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GDF15.

1 | INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is estimated to affect 25%
of the worldwide population and has become the most common
cause of chronic liver disease.! Some patients with NAFLD develop
liver cancer or decompensated liver cirrhosis, which leads to poor
prognosis. With an increase in the number of patients with NAFLD,
the incidence of NAFLD-associated liver cancer has been increasing
and is expected to increase.?® Early detection of liver cancer is di-
rectly linked to improved patient prognosis,4 and regular screening
using imaging and tumour markers is important for early detection.’
However, as the incidence of liver cancer in the NAFLD population
is relatively low,® it would be beneficial to identify high-risk patients
who require liver cancer surveillance in terms of cost-effectiveness.

The current liver cancer screening strategy depends on the liver
fibrosis stage since fibrosis is a strong risk factor for the development
of carcinoma (HCC).6™8 According to the European Association for
the Study of the Liver (EASL),” American Association for the Study

1112 hatients

of Liver Diseases (AASLD),*® and Japanese guidelines,
with NAFLD with a Fib-4 index >1.3 are recommended to undergo
fibrosis evaluation by elastography or liver biopsy, and patients with
advanced fibrosis are recommended to undergo liver cancer sur-
veillance. Indeed, as liver cancer occurrence in patients with a Fib-4
index <1.3 is extremely rare (approximately 0%), it is reasonable to
exclude these patients from liver cancer surveillance. On the other
hand, in terms of cost-effectiveness, among patients with a Fib-4
index >1.3, those with advanced fibrosis are recommended to un-
dergo liver cancer surveillance, but those without advanced fibrosis
are not. However, some patients without advanced fibrosis will de-
velop liver cancer.®* Thus, the development of a novel biomarker to
predict liver cancer development in patients with NAFLD, indepen-
dent of fibrosis stage, is in high demand.

Growth differentiation factor 15 (GDF15) is a member of the
transforming growth factor-p (TGF-p) superfamily and is a stress-
responsive cytokine that reflects oxidative stress, endoplasmic
reticulum stress, and inflammation.*>*’ It has been reported that
serum GDF15 levels are increased in patients with inflammatory dis-
eases, cardiovascular (CV) events, metabolic syndrome, and various

cancers.2%21 Recently, we showed that the serum GDF15 level is a

KUMAZAKI ET AL.

rate. While patients with a Fib-4 index <1.3 or low-GDF15 rarely developed liver
cancer, high-GDF15 patients with a Fib-4 index >1.3 developed liver cancer and de-
compensated liver events at significantly higher rates and had poorer prognoses. In
the validation cohort, high-GDF15 patients had significantly higher incidences of liver
cancer and decompensated liver events and poorer prognoses than low-GDF15 pa-
tients, whether limited to high-Fib-4 patients. Among health checkup recipients with
MASLD, 23.0% had a Fib-4 index >1.3, 2.7% had a Fib-4 index >1.3 and >1.75ng/mL

Conclusions: Serum GDF15 is a biomarker for liver cancer with high predictive ca-

pability and is useful for identifying MASLD patients requiring regular surveillance.

predictive marker for hepatitis C virus (HCV)-associated HCC after
direct-acting antiviral treatment.?? The serum GDF15 level has been
reported to be elevated in patients with hepatitis B virus-associated
HCC.% Furthermore, GDF15 levels were shown to be elevated in
patients with nonalcoholic steatohepatitis (NASH) compared to pa-
tients with NAFLD and in F3/F4 patients compared to FO-2 patients
in a study of 190 patients with NAFLD.?*

Recently, the criteria and nomenclature for steatotic liver disease
have been updated.?’"?” Steatotic liver disease in conjunction with
a cardiometabolic risk factor and no other cause is called metabolic
dysfunction-associated steatotic liver disease (MASLD), which is the
most common cause of steatotic liver disease.?> 2’ Thus, the present
study aimed to evaluate the utility of serum GDF15 levels as a novel
predictive marker for liver-related events, including liver cancer oc-
currence, decompensated liver event occurrence, and prognosis, in
patients with MASLD.

