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Matricellular proteins of the extracellular matrix (ECM) include tenascin-C (TNC) and cellular communication
network factor 3 (CCN3). This study aimed to investigate the role of TNC and CCN3 as prognostic factors for
post hepatectomy liver failure (PHLF) in a rat model of partial hepatectomy and 50 patients following partial
hepatectomy.

Sprague-Dawley rats underwent 85% (n=53) or 90% hepatectomy (n=53) in the partial hepatectomy (PHx)
model. TNC and CCN3 mRNA expression in residual liver tissue was evaluated using quantitative reverse tran-
scription-polymerase chain reaction (GRT-PCR), and enzyme-linked immunoassay (ELISA) determined the se-
rum levels of TNC and CCN3. In 50 patients who underwent partial hepatectomy, TNC and CCN3 serum levels
were measured on postoperative day 1 and day 3.

In the rat partial hepatectomy model, mRNA and serum levels of TNC and CCN3 were significantly increased
within the first 24 h, and were higher in the 90% PHx group compared with the 85% PHx group. Fifty patients
who underwent partial hepatectomy, included patients with PHLF (n=12) and patients without PHLF (n=38).
Multivariate analysis confirmed that serum levels on postoperative day 3 TNCe"+CCN3"" was a significant pre-
dictor of PHLF, which was associated with more than twice the risk of severe morbidity when compared with
the low-risk patients (80% vs. 30%) and a significantly longer hospital stay (17 days vs. 8 days).

Further studies are needed to evaluate the potential role of the matricellular proteins, TNC and CCN3 as early
clinical predictors for PHLF.
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Background

Postoperative morbidity and mortality are significant concerns
after liver resection, even though surgical techniques and peri-
operative patient care have recently undergone improvements.
Post hepatectomy liver failure (PHLF) is a common cause of mor-
tality following hepatectomy and remains clinically challeng-
ing [1-3]. In 2011, the multicenter International Study Group
for Liver Surgery (ISGLS) developed clinical guidelines for strati-
fication of the severity of PHLF that were intended to be widely
applicable [4]. Prediction and prevention of PHLF can be im-
proved by the use of standardized preoperative assessments of
liver function and liver fibrosis [5]. However, patients who have
a preoperative assessment that indicates low risk, still develop
PHLF. Therefore, the assessment parameters used during the
early period following hepatectomy may need to be refined.

Matricellular proteins of the extracellular matrix (ECM) are ex-
tracellular proteins that are not directly involved in the process
of forming structural elements but can modulate cell-matrix
interactions and cell functions [6]. Matricellular proteins have
high expression levels during embryonic development and in re-
sponse to injury, and induce loss of cell adhesion, which differs
from the adhesion-promoting effect of most ECM proteins [7].
We have previously reported the findings from mRNA expression
profile microarray studies in rats, which has shown increased
expression of matricellular proteins, including thrombospon-
din 1 (TSP-1), serpin family E member 1 (Serpinel), tenascin-C
(TNC), cellular communication network factor 3 (CCN3), and
cellular communication network factor 2 (CCN2), in liver fail-
ure after hepatectomy (data not shown).

In 2012, Hayashi et al. showed that TSP-1 was a critical neg-
ative regulator in a murine model of liver regeneration, which
exerted its effects by a transforming growth factor-p1 (TGF-B1)-
dependent mechanism [8]. Starlinger et al. reported that serum
levels of TSP-1 might be a helpful clinical marker in predicting
postoperative liver dysfunction, even as early as the first post-
operative day [9]. Plasminogen activator inhibitor type 1 (PAI-1)
inhibits the plasminogen activators urokinase (uPA) and tissue
plasminogen activator (tPA) and plasmin to reduce fibrinoly-
sis in hemostasis [10]. Also, PAI-1 and uPA have been shown
to participate in the regulation of hepatocyte proliferation af-
ter partial hepatectomy [11,12]. Chang et al. [13] showed that
the chemokine (C-C motif) ligand 2 (CCL2) regulated the acti-
vation of hepatocytes during the regeneration of liver tissue
following liver resection, and CCL2 expression increased by up-
regulation of the connective tissue growth factor (CTGF) gene.

The expression of TNC in adult tissues is normally suppressed,
and TNC is only transiently increased following tissue in-
jury [14,15]. TNC mediate the inflammatory and fibrotic re-
sponses required for effective tissue repair [16]. For example,
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TNC is expressed in conditions that include heart disease and
has been shown to participate in ventricular remodeling by
releasing cardiomyocytes from adherence to the ECM [17].
CCN3 has several effects in tissue repair and disease pro-
cesses, including cell proliferation, adhesion, migration, dif-
ferentiation, and survival [18-21]. As an integrin receptor li-
gand, CCN3 may have a role in cutaneous wound healing, as
shown by the adhesion of skin fibroblasts and the induction of
fibroblast chemotaxis [19]. Previous studies have also shown
that CCN3 can inhibit the proliferation of pancreatic islet beta
cells and vascular smooth muscle cells [22,23]. However, the
relationship between TNC, CCN3, and PHLF remains unknown.

