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Abstract
AIM: To investigate whether nitrite administered prior 
to ischemia/reperfusion (I/R) reduces liver injury. 

METHODS: Thirty-six male Sprague-Dawley rats were 
randomized to 3 groups, including sham operated (n  = 

8), 45-min segmental ischemia of the left liver lobe (IR, 
n  = 14) and ischemia/reperfusion (I/R) preceded by the 
administration of 480 nmol of nitrite (n  = 14). Serum 
transaminases were measured after 4 h of reperfusion. 
Liver microdialysate (MD) was sampled in 30-min 
intervals and analyzed for glucose, lactate, pyruvate 
and glycerol as well as the total nitrite and nitrate (NOx). 
The NOx was measured in serum.

RESULTS: Aspartate aminotransferase (AST) at the 
end of reperfusion was higher in the IR group than in 
the nitrite group (40 ± 6.8 μkat/L vs  22 ± 2.6 μkat/L, P  
= 0.022). Similarly, alanine aminotransferase (ALT) was 
also higher in the I/R group than in the nitrite group (34 
± 6 μkat vs  14 ± 1.5 μkat, P  = 0.0045). The NOx in 
MD was significantly higher in the nitrite group than in 
the I/R group (10.1 ± 2.9 μmol/L vs  3.2 ± 0.9 μmol/L, 
P  = 0.031) after the administration of nitrite. During 
ischemia, the levels decreased in both groups and 
then increased again during reperfusion. At the end of 
reperfusion, there was a tendency towards a higher 
NOx in the I/R group than in the nitrite group (11.6 ± 
0.7 μmol/L vs  9.2 ± 1.1 μmol/L, P  = 0.067). Lactate in 
MD was significantly higher in the IR group than in the 
nitrite group (3.37 ± 0.18 mmol/L vs  2.8 ± 0.12 mmol/
L, P  = 0.01) during ischemia and the first 30 min of 
reperfusion. During the same period, glycerol was also 
higher in the IRI group than in the nitrite group (464 
± 38 μmol/L vs  367 ± 31 μmol/L, P  = 0.049). With 
respect to histology, there were more signs of tissue 
damage in the I/R group than in the nitrite group, and 
29% of the animals in the I/R group exhibited necrosis 
compared with none in the nitrite group. Inducible 
nitric oxide synthase transcription increased between 
early ischemia (t  = 15) and the end of reperfusion in 
both groups.

CONCLUSION: Nitrite administered before liver is
chemia in the rat liver reduces anaerobic metabolism 
and cell necrosis, which could be important in the cli
nical setting.
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Basic Study

Nitrite, a novel method to decrease ischemia/reperfusion 
injury in the rat liver



of NO on the respiratory chain[8-11]. The protective 
effect of nitrite on the mouse liver has further been 
supported by a study on the preservation of the 
mouse liver in University of Wisconsin solution or 
Lactated Ringer’s solution with or without the addition 
of nitrite[12]. In cardiac ischemia, nitrite has been 
shown to decrease the infarct size, reduce apoptosis 
and improve contractility[13]. Inhaled NO has been 
investigated in human liver transplantation and shown 
to have some protective effect[14,15]. In a previous 
study, our group showed that during liver ischemia, 
the total level of nitrite and nitrate (NOx) is reduced 
in the ischemic liver tissue and that iNOS transcription 
is less activated during early reperfusion in rats 
subjected to ischemic preconditioning (IPC) than 
those subjected to ischemia and reperfusion alone[16].

The main hypothesis of this study was that 
intravenously administered nitrite before ischemia 
reduces IRI as measured by transaminase levels, 
microdialysis and histology during early (4 h) re
perfusion. Additional hypotheses were that this 
reduction could be related to the reduced anaerobic 
metabolism that was detectable using microdialysis 
and that the treatment reduces iNOS transcription 
during the early phase of reperfusion. 

MATERIALS AND METHODS
Study protocol and animals
The study protocol was approved by the local ethics 
committee for animal experiments at Linköping Uni
versity, Linköping, Sweden. Thirty-six male Sprague-
Dawley rats (313-444 g, Scandjur, Sollentuna, 
Sweden) were randomized into the following 3 groups: 
(1) ischemia (n = 14); (2) nitrite administered before 
ischemia (n = 14); and (3) sham operated (n = 8). 
Two minutes before a 45-min period of segmental 
ischemia, 480 nmol of sodium nitrite (Cayman 
Chemical Company; Ann Arbor, MI, United States) 
dissolved in saline was administered to the animals 
in the nitrite group by injection into the caval vein. 
The animals in the sham group were not subjected 
to ischemia, but their livers were mobilized as in the 
other groups. The animals were acclimatized for 1 wk 
at 21 ℃ on a 12-h light/dark cycle with free access 
to standard rat food pellets and tap water before the 
experiment.

