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SUMMARY

Circulating liver enzymes such as alanine transaminase are often used as markers of
hepatocellular damage. Ischaemia/reperfusion (I/R) injury is an inevitable conse-
quence of prolonged liver ischaemia. The aim of this study was to examine the cor-
relation between liver enzymes and volume of liver cell necrosis after ischaemia/
reperfusion injuries, using design-unbiased stereological methods. Forty-seven male
Wistar rats were subjected to 1 h of partial liver ischaemia, followed by either 4 or
24 h of reperfusion. Within each group, one-third of animals were subjected to
ischaemic preconditioning and one-third to ischaemic postconditioning. At the end
of reperfusion, blood and liver samples were collected for analysis. The volume of
necrotic liver tissue was subsequently correlated to circulating markers of I/R injury.
Correlation between histological findings and circulating markers was performed using
Pearson’s correlation coefficient. Alanine transferase peaked after 4 h of reperfusion;
however, at this time-point, only mild necrosis was observed, with a Pearson’s correla-
tion coefficient of 0.663 (P = 0.001). After 24 h of reperfusion, alanine aminotrans-
ferase was found to be highly correlated to the degree of hepatocellular necrosis
R = 0.836 (P = 0.000). Furthermore, alkaline phosphatase (R = 0.806) and o-2-
macroglobulin (R = 0.655) levels were also correlated with the degree of necrosis. We
show for the first time that there is a close correlation between the volume of hepato-
cellular necrosis and alanine aminotransferase levels in a model of I/R injury. This is
especially apparent after 24 h of reperfusion. Similarly, increased levels of alkaline
phosphatase and a-2-macroglobulin are correlated to the volume of liver necrosis.
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Hepatocyte necrosis may result from a wide range of inju-
ries, including alcohol and other toxins, hepatitis, genetic
defects, autoimmune disorders and as a consequence of
ischaemia/reperfusion (I/R). Liver transaminases, especially
alanine amino transferase (ALT), are widely used as surro-
gate markers of liver cell damage (Schmidt & Schmidt
1993). ALT is synthesized in liver cells, and serum levels are
usually low. However, when hepatocytes are damaged (by
whatever cause), their membranes become more permeable,
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or may even be destroyed, allowing their enzymes to leak
into the blood (Scheig 1996). In daily clinical practice, it is
widely accepted that the serum levels of ALT and other
transaminases are correlated to the extent of hepatocyte
damage in the liver and, thus, may be used as quantitative
markers (Scheig 1996; FDA, 2009). Histopathological evalu-
ation is the reference against which surrogate markers
should be compared. However, this has been made difficult
by the lack of studies providing quantitative unbiased data.
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Thus, most published works investigating liver cell damage
have used standard pathological techniques with, at best,
semi-quantitative methods of evaluation (Suzuki et al. 1991,
1993; Franco-Gou et al. 2004; Tapuria, et al., 2009). These
methods are highly investigator-dependent and include no
component of randomization. Furthermore, they do not pro-
duce quantitative data, making it impossible to perform sta-
tistical comparisons. These potential errors can be avoided
by applying stereological methods to sample and quantify
histological sections in a design-unbiased randomized man-
ner (Nyengaard 1999; Mubhlfeld ez al. 2010).

The aim of this study was to use design-unbiased stereo-
logical methods in a rat model and to correlate potential
surrogate circulating markers of hepatocyte damage with
the volume of liver cell necrosis following I/R injury.

Methods

Experimental design

Liver I/R injuries were induced by a standard rat model of
70% liver ischaemia (Knudsen et al. 2013). All animals were
subjected to 60 min of continuous inflow occlusion. I/R inju-
ries were evaluated after 4 and 24 h of reperfusion as we pre-
viously have found ALT to peak within this time interval
(Knudsen et al. 2013). To induce varying degrees of I/R
injury, some of the rats were subjected to ischaemic condi-
tioning by either IPC (preconditioning) or IPO (postcondition-
ing), as described below. We have previously shown that
these methods reduce liver cell necrosis following I/R (Knud-
sen et al. 2012, 2013).

Ethical approval

The surgical and experimental protocols were approved by
the Danish Research Animal Committee, Copenhagen, Den-
mark, according to license number 2009/561-1644, and fol-
lowed the rules of Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health.