2 | MATERIALS AND METHODS
2.1 | Study populations

The present study is a retrospective, multicenter study. We included
biopsy-proven patients with NAFLD (the biopsy cohort) without
a history of liver cancer and with stored serum samples that were
available at the time of analysis; these patients were from the fol-
lowing 4 institutions and were registered from January 2005 to
May 2021: Osaka University Hospital (Suita, Japan), Kaizuka City
Hospital (Kaizuka, Japan), Saga University Hospital (Saga, Japan), and
Ogaki Municipal Hospital (Ogaki, Japan). We included a validation
cohort of clinically diagnosed patients with NAFLD without a history
of liver cancer and with stored serum samples available at the time of
analysis; the patients in this cohort were from Hokkaido University
Hospital (Sapporo, Japan) and were registered from August 2002
to December 2021. We excluded the following patients from the
present study: (1) biopsy cohort patients with less than 5% steato-
sis according to a reassessment of liver histology; (2) patients diag-
nosed with other chronic liver diseases; (3) patients with less than

6 months of follow-up; and (4) patients diagnosed with liver cancer
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within 3months of the beginning of the observation. Finally, follow-
ing the recent change in the nomenclature, patients without records
of any cardiometabolic risk factor, which is the prerequisite for diag-
nosing MASLD,?>"?” were excluded. In the biopsy-MASLD cohort,
456/517 (88.2%) patients had a BMI 223, 447/518 (86.3%) patients
had a fasting blood sugar (FBS) level 2100, an HbA1c level 5.7 or
diabetes mellitus (DM), and O out of the 518 patients were ulti-
mately excluded from the biopsy cohort because of the last criterion
(Figure S1). In the validation cohort, 174/200 (87.0%) patients had a
BMI 223, 164/216 (75.9%) patients had an FBS 2100 and an HbA1c
>5.7 or DM, and 3 out of 219 patients were ultimately excluded from
the validation cohort (Figure S2). All patients provided written in-
formed consent, and the study design conformed to the tenets of
the Declaration of Helsinki. The study protocol was approved by the
Institutional Review Board (IRB) committees of Osaka University
Hospital (IRB no. 17032), and permission to conduct the study was
obtained from all the directors of each institution.

2.2 | Follow-up

Patients underwent liver cancer surveillance via ultrasonography
and/or CT/MRI every 6-12 months. The Japanese guideline'**2 does
not deny screening for liver cancer in patients without advanced fi-
brosis at the present time since a certain number of patients without
advanced fibrosis develop liver cancer. Indeed, in Japan, because
ultrasonography is relatively easy to access, routine liver cancer
screening by ultrasonography for patients without advanced fibrosis
is performed as a general practice at the discretion of physicians.
Liver cancer was diagnosed using typical contrast-enhanced CT
imaging and/or MRI following the Japanese Society of Hepatology
recommendation.**? If the image was insufficient for diagnosing
liver cancer, a targeted biopsy was performed, and the diagnosis was
based on histological analysis. The endpoint of liver cancer occur-
rence was either the date of liver cancer occurrence or the date of

the last imaging test for liver cancer surveillance.

2.3 | Decompensated liver events and CV events

We identified decompensated liver events and CV events that led to
hospitalisation. Decompensated liver events were defined as ascites,
hepatic encephalopathy, gastrointestinal bleeding due to oesoph-
agogastric varices, and preventive treatments, including endoscopic
variceal ligation and endoscopic injection sclerotherapy. CV events

were defined as ischemic heart disease and stroke.
2.4 | Health checkup recipient cohort
We collected sera from 1109 individuals who underwent health

checkups, including ultrasonography, at Osaka Central Hospital
(Osaka, Osaka) from April 2023 to November 2023. Among them,
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434 individuals were diagnosed with steatotic liver disease using
ultrasonography. Individuals who were positive for HBs antigen or
HCV antibody, who consumed more than 210g of alcohol per week
for males and 140g of alcohol per week for females, and who had
no record of any cardiometabolic risk factor (Table S1), which is a
prerequisite for the diagnosis of MASLD,?>"?” were excluded. The
serum GDF15 levels of 364 health checkup recipients who met the
MASLD criteria were measured (Figure S3). All health checkup re-
cipients provided written informed consent, and the study design
conformed to the tenets of the Declaration of Helsinki. The study
protocol was approved by the Institutional Review Board (IRB) com-
mittees of Osaka University Hospital (IRB no. 17032), and permis-
sion to conduct the study was obtained from all the directors of each
institution.