Anesthesia, surgery, blood sampling and tissue 
sampling
The animals were anesthetized with isoflurane (Bax­
ter Medical AB, Kista, Sweden), and 0.05 mg/kg 
of buprenorphine (Temgesic®, Schering-Plough, 
Stockholm, Sweden) was administered sc for pain 
relief. The animals were intubated with a 16 G in
travenous catheter (BD Venflon, Becton, Dickinson 
and Company, Franklin Lakes, NJ, United States) and 
ventilated with a Hallowell EMC Microvent 1 respirator 
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Core tip: Nitric oxide has an important protective effect 
against liver ischemia/reperfusion injury (IRI), although 
large levels of the substance may increase IRI. The 
total levels of nitrite and nitrate decrease in the liver 
tissue during ischemia. Because nitrite can be reduced 
to nitric oxide (NO) in an acidic environment, this de
crease may be due to NO formation. In this study, 
the administration of nitrite before liver ischemia/re
perfusion reduced the IRI per evaluation with transa
minases, liver microdialysis and histology.
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INTRODUCTION
As liver surgery continues to evolve and expand with 
increasingly complicated resections being performed, 
vascular inflow control (Pringle’s maneuver) is 
occasionally used to reduce bleeding associated with 
liver transection. Obstructing the vascular inflow to 
the liver inevitably leads to some degree of ischemia/
reperfusion injury (IRI)[1]. 

It has been shown that when the availability of 
nitric oxide (NO) is decreased during IRI in the rat 
liver, there is more severe injury[2]. On the other 
hand, excessive NO levels, such as those found after 
activation of inducible nitric oxide synthase (iNOS), 
seem to be detrimental to the liver during IRI[3]. 
Although nitrite has mainly been considered an inert 
product of NO oxidation, nitrite can be reduced to 
NO in an acidic environment[4]. More recently, this 
process has been shown to occur, which is catalyzed 
by deoxyhemoglobin, at physiological oxygen levels[5]. 
The reduction of nitrite to NO may increase the 
bioavailability of NO in settings where nitric oxide 
synthase (NOS) does not provide NO, such as when 
oxygen is lacking. The administration of 48 nmol of 
nitrite (via intraperitoneal injection) before reperfusion 
decreases liver IRI (measured as the transaminase 
level at 24 h of reperfusion) in a mouse model[6]. 
Further studies in isolated rat mitochondria have 
shown that the administration of nitrite may modulate 
mitochondrial electron transfer in a way that slows 
electron transport and reduces the formation of 
reactive oxygen species during reperfusion[7]. This 
finding is consistent with the known inhibitory effects 



(Hallowell EMC Pittsfield, MA, United States) during 
the experiment. The rats were monitored using a 
SurgiVet V3304 (Smiths Medical PM, Inc., Norwell, 
MA, United States), and their body temperatures 
were maintained within 38 ℃-39 ℃ through the use of 
Animaltemp 1070 heating pads (Elmedex Elektronik 
HB, Uppsala, Sweden). Laparotomy was performed 
via a midline incision, and the ligament attachments 
of the liver were divided. Immediately after intubation 
and at every hour throughout the experiment, the 
animals received 5 mL of warm (38 ℃) Ringer’s 
acetate (Baxter Medical AB, Kista, Sweden) sc. 

Microdialysis was carried out during the entire 
experiment from two separate lobes (ischemia and 
control) of the liver. After 15 and 40 min of ischemia 
and at the end of reperfusion, biopsies were taken 
from the ischemic lobe and stored in liquid nitrogen 
for later analysis. A sample of the tissue collected at 
the end of reperfusion was stored in formalin.