Therefore, this study aimed to investigate the role of TNC and
CCN3 as prognostic factors for post hepatectomy liver failure
(PHLF) in a rat model of partial hepatectomy. The study also
aimed to evaluate the predictive validity of the combination
of the two parameters, TNC and CCN3, in 50 patients follow-
ing partial hepatectomy.

Material and Methods

Animal model of partial hepatectomy

Male Sprague-Dawley rats (6—-8 weeks old) were maintained
in temperature-controlled cages with standard laboratory
chow and water and a 12-hourly light and dark cycle. The rats
were separated into three groups that included a sham oper-
ation group (n=7), an 85% partial hepatectomy (PHx) group
(n=53), and a 90% PHx group (n=53). In the 85% PHx model,
the right superior lobe and paracaval liver were retained, and
the median, left lateral, caudate, and right inferior lobes were
resected. In the 90% PHx model, only the caudate lobes and
paracaval liver were retained.

The surgical procedures involved in preparing the rat model
were as follows. The rats fasted for 12 h before anesthesia
with a continuous 1.5 vol% isoflurane/oxygen inhalation with
the surgical procedures performed using the techniques de-
scribed by Madrahimov et al. [24]. After opening the abdomen
in the midline, the liver lobes were exposed and freed from the
surrounding ligaments. Glisson’s sheath that formed the cap-
sule of each hepatic lobe was ligated with 6-0 silk at the po-
sition of the hepatic parenchyma near the pedicle, and each
lobe was ligated with 4-0 silk by penetrating the liver paren-
chyma near the inferior vena cava. The right superior or me-
dian lobe was ligated in two parts. Then, the ligated lobes were
removed with scissors. The abdominal cavity was washed with
warm saline and then closed in a simple continuous manner.
In the rats in the sham group, the abdomen was kept open for
30 minutes and then closed. After recovery from anesthesia,
a 10% glucose solution was provided to all rats.
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All experimental animal procedures were performed accord-
ing to the Animal Care and Use Training Resources from the
National Institutes of Health (NIH) and the Laboratory Animal
Ethics Committee of the Chinese PLA General Hospital, who
approved this study (Reg. No. 2017-X13-65).

Experimental design

Survival was assessed in the rats in the three study groups.
In the 85% PHx group and 90% PHx group, seven rats were
assigned to each time point at 6 h, 12 h, and 24 h after sur-
gery. A further seven rats were included in the sham group.
Immediately after the rats were euthanized by exsanguination,
blood was collected from the rats via the vena cava, and the
serum was stored at -80°C. Samples of liver tissue were fro-
zen with liquid nitrogen, and other liver samples were fixed
with 10% buffered formalin and then embedded in paraffin
wax and sectioned for light microscopy.

Real-time quantitative polymerase chain reaction
(qQRT-PCR)

The RNA simple Total RNA Kit (DP419) (Tiangen, Beijing,
China) was used to isolate the total RNA from the liver sam-
ples. A RevertAid First Strand cDNA Synthesis Kit (K1622)
(Thermofisher Scientific, Waltham, MA, USA) was used to re-
verse transcribe 4 pg of total RNA into cDNA following the
manufacturer’s instructions. TB Green Premix ExTagll reagent
(RR820A) (Takara, Dalian, China) was used to perform the quan-
titative reverse transcription-polymerase chain reaction (qRT-
PCR) cycles on an ABI StepOne Plus Real-Time PCR Detection
system (Applied Biosystems, Foster City, CA, USA). The online
site of the National Center for Biotechnology Information (NCBI)
(http://www.ncbinlm.nih.gov) was used to search for specific
rat gene sequences, and the corresponding primers were de-
signed using Primer 3 and the NCBI Basic Local Alignment
Search Tool (BLAST) (https://blast.ncbinlm.nih.gov/Blast.cgi).
HPRT was used as the housekeeping gene. The following primer
sequences were used in the real-time PCR analysis:

TNC forward: 5’-GACTGCTCAGGTGGAGAGTTT-3’;

TNC reverse: 5’-ATGGCCAAGGCTTCTGAGTC-3’;

CCN3 forward: 5’-GGAAGTGCATTCGTTGAGGC-3’;

CCNS3 reverse: 5’-AAGCAAGTCACCCCTAAGCC-3;

HPRT forward: 5-GCTGAAGATTTGGAAAAGGTG-3’;

HPRT reverse: 5’-AATCCAGCAGGTCAGCAAAG-3'.

The primers were also evaluated by the amplification curve
and melting curve obtained using an ABI StepOne Plus Real-
Time PCR Detection System (Applied Biosystems, Foster City,
CA, USA). In each sample, the expression of the target gene
was defined by normalizing the ACT (CT,  —CT,..,) of the
sample against the average ACT of the tissues from the sham

group [25].
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Immunohistochemistry

Formalin-fixed paraffin-embedded liver tissue sections were
used to detect the expression of Ki67 in one liver tissue sec-
tion from each rat using immunohistochemical staining with
5 pug/ml of murine anti-human Ki67 antibody (Cat. No. 550609)
(BD Pharmingen, San Diego, CA, USA). Immunostaining was
visualized with 3,3 diaminobenzidine (DAB), and the sections
were then counterstained with hematoxylin. The Ki67-positive
hepatocytes were manually counted in ten random visual fields
to determine the Ki67 proliferation index.