2.5 | Serum GDF15 examination

Serum samples were collected at the start of follow-up and stored
at -80°C at each institution. The serum GDF15 levels of patients
with MASLD in the biopsy cohort and validation cohort were meas-
ured with an enzyme-linked immunosorbent assay (ELISA) kit for
humans (#DGD150, R&D Systems, Minneapolis, MN) according to
the manufacturer's protocol, as previously described.??>% The serum
GDF15 levels of health checkup recipients who met the MASLD cri-
teria were measured using an Elecsys GDF-15 (Roche Diagnostics,

Switzerland).

2.6 | Liver histology

All liver biopsy specimens in the biopsy cohort were collected and
reassessed by an experienced liver pathologist at Osaka University in
June 2023. We assessed liver steatosis, inflammation, hepatocellular
ballooning, and fibrosis stage using the Nonalcoholic Steatohepatitis
Clinical Research Network (NASH CRN) scoring system29 and de-
fined stage 3 or 4 fibrosis as advanced fibrosis. We defined patients
with metabolic dysfunction-associated steatohepatitis (MASH) as
those with MASLD who were diagnosed with NASH by a pathologist.

2.7 | Statistical analysis

Continuous variables are presented as medians and interquartile
ranges, and categorical variables are presented as real numbers for
each category. Statistical analysis was performed with the Mann-
Whitney U test to compare two continuous variables and with the
chi-squared test to compare two categorical variables. Trends were
examined with the Jonckheere-Terpstra trend test. To analyse the pre-
dictive power of the nomograms for liver cancer occurrence, we con-
structed a receiver operating characteristic (ROC) curve and examined
the area under the ROC curve (AUROC). We compared the AUROC
with that of the Delong test. To evaluate time-dependent predictivity,
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we used a time-dependent ROC curve. For analysis of event occur-
rence, including liver cancer incidence, decompensated liver events,
CV events, liver-related death, and overall death, we constructed
Kaplan-Meier curves and followed patients until the occurrence
of each event or the last day of follow-up. We applied the log-rank
test to compare the incidence of events between the two groups and
a Cox proportional hazards model to compare the risk. Variables for
multivariate Cox regression analysis were determined by confounding
factors, hazard ratios, and p values in univariate Cox regression analy-
sis. Statistical significance was set at p<0.05. JMP 8.4.2 for Windows
(GraphPad PRISM RRID; SCR_014242) was utilised for the analyses.

3 | RESULTS

3.1 | Serum GDF15 levels are increased in patients
with MASH and increase with fibrosis

We analysed 518 patients with MASLD who underwent liver biopsy
in the biopsy-MASLD cohort (Table 1). The median age was 61years,
and 59% of the patients were female. The median BMI was 27.2kg/
m?, and 48% of the patients were diagnosed with DM. The median
GDF15 level was 1.23ng/mL (Figure 1A) and was higher in patients
with MASH than in patients without MASH (Figure 1B). GDF15 levels
gradually increased with the progression of fibrosis (Figure 1C). GDF15
levels were significantly higher in patients with a high Fib-4 index
(>1.3) than in the other patients (Figure 1D), and the level of GDF15

was weakly correlated with the Fib-4 index (Figure 1E). However, the

TABLE 1 Patient characteristics in the biopsy-MASLD cohort.

Observation time (months)

Age (years)

Sex (M/F)

BMI

AST

ALT

GGT

ALP

T-Bil

TG

LDL-C

FBS

HbAlc

DM (yes/no)
Metformin (yes/no)
AFP

Alb

PT

Platelets

Fib-4 index
Non-MASH/MASH

Fibrosis stage (0/1/2/3/4)

(A) (B) (©) %
= 15+ — . * — -
£ E 1 . £ 1 .
£ S 10 @  10-
T 10 3 ] T ]
> [ 4 . E .
2 s ] 5 ] oL,
E H 0 1 H e . G
& 5 11 5 1: 1 : 4 :
5 E ] e ] &
& 0 @ ] o i
- "] 0- n 0- -
GDF15 S & 0 1 2 3 4
A\ Fibrosis Stage
&
<
D E
(0 . ()
E = 15q
?E» 104 * E R2=0.23
£ =)
= 2 p<0.0001
% . ; % 10+
b 5] i 0 L e
8 . g .. .-,
. 54 L, e
e )
: :
& o 8
<13 13 0o 5 10 1'5
Fib-4 index

