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Abstract
AIM
to investigate the hepatic microcirculatory changes
due to Haemoxygenase (HO), effect of HO inhibition on
remote ischemic preconditioning (RIPC) and modulation
of CINC.

Institutional review board statement: This study has been
reviewed by the Royal Free research committee and approved.
Institutional animal care and use committee statement:
All experiments were conducted under project license from
home office United Kingdom in accordance with the animals’
scientific act 1986. All animals were treated in accordance with
the guidelines issued by the home office.

METHODS
Eight groups of animals were studied - Sham, ischemia
reperfusion injury (IRI) the animals were subjected to
45 min of hepatic ischemia followed by three hours of
reperfusion, RIPC (remote ischemic preconditioning)
+ IRI group, remote ischemic preconditioning in sham
(RIPC + Sham), PDTC + IR (Pyridodithiocarbamate, HO
donor), ZnPP + RIPC + IRI (Zinc protoporphyrin prior
to preconditioning), IR-24 (45 min of ischemia followed
by 24 h of reperfusion), RIPC + IR-24 (preconditioning
prior to IR). After 3 and 24 h of reperfusion the animals
were killed by exsanguination and samples were taken.
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RESULTS
Velocity of flow (160.83 ± 12.24 μm/s), sinusoidal flow
(8.42 ± 1.19) and sinusoidal perfusion index (42.12 ±
7.28) in hepatic IR were lower (P < 0.05) in comparison
to RIPC and PDTC (HO inducer). RIPC increased velocity
of flow (328.04 ± 19.13 µm/s), sinusoidal flow (17.75 ±
2.59) and the sinusoidal perfusion index (67.28 ± 1.82)
(P < 0.05). PDTC (HO induction) reproduced the effects
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of RIPC in hepatic IR. PDTC restored RBC velocity
(300.88 ± 22.109 μm/s), sinusoidal flow (17.66 ± 3.71)
and sinusoidal perfusion (82.33 ± 3.5) to near sham
levels. ZnPP (HO inhibition) reduced velocity of flow
of RBC in the RIPC group (170.74 ± 13.43 μm/s and
sinusoidal flow in the RIPC group (9.46 ± 1.34). ZnPP
in RIPC (60.29 ± 1.82) showed a fall in perfusion only
at 180 min of reperfusion. Neutrophil adhesion in IR
injury is seen in both postsinusoidal venules (769.05 ±
87.48) and sinusoids (97.4 ± 7.49). Neutrophil adhesion
in RIPC + IR injury is reduced in both postsinusoidal
venules (219.66 ± 93.79) and sinusoids (25.69 ±
9.08) (P < 0.05). PDTC reduced neutrophil adhesion
in both postsinusoidal venules (89.58 ± 58.32) and
sinusoids (17.98 ± 11.01) (P < 0.05) reproducing the
effects of RIPC. ZnPP (HO inhibition) increased venular
(589.04 ± 144.36) and sinusoidal neutrophil adhesion
in preconditioned animals (121.39 ± 30.65) (P < 0.05).
IR after 24 h of reperfusion increased venular and
sinusoidal neutrophil adhesion in comparison to the
early phase and was significantly reduced by RIPC.
Hepatocellular cell death in IRI (80.83 ± 13.03), RIPC
+ IR (17.35 ± 2.47), and PTDC + IR (11.66 ± 1.17)
reduced hepatocellular death. ZnPP + RIPC + IR (41.33
± 3.07) significantly increased hepatocellular death (P
< 0.05 PTDC/RIPC vs ZnPP and IR). The CINC cytokine
levels in sham (101.32 ± 6.42). RIPC + sham (412.18
± 65.24) as compared to sham (P < 0.05). CINC levels
in hepatic IR were (644.08 ± 181.24). PDTC and RIPC
CINC levels were significantly lower than hepatic IR (P
< 0.05). HO inhibition in preconditioned animals with
Zinc protoporphyrin increased serum CINC levels (521.81
± 74.9) (P < 0.05). The serum CINC levels were high in
the late phase of hepatic IR (15306 ± 1222.04). RIPC
reduced CINC levels in the late phase of IR (467.46 ±
26.06), P < 0.05.

in previous studies. RIPC may have a potential role in
donor preconditioning.
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INTRODUCTION
Ischemia reperfusion injury (IRI) in liver transplantation
remains a concern since the incidence of primary
nonfunction is 5%-10% in liver transplantation and the
problem is aggravated in fatty livers. Recent animal
experiments by our group have demonstrated that
remote ischemic preconditioning (RIPC) by brief periods
of limb ischemia and reperfusion significantly improved
liver function, microvascular flow and modulation of
[1,2]
hepatic microcirculation . The role of haemoxygenase
(HO)-1 in IR and RIPC has been investigated previously.

Evidence for HO-1 in IR

Observations in animal models of ischemia reperfusion
injury of the liver and kidney suggest that there is an
increase in microsomal haem content accompanied
[3]
by a decrease in cytochrome-p450 content . Haem is
a source of reactive oxygen species i.e., free oxygen
radicals which cause disruption of mitochondrial
membranes associated with oxidative stress. The free
radicals also inflict endothelial injury and swelling. This
leads to reduced flow of red blood cells and sludging.
Following reperfusion excessive oxygen results in free
radical generation under the influence of the xanthine
oxidase system in addition to haem. HO the rate
limiting enzyme in the degradation of haem catalyzes
the oxidative degradation of haem. There are three
isoforms of haemoxygenase, HO-1 (inducible HO)
also known as heat shock protein, HO-2 (constitutive
HO found mainly in brain and testis) and HO-3 which
is related to HO-2 but not well characterised. HO-1
is responsible for degradation of haem in senescent
RBCs. Degradation of haem and formation of CO
results in consumption of free radicals. Thus HO-1
enhances scavenging of free radicals and could
potentially reduce hepatic IR injury by promoting
[4]
haem degradation . Based on this hypothesis
[4]
experiments were conducted by Katori et al and they
found that the HO system was beneficial in reducing
hepatic IR in animal liver transplant models. Kato
showed that pre-treatment of donor rat livers with
cobalt protoporphyrin (COPP) reduced hepatic IR after
cold preservation and reperfusion in ex vivo models
with significantly increased bile flow and portal flow as

CONCLUSION
RIPC protects hepatic microcirculation by induction of
HO and modulation of CINC in hepatic IR.
Key words: Reperfusion injury; CINC; microcirculation;
Ischemic preconditioning; Remote preconditioning;
Haemoxygenase
© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: This study is novel in demonstrating the in
vivo microcirculatory changes due to haemoxygenase

(HO) induced by Remote ischemic preconditioning by
brief hind limb ischemia (RIPC) in hepatic ischemia
reperfusion (IR) injury. HO also decreased CINC levels
(cytokine secreted from kupffer cells in hepatic IR)
which is significant in reducing neutrophil recruitment
and IR injury. HO inhibition abolished the protective
effect of RIPC on hepatic microcirculation and was
associated with significantly elevated CINC levels,
serum transaminases and hepatocellular death. These
findings are novel and have not been demonstrated

WJG|www.wjgnet.com

7519

September 7, 2016|Volume 22|Issue 33|

Tapuria N et al . Haemoxygenase modulates cytokine induced neutrophil chemoattractant

What is CINC-1?