Microdialysis
CMA 20 Elite Microdialysis Probes (CMA/Microdialysis 
AB, Stockholm, Sweden) were inserted in both the 
left lateral and right lateral (control) liver lobes and 
perfused at a rate of 1.0 μL/min with Perfusion fluid 
T1 (147 mmol/L of Na, 4 mmol/L of K, 2.3 mmol/L 
of Ca, and 156 mmol/L of Cl at a pH of 6 and an 
osmolality of 290 mosm/kg) (CMA/Microdialysis AB) 
from a CMA 400 Syringe Pump (CMA/Microdialysis 
AB). Before insertion, the probes were preperfused. 
After inserting the probe, 35 min were allowed 
for the steady state to be reached, and 20 min of 
baseline sampling of microdialysate was performed 
before ischemia was induced. During ischemia, the 
microdialysate was sampled in 22.5-min intervals; 
thereafter, the intervals were 30 min. Analyses of 
glucose, glycerol, lactate and pyruvate were per
formed instantly using the clinical bedside analyzer 
ISCUS (CMA/Microdialysis AB).

NOx
The sum of NO2

-
 and NO3

-
 (NOx) was analyzed in the 

serum and microdialysate following the instructions 
provided in the commercial “Nitrite/Nitrate Fluo
rometric Assay Kit” (Cayman Chemical Company, 
Ann Arbor, MI, United States). Before analysis, the 
serum was ultrafiltrated through a 10-kD cut-off 
filter (Millipore, Solna, Sweden). The microdialysate, 
conversely, was directly analyzed. Standard curves 
were plotted. For nitrate, 10 μL of each sample was 
diluted in 70 μL of assay buffer. Aliquots of 10 μL 
of enzyme cofactor and 10 μL of nitrate reductase 
mixture were added to the buffered sample. After 30 
min of incubation at room temperature, 10 μL of DAN 
(2,3-diaminonaphtalene) was added and incubated 
for another 10 min. For nitrite, 10 μL of each sample 
was diluted with 90 μL of assay buffer, and 10 μL of 
DAN was added. Both the nitrate and nitrite samples 

were then incubated for 10 min, and 20 μL of NaOH 
was added. All samples were read in threes with 
fluorometry using an excitation wavelength of 355 
nm and an emission wavelength of 430 nm. 

iNOS in the liver tissue
Ten milligrams of liver tissue (dry weight) was dis
rupted and homogenized in a Micro-Dismembranator 
(Braun Biotech, Allentown, PA, United States) at 2900 
rpm for 30 s. RNA extraction was performed according 
to the manufacturer’s protocol (Qiagene, Valencia, 
CA, United States); however, β-mercaptoethanol was 
not used. The RNA was eluted in 300 μL of RNAse-
free water; the RNA concentration was measured 
at 260 nm, and its purity (approximately 2.0) was 
read at 260/280 nm (NanoDrop, Thermo Scientific, 
Erembodegem, Belgium). The RNA was further 
stored at -70 ℃ until assayed. Reverse transcriptase 
cDNA conversion with a High Capacity cDNA Reverse 
Transcription Kit was used on 0.5 μg RNA in a total 
volume of 20 μL according to the manufacturer’s 
protocol (Applied Biosystems, Foster City CA, United 
States). cDNA samples were stored at -20 ℃ until 
assayed. Samples of 2 μL containing 50 ng cDNA 
(0.025 μg/μL) were used in a total reaction volume 
of 20 μL for the real-time PCR reaction. Samples 
were analyzed in triplicate with a Fast Master Mix and 
TaqMan Gene Expression Assay (Applied Biosystems) 
in a 7500 Fast Instrument (Applied Biosystems). The 
mean of the samples’ Ct is normalized in the results 
against the mean Ct for glyceraldehyde-3-phosphate-
dehydrogenase, which is presented as ΔCt.

Histology
Liver sections (2 μm) were hematoxylin-eosin stained 
and coded before examination by a pathologist who 
was blind to the experimental design. The degree 
of liver injury was estimated using a scoring system 
that evaluated the sinusoidal congestion (0-4), cyto
plasmic vacuolation (0-4) and necrosis (0-2)[17].

Statistical analysis
The data are presented as the mean ± SE unless 
otherwise stated. A P value < 0.05 was considered 
statistically significant. t-tests were used to compare 
the treatment groups. No statistical comparisons were 
made between the study groups and sham group. 
Statistica 8.0 software (StatSoft Inc., Tulsa, OK, 
United States) was used for all statistical calculations. 