Fib-4 index

Missing
numbers Median (IQR)
0 64.3(43.2-96.0)
0 61 (50-68)
0 214/304
1 27.2 (24.9-30.3)
0 52 (36-75)
0 67 (45-99)
0 63 (42-105)
0 254 (201-312)
0 0.70(0.58-1.0)
4 144 (105-204)
11 120 (100-143)
1 109 (98-132)
6.0(5.5-6.7)
0 251/267
80/438
49 3.7 (2.6-5.3)
0 4.4 (4.1-4.6)
13 97.5 (87.3-110.0)
21.3(17.1-26.0)
1.84(1.06-2.81)
234/284
106/160/116/84/52

FIGURE 1 Serum GDF15 levels
gradually increase with fibrosis
progression. (A-D) Serum GDF15 levels in
the biopsy-MASLD cohort. Distribution

of serum GDF15 levels (A). Serum GDF15
levels in non-MASH (n=234) and MASH
(n=284) patients (B). Statistical analysis
was performed with the Mann-Whitney U
test. Serum GDF15 levels at each fibrosis
stage (C) (FO [n=106], F1 [n=160], F2
[n=116], F3 [n=84], F4 [n=52]). Trends
were examined with the Jonckheere-
Terpstra trend test. Serum GDF15 levels in
patients with a Fib-4 index <1.3 (n=171)
or a Fib-4 index >1.3 (n=347) (D). The
results of the statistical analysis were
evaluated with the Mann-Whitney U test.
The relationship between GDF15 and the
Fib-4 index was assessed with the Pearson
correlation coefficient (E). *p <0.05.
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predictive ability of GDF15 in patients with advanced liver fibrosis
(F3/F4) tended to be lower than that of the Fib-4 index, although the
difference was not statistically significant (Figure S4A,B). When we
divided all patients into GDF15-high and GDF15-low groups according
to the median serum GDF15 level, patients in the GDF15-high group
were older and had higher AST, yGTP, ALP, HbA1lc, AFP, and Fib-4
index levels than those in the other group (Table S2).

3.2 | Both the serum GDF15 level and the Fib-4
index or liver fibrosis stage are independent factors
for liver cancer occurrence

During the median follow-up of 63months, 22 out of 518
patients developed liver cancer—21 HCCs and 1 intrahepatic
cholangiocarcinoma. The incidence rates of liver cancer were 1.4%
at 3years, 2.2% at 5years, and 4.5% at 7years (Figure S5A). The
incidence of liver cancer in patients with MASH tended to be higher
than that in patients without MASH (Figure S5B). The univariate Cox
proportional hazards model revealed that age, platelet count, GGT,
LDL cholesterol, albumin, prothrombin time, AFP, liver fibrosis stage,
Fib-4 index, and GDF15 were risk factors for liver cancer occurrence

(Table 2). Considering the number of liver cancer occurrences,
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four multivariate Cox regression models (sets 1-4) were created
to analyse risk factors for liver cancer occurrence according to the
methods described in the supporting Materials and Methods section.
In all models, both GDF15 and the Fib-4 index were identified as
independent risk factors associated with liver cancer development
(Table 2, Table S3). When selecting the liver fibrosis stage instead of
the Fib-4 index, both GDF15 and liver fibrosis stage were identified
asindependent risk factors associated with liver cancer development
(Table 3, Table S4).

3.3 | Serum GDF15 level is highly predictive of liver
cancer occurrence in MASLD patients

According to the ROC curves of the serum GDF15 level for the
prediction of 3-year, 5-year, and 7-year liver cancer incidence, the
AUROCs were 0.949, 0.941, and 0.940, respectively. These values
were greater than those of the Fib-4 index, although the difference
was not significant according to the Delong test (Figure 2A-C).
Using a serum GDF15 cutoff value of 1.75, according to the Youden
index of the ROC curve for 7-year incidence, 29.5% of the patients
were classified into the GDF15-high subgroup. The liver cancer

incidence rates at 3, 5, and 7years in GDF15-high patients were

TABLE 2 Cox proportional hazards model for liver cancer occurrence.