[5]

compared to non-treated livers . In liver transplant
models pre-treatment with COPP enhanced rat survival
and decreased histological severity of IR injury in the
liver as compared to nontreated rats. The beneficial
effects of haemoxygenase have been demonstrated
[3]
in genetically fat zucker rats with significantly
decreased hepatic IR injury in steatotic livers. Thus
HO has a key role in the modulation of free radical
generation and protection against IRI.
HO-1 has been shown to exert four major
beneficial effects: (1) antioxidant function; (2)
antiapoptosis; (3) anti-inflammatory function; and
(4) maintenance of microcirculation. The functions
of HO-1 and CO seem to be related to their ability to
[6]
modulate immune function . CO has been shown to
exert anti-inflammatory actions, regulate cGMP activity
through activation of guanylate cyclise which is known
to regulate endothelial-dependent vasodilatation and
[7]
inhibit platelet aggregation . CO inhibits apoptosis
[8]
by activating MAPK . Endogenously generated CO
rather than NO generated from iNOS has been shown
to preserve sinusoidal perfusion and to limit hepatic
[9]
dysfunction in a model of haemorrhagic shock in rats .
[10]
HO activity may be linked to iNOS (haem protein) .
INOS contains haem molecules. CO generated by
HO-1 binds to haem ligands in iNOS and prevents
binding of NO donor substrates thus producing an
[11]
inhibitory effect on iNOS .
[12]
Further studies by McCarter et al have shown that
in ischemia reperfusion of the limbs there is remote
organ injury and the expression of haemoxygenase
in remote organs after 3-4 h of limb reperfusion was
[12]
associated with remote organ protection . Wunder
[13]
et al
showed an increase in neutrophil adhesion
in postsinusoidal venules and sinusoids following
limb ischemia reperfusion injury in a rat model and
the administration of chromium mesoporphyrin
(HO-blocker) significantly enhanced the number
of adherent neutrophils whereas administration of
haemin(HO-inducer) significantly reduced the number
of adherent neutrophils suggesting the role of HO-1 in
[13,14]
remote organ protection
.

RIPC and HO-1

Functionally, CINC-1 is described as a major neutrophil
chemoattractant and activator. CINC-1, induced by
IL-1, TNF- and bacterial products, promotes both
neutrophil rolling and adhesion, likely through the
upregulation of surface integrins. It is also induced
early in macrophages and declines more quickly in
[16]
expression . Kupffer cells, which comprise the largest
fixed macrophage population in the liver are the prime
source of CINC.

What is the role of CINC-1 in hepatic IR?
[16]

Hisama et al
demonstrated that serum CINC levels
peaked 6 hours after reperfusion in animal models
leading to activation and recruitment of neutrophils
and CINC inhibition was associated with decrease in
neutrophil recruitment in IR.

Aim of this study
[15]

Lai et al demonstrated increased HO-1 expression in
kupffer cells in preconditioned livers. However they did
not show the changes in microcirculation in hepatic IR
or the effect of RIPC induced HO expression on Hepatic
IR.
There has been no study which has demonstrated
the effect of RIPC on CINC production. As Kupffer
cells are known to produce CINC (Cytokine induced
chemoattractant responsible for neutrophil recruitment)
we investigated potential modulation of CINC production
by RIPC induced HO.

MATERIALS AND METHODS
Animals and surgical procedures

All experiments were conducted under project license
from home office United Kingdom in accordance with
the animals’ scientific act 1986. Male Sprague - Dawley
rats, weighing 250-300 gms were used. Animals were
kept in a temperature controlled environment with a
12 h light-dark cycle and allowed tap water as well
as standard rat chew pellets libitium. Animals were
anaesthetized with 4 L/min of isoflurane (Baxter,
Norfolk, United Kingdom) and maintained with 1-1.5
l/min of O2 and 0.5%-1.0% Isoflurane. They were
allowed to breathe spontaneously through a concentric
mask connected to an oxygen regulator and monitored
with a pulse oximeter (Ohmeda biox 3740 pulse
oximeter, Ohmeda, Louisville, United States).
Polyethylene catheters (0.76-mm inner diameter,
Portex, Kent, United Kingdom) were inserted into the
right carotid artery for monitoring of mean arterial
blood pressure and the left jugular vein (0.40-mm
inner diameter, Portex, Kent, United Kingdom) for
administering normal saline (1 ml/100 gm/h body
weight to compensate for intraoperative fluid loss. The
animals were placed in supine position on a heating
mat (Harvard apparatus Ltd., Kent, United Kingdom)
to maintain their temperature.

[15]

Recently Lai et al
in a rat model of partial hepatic
IR injury showed that remote ischemic limb
preconditioning confers cytoprotection and protection
of liver function against IRI due to HO-1 expression.
[15]
In a rat model of partial hepatic IR, Lai et al
preconditioned the liver by four brief cycles of prior
hind limb ischemia (10 min) followed by 10 min of
reperfusion followed by hepatic ischemia and 240
[15]
min of reperfusion. Lai et al
demonstrated that
RIPC decreased parenchymal injury, increased HO-1
expression in the liver and HO-1 inhibition by zinc
protoporphyrrin abolished the protective effects of
RIPC. They also showed increased HO-1 expression in
Kupffer cells in preconditioned livers.
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Figure 1 Experimental protocol. A: Early phase of hepatic IR; B: Late phase of hepatic IR. IR: Ischemia reperfusion.

Experimental design

killed before the 24 h reperfusion end point

Hepatic IR models for early (figure 1a) and late
phase of IR (figure 1B). Laparotomy was performed
through a midline incision. The hepatic ligaments
were cut and the liver was mobilised for exposure. A
standard model of lobar hepatic ischemia of the left
[17]
lateral and median lobes of (70% of liver) was used.
Ischemia was induced by clamping the corresponding
vascular pedicle with an atraumatic microvascular
clamp. Hepatic ischemia was induced for a period
of 45 min followed by 3 h reperfusion to study the
early phase of hepatic IR and 24 h of reperfusion to
study the late phase of hepatic IR. Experiments were
terminated by exsanguination of animals at the end
of the reperfusion period. All animals had a bolus of
heparin (20 U/kg, intravenously) prior to clamping to
prevent potential thrombus formation in the hepatic
artery. Global ischemia was not induced since the aim
of this study was to investigate the effects of warm
IR. Lobar ischemia in this model prevented splanchnic
congestion and portal hypertension.

Re-laparotomy, monitoring and intravital microscopy

The animals were re-anaesthetized after 24 h
of reperfusion, homeostasis and monitoring was
undertaken as described in the section on animal
procedures. The abdominal sutures were carefully
opened up and the liver was examined under the
intravital microscope.

Animal care

All animals were looked after according to home office
United Kingdom guidelines ensuring that they did not
suffer pain or distress during these experiments. They
were anaesthetised with isoflurane and exsanguinated
for collection of tissues and bloods.
Experimental groups (n = 6 in each group):
Eight groups of animals were studied: (1) Group
one (Sham) in which animals were subjected
to laparotomy only and underwent an identical
experimental protocol without clamping; (2) Group
two (IRI) the animals were subjected to 45 min of
ischemia followed by three hours of reperfusion;
(3) Group three were preconditioned prior to IRI
(RIPC + IRI) group. Protocols described above for
preconditioning and inducing ischemia were used; (4)
Group four sham animals were preconditioned (RIPC +
Sham); (5) Group five animals were given Pyrrolidine
dithiocarbamate (PDTC) 100 mg /kg 30 min prior to IR
(PDTC + IR); (6) Group six animals were given Zinc
protoporphyrin (ZNPP) 1.5 mg/kg (HO-1 blocker) by
intraperitoneal route 1 h prior to RIPC and subsequent
IRI (ZnPP + RIPC + IRI); (7) Group seven animals
were subjected to ischemia for 45 min followed by
reperfusion for 24 h and then subjected to intravital
microscopy (IR-24); and (8) Group eight animals were

Limb preconditioning

A tourniquet was applied around the thigh in one of the
hind limbs. Limb perfusion was monitored by a laser
Doppler (Moor instruments, Surrey, United Kingdom)
and the tourniquet was tightened until no flow was
detected. The procedure involved 5 min of ischemia
followed by 5 min of reperfusion. This was repeated
[18]
four times .