RESULTS
Blood analyses
Liver transaminases: After 4 h of reperfusion, 
higher serum AST levels (Figure 1A) were found in 
the I/R group, 40 ± 6.8 μkat/L, compared with the 
nitrite group, 22 ± 2.6 μkat/L (P = 0.022). Similarly, 
the ALT levels (Figure 1B) at 4 h of reperfusion were 
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liver tissue was higher in the nitrite group, 10.1 ± 2.9 
μmol/L, than in the I/R group, 3.2 ± 0.9 μmol/L (P = 
0.031) (Figure 2). During ischemia, the levels of NOx 
decreased in both groups and thereafter increased 
during reperfusion. At the end of 4 h of reperfusion, 
there was a trend towards higher levels of NOx in the 
I/R group, 11.6 ± 0.7, than in the nitrite group, 9.2 ± 
1.1 (P = 0.067).

Glucose: In both the I/R and nitrite groups, glucose 
increased approximately 2-fold (range: 6-12 mmol/L) 
in the ischemic lobe compared with either the control 
lobe or the pre-ischemic value in the ischemic lobe. 
No significant difference was found between the two 
ischemic lobes (Figure 3A). In the control lobes of the 
nitrite group, a significant (P < 0.001) increase (range: 
6.1-7.7 mmol/L) in glucose was observed after nitrite 
administration. At t = 00:43 and during the first 95 
min of the experiment, the glucose level was higher 
in the control lobes of the nitrite group compared with 
the I/R group (P = 0.049 and P = 0.02, respectively). 
Otherwise, there was a constant decrease in glucose 
during the experiment (Figure 3B).

Pyruvate: In the I/R group, pyruvate in the ischemic 
segments fell to approximately 40% of the level in 
the control segments at the end of ischemia. In the 
nitrite group, the corresponding value was 15%. In 
the early phase of reperfusion, there was a transient 
increase in the parenchymal pyruvate in both groups. 
There were, however, large interindividual variations 
in the pyruvate levels, and no significant differences 
were noted. 

In the sham group, there were no significant 
differences between the two lobes in the micro
dialysate (data not shown). 

Lactate: The lactate levels increased more than 

significantly higher in the IRI group, 34 ± 6 μkat/
L, than in the nitrite group, 14 ± 1.5 μkat/L, (P = 
0.0045). In the sham group, the AST and ALT levels 
were near normal when measured at the end of the 
experiment (4.4 and 3.5, respectively).

NOx: The sum of nitrite and nitrate (NOx) was 
measured in the serum at the end of reperfusion and 
was not significantly different between the groups 
(data not shown). 

Parenchymal metabolism measured by microdialysis
NOx: After the administration of nitrite, NOx in the 

1778 February 14, 2015|Volume 21|Issue 6|WJG|www.wjgnet.com

IRI Nitrite Sham

P = 0.004545

40

35

30

25

20

15

10

5

0

AL
T 
mk

at
/L

IRI Nitrite Sham

P = 0.02250

45

40

35

30

25

20

15

10

5

0

AS
T 
mk

at
/L

A B

Figure 1  Serum aspartate aminotransferase and alanine aminotransferase in rats. A: The serum aspartate aminotransferase (mean ± SE) in rats subjected to 45 
min of segmental (left lateral lobe) liver ischemia and 4 h of reperfusion with (nitrite, n = 14) or without (ischemia reperfusion injury, n = 14) intravenous pre-treatment 
with 480 nmol of nitrite and sham operated animals (n = 8). The animals treated with nitrite prior to ischemia and reperfusion had significantly lower aspartate 
aminotransferase (AST) levels (P = 0.022); B: The serum alanine aminotransferase (ALT) (mean ± SE) in rats subjected to 45 min of segmental (left lateral lobe) 
liver ischemia and 4 h of reperfusion with (nitrite, n = 14) or without (ischemia reperfusion injury, n = 14) intravenous pre-treatment with 480 nmol of nitrite and sham 
operated animals (n = 8). The animals treated with nitrite prior to ischemia and reperfusion had significantly lower AST levels (P = 0.0045). IRI: Ischemia reperfusion 
injury.
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Figure 2  Parenchymal (microdialytic), nitrite and nitrate (mean ± SE) in 
the ischemic liver lobes in rats subjected to 45 min of segmental (left 
lateral lobe) liver ischemia and 4 h of reperfusion with (nitrite, n = 14) or 
without (ischemia reperfusion injury, n = 14) intravenous pre-treatment 
with 480 nmol of nitrite and sham operated animals (n = 8). After the 
administration of nitrite, the parenchymal nitrite and nitrate (NOx) was higher 
than for animals that did not receive nitrite (P = 0.031). During ischemia, the 
levels decreased in both groups and then increased again during reperfusion. 
After 4 h of reperfusion, there was a trend towards higher levels in animals 
that were not treated with nitrite (P = 0.067). The shaded area represents the 
ischemic phase. IRI: Ischemia reperfusion injury.
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four-fold in the ischemic lobes (4 mmol/L) compared 
with the control lobes (0.7 mmol/L) in the I/R group 
during the ischemic phase; the same pattern was 
observed in the nitrite group (3.3 and 1 mmol/L, 
respectively), although the increase had a smaller in 
magnitude. During ischemia and the first 30 min of 
reperfusion, the lactate levels were significantly higher 
in the IRI group than in the nitrite group (P = 0.01). 
At the end of ischemia (t = 01:05) and after 30 min 
of reperfusion (t = 01:35), there was a trend towards 
less lactate in the nitrite group compared with the I/R 
group (P = 0.053 and 0.08, respectively) (Figure 4A).