Enzyme-linked immunosorbent assay (ELISA)

Serum levels of tenascin-C (TNC) and cellular communication
network factor 3 (CCN3) were measured by commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits with
antibodies to TNC (Cat. No. 27767) (IBL, Fujioka, Japan) and
CCN3 (Cat. No. ab205570) (Abcam, Cambridge, MA, USA) ac-
cording to the kit instructions. Briefly, a standard or sample
was added to the appropriate wells of an antibody-coated mi-
croplate. After incubation with the primary antibody at room
temperature, the wells were washed, and the secondary anti-
bodies were added and incubated at room temperature. Each
well was washed, and 3,3’,5,5'-tetramethylbenzidine (TMB) sub-
strate was added to each well, which was incubated at room
temperature in the dark. Finally, the samples were washed,
and the reaction stopped and the results were measured at
450 nm using a microplate reader.

Clinical data from 50 patients who underwent partial
hepatectomy

This study also included a prospective observational study of
50 patients who were scheduled to undergo partial hepatec-
tomy for benign or malignant hepatobiliary diseases between
April 2017 and February 2018 at the Chinese PLA General
Hospital. All patients underwent a careful preoperative as-
sessment. Study approval was obtained from the institutional
Ethics Committee. All included study subjects provided writ-
ten informed consent.

Partial hepatectomy was performed clinically using selective
hepatic blood flow blockade, methylene blue staining, intra-
operative ultrasound localization, and indocyanine green
(ICG) fluorescence imaging, for accurate liver segment resec-
tion. The degree of liver resection was graded as minor (<3
segments) or major (>3 segments), according to the Brisbane
2000 nomenclature from the International Hepato-Pancreato-
Biliary Association (IHPBA) [26]. Liver failure was defined as re-
duced coagulation function and concomitant hyperbilirubine-
mia on or after postoperative day 5, as recommended by the
International Group of Hepatic Surgery Research (ISGLS) [4].
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The patients were followed for 90 days continuously after the
surgery, and postoperative morbidity was prospectively re-
corded and graded as |-V, based on the postoperative inter-
vention procedures described in the Clavien-Dindo classifica-
tion of surgical complications [27]. If multiple complications
were found in one patient, the most serious complication was
included in the analysis.

Analysis of blood and serum from 50 patients who
underwent partial hepatectomy

Blood was collected before surgery and on the first and third
days after the surgery. Serum levels of TNC and CCN3 were mea-
sured with ELISA kits with antibodies to TNC (Cat. No. 27767)
(IBL, Fujioka, Japan) and CCN3 (Cat. No. ab193710) (Abcam,
Cambridge, MA, USA) strictly in accordance with the manufac-
turer’s instructions. Liver function tests were performed for
serum levels of alanine aminotransferase (ALT), total bilirubin
(TB), aspartate aminotransferase (AST), albumin (ALB), plate-
let count (PLT), the prothrombin time (PT), y-glutamyl trans-
peptidase (y-GT), and alkaline phosphatase (ALP), using rou-
tine clinical laboratory methods.

Statistical analysis

Data were analyzed using SPSS version 22 software (IBM, Chicago,
IL, USA). Numerical data were presented at the mean+standard
deviation (SD), or the median and range. Student’s t-test was
used for the parametric tests and Wilcoxon’s rank-sum test for
the nonparametric tests. The chi-squared (x?) test was used to
analyze the nominal data. Survival analysis was performed with
the log-rank test, which generated Kaplan-Meier curves. The re-
ceiver operating characteristic (ROC) curve was analyzed to as-
sess the specificity and sensitivity of the serum levels of TNC
and CCN3 in predicting PHLF. Multivariate analysis included all
parameters with p<0.100 in the univariate analyses. This study
applied binary logistic regression analysis. Line charts were used
to describe the trends in the molecular changes. Outliers and ex-
treme values were not included in the box plot illustrations for
a better resolution of the interquartile ranges.A p-value <0.05
was considered to be statistically significant.

Results

The rat model of partial hepatectomy and survival
following surgery

All rats in the 85% post hepatectomy (PHx) group (n=53) sur-
vived 72 h after hepatectomy. However, in the 90% PHx group
(n=53), only 18 (34%) rats survived 72 h after hepatectomy,
and 36 h was the median time to death (Figure 1A). The mean
serum total bilirubin (TB) level in the 90% PHXx group 12 h and
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24 h following the surgery was significantly higher than that in
the 85% PHx group (12 h: 6.1+1.7 umol/L vs. 22.7+8.5 pmol/L;
p<0.001) (24 h: 4.5+2.1 umol/L vs. 20.2+11.6 pmol/L; p<0.001)
(Figure 1B). In the residual liver tissues in the 85% PHx group,
the percentage of Ki67-positive cells (proliferation index) was
significantly higher than that in the 90% PHx group 24 h af-
ter hepatectomy (12 h: 0.05+0.04% vs. 0.04+0.04%; p=0.979)
(24 h: 0.31+0.05% vs. 0.19+0.12%; p=0.003) (Figure 1C, 1D).
Therefore, the 85% resection model was used as the extreme
hepatic resection model, and the 90% resection model was
used as the post hepatectomy liver failure (PHLF) model.

