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ABSTRACT
Purpose: To evaluate the effects of the topical liver hypothermia and IPC combination against I/R injury after initial reperfusion. 
Methods: In 32 Wistar rats, partial liver ischemia was induced for 90 minutes in normothermia (IN), ischemic preconditioning (IPC), 
26ºC topical hypothermia (H) and 26ºC topical hypothermia plus IPC (H+IPC). MAP, body temperature and bile flow were recorded 
each 15 minutes. Plasmatic injury markers and tissue antioxidant defenses were assessed after 120 minutes of reperfusion. Results: 
MAP and body temperature remained constant during all experiment. Bile flow returned to levels similar to controls after 45 minutes of 
reperfusion in the H and H+IPC groups and increased significantly in comparison to the NI and IPC groups after 105 and 120 minutes. 
AST and ALT increased significantly in the normothermic groups in comparison to controls. TBARS levels decreased significantly in 
the H+IPC group in comparison to the other groups whereas Catalase levels increased significantly in the IPC group. SOD levels were 
significantly higher in the H group in comparison to all groups. Conclusion: The induction of 26ºC topical hypothermia associated or 
not to IPC protected the ischemic liver against ischemia/reperfusion injuries and allowed an early recovery of the hepatic function.   
Key words: Ischemia. Reperfusion. Ischemic Preconditioning. Hypothermia. Liver. Rats.

RESUMO
Objetivo: Avaliar os efeitos da hipotermia hepática tópica combinada ao pré-condicionamento isquêmico na proteção dos danos iniciais 
de isquemia e reperfusão. Métodos: Trinta e dois ratos Wistar foram submetidos à isquemia hepática parcial durante 90 minutos em 
Normotermia (IN), Pré-condicionamento Isquêmico (IPC), Hipotermia a 26ºC (H) e Hipotermia a 26ºC mais PCI (H+PCI). A PAM, 
a temperatura corporal e o fluxo biliar foram aferidos em intervalos de 15 minutos. Marcadores plasmáticos de danos hepáticos e as 
defesas antioxidantes foram avaliados após 120 minutos de reperfusão. Resultados: A PAM e a temperatura corporal permaneceram 
constantes durante o experimento. O fluxo biliar retornou a valores semelhantes ao grupo C nos grupos H e H+PCI após 45 minutos 
de reperfusão e aumentou significativamente nos grupos H e H+PCI em comparação aos grupos IN e PCI após 105 e 120 minutos. 
Os níveis plasmáticos da AST e ALT demonstraram aumento significativo no grupo IN em comparação ao grupo C. Os níveis de 
TBARS diminuíram significativamente no grupo H+PCI em comparação aos grupos IN, PCI e H. Os níveis de Catalase aumentaram 
significativamente no grupo PCI em comparação aos grupos C, IN e H+PCI. Os níveis de SOD foram significativamente maiores no 
grupo H em comparação aos grupos C, IN, PCI e H+PCI. Conclusão: A hipotermia tópica protegeu o fígado isquêmico contra os danos 
de isquemia e reperfusão e permitiu uma recuperação precoce da função hepática.  
Descritores: Isquemia. Reperfusão. Precondicionamento Isquêmico. Hipotermia. Fígado. Ratos.
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Introduction

Ischemia-reperfusion injury (I/R) is a major cause of 
morbidity and mortality in liver surgery and transplantation. In 
order to attenuate the deleterious effects of I/R, some strategies 
such as topical Hypothermia and IPC have been used with proven 
benefits1,2. The protective effect of hypothermia has been attributed 
to a reduction of liver metabolism and the subsequent decrease 
of oxygen requirement that occurs with a temperature decrease 
during the ischemia3. In addition, the prevention of liver injuries 
promoted by attenuation of oxidative stress and microcirculatory 
injury after the reperfusion also plays an important role3-5. Contrary 
to hypothermia applied through whole body temperature cooling 
or in situ perfusion cooling, topical hypothermia is a simple, fast, 
and low cost technique, which is not associated with hemodynamic 
imbalance and body temperature decrease2. There is growing 
evidence that even mild or moderate hypothermia evokes functional 
protection against I/R injury4-6. On the other hand, IPC is an inducible 
and potent endogenous mechanism by which repeated episodes 
of brief I/R promote protection against subsequent sustained 
ischemia1. While a number of protective mediators have been 
identified such as adenosine7, nitric oxide8 or various kinases9,10, the 
triggering mechanism of protection remains unknown. One of the 
possible protective mechanisms is related to a reduction of oxidative 
stress11,12. In the present study the authors assessed the occurrence 
of protective synergistic effects when both techniques are associated 
as well as the hepatocelular injuries, liver function and antioxidant 
defenses at the initial phase of the reperfusion.

