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ABSTRACT

Instant Blood-Mediated Inflammatory Reaction (IBMIR) is a major cause of graft loss during
pancreatic islet transplantation, leading to a low efficiency of this treatment method and
significantly limiting its broader clinical use. Within the procedure, transplanted islets obstruct
intrahepatic portal vein branches and consequently restrict blood supply of downstream lying
liver tissue, resulting typically in ischemic necrosis. The extent of ischemic lesions is influenced
by mechanical obstruction and inflammation, as well as subsequent recanalization and regen-
eration capacity of recipient liver tissue. Monitoring of immediate liver perfusion impairment,
which is directly related to the intensity of post-transplant inflammation and thrombosis
(IBMIR), is essential for improving therapeutic and preventive strategies to improve overall
islet graft survival. In this study, we present a new experimental model enabling direct
quantification of liver perfusion impairment after pancreatic islet transplantation using ligation
of hepatic arteries followed by contrast-enhanced magnetic resonance imaging (MRI). The
ligation of hepatic arteries prevents the contrast agent from circumventing the portal vein
obstruction and enables to discriminate between well-perfused and non-perfused liver tissue.
Here we demonstrate that the extent of liver ischemia reliably reflects the number of
transplanted islets. This model represents a useful tool for in vivo monitoring of biological
effect of IBMIR-alleviating interventions as well as other experiments related to liver ischemia.
This technical paper introduces a novel technique and its first application in experimental
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1. Introduction

After the introduction of the Edmonton protocol in
2000, transplantation of isolated pancreatic islets has
become a clinically applicable alternative to solid
pancreas transplantation for the therapy of type-1
diabetic patients, especially those prone to hypogly-
cemia unawareness syndrome.”” In most cases,
transplantation is performed as an infusion of islet
suspension into the hepatic portal vein, thus allowing
the islets to settle spontaneously in its peripheral
branches. Transplanted islets cause mechanical
obstruction and significantly reduce blood perfusion
of downstream-lying liver tissue. The simple
mechanical obstruction is intensified by the Instant
Blood-Mediated Inflammatory Reaction (IBMIR),
which is characterized by platelet aggregation,

activation of clotting cascade and complement sys-
tem, infiltration of leukocytes into the islets, and
formation of thrombi as a consequence of direct
contact of islet cells with recipient blood. IBMIR
starts within minutes and culminates about 120
min after islet transplantation.>® Focal discolora-
tions, which develop in suboptimally/insufficiently
perfused liver tissue, are clearly visible immediately
after islet transplantation with subsequent progres-
sion into focal necrosis of liver cells in order of
hours. The consequent inflammation and thrombo-
sis lead to a significant loss of transplanted islets
early after infusion. It is estimated that 50-70% of
transplanted islets are subject to destruction, i.e., less
than half of the islets successfully engraft.”” Taken
together, IBMIR contributes significantly to the fact
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that islet grafts isolated from more than one donor
are required to achieve insulin independence of
a diabetic patient in clinical practice.*””

Several intervention strategies improving islet
engraftment by inhibition of coagulation and/or
inflammation have been reported,®'* however,
a technique for quantification of ischemic liver tissue
is still missing despite its critical need for the evalua-
tion of efficiency of the diverse therapeutic interven-
tions. Until now, IBMIR monitoring was based
merely on the measurement of the level of thrombin-
antithrombin complex after pancreatic islet transplan-
tation or in vitro using the blood loop system.* "> To
our best knowledge, only one paper focused on mor-
phological quantification of necrotic liver tissue after
islet transplantation was published.”” The reported
study was performed using a mouse animal model,
a high number of transplanted islets (230 islets/g of
body weight), and subsequent ex vivo examination of
recipient liver using magnetic resonance imaging
(MRI) with 11.7T scanner lasting for 80 min.
Necrosis detected in sacrificed animals is characteris-
tic for the late state of liver damage, but the obtained
data does not enable the quantification of the actually
non-perfused but still vital tissue. Therefore, this
study proved the ability of MRI to examine the late
liver impairment after islet transplantation in princi-
ple; nevertheless, the employed methodology cannot
be used for in vivo monitoring of interventions aimed
at modulating IBMIR.

