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The Protective Effect of Zinc Against Liver Ischaemia
Reperfusion Injury in a Rat Model of Global Ischaemia
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Background: Ischaemia-reperfusion injury (IRI) is amajor obstacle during liver transplantation and resection sur-
geries for cancer, with a need for effective and safe drugs to reduce IRI. Zinc preconditioning has been shown to
protect against liver IRI in a partial (70%) ischaemiamodel. However, its efficacy against a clinically relevant Prin-
glemanoeuvre that results in global liver ischaemia (100%) is unknown. Aims:The aim of this study was to test the
efficacy of zinc preconditioning in a rat model of global liver ischaemia. Methods: Rats were preconditioned via
subcutaneous injection of 10 mg/kg of ZnCl2, 24 h and 4 h before ischaemia. Total liver ischaemia (100%) was
induced by placing a clamp across the portal triad for 30 min. Liver injury was assessed by serum alanine trans-
aminase (ALT) and aspartate transaminase (AST) levels in blood taken before ischaemia (baseline) and at 1, 2, 4,
24, 48, 72, 96 and 120 hours after ischaemia. Animals were culled after 7 days, and the harvested livers were his-
tologically analysed. Results:On a two-way repeated-measures analysis of variance, there was a statistically signif-
icant (p = 0.025) difference in the mean ALT levels between saline- and ZnCl2-treated groups. Specifically at 24 h
after ischaemia, the ALT (341 ± 99 U/L) and AST (606 ± 78 U/L) in the zinc-treated group were significantly less
than the ALT (2863 ± 828 U/L) and AST (3591 ± 948 U/L) values in the saline-treated group. Zinc significantly
reduced neutrophil infiltration and necrosis compared with the saline control. Conclusion: Zinc preconditioning
reduces the overall hepatocellular damage from IRI. These results lay the foundation to assess the benefit of zinc
preconditioning for clinical applications. ( J CLIN EXP HEPATOL 2020;10:228–235)
Over the years, liver transplantation and resection
surgeries have significantly increased the quality
of life and survival of patients with liver cancer

and chronic liver disease. However, both surgeries involve
a period of ischaemia and reperfusion to the liver where
the blood supply to the liver is stopped and then restored.
Such an event causes an ischaemia-reperfusion injury (IRI)
to the liver, which can be harmful and in some cases fatal to
the patient.1,2 Various treatments to ameliorate IRI have
been studied extensively, but there are currently none
that have been able to be transitioned into clinical
practice.3,4 Therefore, the development of strategies to
prevent or reduce IRI is an important research goal.

There have been various pharmacological and surgical
treatments that have been trialled for IRI with some early
positive results in animal experiments.5 However, subse-
quent human clinical trials have failed to show benefit.6

There may be many reasons for this lack of successful
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translation, and recent reviews have explored the possible
contributing factors such as different anatomy and physi-
ology between humans and animals.6,7 Therefore, there is a
pressing need to find an agent or technique that can
successfully prevent or reduce IRI in humans.

Zinc is an essential biometal that has been studied in the
treatment for IRI in several organs.8 Zinc preconditioning
has been shown to protect against renal IRI in vitro and in a
small animal rat9 and a preclinical large sheep animal
model.10 In the liver, using a partial (70%) ischaemia
model, hepatic IRI induced by 45 min of ischaemia fol-
lowed by 6 h of reperfusion in rats could be attenuated
by dihydrolipoyl histidinate zinc complex11 or zinc sul-
phate.12 In humans, 70% occlusion is rarely practical. The
Pringle manoeuvre, where the portal triad is occluded
which induces 100% global ischaemia of liver, is used
when selective clamping is not technically achievable
because of certain tumour locations or when surgical ac-
cess is difficult.13 Previously, it has been shown that there
are differences in the protective effect of certain drugs
against liver IRI injury depending on whether the 70% par-
tial ischaemia vs 100% global ischaemia model is used (e.g.,
ATP-MgCl2).