Expression of hepatic tenascin-C (TNC) and cellular
communication network factor 3 (CCN3) mRNA

Quantitative reverse transcription-polymerase chain reac-
tion (gRT-PCR) was used to study the expression of hepatic
tenascin-C (TNC) and cellular communication network fac-
tor 3 (CCN3) mRNA in liver tissue. In the 85% PHx group,
TNC mRNA expression showed minor changes within 24 h af-
ter partial hepatectomy. In the 90% PHx group, TNC mRNA
expression gradually increased during 6 h, 12 h, and 24 h
(6 h: 50.4+39.9 vs. 115.1+84.4; p=0.011) (12 h: 36.2+31.5
vs. 284.9+134.6; p<0.001) (24 h: 62.1+13.6 vs. 523.9+359.5;
p=0.002) (Figure 2A). In the 90% PHx group, the mRNA level of
hepatic TNC was 8.4 times greater than that in the 85% PHx
group 24 h after hepatectomy. In the 85% PHx group, CCN3
mRNA expression peaked at 6 h after PHx, which was seven
times the initial value found in the sham group and then de-
creased at 12 h. In the 90% PHx group, CCN3 mRNA expres-
sion increased by up to 18 times the initial value 6 h after par-
tial hepatectomy surgery and was maintained until 12 h after
partial hepatectomy. In the 90% PHx group, the mRNA level
of hepatic CCN3 was 9.2 and 6 times greater than that in the
85% PHx group at 12 h and 24 h, respectively (6 h: 8.5+3.3
vs. 21.049.5; p<0.001) (12 h: 2.3+0.2 vs. 21.0+11.5; p<0.001)
(24 h: 2.2+1.5 vs. 13.0£7.0; p<0.001) (Figure 2B).

Expression levels of serum TNC and CCN3 protein

An increase in serum TNC was found immediately after par-
tial hepatectomy in both the 85% and 90% PHx groups, and
in the 90% PHx group, this increase was maintained. However,
in the 85% PHx group, the serum TNC level was significantly
reduced 12 h after the surgery (6 h: 3579.5+453.3 ng/mL vs.
3503.4+1036.4 ng/mL; p=0.803) (12 h: 1361.5+461.8 ng/mL
vs. 2680.2+612.3 ng/mL; p<0.001) (24 h: 1593.0+817.6 ng/mL
vs. 2186.6+730.0 ng/mL; p=0.062) (Figure 3A). Also, the se-
rum level of CCN3 in the 90% PHx group was significantly
higher than that in the 85% PHx group at 6 h and 12 h af-
ter PHx (6 h: 9.0+1.2 ng/mL vs. 24.3+6.6 ng/mL; p<0.001)
(12 h: 8.4+3.1 ng/mL vs. 20.6+8.3 ng/mL; p=0.004) (24 h:
5.8+2.4 ng/mL vs. 8.4+3.2 ng/mL; p=0.139) (Figure 3B).
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Figure 1. Comparison of the survival rates, serum total bilirubin (TB) level, and proliferative capacity of the residual liver in the 85%
partial hepatectomy (PHx) rat group and the 90% PHx rat group. The results of the survival analysis from the 85% partial
hepatectomy (PHx) group (broken line) and the 90% PHx group (solid line) (p<0.01) are shown in (A). Perioperative serum
total bilirubin (TB) level (B) and proliferative index (C) at various time points in the two groups are shown. Representative
images of Ki67 immunohistochemistry in the residual liver in the 85% partial hepatectomy group and the 90% partial
hepatectomy group, 24 h after hepatectomy, are shown in (D). ** p<0.01.
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Figure 2. Real-time quantitative reverse transcription-polymerase chain reaction (GRT-PCR) for tenascin-C (TNC) and cellular
communication network factor 3 (CCN3) in the 85% partial hepatectomy (PHx) rat group and the 90% PHx rat group.
(A) The quantitative reverse transcription-polymerase chain reaction (QRT-PCR) for hepatic TNC mRNA in the 85% PHx group
(broken line) and the 90% PHx group (solid line). (B) The gRT-PCR for CCN3 mRNA in the 85% PHx group (broken line) and
the 90% PHx group (solid line). * p<0.05, ** p<0.01.
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Figure 3. Quantification of serum levels of tenascin-C (TNC) and cellular communication network factor 3 (CCN3) in the 85% partial
hepatectomy (PHXx) rat group and the 90% PHx rat group. (A) Serum TNC levels in the 85% PHx group (broken line) and the
90% PHx group (solid line). (B) Serum CCN3 levels in the 85% PHx group (broken line) and the 90% PHx group (solid line).