Missing Univariate analysis

numbers median (95% ClI) p
Age (years) 0 1.08 (1.04-1.13) 0.0003
Sex 0 1.66 (0.72-3.94) 0.2353
BMI (kg/m?) 1 1.00 (0.90-1.10) 0.9755
Platelets, x10%/uL 0 0.79 (0.72-0.86) <0.0001
AST (U/L) 0 1.01(1.00-1.02) 0.0638
ALT (U/L) 0 1.00 (0.98-1.00) 0.3372
GGT (U/L) 0 1.003 (1.000-1.005) 0.0184
ALP (U/L) 0 1.003 (0.999-1.006) 0.0956
Total bilirubin (mg/ 0 1.33(0.38-3.78) 0.6214
dL)
Triglyceride (mg/ 4 0.99 (0.99-1.00) 0.1361
dL)
LDL-cholesterol 12 0.98 (0.97-1.00) 0.0191
(mg/dL)
FBS (mg/dL) 1 1.00 (0.99-1.01) 0.8228
HbA1c (%) 8 0.90(0.60-1.22) 0.5758
DM 0 0.80(0.34-1.84) 0.5949
Metformin 0 0.64 (0.10-2.19) 0.5428
Albumin (g/dL) 0 0.16 (0.07-0.43) <0.0001
PT (%) 14 0.92(0.89-0.95) <0.0001
AFP (ng/mL) 53 1.03(0.99-1.05) 0.0230
GDF15 (ng/mL) 1.61(1.36-1.86) <0.0001
FIB-4 Index 1.70(1.45-1.98) <0.0001
FO-2/F3-4 2.65(1.15-6.13) 0.0223

Multivariate analysis
median (95% Cl) p

Multivariate analysis
median (95% Cl) p

0.56 (0.17-2.07) 0.3674
1.04 (0.98-1.07) 0.0615
1.49 (1.22-1.76) <0.0001 1.43(1.15-1.72) 0.0004
1.56 (1.29-1.85) <0.0001 1.57(1.29-1.88) <0.0001
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TABLE 3 Cox proportional hazards model for liver cancer occurrence.

Multivariate analysis, median

Multivariate analysis median

Missing numbers (95% ClI) p (95% Cl) p
Albumin (g/dL) 0 0.37(0.13-1.1¢) 0.0762
AFP (ng/mL) 53 1.03 (0.98-1.05) 0.0696
GDF15 (ng/mL) 0 1.68 (1.41-1.99) <0.0001 1.53(1.25-1.84) <0.0001
FO-2/F3-4 0 2.90(1.18-7.12) 0.0200 2.71(1.16-6.37) 0.0220
(A) 100 AUROC(95%Cl) :::lGI.U RE 2 High AUROCXLGRCD)E]ﬁ
] or liver cancer occurrence.

- - G_DF1§ 0.949(0.915-0.983) | - 150 of GDF15 and the Fib-4 index for the
- 804 Fib-4 index 0.862(0.724-0.999) prediction of liver cancer occurrence
:_3- 60 within 3, 5, and 7 years. The statistical
é analysis was performed with the Delong
2 40 test.
[}
(0]

20
0+— .

T 1 1
0 20 40 60 80 100
100% - Specificity%

® AUROC(95%Cl)
B ~ GDF15  0941(0.901-0982) | _ 35¢
80- - Fib-4 index 0.899(0.800-0.998)
= .
2 i
£ e
B 40
Q
(]
20—
0 - 1 1 1 1 1
0 20 40 60 80 100
100% - Specificity%
© AUROC(95%CI)
7 —_— 0.940(0.900-0.981
GDF15 ( ) 0=0.248
80 Fib-4 index 0.900(0.833-0.968)
< v
2 i
£ e
S 40-
Q
(5]
20
0 - 1 1 1

I 1
0 20 40 60 80 100
100% - Specificity%

4.8%, 7.7%, and 14.9%, respectively (Figure 3A). In contrast, the
incidence rates in the GDF15-low patients were 0.0%, 0.0%, and
0.7%, respectively, which were significantly lower than those in the
GDF15-high patients (Figure 3A). Regarding the liver fibrosis stage,
the incidence rates of liver cancer in patients with advanced fibrosis
(F3/F4) were 2.4%, 3.4%, and 8.3% at 3, 5, and 7 years, respectively,
which were significantly higher than the incidence rates of 1.1%,
1.8%, and 3.2% at 3, 5 and 7 years, respectively, in patients without
advanced fibrosis (FO/1/2) (Figure 3B).