Methods

This study was approved by HCPA-UFRGS Bioethical 
Committee of the Post-Graduation Group and follows the Council 
for International Organization of Medical Sciences (CIOMS) ethical 
code for animal experimentation and the principles of the Brazilian 
College on Animal Experimentation. 

Animals and experimental design

Male Wistar rats (n=32) weighting 200–250g were housed 
under standard environmental conditions with a 12-hour light/dark 
cycle. Animals were fasted overnight with unlimited access to water 
before their use in the experiments and were divided in five groups:

1. Control Group (C). Animals underwent laparotomy and 
all preparation remaining without hepatic ischemia throughout the 
experiment, (n=4).

2. Normothermic Ischemia Group (NI) Livers were 
subjected to ischemia of the median and lateral lobes for 90 minutes 
and subsequent reperfusion for 120 minutes, (n=7).

3. Ischemic Preconditioning Group (IPC) Ischemic 
preconditioning consisted of 10 minutes of warm ischemia and 10 
minutes of reperfusion. Thereafter, the preconditioned liver lobes 
were exposed to 90 minutes of ischemia followed by 120 minutes 
of reperfusion, (n= 7).

4. Hypothermia Group (H). Immediately after pedicle 
cross clamping,, the median and left lateral liver lobes were cooled 
to 26°C for 90 minutes. Thereafter, the livers were reperfused for 
120 minutes in normothermia, (n=7).

5. Hypothermia plus Ischemic Preconditioning Group 
(H+IPC). Ischemic preconditioning consisted of 10 minutes of 
warm ischemia and 10 minutes of reperfusion. 

Immediately after pedicle cross clamping, the 
preconditioned liver lobes were cooled to

26°C for 90 minutes. Thereafter, the livers were reperfused 
for 120 minutes in normothermia, (n=7).

Anesthesia and surgical procedures

After 12 hours fasting, animals were anesthetized with 
ketamin sulfate 75 mg/kg (Vetbrands, Jacarei, Brazil) and xylazin 
10 mg/kg (Vetbrands, Jacarei, Brazil) by intraperitoneal injection. 
One-third supplements of the initial dose were administered when 
necessary. Animals were placed in supine position on a heated pad 
for maintenance of body temperature. The rectal temperature was 
measured each 15 minutes and adjusted to 35.5°C - 37.5°C when 
necessary by a heating lamp. A polypropylene catheter (Portex PE-
50, Hythe, Kent, UK) was placed into the right carotid artery for 
recording of Mean Artery Pressure (MAP) (Sirecust 304D Siemens, 
Munich, Germany) every 15 minutes and continuous volume 
replacement with normal saline (10ml/kg/h). Oxygen (0.5 l/min) 
was administered by a face mask. The liver was exposed through an 
upper abdominal transverse incision, retractors were positioned on 
the rib cage and the liver was released from its ligaments. The bile 
duct was canulated (Portex PE-50, Hythe, Kent, UK) and brought 
outside by an incision in the inferior abdomen. Bile volumes were 
measured at 15 minutes intervals. To induce hepatic ischemia, the 
blood supply to the left and median liver lobes was interrupted by 
placement of an atraumatic microvascular clip (Medicon, Tuttlingen, 
Germany) at the level of the hepatic artery and portal vein, without 
inclusion of the correspondent biliary ducts. The un-occluded right 
and caudate lobes allowed outflow from the splanchnic circulation, 
thus avoiding venous congestion. After the start of liver ischemia, the 
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top of the surgical table was elevated to 30 degrees and the median 
and lateral liver lobes carefully mobilized into a polyethylene 
concave device designed to isolate the liver in the abdominal cavity, 
according to previous descriptions13,14. A flexible intraparenchymal 
probe (IT-23, 0.5mm, Braintree Scientifics, Braintree, MA, USA) 
connected to a digital thermometer (Thermalert - TH5, Braintree 
Scientifics, Braintree, MA, USA) was inserted five millimeters 
deep within the central region of the ischemic left lateral lobe and 
the temperature was adjusted to 26°C by cooled saline solution 
superfusion in the H and H+IPC groups. To avoid spillover of the 
cooled saline solution to the abdominal cavity and consecutive 
systemic cooling of the animal, a suction system was installed to 
remove fluid. IPC consisted of 10 minutes of warm ischemia and 
10 minutes of reperfusion before the prolonged ischemia only in 
the IPC and H+IPC groups. After 90 minutes of ischemia, the clip 
was removed and the liver reperfused for 120 minutes. At the end of 
the experiment animals were killed by carotid exsanguination and 
blood samples were collected. Subsequently, the liver weight was 
determined and a segment of the previously ischemic lobes was cut 
in cubes, immediately frozen in liquid nitrogen and kept in a – 80ºC 
freezer, whereas another fragment was fixed in 4% formaldehyde.