7,14,15 Therefore, it is important to confirm
the efficacy of zinc preconditioning in a 100% global liver
ischaemia model before any clinical trials can begin.
Furthermore, reperfusion injury consists of two phases:
an early phase mediated by oxidative stress
vier B.V. All rights reserved.
xperimental Hepatology | May–June 2020 | Vol. 10 | No. 3 | 228–235

mailto:patelo@unimelb.edu.au
https://doi.org/10.1016/j.jceh.2019.07.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jceh.2019.07.006&domain=pdf


JOURNAL OF CLINICAL AND EXPERIMENTAL HEPATOLOGY
predominantly via reactive oxygen species (ROS)
generation and a later phase 6–24 h after reperfusion,
which consists of inflammatory mediators that can cause
direct tissue damage. This late phase of liver IRI has not
been previously investigated. Both the studies showing
zinc to be protective were concluded based on early
reperfusion times of only 60 min12 and 6 h.11

Therefore, the aim of this study was to investigate the
protective effect of zinc in a clinically relevant rat model
of 100% liver ischaemia and reperfusion duration of one
week, followed by histological analysis of the liver.
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MATERIALS AND METHODS

Animal ethics and care
The present study (Ethics IDA2017/05472)was approvedby
the Austin Health Animal Ethics Committee in accordance
with the guidelines laid down by the National Health and
Medical Research Council of Australia's code of practice
for the care and use of animals for experimental purposes.

Randomisation and blinding regime
Specifically, animals undergoing ischaemia were rando-
mised to one of two experimental groups (saline vs zinc
preconditioning). To reduce bias against the outcomes,
the investigators remained blinded to experimental set-
tings such that an investigator independent of the surgical
procedure was responsible for zinc preconditioning, day-
to-day monitoring of animals and blood sampling. A sole
investigator was designated to perform the surgeries,
who also remained blinded to the treatment groups. The
investigators at the Clinical Trials Department at Austin
Health who performed the serum analysis of alanine trans-
aminase/aspartate transaminase (ALT/AST) and the
pathologist who analysed the liver samples remained
blinded to the treatment groups.

Animals
Male Sprague Dawley rats aged 14–16 weeks and weighing
200–300g were acquired from the Animal Resource Centre
in Western Australia. Rats were housed in caged boxes (up
to 2 animals per cage) containing clean bedding. Animals
were allowed 5 days to be accustomed to their new sur-
roundings. Animals were kept in a temperature-controlled
environment around 22–24 �C with a 12-h light-dark cycle
and were allowed water and rat pellets ad libitum. Animals
were fasted on the morning of the surgery to avoid dilata-
tion of the stomach with food during surgery.

Animal grouping and preconditioning with zinc
Animals were randomly allocated to saline control and zinc
treatment groups. Specifically, there were four rats in the
control group and five rats in the zinc group. Animals
Journal of Clinical and Experimental Hepatology | May–June 2020 | Vol. 10
had baseline blood taken before the surgery and were
weighed. Subcutaneous injection of 0.1 mg/kg of bupre-
norphine was given preoperatively, 6–8 h after operation
and the day after surgery for pain relief. The treatment
group was given subcutaneous injection of 10 mg/kg of
zinc chloride (ZnCl2) 24 h and 4 h before the surgery, while
the control group was given normal saline via subcutane-
ous injection. Eighty milligrams/millilitre of concentrated
ZnCl2 solution was diluted with normal saline to make a
10-mg/ml solution before it was injected subcutaneously
into the rat, and the final injection volume ranged from
0.25 to 0.35 ml depending on the weight of rat.