Animals and surgical procedures

Forty-seven male Wistar rats, weighing mean 299 g (range
256-345 g; M&B Taconic, Eiby, Denmark), were used for
the experiment. Animals were double housed in standard ani-
mal laboratories with the temperature maintained at 23°C
and artificial 12-h light-dark cycles, fed standard food (Altro-
min) with free access to water. Inhalation anaesthesia was
used during the surgical procedures. Induction was performed
with animals in an airtight glass cage through which a mix-
ture of oxygen (2.0 I/min) and N,O (0.5 I/min) containing
4% isoflurane (Forene, Abbott Laboratories, Maidenhead,
UK) was blown. During surgery, anaesthesia was maintained
with 2% isoflurane in oxygen and N,O as above, given
through a mask covering the nose of the rat. Rats were placed
in a supine position on temperature-controlled heated pads,
maintaining core temperature at 37°C. A model of partial

hepatic ischaemia was used to avoid mesenteric congestion by
allowing blood flow through the right liver lobe (Hart et al.
2008).

The surgical procedure was performed as follows. After a
midline laparotomy, resection of all hepatic ligaments was
performed to ensure the abruption of collateral blood sup-
ply. Portal triad clamping was performed under a dissecting
microscope. Briefly, the bifurcation of the right lobe was
identified, after which a microvascular clamp was put in
place, interrupting portal triad flow through the median and
left lobes. Discoloration of the liver was used as a positive
marker for hepatic ischaemia. During the 60 min of ischae-
mia, the abdomen was temporary closed to avoid major
fluid loss. Furthermore, all animals were injected with
1.5 ml isotonic saline and 1 mg Carprofen (Rimadyl, Pfizer
Animal Health, Exton, PA, USA). Reperfusion was ascer-
tained by the return of the normal reddish colour of the
liver. The abdomen was closed in two layers, single knots.
After surgery, rats were allowed to recover for either 4
(n=23) or 24 h (n = 24). At the end of the reperfusion per-
iod, rats were re-anesthetized as described above. The abdo-
men and the thoracic cavity were opened, and a cardiac
cannulation was performed. This was used to collect blood
samples, after which an intravenous pentobarbital overdose
was given to euthanize the animals. Rats were then perfused
for 10 min with phosphate-buffered 4% formaldehyde via a
cardiac cannula to ensure rapid fixation of the liver. The left
part of the median lobe was then resected and fixed for a
further 24 h, after which the lobe was paraffin embedded.

Ischaemic conditioning protocol

IPC consisted of 10 min of liver ischaemia followed by
10 min of reperfusion, before a final period of 60 min of
prolonged liver ischaemia (7 = 16). IPO consisted of three
cycles of 30 s of reperfusion and 30 s of ischaemia and
applied immediately after the 60 min of total liver ischaemia
(n = 16) (Knudsen ez al. 2013). The remaining 17 animals
were not subjected to any form of conditioning.

Blood samples

ALT, alkaline phosphatase (AP) and bilirubin measure-
ments were performed on the Vitros 5.1 (Ortho Clinical
Diagnostics, Johnson and Johnson, Birkered, Denmark) for
routine clinical biochemical measurement, using the dry
slide technology.

The rat acute phase protein o-2-macroglobulin was evalu-
ated using a specific ELISA kit (Immunology Consultants
Laboratory, Newberg, OR, USA). Samples were assayed in
duplicate. All assays exhibited interassay
coefficients of variance below 5% and 10% respectively.

intra- and

Stereological sampling

From the paraffin embedded left median lobe a set of sys-
tematic, uniformly random sampling (SURS) sections were
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prepared (Nyengaard 1999). Briefly, the paraffin embedded
median left liver lobe was exhaustively sectioned into 2-pm
parallel sections generating approximately 3000 sections.
Every 300th section was saved, creating a set of approxi-
mately 10 sections per liver. The first section to be saved
was decided by choosing a random number between one
and 300.

Stereological volume assessment and quantification

The SURS sections were stained with haematoxylin and
eosin (H&E) and analysed using a microscope (Olympus
BH-50) modified for stereology with a motorized stage and
a digital camera connected to a PC with newCAST 3.6.5.0
software (Visiopharm, Horsholm, Denmark). Volume
estimations were performed using the Cavalieri estimator
(Gundersen et al. 1988). A point grid was placed randomly
over the SURS sections by the software and was used to
estimate the area of the entire section and the area of
necrotic tissue in the section. Approximately 100 randomly
selected non-overlapping fields of view were used per liver.
For a detailed description of the counting rules, see
Figure 1. The following formula was used to calculate the

volume:
a n
=t (-] - P;
()%

t was the distance between each sampled section
(2 pm x 300), 5) was the area covered by a test point,
and P; was the number of points counted. To calculate the
volume of the necrotic part of the liver in per cent of total
liver volume, the formula below was used. We have previ-
ously used NVR (Necrotic volume ratio) to describe the
degree of liver necrosis Knudsen et al. (2013). NVR is used
in the further analysis below and calculated as:
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Statistical analysis

All statistical analyses were performed using SigmaPlot for
Windows Version 11.0 (Systat Software Inc., San Jose, CA,
USA). Data were tested for a normal distribution. All Group
values are given as mean £ CI of the mean. The strength of
the correlation between circulating markers and the histo-
logical data was tested using Pearson’s correlation coeffi-
cient. P-values <0.05 were considered significant.

