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Abstract
Background

Chronic liver disease leads to liver fibrosis, and an accurate diagnosis of the fibrosis stage is
crucial for medical management. Connective tissue growth factor (CTGF) is produced by
endothelial cells and platelets and plays a central role in inducing fibrosis in various organs.
In the present study, we tested the validity of measuring the serum levels of two types of
CTGF to estimate the biopsy-confirmed liver fibrosis stage.

Methods

We used two detection antibodies targeting the N- and C-terminal of CTGF to measure the
serum levels of two forms of CTGF consisting of its full length and its N-terminal fragment.
We analyzed the level of CTGF (via enzyme-linked immunosorbent assay) and the liver
fibrosis stage in 38 patients with Fontan-associated liver disease (FALD) (26 cases of which
were diagnosed pathologically). Correlations were determined by multivariate analysis and
the area under the receiver operating characteristic curve. The 65 patients with nonalcoholic
fatty liver disease (NAFLD) were included as a disease control group for examination.

Results

Full-length CTGF was significantly inversely correlated with liver fibrosis in patients with
FALD. Although the platelet count was also associated with the liver fibrosis stage, full-
length CTGF was more closely correlated with the fibrosis stage. Furthermore, the level of
full-length CTGF was inversely associated with high central venous pressure. Conversely,
the serum level of CTGF was not correlated with the fibrosis stage in NAFLD.

Conclusion

The serum level of full-length CTGF may be useful for estimating the liver fibrosis stage in
patients with FALD.
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Introduction

Connective tissue growth factor (CTGF), a cysteine-rich heparin-binding protein, is a multifunc-
tional growth factor involved in the progression of fibrosis in various organs including the lungs,
bowel, kidneys, and liver [1-4]. Several gene-modified animal studies have clearly demonstrated
crucial roles of CTGF in the development of liver fibrosis [5, 6]. Full-length CTGF consists of four
conserved domains: insulin-like growth factor-binding protein domain (module 1), von Willeb-
rand factor type C domain (module 2), thrombospondin type I repeat domain (module 3), and C-
terminal cysteine-knot I repeat domain (module 4) [7, 8]. CTGF exists in two types in vivo: full-
length CTGF, which is mainly produced by endothelial cells, and the N-terminal CTGF fragment
consisting of modules 1 and 2, which is produced through protease cleavage between modules 2
and 3 of full-length CTGF. Although the serum level of CTGF may be correlated with the liver
fibrosis stage [9, 10], most conventional methods of determining the CTGF level use an antibody
against module 2 of CTGF. However, this measures the total CTGF level, which is the sum of the
full-length CTGF level and the N-terminal fragment level. The significance of measuring full-
length CTGF and the N-terminal fragment separately [11] is largely unknown.

Noninvasive estimation of the liver fibrosis stage in patients with chronic liver disease is
clinically important because patient management and outcomes differ according to the stage
of fibrosis [12, 13]. In Fontan-associated liver disease (FALD), noninvasive estimation of liver
fibrosis is difficult using conventional clinical parameters [14-16]. In patients with FALD, the
platelet count [17] and the Model for End-stage Liver Disease (MELD) score (particularly in
patients treated with warfarin; therefore, the MELD-XI score [18], which excludes the interna-
tional normalized ratio) are reportedly associated with disease development. In contrast, non-
alcoholic fatty liver disease (NAFLD), the Japanese practice guideline of NAFLD/nonalcoholic
steatohepatitis proposed that the platelet count and fibrosis-4 (FIB-4) index are reliable fibrosis
markers in patients with NAFLD [19, 20]. However, the correlation between these markers
and the liver fibrosis stage remains unknown. Therefore, novel strategies to estimate the fibro-
sis stage in patients with these diseases are in high demand [21].

In this study, we measured the serum level of full-length CTGF using an antibody against
module 4 of CTGF to test the validity of measuring the levels of two types of CTGF (full-length
CTGF and N-terminal fragment) to estimate the biopsy-confirmed liver fibrosis stage in
patients with FALD and NAFLD.