The main aim of this study was to prepare a novel
de-arterialized liver model for visualization of liver
ischemia after pancreatic islet transplantation, which
would be applicable for in vivo evaluation of effi-
ciency of different experimental approaches focused
on inhibition of IBMIR, and to test the sensitivity of
this novel method using transplantation of islet
grafts of different sizes (increasing number of islets).

2. Results

In our study, we have introduced a modification of
the reported model to a more sensitive variant,
which enables the comparison of different interven-
tion approaches in vivo (heparinization and other
coating of islets, islet preconditioning by RNA inter-
ference, preculturing of islets with different sub-
stances or cells, etc.). In order to improve the
discrimination threshold between hypo-perfused

and control liver tissue, we injected a contrast
agent into the lateral tail vein of islet recipients at
the start of the MRI examination 2 h after trans-
plantation, i.e., at the time of presumed IBMIR
culmination. The contrast agent increases the differ-
ence in signal intensity of perfused and non-
perfused liver tissue, thus increasing the sensitivity
of MRI. In addition, we have ligated hepatic arteries
prior to islet transplantation. Without this interven-
tion, hepatic arteries provide a way for the contrast
agent to bypass the obstruction in portal vein blood
flow. Previously, it was repeatedly reported that in
case of liver transplantation in rodents, arterial
reconstruction is better but not necessary for a long-
term graft function and animal survival.'®'” In con-
trary to the study described above, we have used
a significantly lower number of islets (0, 4, —4 islets
per gram), and a less powerful MRI scanner (4.7T vs
11.77).

2.1. Macroscopic visualization of intraportal
thrombosis

Immediately after pancreatic islet transplantation
into the rat liver, ischemic areas appear which are
clearly visible in a macroscopic view (Figure 1).
Inside the liver, a large thrombus can be found filling
the branches of the portal vein tree (Figure 2). Two
days after transplantation, non-perfused liver areas

4

Figure 1. Ischemic areas in rat liver 2 h after transplantation
of 1000 syngeneic pancreatic islets without ligation of hepa-
tic arteries. Dark brown/violet areas represent the non-
perfused liver tissue.
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Figure 2. Large thrombus filling the branches of portal vein inside of an ischemic rat liver 2 h after transplantation of 1000 syngeneic

pancreatic islets.

turn into necrotic lesions. In 28 d, lesions are com-
pletely healed (data not shown).

2.2. Intravital staining with patent blue dye

Two hours after transplantation of 100, 500 and 1000
pancreatic islet with ligation of hepatic arteries, the
areas of non-perfused liver tissue were demonstra-
tively visualized by injection of patent blue intravital

contrast dye (Figure 3A-C). In case of 100 islets
transplantation, ischemia was macroscopically
almost indeterminable, whereas transplantation of
500 and 1000 islets led to a formation of extensive
ischemic areas. Transplantation of islets without
ligation of hepatic arteries caused the obstruction
of several portal vein branches detectable only as
temporarily delayed distribution of blue dye into
these areas. Within 2 min, the hepatic arterial

Figure 3. Non-perfused areas of liver tissue 2 h after transplantation of 100 (A), 500 (B) and 1000 (C) syngeneic pancreatic islets with
ligation and excised liver after transplantation of 1000 syngeneic pancreatic islets without ligation of hepatic arteries (D) 2 min after
application of patent blue intravital contrast dye. Without ligation, the contrast dye perfuses quickly into the temporally ischemic

areas through the arterial circulation.
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bloodstream bypassed the obstruction and spread
out the contrast dye over the whole liver volume
(Figure 3D).

2.3. Magnetic resonance imaging and
quantification of ischemic tissue volume

The mean total volume of recipient liver measured
using MRI in combination with a specific contrast
agent was 9.50 + 1.04 ml. The volume of ischemic
tissue varied from 0.55 + 0.01 ml in Group A, to
2.09 £ 0.11 ml in Group B, and 2.88 + 0.01 ml in
Group C, yielding in the proportion of ischemic
tissue raising from 6.3% to 20.7%, and 28.1%,
respectively, of the total liver volume (Figure 4).