Among patients with and without advanced fibrosis, the in-
cidence of liver cancer in GDF15-high patients was significantly
greater than that in GDF15-low patients (Figure 3C). Regarding the
Fib-4 index, among patients with a Fib-4 index <1.3, none devel-
oped liver cancer within 7 years (Figure 3D). Among patients with a
Fib-4 index >1.3, not only patients with advanced fibrosis (F3/4) but
also a few patients with nonadvanced fibrosis (FO/1/2) developed
liver cancer (Figure 3F). However, we could stratify the risk of liver

cancer development using serum GDF15 levels (Figure 3E). The liver
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FIGURE 3 Patients with a high GDF15 level, a high Fib-4 index or advanced fibrosis are at high risk for liver cancer occurrence. (A-F)
Kaplan-Meier curve for liver cancer occurrence in the biopsy-MASLD cohort (n=518). All patients were divided by GDF15 level (A). All
patients were divided by fibrosis status (FO/1/2 vs. F3/4) (B). Patients without advanced fibrosis (FO/1/2) or with advanced fibrosis (F3/4)
divided by the GDF15 level (C). All patients were divided according to the Fib-4 index (D). Patients with a Fib-4 index >1.3 divided by the
GDF15 level (E). Patients with a Fib-4 index >1.3 divided by fibrosis status (FO/1/2 vs. F3/4) (F). The statistical analysis was performed with
the log-rank test.
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cancer incidence rates in GDF15-high patients with a Fib-4 index
>1.3 were 5.3%, 8.6%, and 16.9% at 3, 5, and 7 years, respectively,
and were significantly higher than those in GDF15-low patients with
a Fib-4 index >1.3, which were 0.0%, 0.0%, and 1.4% at 3, 5, and
7 years, respectively (Figure 3E).

3.4 | Patients with high serum GDF15 levels are
at high risk for decompensated liver events and
poor prognosis

Next, we analysed other outcomes, including decompensated
liver events, CV events, and deaths. In the biopsy-MASLD co-
hort, 24 patients developed decompensation events, 16 devel-
oped CV events, and 12 died (7 liver-related deaths). With the
same GDF15 cutoff value of 1.75ng/mL, the incidence rate of
decompensated liver events in GDF15-high patients was 7.3% at
5years, which was significantly greater than that in GDF15-low
patients, whose incidence rate of decompensated liver events
was 1.4% at 5years (Figure 4A). Patients with high GDF15 lev-
els had significantly higher incidence rates of liver-related death
and overall death (Figure 4B,C). Even when limited to patients
with a Fib-4 index >1.3, patients with high GDF15 levels had sig-
nificantly higher incidence rates of decompensated liver events,
liver-related death, and overall death (Figure 4A-C). There was
no significant difference in the incidence of CV events between
GDF15-high and GDF15-low patients when the cutoff value was
1.75ng/mL (Figure 4D). However, the difference was significant
when we used a cutoff value of 3.0 ng/mL, which we set based on
the Youden index (Figure 4D).

3.5 | High GDF15 levels predict high liver
cancer occurrence and poor prognosis in the
validation cohort

To validate the utility of GDF15 as a predictive marker for liver
cancer and other events, we examined GDF15 expression in a
validation cohort. The median age was 54years, and 52% were
female. The median BMI was 28.1kg/m?, and 38% of the pa-
tients were diagnosed with DM (Table S5). The median GDF15
level was 1.25ng/mL (Figure 5A). During the median follow-up of
48 months, 9 out of 216 patients developed liver cancer, and all of
them were HCC. The incidence rates of liver cancer were 2.9% at
3years, 6.2% at 5years, and 7.7% at 7 years (Figure 5B). Using the
GDF15 cutoff value of 1.75ng/mL, 72 patients (33.3%) were clas-
sified as GDF15-high patients. The incidence rates of liver cancer
in these patients were 7.2%, 16.8%, and 20.6% at 3, 5, and 7 years,
respectively, and were significantly higher than those in patients
with low GDF15 levels, whose incidence rate of liver cancer was
0.8% from 3 to 7years (Figure 5C). Among patients with a Fib-4
index <1.3, the incidence rate of liver cancer was low, at 1.5%

from 3 to 7years (Figure 5B). On the other hand, among patients

KUMAZAKI ET AL.

with a Fib-4 index >1.3, the incidence rates of liver cancer in pa-
tients with high GDF15 levels were 6.1%, 16.5%, and 20.7% at 3, 5,
and 7 years, respectively, and were significantly higher than those
in patients with low GDF15 levels, whose incidence rate of liver
cancer was 1.8% from 3 to 7years (Figure 5C). In the validation
cohort, 14 patients developed decompensated liver events, and
seven patients died (five liver-related deaths). All of these patients
had a Fib-4 index >1.3. According to the GDF15 cutoff value of
1.75ng/mL, patients with high GDF15 levels were at a significantly
higher risk of decompensated liver events, liver-related death, and
overall death, whether limited to patients with a Fib-4 index >1.3
or not (Figure 5D-F). The combination of a Fib-4 index >1.3 and
a GDF15>1.75ng/mL narrowed the number of MASLD patients
in the validation cohort to 29.2% (63/216), and this combination
could be an efficient marker for identifying patients at high risk for

liver carcinogenesis or other related events.