Materials and methods
Patient information

This observational single-center study was conducted at Tokyo Women’s Medical University
Hospital (April 19, 2016- April 18, 2022). FALD was diagnosed based on liver enzyme abnormali-
ties, liver imaging using ultrasonography and computed tomography, and/or liver pathology. Ulti-
mately, 38 patients with FALD were enrolled in this study. Liver biopsy was performed in 26
patients with FALD to examine the fibrosis stage, and the CTGF level was examined. Patient
information and clinical laboratory data were collected at the time of biopsy. The homeostatic
model assessment for insulin resistance was calculated from the glucose and insulin levels to quan-
tify insulin resistance and B-cell function [22]. For patients with FALD, we collected data regard-
ing cardiac disease, age at Fontan operation, and age at diagnosis of either FALD or hepatocellular
carcinoma. CTGF was measured at the time of an outpatient visit. Twenty-one patients were
treated with warfarin, and their MELD-XI score was used to evaluate liver function [23].

As the control, we also examined the 65 patients with NAFLD at 74 time points including 8
patients who underwent sequential biopsy. NAFLD was diagnosed according to evidence-
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based clinical practice guidelines [19, 20]. We rechecked the diagnoses of all patients and
excluded those that did not meet the diagnostic criteria. The pathological stages of NAFLD
were evaluated in accordance with an established classification system [24].

Serum samples

Whole blood samples were obtained from peripheral vessels and centrifuged to collect serum
specimens, which were stored at —-20°C until assay performance. In patients with FALD, 38
samples were obtained. Samples from 26 patients were collected during liver biopsy or surgical
treatment of liver tumors, and 1 sample was obtained after the fibrosis status had been deter-
mined by autopsy. The other samples were collected during a recent visit to our hospital.
Among the patients from whom samples were collected, five were suspected of having mild
liver fibrosis and seven were suspected of having advanced liver fibrosis based on clinical data
and imaging studies. In patients with NAFLD, samples were collected at 74 time points of the
liver biopsy, including 8 patients who underwent sequential biopsy. Enzyme-linked immuno-
sorbent assay (ELISA) for the full-length CTGF level and total CTGF level (full-length CTGF
level + N-terminal CTGF fragment level) was performed using two ELISA kits (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan). In both kits, an antibody against module 1
of CTGF was used to detect CTGF. To measure the total CTGF level using a conventional
ELISA kit, an antibody against module 2 of CTGF was used as the detection antibody. For spe-
cific measurement of the full-length CTGF level, an antibody against module 4 was used as the
detection antibody in another ELISA kit. The N-terminal CTGF fragment level was calculated
by subtracting the full-length CTGF level from the total CTGF level. All ELISAs were per-
formed according to the manufacturer’s instructions. Briefly, after the serum samples were
appropriately diluted with reference to the detection range, a 50 uL sample was applied to each
well of the 96-well ELISA kit for the capture of CTGF. The full-length and total CTGF levels
were determined using the corresponding detection antibodies. All assays were performed in
duplicate, and the mean values were calculated.

Cardiac catheterization

Cardiac catheterization was performed by a pediatric cardiologist using a routine procedure,
and the central venous pressure (CVP) was measured.

Statistical analyses

Data are presented as the mean values of the results for each sample. The full-length CTGF
level, total CTGF level (full-length CTGF level + N-terminal CTGF fragment level), and N-ter-
minal CTGF fragment level were plotted in a scatter plot against the liver fibrosis stage and
platelet count. Pearson’s correlation coefficients were used to evaluate the correlations between
the bivariate data. A p value < 0.05 was considered statistically significant. The area under the
receiver operating characteristic curve (AUC) was used to determine which factors fit with the
liver fibrosis stage. Multivariate regression analysis for prediction of the fibrosis stage was per-
formed using the following factors: platelet count, FIB-4 index, MELD-XI, total CTGF level,
full-length CTGF level, and N-terminal CTGF level. The odds ratio and 95% confidence inter-
val (CI) were assessed.

