ischemia and
reperfusion under four different levels of topical kidney temperature. No
difference was found among groups.
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Effect of TRH on lung TNF-α and IL-1β levels after
renal I/R
TNF-α levels in lung tissue were significantly lower
in G4 (deep hypothermia) than in G1 (ischemia without topical
cooling). The mean levels observed were: G1, 31.3±14.8 pg/
mL; G2, 14.1±4.7 pg/mL; G3, 15±4 pg/mL; G4, 9.6±3.2 pg/
mL (p<0.05) (Figure 2). IL-1β concentrations in the lung were

also lower among animals subjected to renal ischemia under
hypothermic conditions, but the differences did not reach statistical
significance. The following mean values were observed: G1,
210.5±64.7 pg/mL; G2, 179±57.1 pg/mL; G3, 169.6±28.4 pg/mL;
G4, 156.2±25.8 pg/mL (Figure 2). The intensity of TRH showed a
significant correlation with pulmonary levels of TNF-α (Spearman
r = −0.71; p<0.001) and a borderline-significant correlation with
pulmonary IL-1β concentration (Spearman r = −0.37; p=0.055).

FIGURE 2 - Pulmonary levels of TNF-α and IL-1β in animals undergoing renal ischemia under four distinct levels of topical kidney temperature.
	
  
	
   (4°C) during renal ischemia compared with animals undergoing renal
TNF-α was significantly decreased in animals under deep topical hypothermia
ischemia under a normothermic condition (p<0.05). A significant correlation was observed between intensity of topical hypothermia and lung TNF-α
levels. Although no significant difference in the levels of IL-1β was seen among groups, a correlation with borderline statistical significance was noted
between intensity of topical hypothermia and lung IL-1β levels.

Effect of TRH on pulmonary histology after renal
I/R
H&E-stained lung sections were analyzed under light
microscopy. Quantitative assessment of hemorrhagic areas in
the lung parenchyma revealed no significant difference in the
degree of alveolar or interstitial hemorrhage between groups
(Figure 3).

	
  

FIGURE 3 - Quantitative assessment of hemorrhagic areas in the lung
parenchyma in animals undergoing renal ischemia under four different
levels of topical kidney temperature. Results express the percentage of tissue
affected by hemorrhagic changes. No difference was found among groups.
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Discussion
Little is known about kidney-lung crosstalk in the
clinical setting of ischemic acute kidney injury (AKI). Interest
in this area has been growing due to the high morbidity and
mortality rates associated with AKI. Despite recent improvements
in supportive care, these rates have remained unchanged over the
past two decades12,13. Both experimental and clinical studies have
pointed to an association between AKI and extrarenal organ injury.
Pulmonary insufficiency is perhaps one of the most clinically
apparent and widely studied distant organ effects of kidney injury.
AKI has been shown to determine serious consequences on the
pulmonary health of critically ill patients, with increased length of
time on mechanical ventilation and increased difficulty weaning
from the ventilator14.
The remote effects of AKI in the lungs are due to multiple
distinct mechanisms: uncontrolled inflammatory cascade, oxidative
stress, apoptosis, lung leukocyte activation and trafficking, and
downregulation of sodium-potassium pump and water channels.
These events lead to increased pulmonary vascular permeability,
interstitial edema, alveolar hemorrhage, red blood cell sludging,
and, consequently, compromised lung mechanics. Extravasation
of fluid into alveoli also inactivates surfactant, further jeopardizing
lung function12,13,15,16.
A growing number of publications have shown that
renal I/R determines increases in serum, kidney, and lung levels
of cytokines such as TNF-α, IL-1β, ICAM-1, and nuclear factor
kappa-B (NF-kB)2,4,16-18. Increased levels of these inflammatory
mediators in remote organs are due not only to increases in their
systemic concentrations, but also to transcriptional changes that
take place in extrarenal organs during ischemic AKI, leading to the
expression of proinflammatory genes16. Exposure of leukocytes
to inflammatory mediators allows their rolling on activated
endothelium. Additionally, interaction of adhesion receptors with
their counterreceptors on white blood cells leads to mobilization
of leukocytes on the endothelium and diapedesis across the vessel
wall, leading to accumulation of neutrophils and mononuclear
cells in the interstitium2,19.
Several strategies have been evaluated with the aim of
reducing both the local injury and the secondary systemic injuries
caused by renal I/R. In this scenario, curcumin, an orange-yellow
polyphenol present in turmeric, has been shown to reduce renal and
pulmonary damage by inhibition of apoptotic mechanisms, as well
as by reducing systemic and tissue levels of cytokines such as TNF-α
and IL-1β3. Alpha-melanocyte-stimulating hormone (α-MSH),
an anti-inflammatory cytokine, and dexmedetomidine, an alpha2-