Recovery after surgery

Animal behaviour was assessed every hour for 4
h and then at 22 and 24 h. Signs of poor clinical
condition were lethargy, ruffled fur and guarding upon
abdominal palpation, lack of grooming and decreased
food intake. Animals which appeared to do poorly were
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The numbers of stationary leuokocytes for a period of 30
s under green filter light were expressed as leukocytes/
2
mm . The area of the vessels was calculated using the
product of diameter and length assuming cylindrical
[22,23]
geometry (3.14 × D × L)
.

Table 1 Scoring used
Numerical assessment

0

Sinusoidal congestion
Vacuolation
Necrosis

None
None
None

1

2

3

Minimal Mild Moderate
Minimal Mild Moderate
Single cell 30%
60%

4
Severe
Severe
> 60%

Hepatocellular death

[12]

preconditioned followed by ischemia for 45 min and
reperfusion for 24 h (RIPC + IR-24).

Propidium iodide
(0.05 mg/kg i.v.) was injected
intravenously to stain nuclei of dead hepatocytes which
[13,14,21]
was expressed as number of dead cells/HPF
.

Intravital videofluorescence microscopy

Tissue and blood collection

The liver was placed upon a glass mount and covered
with a cover slip along with continuous normal saline
irrigation. A drop of saline was placed on the cover
slip to enable immersion of the microscope lens
tip. A Nikon (Tokyo, Japan) microscope (Nikon epiillumination system with filter block set suitable for
Texas Red, FITC and DAPI dyes) coupled to a CCD
camera (JVC TK-C1360B (Osaka, Japan) colour video
camera) was used. Magnification provided was 10 ×
and 40 ×. The microscopy images were transferred
by camera to a video monitor and recorded for offline
analysis. Frame by frame analysis of the recorded
images for quantitative analysis was performed.
Microcirculation was evaluated by measuring acinar
perfusion in ten randomly chosen acini and leukocyte
endothelial interaction in ten postsinusoidal venules.
LUCIA (lab universal computer image analysis, Nikon,
Tokyo, Japan) software was used to analyse the
images.
RBC velocity (V): (1) 0.5 ml of FITC labelled red
cells suspended in glucose saline buffer solution (20
mgFITC/ml of RBC) were given intravenously. Ten
randomly chosen nonoverlapping rappaport acini were
[19]
assessed ; and (2) The RBC velocity was assessed by
measuring the length (L) of RBC movement (microns)
in each sinusoid in subsequent frames. Twenty-five
frames were captured per second. Hence the formula
= L × 25/number of frames moved was used for
calculating velocity.

Animals were killed by exsanguination and blood was
m
collected in BD vacutainer tube SST II advance 5.0
ml tubes for Serum, BD vacutainer tube LH 102 I.U
> (6 ml) for citrated plasma and BD vacutainer K 2E
7.2 mg (4 ml) for EDTA plasma and centrifuged at
3000 rpm for 10 min to sediment the RBC. Serum
and plasma samples were frozen in liquid nitrogen
and subsequently stored in -80 degees Celsius. Liver
tissue was snap frozen and stored at -80degrees
Celsius. Tissues were also fixed in 10% formalin and
embedded in paraffin for histology.

Histology

Sections were cut at 5µ and stained with haematoxylin
and eosin for histological analysis. Modified Suzuki
criteria were used to describe the histological changes
in the early phase of hepatic IR. The scoring used is as
shown (Table 1).

Immunohistochemistry for HO-1

The paraffin fixed slides were dewaxed in several
changes of xylene and then rehydated through
absolute alcohol, 90%alcohol, 70%alcohol to dis
tilled water or deionised water (1-2 min in each
solvent). Sections of 5µ were used. Mercury pigment
was removed with iodine. In order to inactivate
endogenous peroxidase and retrieve antigen the slides
were immersed for 30 min in a solution of 0.3% H2O2 (4
ml of H2O2 per 100 ml) in methanol and were rinsed
in phosphate buffer solution (PBS). This was followed
by blocking of non-specific background with 100 ml
of normal rabbit serum (diluted 1:30 with PBS) for 30
min. Primary rabbit polyclonal antibody was diluted
in PBS containing 0.05% bovine serum albumin and
0.01% sodium azide at room temperature for 2 h.
The slides were rinsed with PBS three times for 5 min
each and then incubated for 30 min with 50-100 ml of
1:200 diluted biotinylated antibody solution(anti rabbit
IgG). This was followed by three rinses with PBS for 5
min each. They were then incubated with secondary
antibody for 30 min at room temperature.
To develop the reaction the sections were in
cubated with vectastain ABC reagent (Santa cruz
technology) using peroxidise as substrate and 3, 3’
diaminobenzidine tetrahydrochloride as chromogen.
Sections were then counterstained with hematoxylin.

Sinusoidal perfusion and perfusion index

The sinusoidal perfusion index was evaluated as ratio
of perfused hepatic sinusoids Continuous perfusion
(Scp) + intermittent perfusion (Sip) to the total visible
sinusoids which includes non-perfused sinusoids (Snp).
Perfusion index = (Scp + Sip/Scp + Sip + Snp).
Sinusoidal diameter (D): This was measured
by assessing the length across the sinusoids and
expressed in microns.
Sinusoidal blood flow: This was calculated using the
formula- Velocity (V) ×22/7× (D/2)2.
[20]

Neutrophil adhesion: Rhodamine 6G (0.3 mg/kg)
[13,14,21]
was given intravenously for staining of neutrophils
.
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Scoring system used for grading immunohistochemistry
changes

Densitometry

This was done by using Adobe Photoshop. The JPEG
picture of the western blot was analysed using this
software. The maximum density of the film is 255. The
density of the background on the film was measured
and the density of the HO band obtained for each
sample was measured. The density of the background
was subtracted from the density of the HO band. The
value obtained was subtracted from 255 to obtain the
final density of the sample

The scoring system used for HO-1 expression is
based on the system used for assessing oestrogen
receptor status of invasive ductal carcinoma cells of
[23-25]
the breast in paraffin embedded section
. The cells
which are positive for HO-1 marker are graded into 4
grades depending on the intensity of staining: 0 = No
staining; 1 = weak staining; 2 = moderate staining; 3
= strong staining.
This was multiplied with the percentage of cells
positive. The percentage was derived by counting the
number of positive cells in a total of 100 cells in a high
power field. Hence the minimum score possible was 0
and the maximum 100.