Study approval

This study was conducted in accordance with the principles of the Declaration of Helsinki and
the ethical guidelines of Tokyo Women’s Medical University Hospital (Tokyo, Japan). The
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Institutional Review Board of Tokyo Women’s Medical University Hospital approved the
study protocol (approval numbers 3891 and 4989). Written informed consent was obtained
from all participants or parents. In the cases with younger age, we obtained consent from
parents or guardians. The datasets used in this study are available from the corresponding
author upon reasonable request.

Results
CTGF level and fibrosis stage in patients with FALD

First, CTGF has been suggested to play critical biological roles in various fibrotic diseases,
including liver fibrosis [10]; therefore, its serum level may be useful for diagnosing fibrosis
progression [9]. To determine whether the serum level of CTGF is correlated with the progres-
sion of liver fibrosis in patients with FALD, we examined patients with FALD because no reli-
able fibrosis marker has been established for these patients and noninvasive fibrosis estimation
methods are in high demand [15]. To determine the clinical significance of measuring the lev-
els of two types of CTGF, we used two sandwich ELISA systems that measure the levels of full-
length CTGF (detected by the antibody against module 4) and total CTGF (full-length CTGF
+ N-terminal CTGF fragment) (detected by the antibody against module 2). This enabled us to
determine the full-length CTGF level and bioactive N-terminal CTGF level separately (Fig
1A). The serum level of CTGF was measured in 38 patients with FALD. The characteristics of
these 38 patients are shown in Table 1. Fontan operation and diagnosis of FALD or hepatocel-
lular carcinoma occurred at a median age of 13 (2-26) and 21 (7-43) years, respectively. Oral
administration of anti-platelet agents was 26 cases (68.4%). Advanced liver fibrosis (fibrosis
stage 3 and 4) was histologically confirmed in 19 (73.1%) of 26 patients. Liver biopsy was not
performed in 12 patients, but 5 of these were assumed to have mild fibrosis based on their lab-
oratory data and the lack of typical liver cirrhosis characteristics in their imaging examina-
tions. The other seven were clinically assumed to have liver cirrhosis with typical findings,
including ascites or esophageal varices. The median levels of total CTGF (full-length CTGF

+ N-terminal), full-length CTGF, and N-terminal CTGF were 2417.2, 1217.3, and 907.9 pM,
respectively. Although the total CTGF level (r = -0.13, p = 0.44, Fig 1B) and N-terminal CTGF
fragment level (r = 0.25, p = 0.13, Fig 1D) were not correlated with the liver fibrosis stage, the
full-length CTGF level was significantly inversely correlated with the liver fibrosis stage (r = -
0.68, p < 0.01, Fig 1C). Likewise, in patients with biopsy-confirmed fibrosis (n = 26), the total
CTGF level was not correlated with the fibrosis stage (r = 0.09, p = 0.65, Fig 1E). By contrast,
the full-length CTGF level was significantly inversely correlated with the liver fibrosis stage (r
=-0.68, p < 0.01, Fig 1F), and the N-terminal CTGF fragment level tended to be associated
with the fibrosis stage (r = 0.35, p = 0.07, Fig 1G). These results suggest that although the total
CTGF level measured using conventional methods does not reflect the fibrosis stage in patients
with FALD, specific measurement of the full-length CTGF level in serum may significantly
reflect the fibrosis stage in patients with FALD. Oral administration of anti-platelet agents
used in 26 (68.4%) of the cases. There was no significant difference observed in the total
CTGF/ the full-length CTGF level/ the N-terminal CTGF fragment level between the patients
with anti-platelet agents (2423.6, 1187.9, and 917.4) and those without (2443.5, 1223.2, and
689.0) (p = 0.85, 0.70, and 0.99, respectively). The use of anti-platelet agents did not show an
association with CTGF levels in our study.