3.6 | Among those who underwent medical
checkups and met the MASLD criteria, 2.8% had a
Fib4 index >1.3 and a GDF15>1.75ng/mL

Next, we analysed how the criteria for a Fib-4 index >1.3 and a
GDF15>1.75ng/mL can narrow down MASLD patients in health
checkup recipients. The serum GDF15 level was measured in 364
individuals who met the MASLD criteria among health checkup re-
cipients for whom stocked sera were available. The median age was
52years, and the median Fib4 index was 0.94 (Table S6). The median
serum GDF15 level was 0.76ng/dL. Among the 364 individuals, 18
(4.9%) had a GDF15>1.75ng/mL, 86 (23.6%) had a Fib4 index >1.3,
and 10 (2.7%) had both (Figure Sé).

4 | DISCUSSION

In the present study, we found that the serum GDF15 level is a
novel biomarker for predicting liver cancer occurrence and has a
high predictive capability in patients with MASLD. Among patients
with MASLD, liver fibrosis is a well-known risk factor for liver
cancer occurrence.”® Consistent with these previous reports,
the incidence rates in patients with MASLD with advanced
fibrosis (F3/F4) were significantly higher than those in patients
with MASLD with nonadvanced fibrosis (FO/1/2) (Figure 3B).
Importantly, even among patients with advanced fibrosis (F3/F4),
the risk of liver cancer occurrence could be stratified by the serum
GDF15 level. Among patients with advanced fibrosis, the 3-, 5-,
and 7-year cumulative liver carcinogenesis rates of patients with
a GDF15>1.75ng/mL were 5.4%, 7.9%, and 24.7%, respectively,
while none of the patients with a GDF15<1.75ng/m developed
liver cancer within 7years (Figure 3C). On the other hand, the
3-, 5-, and 7-year incidence rates in patients with MASLD with
nonadvanced fibrosis (FO/1/2) were 1.1%, 1.8%, and 3.2%,

respectively (Figure 3B). Consistent with previous reports,®* liver
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FIGURE 4 Patients with high GDF15 levels are at high risk for decompensated liver events and poor prognosis. (A-C) Kaplan-Meier
curves for decompensated liver events (A), liver-related deaths (B), and overall deaths (C) in all patients (n=518) or patients with a Fib-4
index >1.3 (n=347) in the biopsy-MASLD cohort divided by the GDF15 level. (D) Kaplan-Meier curves for cardiovascular events in all
patients in the biopsy-MASLD cohort (n=518) divided by GDF15 level. The statistical analysis was performed with the log-rank test.
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FIGURE 5 NAFLD patients with high GDF15 levels are at high risk for liver cancer, decompensated liver events, liver-related death and
overall death. (A) Distribution of serum GDF15 levels in the validation cohort (n=216). (B) Kaplan-Meier curve for liver cancer occurrence
in the validation cohort (n=216). All patients and all patients were divided by the Fib-4 index. (C-F) Kaplan-Meier curves for liver cancer
occurrence (C), decompensated liver events (D), liver-related deaths (E), and overall deaths (F) in all patients (n=216) or patients with a Fib-4
index >1.3 (n=123) in the validation cohort divided by the GDF15 level. The statistical analysis was performed with the log-rank test.

cancer also develops in patients with MASLD with nonadvanced
fibrosis (FO/1/2), which is problematic when considering
carcinogenesis follow-up targets for patients with MASLD. The
present study showed that GDF15 could also clearly stratify
the risk of liver cancer occurrence in patients with nonadvanced
fibrosis (FO/1/2) (Figure 3C). In the present study, we revealed that
high serum GDF15 is a novel risk factor for liver cancer occurrence
regardless of liver fibrosis status.