Elisa for CINC-1

Reagents: One 96 well polystyrene microplate
coated with polyclonal antibody specific for rat CINC-1
and 12.5 ml polyclonal antibody against rat CINC-1
conjugated to horseshoeradish peroxidise. Rat
CINC-1 Standard- 2.5 ng of recombinant rat CINC-1
in a buffered protein base. Rat CINC-1 control-1
vial of recombinant rat CINC-1 in a buffered protein
base. Assay diluent RD1W- 12.5 ml of a buffered
protein solution with preservatives. Calibrator diluent
RD5-4-21 ml of a buffered protein solution with
preservatives. Wash buffer concentrate-50 ml of a 25
fold concentrated solution of buffered surfactant with
preservatives.
Colour reagent A-12.5 ml of stabilized hydrogen
peroxide. Colour reagent B- 12.5 ml of stabilized
chromogen (tetramethyl benzidine). Stop solution-23
mL of a diluted HCL. Plate covers- 4 adhesive strips.

Western blot for HO-1

Haemoxygenase protein was identified using Western
blotting. Frozen samples of Liver tissue (100-200
mg) were homogenised in TOXEX buffer (20 mmol/L
HEPES [pH 7.9], 0.35 mol/L NaCl, 20% glycerole,
1% Nonidet P-40, 1 mmol/L MgCl2, 0.5 mmol/L
ethylenediaminetetraacetic acid, 0.1 mmol/L ethylene
glycolbis(b-aminoethyl ether)-N,N-tetraacetic acid,
100 mmol/L dithiothreitol, 0.1% phenylmethylsulfonyl
fluoride, 10 mg/mL aprotinin) on ice, incubated for
30 min, and centrifuged at 13000 rpm for 5 min.
For each lane, 100 mg of protein was dissolved in
10 mL of 13 sodium dodecyl sulfate loading dye and
boiled for 5 min. A biotinylated protein marker (New
England Biolabs, Schwalbach, Germany) was added.
The samples were separated on a 12% sodium
dodecyl sulfate-polyacrylamide gel and transferred to
a polyvinylidene fluoride membrane (Immobilon-P,
Millipore, Bedford, MA) by electroblotting for 2.5 h
(Semidry Trans-Blot, BioRad, Hercules, CA). The
membrane was blocked in a buffer containing 20
mmol/L Tris-base (pH 7.6), 137 mmol/L NaCl, 3.8
mL 1 mol/L HCl/L, 0.1% Tween (13 TBST), and 5%
low-fat dry milk powder for 1 h and incubated with a
rabbit polyclonal anti-HO-1 antibody (1:1000 dilution;
SPA 895, StressGen, Biotechnologies, Victoria, British
Columbia, Canada) in 13 TBST and 5% low-fat dry milk
for 2 h at room temperature. After 3 washing steps with
1 X TBST, a secondary anti-rabbit (1:10000 dilution;
ECL-detection kit, Amersham Pharmacia, Freiburg,
Germany) and horseradish peroxidase- conjugated antibiotin antibody (1:1000, New England Biolabs) was
added and incubated for 1 h in 1 × TBST and 5% low-fat
dry milk. Following 2 washing steps with 1 × TBST and
2 washing steps with 1 × TBS, detection was performed
by the ECL detection kit (Amersham Pharmacia)
according to the manufacturer’s instructions. After this
the membrane was exposed to a digital camera as
part of an electronic imaging system to visualise the
proteins bound to the antibody.

WJG|www.wjgnet.com

Sample preparation: Rat serum samples were
diluted 2-fold into calibrator diluent RD5-4 prior to
assay.

Assay procedure

50 µl of assay diluent RD1W added to each well. 50
µl of standard, control or sample per well added. The
plate was gently tapped for 1 min to mix the contents
and covered with adhesive strip. This was followed by
incubation for 2 h at room temperature. Each well was
aspirated and washed for a total of five times with wash
buffer (400 µl). 100 µl of rat CINC-1 conjugate was
added to each well. The plate was covered with adhesive
strip and incubated for 2 h at room temperature. The
wells were aspirated and washed five times. One
hundred microliter of substrate solution was added
to each well and incubated at room temp for 30 min
under protection from light. One hundred microliter of
stop solution was added to each well. Plate was gently
tapped to ensure mixing. Optical density was measured
within 30 min using a microplate reader set to 450 nm.
(correction wavelength set at 540 nm or 570 nm).

Statistical analysis

All data are presented as mean plus minus standard
error of the mean. Differences were considered
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Figure 2 Effect of Haemoxygenase induction and inhibition on blood pressure in hepatic ischemia reperfusion. RIPC prior to IR restores B.P. to baseline
rapidly compared to IR only. Inhibition of HO showed a greater fall in B.P but there was no difference in recovery to baseline. Values expressed as mean + SE. RIPC:
Remote ischemic preconditioning; HO: Haemoxygenase; IR: Ischemia reperfusion.
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Figure 3 Effect of Haemoxygenase inhibition and induction on hepatic transaminases in the early phase of hepatic ischemia reperfusion. A: Effect of HO
inhibition on AST in early phase IR; B: AST in late phase. No significant difference in hepatic transaminase level IR/RIPC + IR. HO inhibition increased transaminase
levels RIPC + IR/ZNPP + RIPC + IR. RIPC: Remote ischemic preconditioning; HO: Haemoxygenase; IR: Ischemia reperfusion.

significant for P < 0.05.Comparisons between groups
were performed by one way analysis (ANOVA). Bon
ferroni correction was applied for ANOVA.

transaminases (Early phase). Baseline transaminase
levels in RIPC+sham were higher than sham. IRI
produced a rise in transaminase levels (Figure 3a).
Effect of IR and RIPC in the late phase of hepatic IR on
hepatic transaminases (Figure 3b).

RESULTS
Haemodynamic measurements (early phase)

Microcirculatory changes

RIPC + IR group showed a drop in MAP similar to IR
only group however MAP recovered to baseline in
RIPC+IR rapidly (30-60 min) compared to IR (60-120
min). HO inhibition caused a further drop in B.P. and
delayed recovery of blood pressure (Figure 2). There
was no significant difference in pulse rate.

The sham group showed constant microcirculatory
parameters. RIPC induced a low grade oxidative stress
in the liver resulting in lower RBC flow and perfusion
as compared to sham. The velocity of flow (160.83
± 12.24 µm/s), sinusoidal flow (8.42 ± 1.19) and
sinusoidal perfusion index (42.12 ± 7.28) in hepatic IR
were significantly lower than RIPC + IR.
RIPC significantly increased velocity of flow (328.04
± 19.13 µm/s), sinusoidal flow (17.75 ± 2.59) and the
sinusoidal perfusion index was higher in RIPC group
(67.28 ± 1.82). PDTC (HO induction) reproduced
the effects of RIPC in hepatic IR. PDTC restored RBC
velocity (300.88 ± 22.109 µm/s), sinusoidal flow
(17.66 ± 3.71) and sinusoidal perfusion (82.33 ± 3.5)
to near sham levels. ZnPP (HO inhibition) significantly
reduced velocity of flow of RBC in the RIPC group

Survival in late phase of IR

Of the six animals in each group, one animal in the
IR-24 group died before the end of recovery period
due to severe reperfusion injury. This animal was
excluded from intravital analysis. All animals in the
RIPC + IR-24 group survived after 24 h of reperfusion.