Correlation between CTGF level and platelet count in patients with FALD

Although the full-length CTGF level is inversely correlated with the liver fibrosis stage in
patients with FALD, it is possible that the changes in the full-length CTGF level may reflect the

PLOS ONE | https://doi.org/10.1371/journal.pone.0296375 January 2, 2024 4/15


https://doi.org/10.1371/journal.pone.0296375

PLOS ONE CTGF reflects liver fibrosis

A
Detecton antibody for  Detection antibody for
module 2 module 4
n
Full-length CTGF ( (oduled)floduied>
N
Clevage site

Fuldength CTGF

N-termnal CTGF f
fragment N

Total CTGF
(Full-length + N-terminal)

Capture antibody

B | Total CTGF (Full+N) | pfﬂ Full-length CTGF D N-terminal CTGF

M 5,000 P
8,000 n=38 g n=38 5000 n=38
=0.13 4,500 ® r=-0.68 r=0.25
7,000 p=0.44 - 4000 p <0.01 Ha00 p=0.13 .
6,000 . 3500 6,000 °®
° ! °
5,000 3,000 5,000
4,000 ° o 2,500 . ® 4,000 .
M o o
3,000 ; ° 3 2,000 ' : 4 3,000 ° o
o ° 0 1,500 ° i s
’ ° o
2,000 b4 ° o 2,000 o °
° 0 ! 1,000 ° ! ° o
1,000 o e l 1,000 $ s ; '
°
0 0 0 ‘ L
0 Mild 3 4 o Mild 3 4 0 Mild 3 4
Fibrosis stage Fibrosis stage Fibrosis stage
E F G
pM
pM Total CTGF (Full+N) pM Full-length CTGF 8000 N-terminal CTGF
8,000 3,000 ’
n=26 ° n=26 7000 n =26 ®
L o 2,500 " =-0.68 ’ r=035
S p =0.65 p <0.01 6,000 p =0.07
°
5,000 %000 5,000
°
4,000 o 1,500 ° = 4,000
° [ ] ' [ ] °
3,000 [ L ° ® ® ‘ ‘ 3,000 [
° 1,000
. @ ’ ® .
2,000 e 9 ® ! 2,000 o
500 4
1,000 ° ® 1000 4 ® !
H o $se
0 0 0 o
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Fibrosis stage Fibrosis stage Fibrosis stage

Fig 1. CTGF level in patients with FALD with different fibrosis stages. (A) Two sandwich ELISA assay systems were used. The full-length CTGF
level was determined using the antibody against module 1 of CTGF as the capture antibody and the antibody against module 4 of CTGF as the
detection antibody. The total CTGF level was determined using the antibody against module 2 of CTGF as the detection antibody, which detected
the combined levels of N-terminal CTGF fragment and full-length CTGF. The N-terminal CTGF fragment level was determined by subtracting the
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full-length CTGF level from the total CTGF level. (B, E) The serum levels of total CTGF (full-length + N-terminal fragment), (C, F) full-length
CTGF, and (D, G) N-terminal CTGF fragment were determined in 38 patients with FALD. The liver fibrosis stage was histologically confirmed in
26 patients. Mild fibrosis was assumed to be present in five patients based on their laboratory data and lack of liver cirrhosis characteristics in
imaging. (C) The full-length CTGF level was significantly inversely correlated with the liver fibrosis stage (r = -0.68, p < 0.01). There were no
statistically significant correlations between the fibrosis stage and the (B) total CTGF level or (D) N-terminal CTGF level. We verified histologically
confirmed cases as well. (F) The full-length CTGF level was significantly inversely correlated with the liver fibrosis stage (r = -0.68, p < 0.01), and
(G) the N-terminal CTGF level tended to be correlated; however, (E) the total CTGF level was not correlated. All data were determined in duplicate,
and the average values are shown. CTGF, connective tissue growth factor; ELISA, enzyme-linked immunosorbent assay; FALD, Fontan-associated

https://doi.org/10.1371/journal.pone.0296375.9001

decrease in the platelet count due to progression of liver fibrosis because platelets contain full-
length CTGF [7, 8]. In the present study, the platelet count was significantly correlated with
progression of the liver fibrosis stage in patients with FALD (r = -0.59, p < 0.01, Fig 2A). The
correlation was slightly reduced in biopsy-confirmed cases (r = -0.45, p = 0.02, Fig 2B). In
addition, although the total CTGF level was not significantly correlated with the platelet count
(r=0.04, p = 0.81, Fig 2C), the full-length CTGF level (r = 0.86, p < 0.01, Fig 2D) and N-termi-
nal CTGF fragment level (r = -0.39, p = 0.02, Fig 2E) were significantly correlated with the
platelet count.