** p<0.01.

Clinical data and patient demographics in 50 patients
following partial hepatectomy

Of the 50 patients who underwent partial hepatectomy, 12 pa-
tients had PHLF, and 38 patients did not have PHLF. The clin-
ical and demographic data from these 50 patients are shown
in Table 1 and include age, gender, height, body weight, alco-
hol intake, hepatitis B virus (HBV) surface antigen (HBsAg)
positivity, ascites, cirrhosis, disease type, preoperative param-
eters, extent of liver resection, duration of surgery, and intra-
operative blood loss. Twenty-four patients underwent partial
hepatectomy for hepatocellular carcinoma (HCC), 15 patients
underwent partial hepatectomy for cholangiocarcinoma, six
patients underwent partial hepatectomy for non-neoplastic
diseases, and five patients underwent partial hepatectomy
for other diseases that required liver resection.

There were 35 patients who underwent major liver resection,
and a significant difference was observed in the extent of re-
section between the two groups, who had PHLF and who did
not have PHLF (p=0.025). All patients who had liver tumors
had the tumors confirmed histologically as complete of RO re-
sections. Also, compared with the patients in non-PHLF group,
in the PHLF group, the duration of surgery was longer, and
the intraoperative blood loss was greater (p=0.007, for both).
The other indicators, including preoperative liver functions
and disease type, were comparable between the two groups.
There were no postoperative deaths. The median postopera-
tive hospital stay was 9 days (range, 3—80 days).

Serum TNC and CCN3 levels increased in patients
following partial hepatectomy

Serum TNC and CCN3 levels were measured before and af-
ter partial hepatectomy. Serum levels of TNC and CCN3 both

increased on postoperative day 1. Postoperative serum lev-
els of TNC increased further on day 3, whereas CCN3 re-
mained at the same level on day 3. Compared with the
median preoperative serum TNC level of 742.15 ng/mL
(range, 275.55-2101.23 ng/mL), the median serum TNC
level on postoperative day 1 was 1168.85 ng/mL (range,
526.35-5506.33 ng/mL; p<0.001). Compared with the preop-
erative serum TNC, the median serum TNC on postoperative
day 3 was 1704.10 ng/mL (range, 670.06-4655.63; p<0.001),
with a significant difference between the serum levels of TNC
between postoperative day 1 and day 3 (p=0.008). Compared
with the median preoperative serum CCN3 level of 2.90 ng/mL
(range, 1.30-12.63 ng/mL), the median serum CCN3 level on
postoperative day 1 was 5.27 ng/mL (range, 2.37-16.07 ng/mL;
p<0.001). Compared with the preoperative serum CCN3, the
median serum CCN3 on postoperative day 3 was 5.04 ng/mL
(range, 2.28-39.35; p<0.001), with no significant difference
between the serum levels of CCN3 between postoperative
day 1 and day 3 (p=0.061) (Figure 4A).

No significant difference was detected in the preoperative serum
TNC or CCN3 levels between the patients with and without PHLF.
However, on postoperative day 3, the patients with PHLF had
significantly higher serum levels of TNC than the patients with-
out PHLF. The median preoperative serum level of TNC in non-
PHLF was 702.35 ng/mL (range, 275.55-2813.19 ng/mL) com-
pared with a median serum TNC level in PHLF of 988.95 ng/mL
(range, 413.63-1293.75 ng/mL; p=0.437) (Figure 4B).

The median serum level of TNC at postoperative day 1 in non-
PHLF was 1170.26 ng/mL (range, 526.35-4403.14 ng/mL) com-
pared with a median serum TNC level in PHLF of 1520.45 ng/mL
(range, 652.31-5506.33 ng/mL; p=0.048). The median se-
rum level of TNC at postoperative day 3 in non-PHLF was
1570.41 ng/mL (range, 695.43-3518.32 ng/mL) compared with
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Table 1. Patient demographics.

Characteristic

Age* (y) 52 (25-70) 51 (25-70) 56 (33-66) 0.143

CSex 0769
"""" Male 3326 7
"""" Female 17 12 s
CHeightt (em) 1672472 1675477 16154 0556
Cweight* kg 6624120 6674132 646169 0480
Aloholintaket 17 GH 12 gLy s @) 0769
CHesAg 3 @e 18 @z s @ 0730
Cmsctest 6 w N N 3 o) 0280
CCmhosis' 2 @ 18 @4 43 0393
CDiseases’
"""" Wee 24 @y 20620 4G 043
"""" cc 1560  o9@n & 69 o7
"""" Non-neoplastc 6 @2 5G2 1 @) 01
"""" Othes s a9 4@ 1 @) o

PLT** (x10%/L) 215.3+93.1 219.8+92.4 200.9+98.0 0.546
"""" PTA™ (%)  905+133  90s1ls 9187 0743
"""" ATTUA) 255 (6349) 244 (6-349) 383 (13229 0340
"""" AU 278(117-404) 2595 (117-404) 401 (18-1797) 0056
"""" AB™ @) 406s44  4llk2 38947 o121
”””” B @mol) 1576 147 18388 0091
"""" AP UA) 10398559 9574533 1304584 0063
"""" GGTTWUM) 731 (1-441) 667 (11-303) 1463 @66-4241) 0318
Resection (majo* 5. 00 23 605 2 o) 0025
Surgerytime™ (min) 228241062 19754765 3255:1303 0007
CBloodloss*(m) 600 (20-8000) 250 (20-4700) 750 (100-8000) 0007