Hepatocellular injury

Effect of IR, RIPC, PDTC and ZnPP on hepatic
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Figure 4 Effect of Haemoxygenase inhibition and induction on velocity of flow in early phase of hepatic ischemia reperfusion (A) and velocity of RBC flow
in remote ischemic preconditioning + ischemia reperfusion -24 as compared to ischemia reperfusion -24 (B). Significant increase in velocity in preconditioned
animals prior to ischemia reperfusion injury (RIPC + IRI) as compared to IRI at 30, 60 and 120 min of reperfusion. HO inhibition caused a significant fall in velocity
of flow in preconditioned animals. Values expressed as mean ± SE. HO: Haemoxygenase; IR: Ischemia reperfusion; RIPC: Remote ischemic preconditioning; IRI:
Ischemia reperfusion injury.
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Figure 5 Effect of Haemoxygenase inhibition and induction on sinusoidal flow in early phase of hepatic ischemia reperfusion (A) and sinusoidal flow
in late phase of hepatic ischemia reperfusion (B). Sinusoidal flow - V × (D/2) 2 × p = V is velocity of RBC, D is sinusoidal diameter. Significantly better flow in
preconditioned animals (RIPC + IRI) as compared to non-preconditioned (IR). HO inhibition significantly inhibits flow in preconditioned animals.Values expressed as
mean ± SE. Sinusoidal flow - V × (D/2)2 × p = V is velocity of RBC, D is sinusoidal diameter. Better flow in preconditioned animals (RIPC + IRI-24) as compared to
non-preconditioned (IR-24). Values expressed as mean ± SE. HO: Haemoxygenase; IR: Ischemia reperfusion; RIPC: Remote ischemic preconditioning; IRI: Ischemia
reperfusion injury.

(170.74 ± 13.43 µm/s and sinusoidal flow in the RIPC
group (9.46 ± 1.34) However inhibition of HO by ZnPP
in RIPC (60.29 ± 1.82) showed a fall in perfusion only
at 180 min of reperfusion (figure 4a, figure 5a, figure
6a and figure 7a)

+ IR-24 group (figure 4b, figure 5b, figure 6b and
figure 7b).

Neutrophil adhesion in venules and sinusoids as seen
by IVM

Significantly increased neutrophil adhesion in IR injury
is seen in both postsinusoidal venules (769.05 ±
87.48) and sinusoids (97.4 ± 7.49). RIPC significantly
reduced neutrophil adhesion in IR injury in both
postsinusoidal venules (219.66 ± 93.79) and sinusoids
(25.69 ± 9.08).
PDTC significantly reduced neutrophil adhesion
in both postsinusoidal venules (89.58 ± 58.32)
and sinusoids (17.98 ± 11.01) reproducing the

Microcirculatory changes in the late phase of hepatic
IR

In the late phase of hepatic IR, velocity of flow was
similar between preconditioned and IR -24 suggesting
recovery of velocity of flow to near normal values after
24 h of reperfusion in the absence of preconditioning.
However there was a significant increase in sinusoidal
diameter, sinusoidal flow and perfusion in the RIPC

WJG|www.wjgnet.com
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Effect of HO inhibition and induction on
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Figure 6 Sinusoidal diameter in late phase of hepatic ischemia reperfusion. A: Sinusoidal diameter early phase; B: Sinusoidal diameter late phase. No significant
change (P > 0.05) in sinusoidal diameter seen in preconditioned animals and on inhibition of HO in the early phase. Sinusoidal diameter - Significantly increased
diameter in the preconditioned group (RIPC + IR-24). Values expressed as mean ± SE. P < 0.05, significantly increased sinusoidal diameter in the preconditioned
group. HO: Haemoxygenase; IR: Ischemia reperfusion; RIPC: Remote ischemic preconditioning; IRI: Ischemia reperfusion injury.
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Figure 7 Sinusoidal perfusion in late phase of hepatic ischemia reperfusion. A: Sinusoidal perfusion early phase; B: Sinusoidal perfusion late phase. Perfusion
index in remote preconditioned animals (RIPC + IRI) is significantly higher (P < 0.05) than non-preconditioned animals (IRI). HO inhibition does not affect sinusoidal
perfusion in the early stage of IR however sinusoidal perfusion declines at 180 min of reperfusion. Values expressed as mean ± SE. Sinusoidal perfusion index
- The PI in remote preconditioned animals (RIPC + IR-24) is significantly higher than non-preconditioned animals (IR-24). Values expressed as mean ± SE. HO:
Haemoxygenase; IR: Ischemia reperfusion; RIPC: Remote ischemic preconditioning; IRI: Ischemia reperfusion injury.

effects of RIPC. HO inhibition with ZnPP significantly
increased venular (589.04 ± 144.36) and sinusoidal
neutrophil adhesion in preconditioned animals (121.39
± 30.65). IR after 24 h of reperfusion significantly
increased venular and sinusoidal neutrophil adhesion
in comparison to the early phase and was significantly
reduced by RIPC (Figure 8a and b, Figure 9a and b).

enhances hepatocellular death in preconditioned
animals.

Histology

IR group showed diffuse and significant periportal
congestion. There was severe necrosis in zones 2 and
3 and also sub capsular necrosis. RIPC+IR showed a
significantly lower Suzuki score compared to the IR
group. On inhibition of HO in RIPC+IR (ZNPP + RIPC
+ IR group) most of the sections showed diffuse and
severe congestion and vacuolation. The necrosis is
diffuse and focally associated with acute inflammatory
cells. Changes in ZnPp + RIPC + IR were similar to
IR group and significantly more compared to RIPC +
IR. Only one animal showed extensive congestion and

Hepatocellular death

Hepatocellular cell death is significantly less on HO
induction (PDTC + IR) in hepatic IR. Preconditioning
(RIPC + IRI) reproduces effects of HO induction as
Hepatocellular cell death in RIPC+IR is significantly
less compared to IRI group. HO inhibition prior to
preconditioning (ZnPP + RIPC + IR) significantly
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Figure 8 Effect of Haemoxygenase inhibition and induction on Venular neutrophil adhesion in early phase of hepatic ischemia reperfusion. A: Venular
neutrophil adhesion early phase; B: Sinusoidal neutrophil adhesion early phase. Significantly reduced venular neutrophil adhesion in preconditioned (RIPC + IRI)
group compared to non-preconditioned group (IRI). HO inhibition in RIPC + IR showed significantly increased venular neutrophil adhesion. Values expressed as mean
± SE. Significantly reduced sinusoidal neutrophil adhesion in preconditioned group (RIPC + IRI) compared to non-preconditioned group (IRI). Values expressed as
mean ± SE. HO: Haemoxygenase; IR: Ischemia reperfusion; RIPC: Remote ischemic preconditioning; IRI: Ischemia reperfusion injury.
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Figure 9 Venular neutrophil adhesion late phase (A) and sinusoidal neutrophil adhesion late phase (B). Significantly reduced venular neutrophil adhesion in
preconditioned (RIPC + IR-24) group compared to non-preconditioned group (IR-24). Significantly reduced sinusoidal neutrophil adhesion in preconditioned group (RIPC
+ IRI) compared to non-preconditioned group (IRI). Values expressed as mean ± SE.