Results

The histopathological evaluation of liver specimens revealed
a low degree of necrosis at 4 h of reperfusion, with a mean
NVR of 7%. After 24 h, the level of necrosis had increased
markedly to a NVR of 45%, see Figure 1.

Correlations between NVR and surrogate markers of liver
ischaemia at both 4 and 24 h of reperfusion are illustrated
in Figures 2—4.

ALT and AP were elevated following the ischaemic insult.
At 4 h of reperfusion, the mean ALT level was 11.854 U/l
(£3720), while AP was 225 U/l (£21). After 24 h, the mean
ALT was 6.812 U/l (£1886) and AP was 364 U/l (+44).
Mean bilirubin levels were unaffected at both 4 h (2 uM;
+0.1) and 24 h (3 puM; =£1). Acute phase protein o-2-
macroglobulin levels were slightly elevated at 4 h of reperfu-
sion (31 mg/ml; +3) and were highly elevated at 24 h
(917 mg/ml; +203), as shown in Figure 4.

Discussion

In this study, on rats, we used unbiased stereological
methods for the first time to show that there is a close

Figure 1 Light microscopic images of haematoxylin and eosin stained liver sections. Necrotic tissue was defined as a lighter stained
area with loss of nuclei. (a) 4 h of reperfusion, only a few areas of necrotic tissue are seen, whereas larger areas seem to be at risk.
(b) 24 h of reperfusion, large coagulative necrotic areas are observed. Inflammatory cell Infiltration is seen at the border between

necrotic and viable liver tissue.
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Figure 2 XY plots of surrogate markers of liver cell damage, ALT, AP and bilirubin, and histological findings of liver cell necrosis
after 4 h of reperfusion. (a) Pearson’s correlation coefficient is #* = 0.44 (P = 0.00); (b) the coefficient is #* = 0.35; and (c) the

coefficient is r* = 0.19.
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Figure 3 XY plots of surrogate markers of liver cell damage, ALT, AP and bilirubin, and histological findings of liver cell necrosis
after 24 h of reperfusion. (a) Pearson’s correlation coefficient is 72 = 0.70 (P = 0.00); (b) the coefficient is 7> = 0.28; and (c) the

coefficient is 7> = 0.65.
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Figure 4 XY plots of inflammatory marker alfa-2-macroglobulin and histological findings of liver cell necrosis. (a) Pearson’s
correlation coefficient is 72 = 0.06 (P = 0.00); (b) the coefficient is 7* = 0.43.

correlation between the absolute volume of hepatocellular
necrosis and the ALT level after I/R
relationship is especially clear after 24 h of reperfusion.
Seventy per cent of the variations found in ALT could
be explained by necrotic tissue. We also demonstrated that

injury. This

AP and o-2-macroglobulin could be used in a similar way as
markers of liver necrosis after 24 h of reperfusion.
Damaged or necrotic hepatocytes release their contents,
including aminotransferases, into the extracellular space,
from where they ultimately enter into the circulation. We

International Journal of Experimental Pathology, 2016, 97, 133-138



found a moderately close correlation comparing ALT levels
and the volume of necrotic hepatic tissue at 4 h of reperfu-
sion (correlation coefficient 0.44). After 24 h of reperfusion,
we found an even closer correlation between the volume of
necrotic hepatic tissue and the serum ALT (correlation coef-
ficient 0.70). As described in the Results section, ALT
peaked at 4 h even though only minor volumes of necrotic
tissue were observed by histological evaluation. This can be
explained by leakage of ALT through the cell membrane of
the damaged hepatocytes, before clear morphological evi-
dence of cell damage or death can be observed. As the half-
life of circulating ALT is around 47 h (Scheig 1996), serum
levels will decline rapidly once there ceases to be further
cellular damage.