Induction of liver IRI and surgical procedure
Once anaesthetised, a roll of paper towel was placed under-
neath the rat to elevate the abdomen and present the liver
for easy dissection. Laparotomy was carried out through a
vertical midline skin incision. The retractor was used to
allow a better view of the liver and surrounding organs.
Fine-tipped forceps and wet cotton buds were used to
isolate the portal vein, bile duct and hepatic artery by gently
retracting the liver up and retracting the duodenum down.
Curved nontoothed forceps were then passed underneath
the portal triad. The forceps were then used to grasp a
silk suture that was looped around the portal triad to allow
access for the clamp and isolation of the portal triad. Total
liver ischaemia (100%) was induced by placing a clamp
across the portal triad for 30 min. While the clamp was
placed across the portal triad, a gauze pad soaked with ster-
ile saline was used to cover the incision wound to prevent
drying out of the organs. After 30 min, the clamp and the
silk suture were carefully removed. Five millilitres of
warmed saline was administered into the peritoneal cavity
to counter any blood or fluid losses. The liver and intestines
were observed for a fewminutes to ensure adequate reperfu-
sion before the wound was sutured. Animals were moni-
tored and weighed daily after surgery to determine the
weight change after surgery.16 Weight change was expressed
as a percentage of the presurgery weight.

Liver function test
Blood samples (400 mL) were collected from the tail vein of
the rats into Microtainer tubes 1, 2, 4, 24, 48, 72, 96 and
120 h after reperfusion. Blood samples were centrifuged at
4 �C and analysed by the Clinical Trials Department, Austin
Pathology, Heidelberg, Australia. ALT and AST were
measured using an automated Roche Cobas c 702 analyser
(Roche Diagnostics, Mannheim Distribution, USA) via the
electrochemical test method according to the International
FederationofClinicalChemistry andLaboratoryMedicine.17

Histological investigations
At the completion of the experiment, the livers were har-
vested, fixed in 10% formalin for 24 h and then stored in
| No. 3 | 228–235 229
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70% alcohol. The haematoxylin and eosin–stained liver
samples were histologically and semiquantitatively ana-
lysed for liver damage by an anatomical pathologist
blinded to the treatment group. The assessment was con-
ducted according to a previously devised method of evalu-
ating neutrophil infiltration and hepatic necrosis after
ischaemia, which was described by Suzuki et al.18 Both
neutrophil infiltration and hepatic necrosis were scored
from 0 to 4, as shown in Table 1.

Statistical methods
Results are expressed as mean � standard error mean un-
less otherwise stated. Statistics were analysed using Sigma-
Plot, version 12.0, (Systat Software, Inc, Chicago, IL, USA).
A two-way repeated-measures analysis of variance (AN-
OVA) was used to evaluate the differences in liver function
over time between the groups as described previously.19

One-way ANOVA was carried out to analyse differences be-
tween different time points in the same group. Student t-
tests were performed to study differences between two
groups at each individual time point. Where the data
were not normally distributed, the Mann-Whitney rank-
sum test was used.
Table 1 Histological Score of Rat Livers After 30 min of Ischaem

Group Neutrophilic infiltration score (0–4)

Saline control (n = 5) 2

2

1

2

2

Zinc (10 mg/kg) (n = 5) 1

1

0

0

1

Group Liver necrosis score (0–4)

Saline control (n = 5) 3

2

1

2

2

Zinc (10 mg/kg) (n = 5) 1

1

1

1

0

A grading scale of 0–4, as outlined by Suzuki et al,18 was used for the histo

230 © 2019 Indian National Associa
RESULTS

Mortality after 30 min of global liver ischaemia
Previous articles have reported a 50–80% mortality rate in
rats from 30 min of occlusion of the portal triad.20,21

Early in the present study, marked splanchnic congestion
with significant oedema and swelling of the small
intestines was observed. Necropsy revealed extensive
intestinal ischaemia (Figure 1A). The most likely cause of
this ischaemia and necrosis was due to thrombosis in the
portal triad and damage caused by congestion in the bowel
upon release of the portal triad, similar to the findings of
the previous studies.22

The portal triad is very sensitive to movement, and
therefore, fixing the clamp into position is a very crucial
step in the surgery. Our optimised surgical technique
with extremely gentle handling of the portal triad and care-
ful manipulation of the surrounding vessels with minimal
twisting or pulling of these delicate vessels (Figure 1B and
C) avoided any further deaths in the animals. This allowed
us to create a stable and reproducible global ischaemia
model, which is clinically more relevant than the partial
ischaemia model as it closely replicates the Pringle
manoeuvre used in the clinical setting.23
ia Followed by 7 Days of Reperfusion.