2.4. Serum examination

Figure 5 shows that ligation of hepatic arteries
does not have any detrimental effect on rat liver
cells. A temporary increase of liver enzymes activ-
ity in blood indicating the impairment of hepato-
cytes was detected early after islet transplantation
(day +2) and was normalized until day 7 after
surgery. The evaluated biochemical parameters
remained in physiological range until the end of
study.'®

3. Discussion

During the last two decades, extensive research was
conducted focusing on the improvement of pancrea-
tic islets engraftment in order to increase the effi-
ciency of pancreatic islet transplantation as
a therapeutic method. A large number of studies
focused on alleviating IBMIR was published®'%
however, no method allowing the direct assessment
of individual intervention efficiency in vivo has been
available so far. Indirect laboratory parameters were
reported indicating but not quantifying liver impair-
ment caused by islet transplantation such as tempor-
ary increase of liver enzymes activity or presence of
coagulation markers in blood.* """ Several papers
also describe the decrease of islet number detected by
MRI or positron-emission tomography during early
posttransplant period,”>'>** but the possibility of
measuring the liver damage directly was missing.
The only work reporting the range of posttransplant
ischemic necrosis was focused on the late, fully
matured consequences of portal vein micro-
thrombosis but not on the acute post-transplant dis-
turbances of blood flow.'” These conditions are not
commutable as the ultimate extent of the liver necro-
sis is, in addition to interruption of blood supply,
influenced also by other factors including the timing
of examination, the activity of plasminogen system,
the individual resistance to ischemia, etc. The direct
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Figure 4. Calibration curve establishing a direct correlation between the number of transplanted islets and volume of ischemic liver
tissue 2 h after transplantation of 100 (Group A), 500 (Group B) and 1000 (Group C) pancreatic islet into the portal vein of healthy
rats (n = 6 in each group) with hepatic arteries ligated prior to transplantation. Graph shows the mean values (+ standard deviation).
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Figure 5. Changes in standard biochemical parameters of rats during the experiment. Serum was collected from rat tail vein 7 d prior the
surgery, 4 h after the surgery, and then 2, 7, and 28 d after the surgery. Group A, B, and C — transplantation of 100, 500, and 1000 isolated
pancreatic islets, respectively, with ligation of hepatic arteries; Group D — only ligation of hepatic arteries without islet transplantation. For
all groups n = 6; graph shows the mean values (+ standard deviation). ALP - alkaline phosphatase, GGT - gamma-glutamyltransferase,
AST - aspartate transaminase, ALT — alanine transaminase, TBIL - total bilirubin, TP - total protein.

quantification of blood circulation defect can accu-
rately reflect the extent and magnitude of portal vein
micro-thrombosis and so the level of IBMIR early
after islet transplantation.

In our study, we have combined the injection of
MRI contrast agent into the tail vein with the ligation
of hepatic arteries in order to prevent double

perfusion of liver tissue from portal vein and hepatic
arteries. First, we have tested the visualization of liver
perfusion impairment using intravital dye patent blue
or using MRI in combination with contrast agent.
Due to double perfusion of liver through portal vein
and hepatic arteries, the contrast agent is able to
penetrate the ischemic liver tissue in a short time.
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Some delay of hypo-perfused regions was visible (up
to 2 min), but not detectable using MRI due to
standard time needed for technical preparation of
animal inside the scanner. Therefore, we proceeded
to the ligation of hepatic arteries, making the portal
vein the only blood supply for liver. Our results
demonstrate that de-arterialized liver can survive
with good function and without any side effects for
at least 30 d. The biochemical values returned to the
physiological range within 1 week after surgery.
Animals healed the operating wound normally and
increased the body weight in time in the same man-
ner as healthy animals. This is consistent with pub-
lished data reporting a good long-term function even
in case of transplanted liver without arterial anasto-
mosis in rat.'®"” Using the interruption of the hepatic
arterial blood flow, we prevented the intravenously
injected contrast agent from penetrating the tissue
behind the islets previously settled in peripheral
branches of portal vein, thus enabling to “preserve”
the areas of ischemic liver tissue for the subsequent
imaging.