Our main result, that is ALT increases with the extent of
liver cell necrosis, is in accordance with an earlier study on
mice by Fahrner ef al. (2014). They investigated the impact
of the expression level of natural killer cell tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL) on hepatic
I/R injury after 60 min of left-sided liver ischaemia.
Although not the primary focus of the study, this group’s
data show that ALT was significantly higher in mice after
both six and 24 h of reperfusion in animals with a higher
degree of liver cell necrosis, as judged by a semi-quantitative
histological evaluation method.

Hepatocyte necrosis may also result from other causes
than I/R injury, including infections, toxins and manipula-
tion during surgery. A positive correlation between HIV
viral load and ALT has previously been demonstrated
(Mata-Marin et al. 2009). In that study, the authors did not
correlate transaminase levels to histopathology, however,
the results were attributed to apoptosis and necrosis induced
by viral proteins. Zechini et al. (2004) demonstrated a sta-
tistical significant correlation of aminotransferases values
with the histological activity index in patients with chronic
hepatitis. van den Broek et al. (2013) assessed liver damage
in humans after manipulation during surgery and found that
the degree of hepatocellular damage judged by a semi-quan-
titative histological scoring system was correlated to plasma
aminotransferase concentrations. Although the three above-
mentioned studies used indirect or semi-quantitative tech-
niques to correlate hepatic damage with aminotransferase
levels, their findings are in agreement with the present study
in which we applied unbiased evaluation methods.

The type of cell death following I/R injuries of the liver
has been vigorously studied and debated (Gao et al. 1998;
Gujral et al. 2001; Jaeschke & Lemasters 2003). From our
previous experience, we have observed that apoptotic cell
death following I/R injuries of the liver constitutes only a
minor fraction of dying hepatocytes (Knudsen et al. 2013).
However, apoptotic cells leaking ALT can explain some of
the circulating ALT.

Cholangiocytes constitute about 3% of the cells in the
rodent liver (Si-Tayeb efal. 2010); AP is an enzyme,
which in the liver is localized in the biliary tract mucosa
(Poupon 2015). After 24 h, we found AP levels to be
highly correlated (coefficient 0.65) to the degree of hepatic
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necrosis. This finding is consistent with release of AP
from damaged cholangiocytes. On the other hand, we
found no correlation of total bilirubin, which is a break-
down product of haemoglobin, with the degree of hepatic
necrosis, whether this was examined after 4 or after 24 h
of reperfusion.

a-2-macroglobulin is a widely used and well-described
acute phase protein in rats. We found a moderate correla-
tion (coefficient 0.43) between the degree of necrosis and a-
2-macroglobulin levels after 24 h. As I/R injuries initiate a
strong inflammatory response, which results in a major
increase in liver synthesis and release of acute phase pro-
teins, this is probably part of the explanation for our find-
ings (Milland ef al. 1990; McCurry et al. 1993; Gabay &
Kushner 1999). Another source of a-2-macroglobulin could
be a reaction to the laparotomy performed.

Necrosis of hepatocytes may also result from other causes
than I/R injury and manipulation during surgery, for exam-
ple alcohol, hepatitis and other infections, toxins, genetic
defects and autoimmune disorders. Optimal biomarkers of
hepatocellular damage should show strong specificity for
liver, well-documented, strong correlation with histopatho-
logical findings and should be independent of the cause of
injury (Ozer et al. 2010). As discussed, previous histopatho-
logical studies evaluating hepatocellular injury have used
standard pathological techniques combined with semi-quan-
titative scoring systems (Suzuki et al. 1993; Franco-Gou
et al. 2004; Tapuria, et al., 2009). Routine histopathological
examination of a limited arbitrary tissue sample has several
drawbacks. Firstly, it is prone to subjectivity, being highly
dependent on the observer and has no component of unbi-
ased randomization. Secondly, traditional methods of analy-
sis produce at best only semi-quantitative data, making it
more difficult to make statistical comparisons. In addition,
semi-quantitative methods do not allow for the reference
area or volume to be precisely estimated and as a result, run
the risk of a highly biased conclusion. These pitfalls were
avoided in the present study by applying unbiased stereolog-
ical methods. Using design-unbiased stereology, it is possible
to evaluate other subcategories of liver damage in a quanti-
tative manner, for example estimation of the total number
of apoptotic cells, estimation of liver cell regeneration, esti-
mation of microvessel length, estimation of biliary tree
length and several other aspects of liver cell damage. Our
study could have been improved by including more groups
of rats at different time-points, to get an even better esti-
mate of the correlation between the different liver parame-
ters and the volume of liver cell necrosis.

In conclusion, we used unbiased stereological methods for
the first time to demonstrate a strong correlation between
the absolute volume of hepatocellular necrosis and serum
ALT levels after I/R injury.
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