Bile flow

Bile samples were collected every 15 min by siphoning. 
Bile volume was determined gravimetrically, assuming a density of 
1.0 g/ml, and the results were expressed as microliters per minute 
per gram of wet weight liver.

Liver enzymes

Blood samples were taken from the carotid artery at the 
end of the experiment, immediately centrifuged at 4000Xg for 
10 min, and stored at -80°C. Serum aspartate aminotransferase 
(AST) alanine aminotransferase (ALT) were measured by means 
of automated analyzer (Modular P800 Hitachi, Roche-Boehringer, 
Mannheim, Germany).

Thiobarbithuric Acid Reactive Substances (TBARS)

The determination of the TBARS was performed using 
the Buege and Aust method14. The liver was homogenized with 
tricloroacetic acid 10% and a solution of tiobarbituric acid 0.67% 
plus sodium sulfate 7.1%. Afterwards, the composition was heated 
to 100ºC for 30 minutes and then cooled in ice for 10 minutes. 
After that, n-butyl alcohol was added to the composition and 

the homogenate agitated for 30 seconds in a Vortex system and 
centrifuged (2000Xg) for 5 min. The supernatant obtained, which 
is product of the reaction of the lipoperoxides was transferred to a 
plate for reading in a 535 nm wavelength spectrophotometer. The 
results were expressed in nanomoles per milligram of protein (nmol/
mg.prot).

Catalase

The activity of Catalase was evaluated according to the 
method described by Boveris and Chance16. Phosphate buffer 50 
mM (ph 7.0) and H2O2 were added to the liver homogenate. The rate 
of decomposition of the H2O2 (0.3M) added to the homogenate was 
determined by reading in a 240 nm wavelength spectrophotometer. 
The results were expressed in picomoles per milligram of protein 
(pmoles/mg.prot).

Superoxide Dismutase (SOD)

The activity of the antioxidant enzyme SOD was evaluated 
using a technique described by Kirby and Fridovich17. Glicyn buffer 
50 mM (pH 11.0) and adrenalin were inserted into a plate of 96 
wells containing liver homogenate. The ability of the SOD to inhibit 
the reaction of superoxide radical was determined by reading in a 
480 nm wavelength spectrophotometer. The results were expressed 
in units of SOD per milligrams of protein (USOD/mg.prot).

Statistics

Data were analyzed for statistical significance by analysis 
of variance (One-way ANOVA or ANOVA on ranks) using a 
statistical software package (SigmaStat for Windows, Jandel 
Scientific, Erkath, Germany). Correlations were analyzed by 
Spearman coefficient. Data are given as Mean ± Standard Error of 
the Mean (SEM) and p values less than 0.05 were considered as 
significant.