* Median (range); ** mean+SD; * n (%). LF — liver failure; HCC — hepatocellular carcinoma; CCC - cholangiocarcinoma; PLT — platelet
count; PTA — prothrombin time activity; ALT — alanine aminotransferase; AST — aspartate aminotransferase; ALB — serum albumin;
TB - serum total bilirubin; ALP — alkaline phosphatase; GGT - y-glutamyl transpeptidase.

a median serum TNC level in PHLF of 2901.90 ng/mL (range, was 2.33 ng/mL (range, 1.30-12.63 ng/mL) compared with
670.06-4655.63 ng/mL; p=0.001) (Figure 4C). a median serum CCN3 level in PHLF of 3.30 ng/mL (range,

2.19-12.45 ng/mL; p=0292). The median serum level of CCN3
The postoperative serum levels of CCN3 in patients with PHLF  at postoperative day 1 in non-PHLF was 4.48 ng/mL (range,
were significantly higher than those in the patients without 2.37-12.33 ng/mL) compared with a median serum CCN3 level
PHLF. The median preoperative serum level of CCN3 in non-PHLF in PHLF of 7.38 ng/mL (range, 3.99-16.07 ng/mL; p=0.002).
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Figure 4. Perioperative tenascin-C (TNC) and cellular communication network factor 3 (CCN3) levels in 50 patients with post
hepatectomy liver failure (PHLF) at increasing time points. (A) Perioperative TNC levels before (Pre), and day 1 (d1), and
at day 3 (d3) after liver resection. (B) Perioperative CCN3 levels before (Pre), and at day 1 (d1), and day 3 (d3) after liver
resection. (C) and (D) show the patients stratified as those with and without post hepatectomy liver failure (PHLF).

* p<0.05, ** p<0.01.

The median serum level of CCN3 at postoperative day 3 in
non-PHLF was 4.38 ng/mL (range, 2.28-17.16 ng/mL) com-
pared with a median serum CCN3 level in PHLF of 8.41 ng/mL
(range, 5.04-39.35 ng/mL; p=0.003) (Figure 4D).

Postoperative serum levels of TNC and CCN3 levels
predictive for PHLF

Based on the above data, we found that the changes in the
serum levels of TNC and CCN3 during the early postoperative
period were closely associated with the occurrence of PHLF.
Serum levels of TNC and CCN3 on day 4 following partial hep-
atectomy were predictive biomarkers of PHLF using receiver
operating curve (ROC) analysis. A significant association be-
tween the TNC and CCN3 levels on day 3 and PHLF was found
after calculating the areas under the curve (AUC) for TNC=0.75
(p=0.008) and CCN3=0.80 (p=0.002) (Figure 5A, 5B).

We further determined the cutoff values that could detect PHLF
from the maximum Youden index for TNC of 2,790 ng/mL (58.3%
sensitivity and 89.5% specificity) and serum CCN3 of 5 ng/mL
(100% sensitivity and 64.9% specificity). The combination of

high serum TNC and high serum CCN3 (TNC 2790 ng/mL and
CCN3 >5 ng/mL) was a new variable that identified the group
at high-risk for PHLF. Multivariate logistic regression analy-
sis for the predictive potential of the combination of high se-
rum TNC and high serum CCN3 with other significant factors
or factors of interest was close to significance (p<0.1and the
TNChe"+CCN3Meh combination was an independent risk factor
for PHLF with an odds ratio (OR) of 26.583 (p=0.008) (Table 2).

Patients in the high-risk group for PHLF had increased
postoperative morbidity and increased the length of stay
in hospital

In patients who underwent partial hepatectomy, the incidence
of PHLF in the high-risk group was 70%, which was significantly
higher than the low-risk group at 12.5% (p<0.001) (Figure 6A).
The patients in the high-risk group had an increased incidence
of Clavien-Dindo [27] grade II-IV postoperative complications
(80%) compared with the patients in the low-risk group (30%)
(p=0.012) (Figure 6B). Also, the length of hospital stay following
surgery was significantly increased due to the high-risk patient
profile, with a median postoperative hospital stay in the PHLF
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Figure 5. Receiver operating characteristic (ROC) curves and area under the curve (AUC) for serum measurement of tenascin-C (TNC)
and cellular communication network factor 3 (CCN3) for the diagnosis of post hepatectomy liver failure (PHLF). (A) ROC
curve analysis for TNC levels for the diagnosis of PHLF at postoperative day 3. (B) ROC curve analysis for CCN3 levels for the
diagnosis of PHLF at postoperative day 3.

Table 2. Multivariate logistic regression analysis of the risk of post hepatectomy liver failure (PHLF).