Correlation between CTGF level and CVP in patients with FALD

CVP was measured via cardiac catheterization. The median CVP was 11 (4-20) mmHg. CVP
tended to correlate with the fibrosis stage in patients with FALD (r = 0.28, p = 0.07, Fig 3A).
However, there was no significant correlation with the platelet count (r = -0.30, p = 0.11, Fig
3B). Assessment of the CVP and CTGF level showed that the total CTGF level (r = 0.08,

p = 0.67, Fig 3C) and N-terminal CTGF fragment level (r = 0.30, p = 0.13, Fig 3E) were not cor-
related with CVP; however, the full-length CTGF level was more likely to be correlated with
CVP (r =-0.33, p = 0.07, Fig 3D).

Accuracy of full-length CTGF level in predicting fibrosis stage in patients
with FALD

We utilized a receiver operating characteristic curve to determine the accuracy of predicting
the fibrosis stage in patients with FALD (S1 Fig). The AUC of the platelet count, FIB-4 index,
and full-length CTGF was 0.744, 0.567, and 0.822, respectively. Full-length CTGF was a better
predictor of fibrosis in patients with FALD. In the multivariate analysis, full-length CTGF was
identified as the independent fibrotic marker of FALD (odds ratio, 0.997; 95% CI, 0.995-1.000,
p = 0.04) among the platelet count, FIB-4 index, MELD-X]I, total CTGF, full-length CTGF,
and N-terminal CTGF. These results suggest that the full-length CTGF level may better reflect
the liver fibrosis stage than other markers in patients with FALD, particularly patients with
high CVP.

CTGF level and fibrosis stage in patients with NAFLD

Next, to assess the CTGF level if it was characteristic with FALD, we examined 65 patients
with another etiology of liver fibrosis, NAFLD whose liver fibrosis stage had been confirmed
by biopsy. The laboratory data at the time of biopsy are shown in Table 2. The patients’ median
age at the time of biopsy was 51 (15-79) years. We evaluated data at 74 time points for these
patients, including 8 patients who underwent sequential biopsy at 17 time points in total. The
total CTGF (full-length CTGF + N-terminal), full-length CTGF, and N-terminal CTGF levels
were 2121.9, 558.5, and 1397.1 pM, respectively. Pathologically, advanced fibrosis (fibrosis
stage 3-4), advanced inflammation (inflammation grade 2-3), and advanced steatosis
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Table 1. Characteristics of patients with FALD.

Total (n = 38)

Age at diagnosis of FALD or HCC (years) 21 (7-43)
Age at Fontan operation (years) 13 (2-26)
Male 16 (42.1)
Cardiac disease

Single ventricle 7 (18.4)
Pulmonary atresia 6 (15.8)
Tricuspid valve insufficiency 8 (21.1)
Double-outlet right ventricle 14 (36.8)
Complete transposition of the great arteries 3(7.9)
Complications

Asplenia 7 (18.4)
Polysplenia 3(7.9)
Visceral inversion 3(7.9)
HCV antibody positivity 2(5.3)
Laboratory data

Albumin (g/dL) 4.7 (2.4-5.2)
Total bilirubin (mg/dL) 1.4 (0.5-5.2)
Aspartate aminotransferase (U/L) 24 (14-41)
Alanine transaminase (U/L) 20 (6-59)
Gamma-glutamyl transferase (U/L) 60 (22-235)

Platelet count (x10%/ uL)

17.5 (6.2-50.1)

Prothrombin time (%)

96.0 (9.6-120.0)

FIB-4 index 1.47 (0.10-17.78)
BNP (pg/mL) 53.2 (14.3-577.0)
MELD-XI 12.53 (9.44-28.83)

Oral administration of anti-platelet agents (%)

26 (68.4%)

ELISA assay of CTGF

Total CTGF (full-length CTGF + N-terminal) (pM)