Results

MAP and body temperature

In all groups, the MAP and body temperature remained 
constant over the whole experiment. There was no significant 
difference between animals subjected to topical hypothermia, 
normothermic ischemia, and sham-operated controls (Figure 1).
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MAP means ranged from 76.5 ± 3.1 mmHg to 83.8 ± 1.8 
mmHg in the C group, 83.3 ± 4.5 mmHg to 101.0 ± 5.8 mmHg in 
the NI group, 86.3 ± 3.2 mmHg to 97.9 ± 6.1 mmHg in the IPC 
group, 82.6 ± 4.4 mmHg to 94.7 ± 4.2 mmHg in the H+IPC group 
and 84.7 ± 5.0 mmHg to 97.3 ± 6.7 mmHg in the H group. 

Body temperature means ranged from 36.5 ± 0.1°C to 37.0 
± 0.3 °C in the C group, 36.5 ± 0.2 °C to 37.2 ± 0.1 °C in the NI 
group, 36.5 ± 0.1°C to 37.1 ± 0.2 °C in the IPC group, 36.9 ± 0.2°C 
to 37.2 ± 0.2 in the H+IPC group and 35.8 ± 0.5 °C to 37.1 ± 0.2°C 
in the H group. 

FIGURE 1 - Mean arterial pressure and body temperatures during the 
experiment.

Liver enzymes

Mean serum activities of AST and ALT in the C group 
were 279±36 IU/L and 107±40 IU/L. After normothermic ischemia 
in the NI group, AST and ALT enzyme activities were significantly 

increased to 3910±1049 IU/L and 4660±1371 IU/L, respectively 
(p<0.05 vs. C group). After ischemic preconditioning in the IPC 
group AST and ALT mean levels were significantly increased to 
4207±725 IU/L and 4086±832 IU/L, respectively (p<0.05 vs. C 
group). In contrast, after hypothermic ischemia in the H and H+IPC 
groups the enzyme activities were not different from the sham group 
(Figure 2).

FIGURE 2 - AST and ALT levels at the end of reperfusion. *p<0.05 vs. 
C group. Data expressed as Mean ± SEM. One-way ANOVA, Student-
Neumann-Keuls post hoc test.

At the end of reperfusion the mean serum levels of ALT 
in the C group were 107±40 IU/L, whereas in the NI group were 
significantly increased to 4660±1371 IU/L (p<0.05 vs. C group). 
As in the NI group, in the IPC group the mean ALT levels were 
significantly increased to 4086±832 IU/L (p<0.05 vs. C group). In 
the H group the mean ALT levels were 1637±404 IU/L, whereas in 
the H+IPC group the mean ALT levels were 2878±629 IU/L (Figure 
2).

Bile flow

Cross-clamping of the portal inflow reduced the bile flow 
in all groups in comparison to C group. However, after 90 minutes 
of ischemia, the bile flow output in the H and H+IPC groups was 
significantly lower in comparison to the NI (p< 0.05 and p< 0.05) 
and IPC (p< 0.05 and p<0.05) groups (Figure 3).
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Bile flow throughout liver ischemia
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FIGURE 3 - Bile flow output during liver ischemia. #p<0.01 vs. all groups. 
*p<0.05 vs. NI and IPC groups. Data expressed as Means ± SEM. One-way 
ANOVA, Student-Neumann-Keuls post hoc test.

After the reperfusion, bile flow in the H+IPC and H 
groups returned to levels similar to the C group after 45 minutes of 
reperfusion and were increased significantly  in comparison to the 
NI and IPC groups after 105 minutes (p<0.05 and p<0.05) and 120 
minutes (p<0.05 and p<0.05) (Figure 4).

FIGURE 4 - Ischemia substantially reduces bile flow from the bilateral 
median and left lateral liver lobes. After reperfusion there was a recovery 
of bile flows in H+IPC and H groups (see the text). * p<0.05 vs. NI and 
IPC groups. Data expressed as Mean ± SEM, One-way ANOVA, Student-
Neumann-Keuls post hoc test.

TBARS, Catalase and SOD

At the end of the experiment, lipid peroxidation of the 
membranes was evaluated in liver tissue. TBARS levels decreased 
significantly in the H+IPC group in comparison to IN, IPC and H 
groups, but TBARS concentrations were not  different to C group 
(Figure 4). The activities of the antioxidant enzymes Catalase and 
SOD were determined in liver tissue at the end of reperfusion. 