The ligation of hepatic arteries was followed by
intraportal transplantation of pancreatic islets imme-
diately and injection of patent blue dye 2 h later.
Transplanted islets settle randomly in terminal
branches of different liver lobes and patent blue
clearly indicates the non-perfused regions, however,
the quantification of ischemic tissue in vivo is impos-
sible as it varies significantly inside the liver mass.

The MRI is considered as a safe, non-invasive
method, which minimally burdens the patient and
can be used repeatedly. Using proper coils and
sequences in combination with gadolinium-based
contrast agents, MRI can discriminate small lesions
and enable even visualization of individual islets trans-
planted into liver of mice and rats and their localiza-
tion in 3D reconstruction of whole animal.'*® The
gadolinium-based contrast increases the signal inten-
sity of tissue and enhances the sensitivity of the
scanner to distinguish among enhanced (perfused),
non-enhanced (= non-perfused), and tissues influ-
enced with negative (iron-based) contrast agen‘[s.27
Therefore, we concluded that this method should be
sensitive enough for visualization of focal disturbances
in liver perfusion.

In order to have fully developed thrombi at the
time of measurement, the MRI procedure was
started 2 h after islet transplantation (culmination

of IBMIR). Using MRI sequences described above,
the abdominal cavity was scanned and individual
abdominal organs were visualized. Immediately
after intravenous injection of contrast agent, regions
with an enhanced signal are clearly distinguishable
from those, which signal intensity remained on
basic, non-enhanced level. It is possible to outline
non-perfused liver regions and after multiplying by
layer thickness to quantify the total liver volume as
well as the volume of non-perfused tissue. Two days
later, the ischemic necrosis is macroscopically visible
in the same location where it was detected by MRI
before. Using this experimental protocol, it is possi-
ble to detect the liver perfusion impairment imme-
diately after transplantation of pancreatic islets into
the portal vein in vivo.

The other set of experiments was focused on the
sensitivity of this novel technique. The ultimate
goal is the evaluation of therapeutic inhibition of
IBMIR by various methods. To estimate the extent
of ischemic liver tissue related to different levels of
IBMIR intensity, we decided simply to transplant
an increasing number of islets. Using the same
experimental design, three groups of animal reci-
pients were prepared and transplanted by 100, 500
and 1000 islets. The larger extent of non-perfused
liver was expected and confirmed for a higher
number of transplanted islets. The identical pro-
cessing of data obtained from MR scanner was
applied and the final extent of non-perfused tissue
was recalculated to total liver volume. There was
a significant difference in the extent of non-
perfused liver tissue after transplantation of 100,
500 and 1000 pancreatic islets into the portal vein.
In addition to that, the extent of non-perfused
tissue correlates with a number of transplanted
islets precisely (with small standard deviation
between individual animals).

The study has several limitations, the first of all
being its non-translatability into the clinical practice.
Because of the ligation of hepatic arteries, it is impos-
sible to use this model in humans. However, the
main purpose of this study is an introduction of an
experimental model, which allows comparing the
efficiency of different experimental approaches
focused on alleviation of IBMIR, which contribution
to islet death after transplantation is indisputable
and present in human as well as animal models.
Thus, the transfer of this model into clinical practice



is not suitable nor requested as its main purpose is
the evaluation of the therapeutic approach in gen-
eral, but not the monitoring of each patient. The
interruption of hepatic arteries prevents the method
from the use even in large animals. Nevertheless, we
believe that outcomes obtained using rodent models
can considerably contribute to the improvement of
islet pretreatment protocols and their establishment
in routine clinical practice without the necessity of
clinical trials based on this method. Although the
microenvironment is very different in the case of
rodent and human islet transplantation, the extent
of liver ischemia serves in this case only as an
“instrument” for demonstration/visualization of
IBMIR intensity and its possible alleviation through
the experimental interventions. Therefore, although
this model cannot be directly transferred to clinical
practice, it represents the only model for the evalua-
tion of the effects of IBMIR-alleviating therapeutic
interventions on liver perfusion in vivo and imme-
diately after pancreatic islet transplantation.

