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Background & Aims: People who drink alcohol excessively are at increased risk of developing metabolic dysfunction and
alcohol-related liver disease (MetALD) or the more severe form alcohol-related liver disease (ALD). One of the most significant
challenges concerns the early detection of MetALD/ALD. Previously, we have demonstrated that the lysosomal enzyme cathepsin
D (CTSD) is an early marker for metabolic dysfunction-associated steatohepatitis (MASH). Here, we hypothesized that plasma
CTSD can also serve as an early indicator of MetALD/ALD.

Methods: We included 303 persistent heavy drinkers classified as having MetALD or ALD (n = 152) and abstinent patients with a
history of excessive drinking (n = 151). Plasma CTSD levels of patients with MetALD/ALD without decompensation were
compared with 40 healthy controls. Subsequently, the relationship between plasma CTSD levels and hepatic histological scores
was established. Receiver-operating characteristic curves were generated to assess the precision of plasma CTSD levels in
detecting MetALD/ALD. Lastly, plasma CTSD levels were compared between abstainers and drinkers.

Results: Plasma CTSD levels were higher in patients with MetALD/ALD compared to healthy controls. While hepatic disease
parameters (AST/ALT ratio, liver stiffness measurement) were higher at advanced histopathological stages (assessed by liver
biopsy), plasma CTSD levels were already elevated at early histopathological stages. Furthermore, combining plasma CTSD levels
with liver stiffness measurement and AST/ALT ratio yielded enhanced diagnostic precision (AUC 0.872) in detecting MetALD/ALD
in contrast to the utilization of CTSD alone (AUC 0.804). Plasma CTSD levels remained elevated in abstainers.

Conclusion: Elevated levels of CTSD in the circulation can serve as an early indicator of MetALD/ALD.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Alcohol-related liver disease (ALD) is the leading cause of liver
disease-related morbidity and mortality worldwide. In 2017,
there were an estimated 23.6 million cases of compensated
cirrhosis and 2.5 million cases of decompensated cirrhosis
attributable to alcohol use worldwide.” Moreover, according to
a 2014 global report on non-communicable diseases by the
World Health Organization, approximately 3.3 million deaths
annually, representing 5.9% of global deaths, were attributed to
excessive alcohol consumption. Among these deaths, over half
were associated with non-communicable diseases, with 16%
specifically linked to end-stage liver disease.”® Relevantly,
there has been a notable update in the terminology used to
describe liver diseases caused by alcohol consumption. This
update has led to the differentiation between alcohol-related
liver disease (ALD) and metabolic dysfunction/alcohol-related
liver disease (MetALD), with the primary distinction being
based on the current level of alcohol consumption.*

From a pathological point of view, ongoing excessive
drinking increases the likelihood of developing hepatic

pathological events ranging from hepatic steatosis, hepatic
inflammation and ballooning, fibrosis and cirrhosis, which can
eventually lead to hepatocellular carcinoma (HCC) and ulti-
mately liver failure.® Consistent with global alcohol consump-
tion data, the prevalence of MetALD/ALD has remained stable
over the past two decades, while the incidence of advanced
stages of MetALD/ALD has shown a consistent increase.®
Considering these findings, early detection of MetALD/ALD
has become an increasingly urgent priority to prevent its pro-
gression to advanced stages.

General practitioners (GPs) play a crucial role in the identifi-
cation and initiation of interventions for patients with MetALD/
ALD. Several questionnaire-based studies have assessed GPs’
recognition, attitudes, and interventions concerning excessive
alcohol consumption and alcohol-related problems. The findings
consistently indicate low levels of recognition and intervention by
GPs regarding excessive alcohol consumption.”® Fear of
damaging the doctor-patient relationship, concerns about
violating patient integrity, and reluctance to condemn excessive
drinkers are some of the reasons why GPs may not screen for
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alcohol use.® Furthermore, patients often conceal their drinking
habits.>® Consequently, a subset of patients with liver disease
may go unnoticed, as they are not motivated to abstain from
alcohol or seek treatment, allowing the disease to progress.'®
Although advanced hepatic pathological stages of ALD (fibrosis,
cirrhosis) can be detected through non-invasive imaging tech-
niques (Fibroscan) or liver biopsy, there are currently no accurate
methods to diagnose early MetALD/ALD, posing challenges for
timely detection."” Thus, there is an urgent need for new ap-
proaches to enable early diagnosis of MetALD/ALD in patients
with chronic heavy alcohol consumption.

Accumulating evidence established the central role of
lysosomal cathepsins in the development of low-grade chronic
inflammation and related metabolic disturbances within the
context of obesity-associated diseases.'? Amongst cathep-
sins, cathepsin D (CTSD) has attracted increased attention in
recent years due to its role in lysosomal cell death and the fact
that it is one of the few cathepsins that shows some activity at
neutral pH. Specifically, we showed that plasma CTSD levels
correlated with different stages of diet-induced steatotic liver
disease in adults'® and even demonstrated that plasma CTSD
levels were an early marker of diet-induced steatotic liver dis-
ease in children.'> We subsequently demonstrated increased
plasma levels and activity of CTSD in patients with metabolic
dysfunction-associated steatohepatitis (MASH) and type 2
diabetes.'* However, while in vivo and in vitro studies have
demonstrated an association between hepatic changes in
CTSD levels and alcohol intake,'®'® to our knowledge, no
study has ever investigated plasma CTSD levels in the context
of MetALD/ALD.