Average score Criteria for assessing neutrophil infiltration

1.8 Neutrophil infiltration expressed as neutrophil
count per 50 high-power fields

0 = <15 (none/scant)
1 = 16 to 50 (minimal)
2 = 51 to 100 (mild)
3 = 101 to 250 (moderate)
4 = >250 (severe)

0.6 (p = 0.016)

Average score Criteria for assessing liver necrosis

2 Liver necrosis assessed as the degree of
hepatocellular necrosis

0 = None
1 = Single-cell apoptosis
2 = Lobular confluent necrosis <30%
3 = Lobular confluent necrosis 31–60%
4 = Lobular confluent necrosis >60%

0.8 (p = 0.012)

pathological analysis of neutrophil infiltration and necrosis in the liver.

tion for Study of the Liver. Published by Elsevier B.V. All rights reserved.



Figure 1 The appearance of the abdominal cavity after 30 min of clamping/ischaemia. (A) The appearance of the bowel with oedema and
signs of vascular distress of the animal that did not survive beyond 4 h after ischaemia. (B) The appearance of the bowel and liver of the rat that had
adequate ischaemia. Intense venous congestion of the splanchnic is present; however, the pale colour of the liver upon the placement of the clamp
demonstrates adequate ischaemia (see the arrow). (C) The appearance of the bowel and liver of the rat that had inadequate ischaemia. Intense venous
congestion of the splanchnic is present. However, the failure of the liver to become pale (see the arrow) upon the placement of the clamp as compared
with the liver seen in (B) demonstrates inadequate ischaemia. This particular animal was therefore excluded from the study.
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Zinc preconditioning reduces the rise in serum
ALT and AST levels
As seen in Figure 2A and B, one-way repeated-measures
ANOVA established a statistically significant difference in
serum ALT (p = 0.013) and AST (p = 0.005) values in the
saline-treated group from baseline to day 4, confirming
reduced liver function after 30 min of liver ischaemia in
our model. Significantly, the peak for ALT and AST levels
Figure 2 Zinc preconditioning reduced the increase in serum AST an
(mean � SEM [units/L]) in rats treated with saline (control) (C) and 10 mg/kg
conditioned with 10mg/kg of ZnCl2 than in the saline control group. (C) Mean
and control groups. ZnCl2 preconditioning improves the health of rats after IRI
rats preconditionedwith 10mg/kg of ZnCl2 appeared to have an earlier return
were not statistically significant. *p < 0.05 vs saline-treated control. AST, asp
mean; IRI, ischaemia-reperfusion injury.

Journal of Clinical and Experimental Hepatology | May–June 2020 | Vol. 10
in the saline control group was at 24 h after ischaemia. On
a two-way repeated-measures ANOVA comparing the
saline-treated group with the 10-mg/kg ZnCl2 group, there
was a statistically significant difference in the mean values
of ALT (p = 0.025) concentrations between treatment
groups; however, AST levels failed to reach significance
(p = 0.06). Student t-tests were performed to determine dif-
ferences between two groups (saline vs 10 mg/kg of ZnCl2)
d ALT levels after liver IRI. Serum ALT (A) and AST (B) concentrations
of ZnCl2 (-). The rise in serum ALT and AST levels was less in rats pre-
percentage weight change from baseline weight between zinc treatment
. Weight loss was observed in both the groups after liver IRI; however, the
to weight gain than the saline control group rats, although these changes
artate transaminase; ALT, alanine transaminase; SEM, standard error of