Catalase showed a significant increased activity in the IPC group 
in comparison to the C, NI, and H+IPC groups, but no difference 
with H group (Figure 5). In contrast, the antioxidant enzyme SOD 
showed significant increase in the H group in comparison to all 
groups (Figure 5).

 

FIGURE 5 - (A) TBARS levels at the end of reperfusion. *p<0.05 vs. 
NI, IPC and H. (B) Superoxide dismutase levels at the end of reperfusion. 
*p<0.05 vs. NI, IPC and H+IPC groups. #p=0.01 vs. C. (C) Catalase levels 
at the end of reperfusion. *p<0.05 vs. NI and H+IPC groups, #p<0.01 vs. 
C group. Data are expressed as Mean ± SEM. One-way ANOVA, Student-
Neumann-Keuls post hoc test.

Correlations

In the H group there was a negative correlation between 
bile flow and liver enzymes AST and ALT (r = -0.88, p<0.05 and r 
= -0.87, p<0.01, respectively). A positive correlation was observed 
between TBARS and liver enzymes AST and ALT (r =0.92, p<0.01 
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and r =0.78, p<0.05, respectively).

Discussion

In the present study the combination of topical 
hypothermia and IPC in a model of ischemia and reperfusion was 
evaluated. Although both are considered important surgical tools 
of protection against ischemia and reperfusion injuries, but to the 
knowledge of the authors, this is the first report of the simultaneous 
use of these techniques on the liver, whereas this combination 
was already reported in brain and heart surgery18,19. The protective 
mechanisms are not completely understood, but the attenuation of 
the damage caused by radical oxygen species (ROS) generated after 
the reperfusion seems to be, at least in part, a mechanism found in 
both techniques6,12. 

In addition, hypothermia possibly attenuates the 
inflammatory response by a reduction in neutrophil recruitment and 
prevention of the no reflow phenomenon4,5,21. Similar to observed by 
Kato et al.21 we verify that induction of topical hepatic hypothermia 
allowed a homogenous macroscopic perfusion of the ischemic liver 
lobes immediately after the reperfusion, but in the normothermic 
groups, several areas of heterogeneous perfusion were viewed.  This 
macroscopic finding was consistent with other reports and possibly 
is related to an attenuation of the no reflow phenomenon after the 
reperfusion promoted by hypothermia4,14,21.

The induction of 26ºC topical hepatic hypothermia was 
not associated to hemodynamic disturbances during the experiments 
and the whole body temperature was similar in all groups. Thus, any 
possible influence of the MAP and body temperature in the results 
obtained can be discarded. In line with these findings, others have 
demonstrated that topical hypothermia is safe and has no influence 
on the hemodynamics and animal temperature2-4,22,23. It has been 
suggested that maintenance of the temperature is the subject of 
extreme importance in experimental studies, since very low levels 
of transaminases have been reported without a clear demonstration 
of the body temperature, a fact that suggests that some studies 
could have been conducted under hypothermic conditions3. Recent 
evidences show that even a mild or moderate hypothermia is 
protective3,24,25.

 Bile flow has been considered a very sensitive parameter 
of the initial ischemia and reperfusion injuries and represents the 
dynamic function of the unaffected mass of hepatocytes, whereas 
other markers as transaminases show only severe damage in 
a restricted number of hepatocytes26,27.  After the portal inflow 
occlusion, bile flow output presented substantial decrease in all 
groups. However, a significant bile flow decrease was demonstrated 