2417.2 (1131.0-7185.8)

Full-length CTGF (pM)

1217.3 (134.8-4470.3)

N-terminal (pM)

907.9 (0.0-6963.4)

Pathological findings

Fibrosis stage F3-4

19/26 (73.1)

Cardiac catheterization

CVP (mmHg)

11 (4-20)

Data are presented as median (range) or n (%) unless otherwise indicated. BNP, brain natriuretic peptide; CTGF,

connective tissue growth factor; CVP, central venous pressure; ELISA, enzyme-linked immunosorbent assay; FALD,

Fontan-associated liver disease; MELD-XI, model for end-stage liver disease excluding the international normalized

ratio; HCV, hepatitis C virus; HCC, hepatocellular carcinoma; FIB-4, fibrosis-4.

https://doi.org/10.1371/journal.pone.0296375.t001

(steatosis grade 2-3) were observed in 31 (41.9%), 62 (83.8%), and 56 (75.7%) patients, respec-
tively. We initially expected that because CTGF is a crucial factor in liver fibrosis and its serum
level has been reported as a marker of fibrosis [9], its level should be associated with the pro-
gression of liver fibrosis in patients with NAFLD. However, measurement of CTGF in our
study showed no significant correlation between the liver fibrosis stage and the total CTGF
level (Fig 4A), full-length CTGF level (Fig 4B), or N-terminal fragment level (Fig 4C) in
patients with NAFLD. The correlation of fibrosis stage and any CTGF level were not observed

in NAFLD cases.
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Changes in CTGF level by sequential biopsy in patients with NAFLD

Changes in the CTGF level in patients with NAFLD who underwent sequential biopsy were
assessed. Because no correlation between the CTGF level and fibrosis stage was observed, we
hypothesized that individual-patient variances may exist in the basal CTGF level, masking the
ability to estimate the fibrosis progression according to the CTGF level. To test this hypothesis,
we examined the changes in the CTGF level at different time points in eight patients with
NAFLD who had a history of sequential biopsy (Table 3). In two of these patients (Patients 2
and 4), the liver fibrosis stage improved after a 29 kg reduction in body weight or
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Fig 3. Correlation between CVP and CTGF level in patients with FALD. Correlation between CVP and (A) fibrosis stage, (B) platelet count, and (C-E) CTGF levels
(total, full-length, and N-terminal). (A) CVP tended to be increased with fibrosis development. The (B) platelet count and (C) total CTGF level were not associated with
CVP. (D) The full-length CTGF level tended to be negatively correlated with CVP. (E) The N-terminal fragment level tended to be correlated with CVP, although the
correlation was not statistically significant. All CTGF levels were determined in duplicate, and the average values are shown. CTGF, connective tissue growth factor;
CVP, central venous pressure; FALD, Fontan-associated liver disease.

https://doi.org/10.1371/journal.pone.0296375.9003

reconstruction of the gastrointestinal tract. The liver enzyme levels decreased to the reference
range, and the liver fibrosis stage improved from F3 to F1-2 after 6 years and from F2-3 to F2
after 2 years. The liver fibrosis stage progressed over time in the other six patients. As shown in
Fig 5, although the total CTGF level (Fig 5A) decreased over time in all patients except two in
whom the liver fibrosis stage improved, the serum levels of full-length CTGF (Fig 5B) and N-
terminal CTGF fragment (Fig 5C) changed regardless of liver fibrosis progression or improve-
ment. This suggests that the level of CTGF (either full-length or N-terminal fragment) was not
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Table 2. Characteristics of patients with NAFLD.