| No. 3 | 228–235 231
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Figure 3 Zinc preconditioning reduces liver necrosis and inflammation. Blinded histopathological examination of the liver by H&E staining 7
days after 30-min ischaemia. (A) An H&E-stained section of the liver from a rat treated with saline displays centrilobular confluent necrosis and inflam-
mation in the liver (circled). (B) An H&E-stained section of the liver from a rat treated with 10 mg/kg of ZnCl2 displays a near-normal tissue architecture
and a smaller area (circled) of necrosis and inflammation than the control group. H&E, haematoxylin and eosin.
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at each individual time point. The ALT and AST values for
zinc-treated groups were significantly lower than those for
the control groups from 24 h onwards, as seen in Figure 2A
and B, respectively. However, the difference in ALT values
between the zinc and control group was most marked at
24 h (341 � 99 U/L vs 2863 � 828 U/L, p = 0.011). Simi-
larly, the difference in AST values between the zinc and
control group was most marked at 24 h (606 � 78 U/L
vs 3591 � 948 U/L, p = 0.01). ALT values at 72, 96 and
120 hours for the saline-treated group were 96 � 15,
54 � 4 and 46 � 1, respectively. In the zinc-treated group,
the statistically significant lower ALT values at 72, 96 and
120 hours were 42 � 3 (P = 0.014), 41 � 3 (P = 0.031) and
38 � 2 (P = 0.01), respectively. Moreover, ALT and AST
levels in zinc-treated groups returned to preischaemic
levels by 72 h, compared with 96 h required by the
saline-treated control, suggesting early recovery prompted
by zinc preconditioning.

Zinc preconditioning improves the health of
animals' post-IRI
Zinc and control groups had a similar amount of weight
loss early after surgery (day 1–4), as seen in Figure 2C. How-
ever, zinc-treated groups showed earlier return to baseline
weight with the restoration of original weight 5 days after
ischaemia compared with 6 days after ischaemia in the con-
trol group. Moreover, there was a trend that zinc-treated
groups also showed greater weight gain at day 7 than con-
trol groups with 10% weight gain from baseline found in
zinc-treated groups compared with only 3% in control
groups.

Zinc administration reduced the necrosis,
neutrophil infiltration and inflammation after
liver IRI
The grading systems of histologic tissue damage adopted
by Suzuki et al.18 were used to assess liver architecture
232 © 2019 Indian National Associa
one week after the 30-min ischaemic injury. The livers
from the group treated with ZnCl2 had significantly
reduced liver damage (Table 1 and Figure 3). Zinc pro-
tected against the histological hallmarks of liver injury as
the zinc-treated liver showed lower necrosis and less
neutrophil infiltration than the control, as seen in Table
1. Histologically, zone 3 is located around the central veins,
which makes it oxygen-poor and more vulnerable to IRI.24

IRI caused marked confluent necrosis in zone 3 of the liver
with focal bridging, and neutrophilic infiltrates in control
groups. Figure 3A and B shows the representative photo-
micrographs of the liver after 30 min of ischaemia and 7
days after reperfusion. The saline-treated control liver
(Figure 3A) demonstrates extensive hepatocellular necrosis
and vacuolisation with loss of sinusoidal architecture,
whereas the liver from the zinc-preconditioned rat
(Figure 3B) demonstrates almost no necrosis with only
mild vacuolisation. Zinc significantly reduced neutrophil
infiltration and inflammation in liver tissue as shown in
Table 1. Therefore, from our histopathological analysis,
zinc-treated groups had less inflammation and hepatocel-
lular injury than control groups.
DISCUSSION

The present study used a global liver ischaemia model un-
like most previously published literature which used a par-
tial ischaemia model.7 The 70% partial ischaemia model
was first described by Yamauchi et al. and involved the oc-
clusion of the hepatic artery, portal vein and bile duct of
the median and left lobes of the liver.25 The purported
benefit of partial occlusion is to preserve blood flow
through the right and caudate lobes and reduce the venous
congestion in the bowels.26 In our study, a complete liver
ischaemia model was chosen to mimic Pringle manoeuvre
widely used in the clinical setting. Furthermore, some pre-
vious rodent studies have used ischaemia times of more
than 30 min, resulting in greater than 75% necrosis and
tion for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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severely impaired liver function.11,12 These do not
represent the clinical situation in the context of liver
surgery.27 Therefore, it has been suggested that rodent
models of hepatic IRI should not exceed 30 min of liver
ischaemia, and this formed the basis of our study.27