95% Cl
TNChigh+ CCN3ish# 10 (20) 3 (7.9) 7 (58.3) 26.583 2.398-294.634 0.008
st 278 (11.7-404) 2595(11.7-404) 40.1 (18-179.7) 1006 0992-1021 0385
T mo) 15476 1457 18.3t88 1075  0965-1197 0188
APt 10394559 9574533 1304584 ¢ 0994  0976-1.012 < 0498
Resection (major) 3 (0 23 (605 12 100) 1720 0099-29945 < 0710
Surgery time™ (min) 228241062 19754765 325541303 1011 09991023 < 0079
Blood loss* (mL) 600 (20-8000) 250 (20-4700) 750 (100-8000) 1.000 1.000-1.001 0.550

Individual TNC or CCN3 level was not used in the multivariate analysis because they were combined to define the high-risk group
(TNChieh+CCN3Me") and accordingly depended on each other. * Median (range); ** mean#SD; # n (%). LF — liver failure; OR — odds ratio;
Cl - confidence interval; TNC - tenascin-C; CCN3 — Cellular Communication Network Factor 3; AST — aspartate aminotransferase;

TB — serum total bilirubin; ALP — alkaline phosphatase.

group, of 17 days (range, 7-80 days) compared with the non-
PHLF group, of 8 days (range, 3—64 days) (p=0.001) (Figure 6C).

and vascular lesions, and liver volume measurements [5]. Also,
the development of postoperative liver failure in patients who
have undergone partial hepatectomy can depend on the skill
of the surgical team and the level of perioperative manage-

Discussion

Currently, several clinical tools are available to evaluate the
preoperative hepatic functional reserve of patients, including
serum biochemical markers, and comprehensive scoring sys-
tems, including the model of end-stage liver disease (MELD)
scoring system and the Child-Pugh scoring system, liver func-
tion quantitative tests, such as the indocyanine green (ICG)
excretion test, and imaging to evaluate the liver parenchyma

ment, which are factors that cannot be controlled to prevent
post hepatectomy liver failure (PHLF) [28]. A combination of
early postoperative predictors may be more reliable to predict
postoperative risk and improve prognosis,. This study evalu-
ated the role of two matricellular proteins, tenascin-C (TNC)
and cellular communication network factor 3 (CCN3), as prog-
nostic factors for PHLF in a rat model of partial hepatectomy
and in 50 patients following partial hepatectomy.
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Figure 6. Comparison of the incidence of post hepatectomy liver failure (PHLF), patient morbidity, and postoperative hospitalization in
the high-risk and low-risk patient groups. (A) Comparison of the incidence of PHLF between the high-risk patient group and
the low-risk patient group. (B) Comparison of the incidence of morbidity between the high-risk patient group and the low-
risk patient group. (C) Comparison of the incidence of postoperative hospitalization between the high-risk patient group and

the low-risk patient group. ** p<0.01.

Ideally, a clinical model that is closely related to the real-world
clinical setting is required to investigate the correlation be-
tween the matricellular proteins, TNC and CCN3, and liver fail-
ure after extensive liver resection. In this study, a safe but ex-
tensive hepatectomy was performed in rats by adapting the
method described by Madrahimov et al. [24]. All rats that un-
derwent 85% partial hepatectomy survived. However, more than
half of the rats that underwent 90% partial hepatectomy died
within 72 h after surgery, and the surviving rats showed fea-
tures of post-hepatectomy liver dysfunction, including persis-
tent hyperbilirubinemia and reduced liver proliferative capac-
ity. Therefore, the 85% resection, or the 85% PHx rat model,
was used as the extreme hepatic resection model, and 90%
resection was used as the PHLF model in this study.

Matricellular proteins play key roles in tissue remodeling,
inflammation, and immune responses, and their levels change
in various disease states, including after hepatectomy [6].
Matricellular proteins are soluble proteins that are present
in the circulation and serve as biological indicators for the
prediction of disease progression [6]. For example, several
recent studies have shown that thrombospondin 1 (TSP-1),
which is mainly released by activated platelets, inhibits liver

regeneration following partial hepatectomy by activating trans-
forming growth factor-p1 (TGF-B1) in a rodent model [8], and
the association between TSP-1 and PHLF has been validated
in clinical studies [9,29].

TNC is a large extracellular matrix (ECM) glycoprotein that
is highly expressed during embryonic development and has
a highly regulated spatiotemporal distribution with negligible
TNC levels found in most healthy adult tissues [14]. In adults,
increased expression of TNC is associated with inflammation,
tissue regeneration, and cancer [30,31]. For example, TNC is
expressed in heart disease and has been used as a biomarker
of patient prognosis and disease progression [17]. Tanaka et al.
found that serum TNC levels were closely associated with the
histological stage and the degree of inflammation in chronic
hepatitis [32].

CCN3 belongs to the CCN family of regulatory proteins, which
is the only member of this protein family that inhibits the pro-
gression of the cell cycle [33]. In 2008, van Roeyen et al. reported
a negative correlation between glomerular cell proliferation and
CCN3 in anti-Thyl-induced glomerulonephritis, whereas CCN1
and CCN2 expression is found to increase with cell numbers [34].
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However, in contrast to TNC, CCN3 possesses anti-inflamma-
tory activities by negatively regulating nuclear factor kappa B
(NF-kB) activity and inhibiting monocyte adhesion to endothe-
lial cells [35]. Currently, the expression profiles of both TNC and
CCNS3 after hepatectomy have not previously been reported.