Variables NAFLD

(n = 65 at 74 time points)
Age (years) 51 (15-79)
Male sex 36 (48.6)
BMI (kg/m?) 27.4 (17.6-43.3)
Dyslipidemia 46 (62.2)
Hypertension 38 (51.4)
Diabetes mellitus 38 (51.4)
Laboratory data
ALB (g/dL) 4.4(3.0-5.2)
T-BIL (mg/dL) 0.8 (0.4-4.9)
AST (U/L) 43 (13-153)
ALT (U/L) 61 (10-230)
GGT (U/L) 64 (13-452)
FBS (mg/dL) 105 (76-343)
Hemoglobin Alc (%) 6.0 (4.3-12.0)
IRI (uU/mL) 10.3 (1.6-43.8)
HOMA-IR 2.67 (0.34-19.03)
Triglycerides (mg/dL) 136 (41-593)

Total cholesterol (mg/dL)

184 (95-285)

Ferritin (ng/mL)

219 (13-774)

Platelet count (x10%/ uL)

20.9 (6.1-96.0)

Prothrombin time (%)

90.5 (55.0-106.0)

Alpha-fetoprotein (ng/mL)

4.0 (2.0-8.0)

ELISA of CTGF

Total CTGF (full-length CTGF + N-terminal) (pM)

2121.9 (1028.3-11606.8)

Full-length CTGF (pM)

558.5 (160.0-4327.3)

N-terminal (pM)

1397.1 (0.0-10523.4)

Pathological findings

Fibrosis stage F3-4 31 (41.9)
Inflammation grade A2-3 62 (83.8)
Steatosis grade S2-3 56 (75.7)

Data are presented as median (range) or n (%) unless otherwise indicated. ALB, albumin; AST, aspartate

aminotransferase; ALT, alanine transaminase; GGT, y-glutamyl transferase; BMI, body mass index; CTGF,

connective tissue growth factor; ELISA, enzyme-linked immunosorbent assay; FBS, fasting blood glucose; NAFLD,

nonalcoholic fatty liver disease; HOMA-IR, homeostatic model assessment of insulin resistance; IRI, immunoreactive

insulin; T-BIL, total bilirubin.

https://doi.org/10.1371/journal.pone.0296375.t002

correlated with the liver fibrosis stage in patients with NAFLD, even considering the baseline

differences in the CTGF level between individual patients.

Discussion

The serum level of CTGF was correlated with the fibrosis stage in patients with FALD but not
in those with NAFLD, indicating that it may be a good surrogate marker for estimating the
liver fibrosis stage in patients with FALD. In fact, the plasma level of CTGF is a potential bio-
marker in patients with pulmonary fibrosis [25]. We found that in patients with FALD, the
full-length CTGF level but not the total CTGF level was correlated with the stage of liver
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https://doi.org/10.1371/journal.pone.0296375.9004

fibrosis. Historically, only total CTGF, which consists of full-length CTGF and the N-terminal
CTGF fragment, could be measured. However, the recent development of the antibody against
module 4 of full-length CTGF enabled us to specifically measure the level of full-length CTGF.
By subtracting this level from the total CTGF level determined using the antibody against
module 2, we could also examine the N-terminal CTGF fragment level. This enabled us to
measure the two types of CTGF separately. As previously described [7, 8], full-length CTGF is
released from platelets in vitro after blood collection, which may have contributed to the signif-
icant inverse correlation with the platelet count in patients with FALD. The platelet count is
generally inversely correlated with the progression of liver fibrosis [17]; however, a clinical dis-
crepancy is sometimes encountered. We expected that full-length CTGF would be a more reli-
able marker of the liver fibrosis stage in patients with FALD because the full-length CTGF
level better reflected the liver fibrosis stage with a high Pearson correlation coefficient. To con-
firm the accuracy of noninvasive fibrosis markers for patients with FALD, we evaluated plate-
let count, FIB-4 index, MELD-XI, and CTGF level. In the multivariate analysis and AUC of fit
to the fibrosis stage in patients with FALD, full-length CTGF was identified as the predictor of

Table 3. CTGF level and fibrosis stage in patients who underwent paired liver biopsy.
First biopsy Second biopsy Third biopsy
Patient | Age (years) | Fibrosisstage | Age (years) | Fibrosisstage | Age (years) | Fibrosisstage | Platelet count (x10*/uL) at first/second/third biopsy
1 60 2 68 3-4 12.5/11.7
2% 49 3 55 1-2 15.3/19.5
3 65 0-1 70 2-3 29.7/30.5
4* 33 2-3 35 2 24.0/26.0
5 46 2-3 50 3-4 24.7/19.5
6 37 2 40 3 42 3 13.5/14.4/18.4
7 60 2-3 62 3-4 24.6/24.7
8 61 1 68 2-3 26.4/27.6