Owing to the anatomical variation in the blood vessels,
one of the complications while inducing complete liver
ischaemia could be insufficient ischaemia in some ani-
mals.28 In rats that had an accessory branch from the left
gastric artery to the left lobe of the liver, clamping of the
portal triad did not induce significant ischaemia in that
lobe of the liver. This was evidenced by the failure of the
left lobe of the liver to become pale after occlusion of the
portal triad, as seen in Figure 1C. When this occurred,
the rat was excluded from the study as total liver ischaemia
was not achieved, and the extremely low liver transaminase
enzyme levels and scant hepatocellular damage from the
histological assessment supported this.

Injury due to ischaemia and reperfusion is characterised
by direct damage during the ischaemia phase and then two
phases of damage during the reperfusion phase: the early
phase of oxidative stress mediated mainly by
ROS generation and then the later phase 6–24 h after re-
perfusion that consists of inflammatory mediators which
can cause direct tissue damage. Previous studies showing
the protective benefit of zinc were based on early reperfu-
sion times of only 60 min12 and 6 h.11 In the present study,
within the first 2 h after 100% ischaemia, zinc did not show
any significant reduction in AST and ALT levels. The early
equivalent increase in AST and ALT levels in zinc- and
saline-treated groups after ischaemia suggests that there
was minimal variation in the surgical technique used to
induce injury between the two groups. However, 4 h after
ischaemia, there was a significant difference in AST and
ALT levels between control and zinc groups. We conclude
that zinc cannot protect against the immediate effects of a
lack of blood flow and oxygen, and therefore, zinc did not
significantly decrease early AST and ALT. However, it may
be that zinc protects against the reperfusion injury rather
than the ischaemic insult.

In comparison with the study by Mard et al12 which
found that zinc reduced the AST and ALT levels within
60 min after ischaemia, our study failed to show any
such reduction in AST and ALT levels between zinc and sa-
line control group at early time points. Their study used a
partial ischaemia model which despite 45min of ischaemia
produced a peak AST increase of only 200 units/mL from a
baseline of �40 units/mL and peak ALT increase to mere
60 units/mL from a baseline of 20 units/ml. Therefore,
such a discrepancy between the study by Mard et al12 and
ours could be due to the difference in the degree of IRI.

In contrast to our 10-mg/kg ZnCl2 dose being effective
against renal IRI9 and was able to stimulate gastrin gene
expression in vivo,29 the 5-mg/kg dose used in the study
by Mard et al12 was ineffective in both scenarios. It could
Journal of Clinical and Experimental Hepatology | May–June 2020 | Vol. 10
be that lower concentrations of zinc could be effective
against a lesser injury as in the case of the study by Mard
et al.12 Another difference between the study by Mard
et al12 and the present study is the use of a two-dose regimen
of 10-mg/kg dose of ZnCl2 given subcutaneously compared
with 5-dose regimen in the study byMard et al12 comprising
5 mg/kg of ZnSO4 given intraperitoneally. From a patient
and hospital, administrative perspective, the two-dose
regimen used in the present study can be easily translated
to the clinic compared with a longer five-dose intraperito-
neal regimen as in the study by Mard et al.12 Furthermore,
ZnCl2 and ZnSO4 are the most widely used inorganic salts;
a study comparing the influence of the seven different coun-
terions on the cytotoxicity of zinc concluded ZnSO4 to be
the most toxic salt, particularly at low concentrations.30

This observation suggests that ZnCl2 used in the present
study could be the preferred choice for clinical application.