in the hypothermic groups (H and H+IPC) in comparison to 
normothermic groups (IN and IPC). This finding can be attributed 
to a lower metabolic rate of the hepatocytes promoted by 26ºC 
topical hepatic hypothermia. As already demonstrated, bile flow is 
directly correlated to ATP synthesis and oxygen demanding3,28,29.  In 
contrast to normothermic groups, the lower metabolic rate observed 
in the hypothermic groups allowed bile flow recovery. After 45 
minutes of reperfusion, there was no difference in bile flow output 
between hypothermic groups and controls. This finding confirms the 
protective effect of the topical hepatic hypothermia on the energetic 
status of the hepatocytes. In line with this observation, Takahashi 
et al.30 showed that the reoxygenation in hypothermic animals is 
related to a total recovery of the energetic status, whereas animals 
subjected to normothermic ischemia did not present recovery of 
the ATP synthesis.  Subsequently, the bile flow showed progressive 
recovery only in hypothermic groups. After 105 and 120 minutes of 
reperfusion, hypothermic groups showed a restoring of the bile flow 
to levels similar to controls and additionally a significant difference 
with normothermic groups. These finding confirms that topical 
hepatic hypothermia at 26ºC promotes an early recovery of the 
liver function. Similar to previous reports27, the application of IPC 
showed no improvement in bile flow after reperfusion, whereas the 
combination of hypothermia and IPC showed a significant recovery 
in the present study, a finding that substantiates the influence of the 
hypothermia in bile flow after the reperfusion. 

After 90 minutes of ischemia and 120 minutes of 
reperfusion, liver concentrations of TBARS, which is a sensitive 
marker of cell membrane lipid peroxidation, showed significant 
decrease in the H+IPC group in comparison to other treatment 
groups. This finding confirms a synergistic effect when hypothermia 
and IPC are combined and demonstrates that both topical hepatic 
hypothermia at 26°C and IPC have influence on the injuries caused 
by the ROS5,14. This protection was possibly related to an inhibition 
of the superoxide radical release when hypothermia was applied, 
since the induction of topical hepatic hypothermia at 26ºC allowed 
a significant preservation of the tissue SOD activity. A possible 
explanation to the protective effect of hypothermia could be related 
to a reduction of the activity of Kupffer cells, which are the mean 
source of superoxide radicals at the initial reperfusion or prevention 
of the mitochondrial integrity at reperfusion, another source of 
superoxide radicals31. On the other hand, IPC apparently had 
influence on the intracellular xanthine metabolism and prevention 
of hydrogen peroxides release, since IPC promoted a significant 
preservation of Catalase levels. Possible explanations to lower 
Catalase activity when hypothermia is applied might be related 
to a decrease of AMP hydrolysis and xanthine accumulation, as 
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demonstrated in other studies4. Another possibility is related to the 
high antioxidant capacity of the hepatocytes. In a scenario of lower 
ROS release promoted by IPC or hypothermia, the antioxidant 
system could scavenge almost completely the ROS in liver 
tissue, as already demonstrated32. Thus, apparently topical hepatic 
hypothermia and IPC act in the liver oxidant system on different 
routes and compartments.

Liver enzymes showed a high variability in all groups. The 
NI and IPC groups presented a significant difference when compared 
to controls, whereas the H and IPC+H groups remained similar to 
controls. This finding suggests a protection promoted by topical 
hypothermia. Consistent with this, a negative correlation between 
liver transaminases and bile flow and a positive correlation between 
transaminases and TBARS was found in the H group. This result 
corroborates our prior findings that topical hepatic hypothermia at 
26ºC attenuates I/R injuries in the present model. In contrast to most 
authors1,8,11,33, IPC did not show benefits in serum liver enzymes. 
This observation, however, is similar to reports that used IPC in 
aged and cirrhotic rats, in liver donors to transplant or under total 
vascular exclusion25,34-36. A possible explanation might be related to 
the protocol of 90 minutes of ischemia applied in this study, which 
could be beyond the limits of IPC protection. Vajdovà et al.37 have 
suggested that the time of liver ischemia is important to IPC exerts 
its effects. Our observations, however, suggest that IPC allowed 
maintenance of the antioxidant capacity, which is in agreement with 
other studies11,38. 

Histopathological analysis after 120 minutes of reperfusion 
showed a significant difference between the groups IN and C and 
no difference between IN and the other groups (data not shown). 
Hypothermia and IPC failed to show significant improvement. 
However, the absence of severe morphological damage is consistent 
with the observations of other investigators that could not find 
substantial necrosis and apoptosis until later times of reperfusion39.

Conclusion 

The induction of 26ºC topical hepatic hypothermia 
associated or not to IPC protected the ischemic liver against 
ischemia/reperfusion injuries and allowed an early recovery of the 
hepatic function. Topical hepatic hypothermia is more effective than 
IPC in restoring the immediate injuries after prolonged ischemia.
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