The findings from this study showed that increased expression
levels of TNC and CCN3 were found in the rat model after partial
hepatectomy, and the expression levels of both proteins in the
PHLF model was significantly higher than that in extreme he-
patic resection model. Regardless of the significantly increased
liver mRNA and serum level of TNC, the mRNA values were not
directly correlated with the serum levels following over time. The
following assumptions may explain this phenomenon. Firstly,
the increase in serum levels of TNC that occurred six hours fol-
lowing partial hepatectomy might not be the result of de novo
synthesis of the protein but due to exocytosis or degranula-
tion. As protein release decreases, protein synthesis gradually
increased more rapidly in the 85% partial hepatectomy group.
Secondly, there are many types of TNC isomers, which can be
generally divided into low molecular weight isomers and high
molecular weight isomers. The enzyme-linked immunoassay
(ELISA) kit used in this study mainly detected high molecular
weight isomers. This finding suggests a future need to deter-
mine the composition of TNC protein that occurs in the serum
after hepatectomy, which might have led to inconsistent results.

In the present study, preoperative and postoperative serum
samples were collected from patients undergoing partial hep-
atectomy, and serum levels of TNC and CCN3 were measured
in a real-world clinical context. The preoperative clinical find-
ings and liver function tests were compared between the pa-
tients with and those without PHLF, and the TNC and CCN3
profiles were similar to those in the animal experiments. These
results indicated that TNC and CCN3 might be potential mark-
ers of PHLF. Furthermore, the receiver operating characteris-
tic (ROC) curve analysis showed that the TNC and CCN3 lev-
els on postoperative day 3 have a potential role as biomarkers
for the prediction of PHLF. Multivariate analysis showed that
high serum levels of TNC and CCN3 on postoperative day 3
after hepatectomy was an independent prognostic factor for
PHLF. Univariate analysis showed that the degree of complexity
of the surgery, including blood loss and duration of surgery,
also resulted in PHLF, but this association was not confirmed
by multivariate analysis. This study supported the clinical rel-
evance of the high expression pattern of these matricellular
proteins, as patients with high serum levels of TNC and CCN3
on postoperative day 3 showed a significantly increased risk of
PHLF, Clavien-Dindo grade II-IV postoperative complications,
and duration of hospitalization.

Previous studies have shown that portal hyperperfusion of the
residual liver after hepatectomy, which leads to a significant

ANIMAL STUDY

increase in the shear stress of blood flow in the hepatic sinus
and portal vein, is the initial cause of PHLF [36,37]. Mechanical
stress has previously been shown to increase TNC expres-
sion [17,38], which may be an important factor in the subse-
quent inflammatory response. Previous studies have shown that
TNC expression is induced at sites of inflammation [16]. In ex-
tensive hepatectomy, the excessive inflammation caused by the
surgery can result in damage to healthy liver tissues [39]. These
findings shed light on the mechanism of action of TNC in PHLF.

In the present study, increased expression of CCN3 was also
found after partial hepatectomy, particularly in patients with
liver failure. Therefore, the proinflammatory effect of TNC and
the anti-proliferative effect of CCN3 may predominate during
the development of PHLF. However, due to their diverse bio-
logical functions, the precise mechanism by which these ma-
tricellular proteins affect PHLF requires further study. To our
knowledge, this preliminary study is the first to show that se-
rum levels of TNC and CCN3 serum levels may be potential
biomarkers of liver failure in patients following liver resection.

This study had several limitations. Selection bias may have been
caused by the small clinical sample of 50 patients studied. Also,
the clinical finding may have been affected by preexisting liver
disease and neoplastic diseases, which are known to affect the
expression of matricellular proteins [6]. Although these factors
were balanced between the study groups, the lack of signifi-
cant differences may have been caused by the small sample
size. The mechanisms involved in the effects of TNC and CCN3
in liver regeneration were not investigated, but further studies
should be undertaken to determine the mechanisms involved
in the role of these matricellular agents in liver regeneration.

Conclusions

This study aimed to investigate the role of tenascin-C (TNC)
and cellular communication network factor 3 (CCN3), which
are matricellular proteins of the extracellular matrix (ECM),
as prognostic factors for post hepatectomy liver failure (PHLF)
in a rat model of partial hepatectomy and 50 patients follow-
ing partial hepatectomy. In the rat partial hepatectomy model,
mRNA and serum levels of TNC and CCN3 were significantly
increased within the first 24 hours, and were higher in the
90% partial hepatectomy group compared with the 85% par-
tial hepatectomy group. Multivariate analysis confirmed that
increased serum levels of TNC and CCN3 on postoperative day
3 was a significant predictor of PHLF, which was associated
with more than twice the risk of severe morbidity when com-
pared with the low-risk patients (80% vs. 30%) and a signifi-
cantly longer hospital stay (17 days vs. 8 days). Further studies
are needed to evaluate the potential role of the matricellular
proteins, TNC and CCN3 as early clinical predictors for PHLF.
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