Summarizing the presented results, we conclude
that this model provides a unique and helpful
technique for evaluation of the effect of different
experimental interventions aimed at the inhibition
of IBMIR in vivo. The main contribution of this
study is the introduction of a visualization techni-
que allowing the identification of liver ischemia
extent in living animals without any detrimental
effects on their health conditions.

4. Materials and methods
4.1. Study design

Isolated pancreatic islets in three different doses — 100
(Group A), 500 (Group B), and 1000 (Group C) -
were transplanted into the portal vein of healthy rats
(n = 6 in each group) with hepatic arteries ligated
prior to transplantation. In Group D, only the ligation
of hepatic arteries was performed. Two hours after
islet transplantation (Group A, B and C), contrast-
enhanced MRI of rat liver was performed and the
volume of non-perfused liver tissue was quantified.
Alternatively, for macroscopic evaluation, the distri-
bution of intravital contrast dye patent blue (animals
not included in experimental groups) was examined 2
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h after islet transplantation. In order to confirm the
safety of hepatic ligation, tail vein blood was collected
for subsequent analysis 7 d prior the surgery, 4 h after
the surgery, and then 2, 7 and 28 d after the surgery
(all groups).

4.2. Animals

Male Brown Norway rats weighting 250-300
g (Velaz, Czech Republic) were used as both islet
donors and recipients. All protocols related to this
study were approved by the Animal Care Committee
of the Institute for Clinical and Experimental
Medicine and the Ministry of Health of Czech
Republic. Experimental animals were maintained
according to the European Convention on Animal
Care in a controlled temperature, humidity, and 12/
12 light/dark regimen with free access to food pellets
and water. All surgical procedures were performed
under total anesthesia induced by intramuscularly
injected mixture of ketamine (Narketan, Vétoquinol
S.A.,, France; 1,5 mg/100 g), dexmedetomidine
(Dexdomitor, Orion Pharma, Czech Republic
0,005 mg/100 g) and butorphanol (Torbugesic Vet,
Zoetis, Spain; 0,05 mg/100 g).

4.3. Pancreatic islet isolation

Pancreatic islets were isolated using collagenase diges-
tion followed by Ficoll discontinuous density gradient
separation as previously described.”® Briefly, pan-
creata of deeply anesthetized rats were filled through
the bile duct with 15 ml of collagenase solution
(Sigma-Aldrich, cat. # C9407; 1 mg/ml in HBSS,
Hank s balanced salt solution, Sigma-Aldrich, cat. #
H8264). Excised pancreata were incubated for 10-15
min at 37°C with gentle shaking. Digested tissue was
sieved through a 500 pum stainless steel mesh and islets
were separated from exocrine tissue using Ficoll 400
discontinuous density gradient (Sigma-Aldrich, cat. #
F9378; 1.108 g/ml, 1.096 g/ml, 1.069 g/ml, 1.037 g/
ml). Purified islets were cultured overnight in CMRL-
1066 (Biotech, cat. # P04-84600) based medium sup-
plemented with 10% fetal bovine serum, 5% HEPES
(both Sigma-Aldrich, cat. # F9665 and H0887, respec-
tively) and 1% Penicillin/Streptomycin/L-Glutamine
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(Thermo Fisher Scientific, cat. # 10378-016), at 37°C
in 5% CO, atmosphere, and manually counted using
dissection microscope prior to transplantation.

4.4. Liver ischemia model preparation

In order to increase the difference in MRI signal
intensity of perfused and non-perfused liver tissue,
the parallel arterial blood perfusion of the recipient
liver was interrupted. Hepatic arteries (arteria

hepatica propria and arteria hepatoesophagica) of
Brown Norway rats were ligated (Figures 6 and 7)
using Mersilk 7-0 non-absorbable material
(Ethicon, cat. # WB817) just before islet
transplantation.