The guidelines recommend the evaluation of liver fibrosis in
patients with MASLD with a Fib-4 index >1.3 by elastography or
liver biopsy and follow-up according to the degree of fibrosis.”*?
As previously reported,’® the incidence of liver cancer in patients
with MASLD with a Fib-4 index <1.3 was quite low (Figures 3D and
5B), supporting the exclusion of these patients from liver cancer sur-
veillance. The present study clearly showed that while patients with
MASLD with a Fib-4 index <1.3 or GDF15<1.75ng/m rarely devel-
oped liver cancer (Figures 3A,D and 5B,C), patients with MASLD with
a Fib-4 index >1.3 and GDF15>1.75ng/mL developed liver cancer
at a high frequency (Figures 3E and 5C). Among 347 patients with
MASLD with a Fib-4 index >1.3 in the biopsy-MASLD cohort, 239
patients who were diagnosed with nonadvanced fibrosis (FO/1/2) by
liver biopsy developed liver cancer (3.0% at 5years; Figure 3F), while
none of the 208 patients with GDF15<1.75ng/mL developed liver
cancer within 5years (Figure 3E). Patients with MASLD with a Fib-4
index >1.3 and GDF15>1.75ng/mL also had a significantly greater
risk of decompensated liver events and poor prognosis (Figures 4A-
Cand 5D-F). Based on our results, patients with MASLD with a Fib-4
index >1.3 and GDF15> 1.75ng/mL should be followed up regularly,
regardless of the degree of liver fibrosis.

Among the 518 (biopsy-MASLD cohort) and 216 (validation
cohort) hospital patients with MASLD, 67.0% and 56.9%, respec-
tively, had a Fib-4 index >1.3, and 26.6% and 29.2%, respectively,
had a Fib-4 index >1.3 and GDF15>1.75ng/mL. On the other hand,
among the 361 health checkup recipients who met the MASLD cri-
teria, 23.6% had a Fib4 index >1.3, and only 2.7% had a Fib-4 index
>1.3and a GDF15> 1.75ng/mL. If the results of the present study on
hospital outpatients with MASLD regarding clinical outcomes can be
adapted to health checkup recipients, the combination of the Fib-4
index and GDF15 would be able to pick up high-risk patients effi-
ciently from patients with MASLD and could be a useful biomarker
in clinical settings, not only at liver specialty clinics or hospitals but
also at primary care clinics or health checks.

In previous studies, serum GDF15 levels were shown to be ben-
eficial for predicting the prognosis of acute coronary syndrome
and heart failure patients.’°32 One study reported that serum
GDF15 levels are related to the risk of CV events, such as carotid

artery plaques and reduced left ventricular ejection fraction, in

community-dwelling individuals.®® In the present study, patients
with MASLD with a GDF15 level>1.75ng/dL were not at high risk
for CV events, but patients with MASLD with a GDF15 level >3.0ng/
dL had a significantly greater risk of developing CV events. In the val-
idation cohort, CV events occurred in only 2 patients, and both had
a GDF15 level >3.0ng/dL. Nevertheless, the event number was too
small to determine whether patients with MASLD with high GDF15
levels are at high risk for CV events in the present study; thus, fur-
ther study is necessary.

In the present study, the serum GDF15 level was identified as
a risk factor for liver cancer occurrence independent of liver fibro-
sis, suggesting that GDF15 is also a factor other than liver fibrosis,
although it was correlated to some extent with fibrosis (Figure 1C).
Increased levels of GDF15 have been reported in response to oxida-

tive stress,34%°

which is one of the critical factors in the process of
liver carcinogenesis in patients with chronic hepatitis, namely, viral
hepatitis®® and NAFLD.®”®® Indeed, continuous hepatocyte apopto-
sis, a characteristic feature of chronic liver disease, promotes liver
cancer occurrence and progression via oxidative stress.® 4! Thus,
GDF15 is associated with oxidative stress, which is closely related to
liver cancer occurrence and progression.

In conclusion, the serum GDF15 level is a novel biomarker for
liver cancer occurrence, decompensated liver events, and death
in patients with MASLD. The serum GDF15 level combined with
the Fib-4 index is beneficial for identifying high-risk patients with
MASLD who need regular surveillance. We propose measuring
serum GDF15 levels in MASLD patients with a Fib-4 index>1.3, and
if the serum GDF15 level is greater than 1.75ng/mL, we suggest
performing regular liver cancer screening regardless of the fibrosis
stage. This approach is expected to efficiently detect cases of liver
carcinogenesis not only in advanced fibrosis patients but also in non-
advanced fibrosis patients, and it is expected to lead to the early

detection of liver cancer in larger numbers of MASLD patients.
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