Lactate increased from 0.9 to 1.2 mmol/L (P = 
0.012) in the control lobes in the nitrite group after 

the administration of nitrite, which was not observed 
in the I/R group. Furthermore, the lactate levels were 
significantly (P = 0.01) higher during the first 95 min 
of the experiment in the control lobes in the animals 
treated with nitrite than in those subjected to I/R 
alone (Figure 4B).

In the sham group, the lactate levels remained 
low and stable throughout the experiment.

Glycerol: The increase in glycerol in the ischemic 
lobes (range: 18-686 μmol/L) compared with the 
control lobes was approximately 38-fold in the I/R 
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Figure 3  Parenchymal (microdialytic) glucose. A: Parenchymal (micro
dialytic) glucose (mean ± SE) in the ischemic liver lobes in rats subjected to 
45 min of segmental (left lateral lobe) liver ischemia and 4 h of reperfusion with 
(nitrite, n = 14) or without (ischemia reperfusion injury, IRI, n = 14) intravenous 
pre-treatment with 480 nmol of nitrite and sham operated animals (n = 8). 
During ischemia, parenchymal glucose increased in both groups without any 
difference noted between the groups. In the reperfusion phase, there was a 
steady decline in the glucose levels. The shaded area represents the ischemic 
phase; B: Parenchymal (microdialytic) glucose (mean ± SE) in the control (non-
ischemic, right) liver lobes in rats subjected to 45 min of segmental (left lateral 
lobe) liver ischemia and 4 h of reperfusion with (nitrite, n = 14) or without (IRI, 
n = 14) intravenous pre-treatment with 480 nmol of nitrite and sham operated 
animals (n = 8). After the administration of nitrite, parenchymal glucose 
increased significantly (P < 0.001) and reached levels higher than those in the 
untreated group (P = 0.02).
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Figure 4  Parenchymal (microdialytic) lactate. A: Parenchymal (microdialytic) 
lactate (mean ± SE) in the ischemic liver lobes in rats subjected to 45 min of 
segmental (left lateral lobe) liver ischemia and 4 h of reperfusion with (nitrite, 
n = 14) or without (ischemia reperfusion injury, IRI, n = 14) intravenous pre-
treatment with 480 nmol of nitrite and sham operated animals (n = 8). During 
ischemia, parenchymal lactate increased in both groups; during the ischemic 
phase and first 30 min of the reperfusion phase, the levels were higher in the 
untreated group (P = 0.01). The shaded area represents the ischemic phase; B: 
Parenchymal (microdialytic) lactate (mean ± SE) in the control (non-ischemic, 
right) liver lobes in rats subjected to 45 min of segmental (left lateral lobe) liver 
ischemia and 4 h of reperfusion with (nitrite, n = 14) or without (IRI, n = 14) 
intravenous pre-treatment with 480 nmol of nitrite and sham operated animals 
(n = 8). After the administration of nitrite, the parenchymal lactate increased 
significantly (P = 0.012) and reached levels higher than those in the untreated 
group (P = 0.01).
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group during the ischemic phase. The nitrite group 
followed a similar pattern, but the increase (range: 
25-602 μmol/L) was less pronounced than in the I/R 
group (24-fold). During ischemia and the first 30 min 
of reperfusion, the glycerol levels were significantly 
higher in the IRI group than in the nitrite group (P 
= 0.049). At the end of ischemia (t = 01:05), there 
was a trend towards higher glycerol in the ischemic 
lobes in the I/R group compared with the nitrite 
group (P = 0.079); a similar trend was noticed 
after 30 min of reperfusion (t = 01:35, P = 0.069). 
In the ischemic lobes, the glycerol levels returned 
to the levels observed in the control lobes after 
approximately 60 min of reperfusion. No significant 
changes were observed in the sham group or in the 
control lobes (Figure 5).