Table 2 Suzuki criteria
Group
Suzuki score

IR

RIPC + IR

ZnPP + RIPC + IR

PDTC + IR

Sham

RIPC + Sham

8.83 ± 0.7

6.2 ± 0.58

8.83 ± 0.6

4.5 ± 0.5

4 ± 0.31

1.5 ± 0.34

RIPC: Remote ischemic preconditioning; IR: Ischemia reperfusion.

vacuolation but minimal necrosis. On HO induction
(PTDC + IR) most animals showed diffuse congestion
with patchy necrosis except for one which shows mild
congestion. Sham animals did not show significant
changes apart from congestion in both portal and
central vein. Hepatocytes showed vacuolation. RIPC +
Sham animals showed moreless similar changes with
minimal vacuolation but no necrosis (Figures 10 and
11). Suzuki criteria see Table 2.

expression in kupffer cells in RIPC + IR animals in
comparison to IR group. Baseline HO expression
is seen in kupffer cells in sinusoids of sham group.
Haemoxygenase expression in IR (3 h of reperfusion)
was more compared to sham. This is due to increased
oxidative stress which acts a direct stimulus to
HO-1 expression. The increased HO expression was
observed in kupffer cells which are the primary source
of HO production and degradation of haem to biliverdin
and CO. At 24 h of reperfusion more HO was observed
in Kupffer cells. PDTC induced HO-1 in macropha
ges in the early phase of hepatic IR. Inhibition of

Immunohistochemistry for HO

Immunohistochemistry revealed increased HO-1
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Effect of HO inhibition and induction on
hepatocellular cell death
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Figure 10 Hepatocellular cell death is significantly less on Haemoxygenase induction (PDTC + ischemia reperfusion) in hepatic ischemia reperfusion. A:
Hepatocellular death early phase; B: Hepatocellular death late phase. Preconditioning (RIPC + IRI) reproduces effects of HO induction as Hepatocellular cell death
in RIPC + IR is significantly less compared to IRI group. HO inhibition prior to preconditioning (ZnPP + RIPC + IR) significantly enhances hepatocellular death in
preconditioned animals. Values expressed as mean ± SE. RIPC: Remote ischemic preconditioning; IRI: Ischemia reperfusion injury.
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Figure 11 Hepatocytes showed vacuolation. A: IR - the HE section shows large areas of necrosis and sinusoidal congestion, normal residual hepatocytes noted at
bottom of the frame; B: RIPC + IR - The HE section shows sinusoidal congestion, some hepatocyte vacuolation but no significant necrosis; C: Sham - The HE section
reveals no significant damage; D: RIPC + Sham - The HE section reveals congested central vein but no other significant change; E: PDTC + IR-diffuse congestion and
patchy necrosis; F: ZNPP + RIPC + IR - extensive necrosis seen; G: Very severe injury with abundant ballooning degeneration and necrosis is seen in the IR-24 injury
group. Very diffuse and significant neutrophil adhesion is seen in the IR group. Apoptosis is evident in the IR group; H: RIPC + IR-24 group shows less injury with
some ballooning and degeneration as well as neutrophilic infiltration. RIPC: Remote ischemic preconditioning; IRI: Ischemia reperfusion injury; HO: Haemoxygenase.

animals in comparison to IR only (Figure 12). Immu
nohistochemistry score for HO see Table 3.

haemoxygenase by ZnPP (ZnPP inhibits both HO-1
and HO-2) showed decreased HO expression in
macrophages in the early phase of hepatic IR. This
explains the intravital findings of increased neutrophil
adhesion and hepatocellular death in comparison to
preconditioned animals.
In the late phase of hepatic IR (24 h) there was
increased HO expression in both kupffer cells and
hepatocytes (parenchymal cells) in preconditioned

WJG|www.wjgnet.com

Western blot analysis

Western blot analysis showed by densitometry
significantly more HO expression in RIPC groups as
compared to hepatic IR and PDTC reproduced the
effects of RIPC. ZnPP inhibited HO expression in the
RIPC group. Increased HO expression was seen in
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Table 3 Immunohistochemistry score for Haemoxygenase expression

Mean
SEM

a

Sham

RIPC + Sham

IR

RIPC + IR

14.0
2.44

44.1
7.57

28.66
18.77

PDTC + IR

87.5
20.25

a

ZnPP + RIPC + IR

78.7
8.75

25.0
11.83

a

P < 0.05, RIPC + IR and PTDC + IR vs IR. RIPC: Remote ischemic preconditioning; HO: Haemoxygenase; IR: Ischemia reperfusion.
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Figure 12 In the late phase of hepatic IR (24 h) there was increased HO expression in both kupffer cells and hepatocytes (parenchymal cells) in
preconditioned animals in comparison to IR only. A: Spatiotemporal distribution of HO - There is some HO expression seen in macrophages (kupffer cells) in
IR injury in response to oxidative stress. The expression of HO-1 was significantly more in kupffer cells in the RIPC+IR group. ZNPP + RIPC + IR reduced HO-1
expression; B: HO expression in early phase of hepatic IR; C: HO expression in late phase of hepatic IR.

Effect of HO induction and inhibition on CINC

RIPC + IR-24 as compared to IR-24 (Figure 13).

The CINC cytokine levels in sham were low (101.32 ±
6.42). RIPC in sham led to relatively high CINC levels
(412.18 ± 65.24) as compared to sham (P < 0.05).
Hepatic IR injury produced high serum CINC level
in comparison to sham animals in the early phase
of hepatic IR (644.08 ± 181.24) (P < 0.05). RIPC
reduced CINC -1 levels in the early phase (401.62 ±
78.56) in comparison to IR only. PDTC (HO inducer)

CINC Elisa results

The CINC data shows significant difference between IR
injury, RIPC + IR and ZnPP + RIPC + IR in the early
phase of hepatic IR. In the late phase of IR there is a
significant difference seen between IRI and RIPC+IRI
suggesting that preconditioning modulates release of
CINC-1 from kupffer cells.
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Figure 13 Increased Haemoxygenase expression was seen in all groups + ischemia reperfusion-24 as compared to ischemia reperfusion-24. A: Western
blot analysis for HO in early and late phase of hepatic IR. Lane 1: Sham; Lane 2: MW- 32 Kda for HO protein; Lane 3: IR-24 (HO expression in late phase of hepatic
IR) Lane 4-RS; Lane 5: RIPC + IR-24 (effect of RIPC on HO expression in late phase of IR); Lane 6: PDTC- HO inducer; Lane 7: Positive control; Lane 8: ZnPPHO inhibitor; Lane 9: IR (early phase); B: Densitometry HO expression early phase. Early phase of hepatic IR (above). Densitometry for western blots showing
increased HO-1 expression in RIPC + IR and PDTC + IR. Prior inhibition of HO (ZnPP + RIPC IR) significantly reduced HO expression in preconditioned animals; C:
Densitometry Ho expression late phase. Densitometry for late phase of hepatic IR and RIPC western blot showing increased HO-1 expression in the RIPC group at 24 h.
HO: Haemoxygenase; IR: Ischemia reperfusion.

throughout the time course of observation. Hence the
potential effect of hypotension leading to decreased
parenchymal perfusion and confounding results were
avoided.

reduced CINC-1 levels in serum in hepatic IR (413.36
± 63.06). HO inhibition in preconditioned animals
with Zinc protoporphyrin increased serum CINC levels
(521.81 ± 74.9) (P < 0.05) (Figure 14a).
The serum CINC levels were high in the late phase
of hepatic IR (15306 ± 1222.04). RIPC reduced CINC
levels in the late phase of IR (467.46 ± 26.06, P < 0.05)
(Figure 14b).

Microcirculatory changes and Role of HO-1

IR, RIPC + IR: RIPC + IR showed an increased
velocity of RBC flow, sinusoidal flow and sinusoidal
perfusion compared to IR group at all time points
of observation and the administration of ZnPP (HO
blockade) prior to RIPC abolished all protective
effects. The loss of protective effects of RIPC after HO
blockade suggests that HO pathways may have a role
in modulation of hepatic IR. The lack of any change
in sinusoidal diameter on HO inhibition suggests
that RIPC modulates IR injury by anti-inflammatory
properties of HO rather than sinusoidal dilatation in
the early phase of hepatic IR. This observation was
made in previous studies on ischemic preconditioning
which have demonstrated no significant variation
in sinusoidal diameter between HO induction and
[26]
controls . Moreover HO produced in the initial
phase is in response to stress (inducible HO-1) and
[5]
is responsible for anti-inflammatory functions .