adrenergic receptor agonist with anti-inflammatory properties, have
also been evaluated as potential strategies to prevent secondary lung
injury during renal I/R. Both substances have been shown to inhibit
upregulation of lung TNF-α and ICAM-1 messenger RNA, as well
as to reduce leukocyte infiltration into the lung16,20.
Grezzana et al.21, using methods very similar to those of
the present study, demonstrated that induction of topical hepatic
hypothermia at 26°C protected the ischemic liver against I/R
injuries and allowed early recovery of hepatic function. Santos
et al.10 demonstrated that kidney levels of catalase were lower
in rats undergoing deep TRH (4°C) than in animals exposed to
normothermic renal I/R, and concluded that topical hypothermia
can reduce oxidative stress in the kidney.
The present study demonstrated a significant decrease in
TNF-α concentrations in lung tissue resulting from the application
of topical hypothermia to the ischemic kidney. Although not
statistically significant, a small reduction in lung levels of IL-1β
was also observed in animals subjected to hypothermic kidney
ischemia. In addition, a strong correlation was found between
intensity of hypothermia and lung TNF-α concentration, suggesting
that the lower the temperature, the less intense the activation of the
inflammatory cascade in lung tissues. IL-1β levels also showed a
trend toward significant correlation with the intensity of topical
hypothermia, supporting the hypothesis that temperature reduction
could attenuate the mechanisms involved in lung damage. These
results are consistent with previous research which demonstrated
that administration of specific TNF-α and IL-1β inhibitors prevents
I/R-related remote organ injury22-27. Furthermore, there is good
evidence that agents which decrease distant lung injury after I/R
also decrease pulmonary TNF-α20,28,29.
As the specific objective of this study was to compare
lung damage between groups subjected to normothermic and
hypothermic renal ischemia, it was decided that the absence of a
sham group would not affect analysis or interpretation of results.
A sham group would be of interest mainly to document the actual
occurrence of lung injury following renal ischemia, which has
already been clearly demonstrated by previous studies2,4,5,12,16,17,30.
In the present investigation, changes in lung parenchyma at 4
hours after a 40-minute period of renal ischemia were evaluated,
and significant numbers of red blood cells were found in the
interstitium and alveoli in all groups. However, there was no
statistically significant difference between animals subjected to
kidney ischemia under hypothermic or normothermic conditions.
Similar findings were reported previously by our research group in
a study of tissue protection by TRH, in which histologic attenuation
of renal injuries was not observed10.
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Kelly et al.17 noted that increased leukocyte infiltration in
the heart, kidney, liver, and lungs already evident 6 hours after a
30-minute period of renal ischemia, as assessed by measurement of
MPO activity in these systems. Similar findings were reported by
Deng et al.16, who observed increased MPO activity in the kidney
and lung four hours after a 40-minute period of renal ischemia. In
the present study, where all animals were subjected to renal I/R,
there was no significant difference in level of MPO activity among
groups, regardless of the intensity of hypothermia during renal
ischemia. These findings are consistent with the histopathological
analysis, which did not demonstrate any protective effect.
Conclusions
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Renal ischemia under topical hypothermic conditions
results in decreased activation of the inflammatory cascade in lung
tissue. However, topical renal hypothermia was not associated
with any significant change in lung neutrophil infiltration rate or
lung histological damage after renal ischemia and reperfusion.
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