It has been suggested that some cytoprotective drugs
may only postpone and not avoid an injury, and therefore,
a robust approach would be to analyse the protective effect
by repeatedly measuring the outcome metrics over time,
i.e., AST/ALT in the case of liver IRI.31 Furthermore,
although a single–time point assessment may indicate
early protection, it may miss delayed toxicity of an agent.
For example, although the rats treated with 10 mg/kg
and 30 mg/kg of ZnCl2 reduced the creatinine and urea
rise compared with the saline control after 60 min of renal
ischaemia, histological analysis of renal tissue 7 days after
renal IRI concluded that 30-mg/kg ZnCl2–treated kidneys
displayed a reduction in renal protection.9 Both the previ-
ous studies analysed the protective effect of zinc at early
time points of only 6 h11 and 60 min after reperfusion.12

Therefore, our study has now rectified this limitation by
demonstrating the protective effect of zinc in a repeated-
measures model simulating a clinical scenario.

An interesting observation in the present study was the
preischaemic baseline elevated AST levels in zinc-treated
animals compared with the control; however, no such
elevation was observed in the ALT level after zinc treat-
ment. It is known that AST is found in various tissues
including liver, cardiac and skeletal muscle, while ALT is
mainly expressed by the liver cells and is a relatively specific
indicator of liver damage.32 First, if zinc was toxic to the
liver, it would have resulted in an increase in both AST
and ALT. Second, postischaemia zinc preconditioning
would not have resulted in reduced levels of AST and
ALT compared with saline-treated animals. Furthermore,
a high AST level can mean damage to another organ
such as heart or kidneys. However, as zinc preconditioning
previously protected against renal IRI,9 renal toxicity can
be ruled out particularly at 10-mg/kg ZnCl2 dose used in
the present study. Similar to previously published
studies,8–10 in the present study, no ill effects were
observed in animals treated with zinc. The concentration
of zinc in the injection solution (10 mg/ml) used in the
| No. 3 | 228–235 233
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present study was 73.5 mM. Various studies have shown
zinc to be toxic at millimolar concentration.33–35

Therefore, it may be that the high baseline AST level
after zinc administration itself could be due to the
localised injury at the site of subcutaneous injection.

The aspect of extrapolation of drug dose from animal
studies is important before starting clinical studies in hu-
mans. It has been suggested that larger animals have lower
metabolic rates and that physiological process of larger an-
imals is slower.36 Furthermore, the larger the size of the spe-
cies is, the smaller the required drug dose is on a
weight basis. Based on the body surface area,
pharmacokinetics and physiological time, the human dose
equivalent deduced from the present rat study would be
1.62mg of ZnCl2/kg.

36

Histological analysis of liver samples collected on day 7
after liver IRI showed greater liver damage in the control
group than in the zinc-treated group. Specifically, zinc pre-
conditioning decreased the amount of inflammation and
necrosis after IRI. Most preclinical animal studies and hu-
man clinical trials define liver injury based on the increase
in serum ALT or AST. In the present study, although the
AST and ALT levels had returned to the baseline level by
96 h after IRI in the control groups, the histological anal-
ysis determined a significant amount of liver damage at 7
days after ischaemia. This observation suggested that
AST/ALT, although useful markers in quantifying liver
IRI immediately within 24–96 h after ischaemia, may not
detect histological damage beyond that and the potential
for long-term liver impairment. It is known that severe
IRI influences long-term liver transplant outcomes. On
multivariate analysis, peak ALT within the first week after
transplantation predicted 1-year graft survival (P < 0.05);
however, the prediction was much stronger based on histo-
logical analysis on liver biopsy.37 Taken together, our study
has highlighted that such discordance between AST/ALT
values and histologic liver damage could fail to uncover
the long-term protective effect of an agent being tested if
outcomes are based on merely the levels of ALT/AST
within 1–96 h after IRI.

In summary, zinc preconditioning reduces the overall
hepatocellular damage from IRI and results in greater re-
covery and weight gain than in control groups. Moreover,
this study used a complete ischaemia model that has clin-
ical ramifications and also showed it to be a reproducible
and safe ischaemia model. The result of this study has
laid the foundation to investigate the protective effect of
zinc preconditioning on liver IRI in humans.
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