Tissue analysis
iNOS mRNA: There was no difference in the iNOS 
mRNA between the groups 15 min into ischemia (IRI 
ΔCt = 9.3 ± 0.72, ΔCt nitrite = 8.6 ± 0.24). In both 
groups, transcription was increased at the end of 
the experiment to ΔCt = 3.8 ± 0.52 in the I/R group 
and 3.4 ± 0.26 in the nitrite group (P < 0.01 in both 
groups). There was, however, no significant difference 
between the groups.

Histology: The degree of liver injury was evaluated 
in terms of sinusoidal congestion (0-4), cytoplasmic 
vacuolation (0-4) and necrosis (0-2)[17].

For the sham animals, all scores were zero, except 
for 1 animal that scored 1 (10%-40% of hepatic 
tissue was affected) for sinusoidal congestion. In the 

I/R group (n = 14), the mean score for sinusoidal 
congestion was 1.29 compared with 0.86 in the 
nitrite group (n = 14). Five animals (36%) scored 
2 or higher in the I/R group compared with 1 (7%) 
in the nitrite group. Similarly, the mean score for 
cytoplasmic vacuolization was 0.71 in the I/R group 
and 0.43 in the nitrite group, and 5 (36%) of the 
animals in the IRI group did not show signs of 
vacuolation compared with 8 (57%) in the nitrite 
group. Of the 14 animals in the I/R group, 4 (29%) 
had signs of necrosis by histology, whereas none were 
found in the nitrite group. Together, the median total 
score for the I/R group was 2 (0-6), and this value 
for the nitrite group was 1 (0-3); Figure 6 shows the 
distribution of the scores and Figure 7 shows the 
representative histologic slides for each group. 

DISCUSSION
This is the first experimental study to investigate the 
effect of nitrite administered intravenously before 
a period of segmental liver I/R in rats. This study 
shows that nitrite reduces the systemic levels of AST 
and ALT after 4 h of reperfusion, improves anaerobic 
metabolism in the ischemic lobe (measured via 
microdialysis) and reduces the histological signs of 
IRI. 

The administration of nitrite resulted in signi
ficantly higher NOx in the microdialysate before 
ischemia, indicating that the administered nitrite 
reached the liver parenchyma. The total NOx 
was markedly reduced in the liver parenchyma 
during ischemia in both groups. This reduction had 
previously been shown in animals that were not 
treated with nitrite in this model[16]. The tendency 
towards higher NOx in the IRI group at the end of 
the experiment, although not statistically significant, 
may reflect more endogenous NO production in the 
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Figure 5  Parenchymal (microdialytic) glycerol (mean ± SE) in the 
ischemic liver lobes in rats subjected to 45 min of segmental (left lateral 
lobe) liver ischemia and 4 h of reperfusion with (nitrite, n = 14) or without 
(ischemia reperfusion injury, n = 14) intravenous pre-treatment with 480 
nmol of nitrite and sham operated animals (n = 8). During ischemia, the 
parenchymal glycerol increased in both groups; during the ischemic phase and 
the first 30 min of the reperfusion phase, the levels were higher in the untreated 
group (P = 0.049). The shaded area represents the ischemic phase. IRI: 
Ischemia reperfusion injury.

Figure 6  Distribution of total histological injury score. The distribution of 
total histological injury score in the ischemic liver lobes in rats subjected to 45 
min of segmental (left lateral lobe) liver ischemia and 4 h of reperfusion with 
(nitrite, n = 14) or without (ischemia reperfusion injury, IRI, n = 14) intravenous 
pre-treatment with 480 nmol of nitrite.
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I/R group during reperfusion. In the sham group, 
an increase in the MD NOx was noted during the 
experiment, which is most likely consistent with the 
inflammatory response to laparotomy. In the serum 
analysis, no differences could be found between the 
groups, which is consistent with our previous results 
and with published data from others[6,16,18]. These 
findings may be explained by data indicating that 
nitrite is converted to NO and is bound to thiols and 
metals[5,19]. Therefore, the administration of nitrite 
may increase the bioavailability of NO and, in that 
way, may reduce IRI.