4.5. Pancreatic islet transplantation

After overnight cultivation, pancreatic islets (100,
500 or 1000) were transplanted into the portal vein

Figure 6. Preparation of arteria hepatica propria (A) and its ligation (B) in a detail (C). 1 — a. hepatica propria, 2 - duodenum, 3 -
ductus choledochus, 4 — liver, 5 — v. cava caudalis, 6 — v. portae, 7 — v. pylorica.
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Figure 7. Preparation of arteria hepatoesophagica (A) and its ligation (B) in a detail (C). 1 — a. hepatoesophagica, 2 - liver, 3 -
duodenum, 4 - v. cava caudalis, 5 - right kidney, 6 — cecum, 7 — stomach, 8 — ductus choledochus, 9 - v. portae, 10 — pancreas.

using standard technique.”® Briefly, the midline
laparotomy was performed in deeply anesthetized
animal. Then, the large intestine was spread out off
the abdominal cavity on a wet gauze in order to
visualize the ileocecal vein. Islets were collected
into the 27G butterfly catheter and injected into
the ileocecal vein in total volume of 300 pl of
saline. Bleeding was stopped by Avitene® flour
(Bard Inc., cat. # 1010020) and mechanic press
on the puncture. The abdominal cavity was then

sutured in two layers using Vicryl 5-0 absorbable
material (Ethicon, cat. # W9501).

4.6. Macroscopic visualization of intraportal
thrombosis

One thousand of syngeneic pancreatic islets were
transplanted into the portal vein of a healthy ani-
mal as described above, without ligation of hepatic
arteries. Two hours after transplantation, the liver
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Figure 8. lllustrative picture of original magnetic resonance images of a rat abdominal cavity (A) with outlined liver (B) and ischemic
areas within the liver tissue (C) after transplantation of 1000 syngeneic pancreatic islets using the MRI contrast agent to enhance the
difference in the signal intensity of well-perfused and non-perfused liver tissue.

was excised, gently washed with saline and the
portal vein tree was dissected and photographed.
In another animal, the liver was examined macro-
scopically 2 and 28 d after transplantation.

4.7. Intravital staining with patent blue dye

For macroscopic evaluation of liver ischemia, 100 pl
of intravital contrast patent blue dye (Bleu Patenté
V, Sodique Guerbet 2,5%, France) was equally
diluted in saline and injected into the portal vein
2 h after transplantation of 500 or 1000 pancreatic
islet with or without ligation of hepatic arteries and
a macroscopic picture was taken.

4.8. Magnetic resonance imaging

MRI was carried out on a 4.7 T Bruker BioSpec
scanner (Bruker, Germany) using a resonator coil
with a diameter of 7 cm (Bruker, Germany). For
anatomical localization of liver tissue, T,*-weighted
MR images were acquired by a gradient echo
sequence with the following parameters: repetition
time (TR) = 111 ms, echo time (TE) = 3.7 ms, spatial
resolution 0.254 x 0.254 x 1 mm” and scan time of 4
min. For imaging of ischemic lesions, MRI contrast
agent MultiHance® (gadobenate dimeglumine,
Bracco, cat. # 0270-5164; 0,1 mmol/kg) was adminis-
tered into the rat tail vein through a catheter. Then, T,
-weighted MR images of liver were acquired by
a gradient echo sequence: TR = 94.5 ms, TE = 3.7
ms, spatial resolution 0.23 x 0.23 x 1 mm”, number of
acquisition (NA) = 16 and scan time of 6 min. Liver
was usually covered by two stacks consisting of 11
slices.

4.9. Quantification of ischemic tissue volume

The volume of non-perfused liver tissue 2 h after
transplantation was quantified based on magnetic
resonance images using digital image analysis with
Image] software (freely available at https://imagej.
net/Welcome). Demonstration of the procedure is
shown in Figure 8. Three trained experts evaluated
pictures independently with the final result com-
bining all three individual assessments.

4.10. Serum examination

To prove that ligation of hepatic arteries does not
have any detrimental effect on animal health, rat
blood was collected from the tail vein 7 d prior to,
at day of (4 h after), and then 2, 7 and 28 d after the
surgery in experimental groups A, B, C and D. The
serum was prepared and examined for following
biochemical parameters: alkaline phosphatase
(ALP), gamma-glutamyltransferase (GGT), aspar-
tate transaminase (AST) and alanine transaminase
(ALT), total bilirubin (TBIL), and total protein (TP)
level, using DRI-CHEM NX500i automated clinical
chemistry analyzer (Fujifilm, Japan).
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