*Patients with improvement of liver fibrosis at second biopsy

CTGF, connective tissue growth factor.

https://doi.org/10.1371/journal.pone.0296375.t003
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https://doi.org/10.1371/journal.pone.0296375.g005

the fibrosis stage. Taken together, these findings indicate that the full-length CTGF level may
be a more reliable marker for estimating the liver fibrosis stage in patients with FALD.

To further confirm that the CTGF level contributes to disease development in patients with
FALD, we evaluated CVP by cardiac catheterization. Only the full-length CTGF level tended
to be correlated with CVP. Inuzuka et al. [26] reported that CVP and atrioventricular valve
regurgitation were associated with the development of fibrosis in patients with FALD. There-
fore, FALD development might reflect the inverse correlation between high CVP and the full-
length CTGF level. In terms of the pharmacokinetics of CTGF within the body, it has been
observed that CTGF undergoes rapid internalization via low-density lipoprotein receptor-
related protein 1 (LRP1) in hepatocytes, followed by subsequent intracellular degradation after
endocytosis in vitro [27]. Conversely, during the active angiogenic stages, matrix metallopro-
teinases (MMPs) are known to be overproduced [28]. Therefore, it is possible that CTGF may
undergo degradation by MMPs. Although the specific mechanism underlying this process was
not identified in our study, we speculate that the decrease in full-length CTGF levels and the
increase in N-terminal CTGF fragment levels may result from cleavage of CTGF during the
development of fibrosis in patients with FALD. Nevertheless, further investigation is required
to fully understand these mechanisms.

In contrast to patients with FALD cases, the CTGF level was not correlated with the liver
fibrosis stage in patients with NAFLD. Although we considered the possibility of individual-
patient differences in the CTGF level, there was clearly no correlation between the CTGF level
and liver fibrosis stage in patients with NAFLD who underwent sequential biopsy. This may be
reflected in the pathogenetic differences in liver fibrosis between NAFLD and FALD. Full-
length CTGF is mainly produced by endothelial cells in vivo [29]. It is highly possible that acti-
vation of endothelial cells, such as liver sinusoidal endothelial cells, may be closely involved in
FALD-related liver fibrosis [30] but not in NAFLD-related liver fibrosis. Although several
studies have revealed the crucial role of CTGF in liver fibrosis [5, 31], etiological differences
should be considered. The usefulness of the CTGF level as a marker of liver fibrosis remains to
be determined in other liver diseases, such as viral hepatitis and alcoholic liver diseases. FALD
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is a representative complication in patients long after the Fontan operation. Because some
patients develop advanced liver disease in the long term, noninvasive markers to estimate liver
fibrosis have been explored [15]. The full-length CTGF level may be promising marker; how-
ever, this study had two main limitations. First, it was a single-center study, and pathological
examination could not be performed in all cases. Further prospective studies are necessary to
determine the usefulness of CTGF measurement for estimating the fibrosis stage in patients
with FALD. Second, an additional investigation is needed to elucidate the mechanism of pro-
teolytic processing of CTGF by progression of fibrosis.

In conclusion, a new detection antibody targeting the C-terminal of CTGF enabled mea-
surement of the serum levels of the two forms of CTGF. The full-length CTGF level may better
reflect the liver fibrosis stage than other markers in patients with FALD cases and is inversely
correlated with increases in CVP.

Supporting information

S1 Fig. The accuracy of predicting the fibrosis stage was determined by receiver operating
characteristic curve analysis in patients with FALD. The AUC for the platelet count, FIB-4
index, and full-length CTGF was 0.744, 0.567, and 0.822, respectively. Full-length CTGF was
the best predictor of fibrosis in patients with FALD. AUC, area under the curve; CTGF, con-
nective tissue growth factor; FALD, Fontan-associated liver disease; FIB-4, fibrosis-4.
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