Reduced iNOS transcription has been found to 
accompany reduced IRI when IPC and R-IPC are 
compared[20]. In the present study, no significant 
difference was noted, although there was a tendency 
towards a larger increase of transcription in the I/R 
group. Keeping in mind that almost 30% of the liver 
cells showed signs of necrosis in the I/R group and, 
therefore, may not have been capable of inducing 
transcription, this could be a false-negative finding. 
Another possible explanation is that the protective 
effects of nitrite found in this study are not related to 
a reduction in iNOS transcription.

In previous studies, lower glucose levels in 
microdialysate from the ischemic liver were asso
ciated with diminished signs of IRI[21,22]. In this study, 
this phenomenon was not confirmed, although the 
glucose levels tended to return to normal earlier in 
the nitrite group than they did in the I/R group (Figure 

3A). Lactate was significantly higher in the ischemic 
lobes in the I/R group than in the nitrite group, 
indicating that there is reduced anaerobe metabolism 
when nitrite is administered. The opposite was 
observed in the control lobes, a finding that has not 
been reported in earlier IRI studies, including those 
using microdialysis. The increase in lactate observed 
in the control lobes after nitrite administration may 
be related to a dampening of the electron transport 
chain, which is in agreement with previous studies[7,8]. 
Dampening of the electron transport chain will 
decrease the oxidative stress and may therefore be 
important in reducing IRI. This potential explanation 
is further supported by the increase in hepatic glucose 
found in the same control lobes, which may indicate 
reduced metabolism. This subtle difference was not 
observed in the ischemic lobe, which is perhaps due 
to the increased anaerobic metabolism.

Glycerol was found to be significantly higher in the 
I/R group than in the nitrite group during ischemia 
and the first 30 min of reperfusion. Although the 
degrees of correlation with the AST (r = 0.3) and ALT 
(r = 0.27) levels were low and non-significant, they 
are consistent with studies on IRI that have included 
microdialysis and indicate damage to the cellular 
membranes[21,23]. Furthermore, the histological 
findings also indicate that the IRI is reduced with 
nitrite treatment administered before ischemia, and 
there is no necrosis in the treated animals, compared 
with almost one-third of the untreated animals. 
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Figure 7  HE-stained liver tissue from the ischemic liver lobes in rats subjected to 45 min of segmental (left lateral lobe) ischemia and 4 h of reperfusion 
without pre-treatment (A), with 480 nmol of nitrite administered intravenously before ischemia (B) and sham operated (20 x magnification) (C); In 40 × 
magnificataion, without pre-treatment (D) and with 480 nmol of nitrite administered intravenously before ischemia (E).
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Together, these results indicate that nitrite ad
ministered before I/R reduces the IRI, and they 
further corroborate an earlier study on mice that 
showed that nitrite administered before reperfusion 
reduces the IRI in a dose-dependent manner[6]. 
When interpreting these findings, one has to consider 
that the results are obtained after a short period 
of reperfusion; therefore, it is unclear whether the 
damage continues during the later phase.

Because the administration of nitrite during is­
chemia in the setting of liver resection would be 
impractical, it is important to also evaluate the effects 
when nitrite is administered prior to an ischemic 
insult, as was performed in this study. The protective 
effect of oral nitrite 24 h before hepatic ischemia 
in mice has already been established; until now, 
however, intravenous administration immediately 
prior to ischemia has not been investigated[7]. The 
results presented herein support that nitrite may 
have a protective role against IRI when administered 
before an ischemic period. This could have clinical 
implications insofar as one of the methods used 
to lower the central venous pressure during liver 
resections in humans involves the intravenous ad
ministration of nitroglycerine[24]. Nitroglycerine has 
a short half-life, and it is metabolized in the liver to 
nitrite, which may constitute a pool of substrate for 
NO production without NOS involvement[25]. In a 
small, randomized study on the effect of low central 
venous pressure (CVP) on bleeding during hepa­
tectomy, nitroglycerin was among the methods used 
to lower the CVP. The low CVP group was had lower 
(although nonsignificant) ALT levels postoperatively 
than controls, which may be attributed to the 
aforementioned effects of nitrite[26]. 

In conclusion, the administration of nitrite before 
I/R reduces the biochemical and pathological signs of 
the IRI. This effect may have clinical implications and 
should be further investigated in the clinical setting.
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