DISCUSSION
New findings

This is the first study to use intravital microscopy
and demonstrate the effects of HO inhibition on the
protective effect of RIPC in hepatic IR and that RIPC
induced HO modulates cytokine release from Kupffer
cells and subsequent neutrophil activation.

Haemodynamics

Blood pressure: The model used was haemody
namically stable. However a fall in blood pressure on
reperfusion was seen in hepatic IR, RIPC + IR, PDTC
+ IR and ZnPP group with recovery to baseline in
30-60 min. The blood pressure thereafter was stable
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Figure 14 Effect of Haemoxygenase induction and inhibition on CINC. A: The CINC cytokine levels in sham were low (101.32 ± 6.42). RIPC in sham led to
relatively high CINC levels (412.18 ± 65.24) as compared to sham (P < 0.05). Hepatic. IR injury produced high serum CINC level in comparison to sham animals in
the early phase of hepatic IR (644.08 ± 181.24) (P < 0.05). RIPC reduced CINC-1 levels in the early phase (401.62 ± 78.56) in comparison to IR only. PDTC (HO
inducer) reduced CINC-1 levels in serum in hepatic IR (413.36 ± 63.06). HO inhibition in preconditioned animals with Zinc protoporphyrin increased serum CINC
levels (521.81 ± 74.9) (P < 0.05); B: The serum CINC levels were high in the late phase of hepatic IR (15306 ± 1222.04). RIPC reduced CINC levels in the late phase
of IR (467.46 ± 26.06). HO: Haemoxygenase; IR: Ischemia reperfusion.

Constitutive HO (HO-2) modulates sinusoidal tone and
diameter and is produced in parenchmal cells after
[27]
6hrs of reperfusion as shown by Goda et al
and CO
derived from an increase in HO-2 (Constitutive HO)
in the parenchyma is responsible for modulation of
sinusoidal tone and diameter.

role of PTDC induced HO-1. In our study low doses
of PDTC (100 mg/kg) were used and no variation in
sinusoidal diameter was observed however, recently
[26]
Hata et al
have demonstrated an increase in
sinusoidal diameter due to increase in parenchymal
HO-1 on administration of higher doses of PDTC (150
mg/kg) intramuscularly in a rat model of hepatic IRI.
[26]
Hata et al
has shown that CO derived from PDTC
induced increase in parenchymal HO and modulated
sinusoidal diameter in the early phase of hepatic IR.

HO induction (PDTC + IR) and inhibition (ZnPP + RIPC +
IR)

This study shows increased RBC velocity and sinu
soidal flow in PDTC+IR group as compared to IR only.
The perfusion index in PDTC group is significantly
higher than IRI at all time points. Inhibition of HO in
preconditioned groups showed a significant fall in RBC
velocity and sinusoidal flow in the RIPC + IR + ZnPP
group. PDTC is known to induce HO-1, inhibit NF-kB and
modulate IRI and increased HO-1 may be responsible
for modulation of sinusoidal perfusion. This finding is
supported by evidence from studies in animal models
which have shown that HO-1 expression is associated
[12,28,29]
with better sinusoidal perfusion
. However there
was no significant difference in sinusoidal perfusion
between HO induction and HO inhibition (ZnPP group)
upto 120 min of reperfusion in our study suggesting
that HO pathways maybe responsible for modulation of
perfusion after 120 min of reperfusion. Previous studies
have shown endogenous haemoxygenase expression
to increase sinusoidal perfusion at 120 min of
[21]
reperfusion in animal models of hepatic IR secondary
to prolonged limb ischemia. Hence the initial modulation
of sinusoidal perfusion in hepatic IR by PDTC may be
due to its anti-inflammatory action and inhibitory effect
[29-31]
on NF-kB
.
A previous study in a transplant model by Tsu
chihashi demonstrated that PDTC given prior to
harvest of liver reduced reperfusion injury after trans
[30]
plantation . ZnPP given just before reperfusion
blocked the protective effects of PDTC suggesting the
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Microcirculatory changes in late hepatic IR and effect of
RIPC

RIPC significantly reduced neutrophil adhesion and
hepatocellular death and increased sinusoidal perfusion
as well as diameter. There was a significant increase
in sinusoidal flow due to increase in diameter but
not velocity. This increase in sinusoidal diameter has
been demonstrated by our group in the late phase of
[32]
RIPC and other IPC studies.

Haemoxygenase expression

Haemoxygenase expression in the liver was signifi
cantly more in the RIPC sham group as compared to
shams. Increased HO-1 expression was predominantly
observed in Kupffer cells in the early phase with
additional parenchymal expression in the late phase of
IR. HO-1 pathways are initiated after oxidative stress
[21]
and previous studies
have shown expression of
mRNA as early as 2 h after the initial oxidative stress.
The increase in velocity and flow seen after 30 min
of reperfusion corresponds to 2 h after the first cycle
of preconditioning and the time point of earliest HOmRNA expression suggesting that HO-1 pathways
maybe responsible for increased flow seen in this
study.
Interestingly the increased HO-1 expression was
seen in kupffer cells in RIPC. This observation was also
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[15]

[15]

made by Lai et al . Lai et al
demonstrated lack of
increased HO-1 in the peripheral macrophages and
hence it is unlikely that the increased haemoxygenase
in the liver is from infiltrating macrophages. Hirano
[33]
et al
have demonstrated that kupffer cells are the
principal source of HO-1 in the liver. Previous studies
have demonstrated increased free radicals in the blood
[34]
following RIPC . Increased ROS may induce a low
grade oxidative stress in the liver and since kupffer
cells are the key cells in the initial inflammatory
response this may explain the increased HO-1 in the
kupffer cells.
HO mediates breakdown of haem to biliverdin,
iron and CO. Biliverdin and iron have antioxidant
functions and CO has both vasodilatory and anti
platelet functions. HO-1 modulates flow, stabilizes
membrane potential and most importantly degrades
haem. It scavenges free radicals generated in IR
[21]
injury thus mitigating the effects of IR injury . The
protective effects of RIPC, increased HO-1 expression
in RIPC group and loss of protective effects of RIPC
after inhibition of HO-1 suggest the role of RIPC
induced HO-1 pathways in modulation of hepatic
microcirculation. In addition the production of CO as
a result of haem breakdown maybe responsible for
reduced stasis and plugging due to its antiplatelet
effects thereby leading to increased RBC flow. CO is
known to modulate the function of hepatic sinusoidal
pericytes called Ito cells which regulate sinusoidal
tone and function. Future studies would need to
investigate the role of CO releasing molecules (CORM)
in modulation of hepatic IR.

seen in RIPC as compared to IR only. Previous studies
have shown by intravital microscopy improved flow
and sinusoidal perfusion and decreased hepatocellular
death following PDTC induced HO expression in the
[12,20]
liver
.
ZnPP + RIPC + IR: Inhibition of HO by ZnPP in the
preconditioned group showed a significantly high
Suzuki score (8.83 ± 0.6) suggestive of increased
cell necrosis and congestion which correlated with
decreased sinusoidal flow and perfusion, increased
hepatocellular death on IVM, increased neutrophil
adhesion, CINC levels and serum transaminase levels
suggestive of significantly increased hepatocellu
lar injury. Decreased HO expression was seen on
immunohistochemistry and Western blot analysis
in comparison to RIPC group. Previous studies by
[35]
Katori et al
have shown that HO inhibition of the
donor with chromium mesoporphyrin prior to harvest
of the liver was associated with decreased recipient
animal survival following subsequent implantation in
[15]
recipient liver transplant models. Lai et al
showed
that inhibition of HO by ZnPP in RIPC was associated
with significantly increased histological evidence of
cell necrosis and congestion and increased serum
transaminases.
IR-24 and RIPC + IR-24: Increased HO protein
correlated with decreased sinusoidal and venular
neutrophil adhesion in RIPC in the late phase,
decreased histological necrosis and congestion and
hepatocellular death as observed by propidium
iodide staining in the late phase of RIPC + IR. This
suggests that HO protein is responsible for protection
of hepatic parenchyma and hepatic microcirculation
due to reduced injury in delayed phase of hepatic IR.
Sinusoidal diameter increased in the late phase of
hepatic IR suggesting that HO may be responsible for
modulation of sinusoidal dilatation. Interestingly the
difference in flow between IR and RIPC groups was
due to modulation of flow due to changes in sinusoidal
diameter and not RBC velocity.

Correlation of histological changes, microcirculatory
flow, hepatocellular death, neutrophil adhesion, serum
transaminases, HO expression and CINC levels

Hepatic IR/RIPC + IR/PDTC + IR: The modified
Suzuki score in IR injury was significantly higher
(8.83 ± 0.7) than RIPC+IR group (6.2 ± 0.58) or
PDTC+IR group (4.5 ± 0.5). This correlated with
decreased flow and sinusoidal perfusion, increased
hepatocellular death observed by propidium iodide
staining under IVM in hepatic IR, increased sinusoidal
and venular neutrophil adhesion, increased CINC
levels and increased serum transminase levels.
Increased HO expression was seen in kupffer cells in
hepatic IR as compared to sham group. This is due
to oxidative stress of IR and has been observed in
[4]
hepatic IR in previous experiments by Katori et al
[26]
and Hata et al . Both preconditioned animals (RIPC
+ IR) and PTDC+IR group showed improved blood
flow, sinusoidal perfusion, decreased hepatocellular
death , sinusoidal and venular neutrophil adhesion,
decreased CINC levels and serum transaminase
[15]
levels. Lai et al
showed that preconditioned animals
(RIPC+IR) showed decreased histological evidence
of injury and serum transminases supporting our
findings in this study although they did not investigate
microcirculatory flow. Increased HO expression was
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Drug dose selection and toxicity

ZnPP and its hepatotoxicity: Previous experiments
in sham animals have shown that ZnPP inhibits
haemoxygenase if used in the darkness. If ZnPP
is exposed to light its effect of HO inhibition is lost
however, ZnPP inhibits hepatic artery dilatation
when exposed to light and this potentially leads to
[36,37]
hepatotoxicity
. Hepatoxicity can confound the
experimental data and hence in order to avoid this
confounding effect ZnPP was prepared in the dark and
administered through a syringe covered with silver
foil with minimal laboratory light. The dose used was
1.5 mg/kg (2.5 µmol/kg) and this is much lower than
the hepatotoxic toxic dose of ZnPP (5-10 µmol/kg)
[36]
[3]
as shown by Greenbaum et al . Amersi et al
(1999) showed that ZnPP treatment in shams led to
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undetectable baseline HO and reduced portal flow and
bile flow.

to clinical application would be the next step.

COMMENTS
COMMENTS

PDTC and toxicity

Background

[30]

Tsuchihashi et al
(2003) demonstrated in an animal
model that doses in excess of 600 mg/kg killed
animals but animals did not die by injection of any
dose upto 600 mg/kg. Doses more than 200 mg/kg
offset the beneficial effects of PDTC as demonstrated
[29]
by Liu et al
(1999). Hence we chose a dose of
100 mg/kg as used in experiments by Tsuchihashi
[30]
et al . PDTC shows a dose dependent relationship
with regard to its beneficial effects. At doses of 100
mg/kg PDTC induces HO in kupffer cells but does not
[26]
influence sinusoidal dilatation. Hata et al
showed
that at doses of 150 mg/kg PDTC induced sinusoidal
dilatation in sham animals, increased HO-1 with peak
mRNA levels detectable at 3 h after PDTC injection
and then declined. HO Protein expression peaked
at 24-48 h after injection and was dose dependent.
Immunohistochemistry revealed that PDTC at higher
doses induced HO-1 in both periportal kupffer cells and
hepatocytes in pericentral areas.
In a recent animal rat model of orthotopic liver
transplantation RIPC applied to the recipient in the
anhepatic recipient phase significantly improved liver
[38]
graft function .
This study has demonstrated the hepatic micro
circulatory changes which are associated with the early
and late phases of liver warm IR injury. RIPC induced
increased sinusoidal perfusion and sinusoidal flow in
both phases of IR but increased velocity of RBCs in
the early phase in contrast to increased sinusoidal
diameter in the late phase. The effect of RIPC was
reproduced by HO-1 induction prior to the IR injury
and inhibited by a HO-1 blocker in the early phase of
hepatic IR. Increased HO production was observed in
the late phase of hepatic IR both in kupffer cells and
parenchymal cells.
These data would suggest that HO-1 is a key
pathway responsible for modulation of microcirculatory
changes and protection from the deleterious effects
of IR. In the early period inducible HO-1 rather than
constitutive HO-1 through its antinflammatory actions
is likely to be the key candidate molecule responsible
for protection of microcirculation. In the late phase it is
likely that parenchymal HO is responsible for sinusoidal
dilatation and protection of hepatic microcirculation.
This study could not distinguish between the subtypes
of HO.
Another Key finding of the study was demonstration
of CINC modulation and neutrophil activation by HO.
Further investigation in HO knockout mice to
clarify the mechanism of HO and the role of different
subtypes is needed. The role of HO inducers in the
clinical setting of hepatic IR and use of CORM (CO
releasing molecules), curcumin and simvastatin (HO
inducer) needs to be further investigated. Translation
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this original research article has focussed on investigating the role of
haemoxygenase pathways in remote ischemic preconditioning (RIPC) induced
modulation of hepatic ischemia reperfusion injury. Intravital microscopy in
this study has demonstrated significantly improved hepatic microcirculation
following haemoxygenase (HO) induction and loss of protective effects of RIPC
following HO inhibition.

Research frontiers

this study is Novel in demonstrating the protective effect of RIPC on hepatic IR
through modulation of haemoxygenase pathways and Serum CINC (Cytokine
induced neutrophil chemoattractant) levels. Significantly increased flow,
perfusion and decreased neutrophil adhesion as well as hepatocellular death
co-related with decreased CINC levels and increased HO production in RIPC.

Innovations and breakthroughs

this study highlights the modulation of CINC by RIPC induced HO. CINC is
responsible for neutrophil activation and modulation of neutrophil activation is a
key mechanism in protection of hepatic microcirculation.

Applications

RIPC can be translated to donor preconditioning and preconditioning prior to
liver resection to minimise ischemia reperfusion injury and manage small for
size syndrome.

Peer-review

This article is to study the hepatic microcirculatory changes due to HO induced
by RIPC, effect of HO inhibition and modulation of CINC. The study finding is
new and interesting.
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