For this purpose, we hypothesized that plasma CTSD levels
can discriminate between healthy controls and patients with
MetALD/ALD and, moreover, associate with early histopatho-
logical stages of MetALD/ALD. Therefore, plasma CTSD levels
were quantified in both healthy controls and patients with
MetALD/ALD and subsequently correlated with various hepatic
histopathological indicators that were scored according to
standardized criteria. Subsequently, the accuracy of plasma
CTSD levels alone or in combination with known non-invasive
markers of hepatic disease was investigated in patients with
MetALD/ALD.

Materials and methods

Participant characteristics

We conducted a cross-sectional study of 303 individuals at risk
of MetALD/ALD from the Region of Southern Denmark, clas-
sified as persistent heavy drinkers (n = 152) and abstinent pa-
tients with a history of excessive drinking (n = 151). The
protocol was approved by the ethics committee of the Danish
Data Protection Agency and the Region of Southern Denmark
(S-20120071, S-20160021 and S-20160006G) and adheres to
the 2013 Declaration of Helsinki. Results from the cohort have
previously been published.””'® In short, patients were pro-
spectively recruited between April 18, 2013 and September 17,
2018 from referrals to outpatient liver clinics or primary care.
27% of patients in this cohort had advanced fibrosis. Initially,
persistent heavy drinking was defined as at least 1 year of
drinking above the limits for harmful drinking as defined by the
Danish health authorities (214 units/week for females and 221
units per week for males).?° In 2016, this protocol was revised
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to require at least 5 years of heavy drinking based on the
previously indicated criteria. Inclusion criteria, in addition to
alcohol history, were age 18-75 years, and informed consent
for a liver biopsy.?® We excluded patients with decompensation
at baseline.

For comparison, we included 40 healthy controls matched
for age and gender with patients at risk of MetALD/ALD.
Recruitment and inclusion of healthy controls are described
elsewhere in detail.>"** The inclusion criterion for healthy
controls was age 40-75 years. Exclusion criteria included: 1)
medication use, prescription or otherwise at the time of inclu-
sion; 2) suffering from a chronic disease; 3) antibiotic use 6
months before the start of inclusion; 4) reported alcohol intake
above the low-risk limit of 7 units of alcohol per week for fe-
males and 14 units per week for males, or binge drinking =5
units at one event.

Histology

An experienced pathologist (blinded to clinical data) scored all
liver biopsies according to NAFLD activity score (NAS) of the
Clinical Research Network for steatosis (0-3), ballooning (0-2),
lobular inflammation (0-3) and fibrosis (0-4)."”*° The sum of
ballooning and lobular inflammation constitutes the composite
score for inflammatory activity (0-5). A composite NAS score
consists of the sum of steatosis, ballooning, and lobular
inflammation, the histological features of active injury that are
potentially reversible in the short term (0-8).

History of alcohol intake

Patients reported their alcohol use history on a standard
questionnaire, detailing duration and degree of overuse, peak
drinking, current alcohol intake, and, if abstaining from alcohol
at the time of inclusion, the duration of abstinence.'” Absti-
nence was defined as not drinking any alcoholic beverages for
at least 1 week.?°

Biochemical analyses, liver fibrosis and liver biopsy

We performed all investigations and blood sampling for bio-
banking within 1 week of inclusion. After overnight fasting, we
collected venous blood. Fasting blood glucose, insulin, ho-
meostasis model assessment of insulin resistance, glycosy-
lated hemoglobin, plasma triglycerides, HDL and LDL, alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
model for end-stage liver disease, and C-reactive protein were
determined using routine analyses.?°

The enhanced liver fibrosis test (Siemens Healthcare Di-
agnostics Inc., Tarrytown, NY) was measured on an Advia
Centaur XP (Siemens Healthcare Diagnostics Inc.) according to
the manufacturer’s instructions. The coefficient of variation
estimated from the assay controls with three different con-
centrations ranged from 4.1% to 6.1% for hyaluronic acid, from
4.0% to 5.4% for the N-terminal pro-peptide of collagen type
I, and from 2.5% to 2.9% for tissue inhibitor of
metalloproteinase-1. A cut-off of 10.5 was used, convenience
adjusted from 10.51 as recommended by the National Institute
for Health and Care Excellence for advanced fibrosis in
NAFLD.?*2% The manufacturer-recommended 9.8 and 7.7 cut-
offs were considered; the first to diagnose advanced fibrosis
(2F3), the latter to exclude significant fibrosis (>F2).2°*° One
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experienced nurse operator (>500 scans) determined liver
stiffness measurement (LSM) by transient elastography (TE)
using a FibroScan 502 Touch (Echosens, Paris, France) ac-
cording to standard.?”*® An ultrasound-trained investigator
(>300 scans per year) performed abdominal ultrasonography
and 2-dimensional shear-wave elastography with the Aixplorer
system (Supersonic Imagine, Aix-en-Provence, France) ac-
cording to published standards.?”*° As recommended by the
2015 Baveno VI consensus paper, we considered LSM
>15.0 kPa as optimal for diagnosing advanced fibrosis.*>° In
post hoc analyses, we checked whether the 15.0 kPa cut-off
was appropriate for our cohort, given that ALD may yield
higher liver stiffness than other etiologies.®' The optimal cut-off
for >F3 for LSM was 15.5. We also evaluated our previously
published optimal cut-offs for cirrhosis; 19.7 kPa for LSM.

Finally, a percutaneous suction needle liver biopsy was
performed in the same intercostal space as the elastography
(17 G Menghini needle; Hepafix, Braun, Germany). An experi-
enced liver pathologist assigned Kleiner fibrosis stage while
blinded to all other study data (previously reported, Kappa 0.71
for intra-observer variance).>> We considered a biopsy to be of
adequate quality if it had a length of at least 10 mm and at least
six portal tracts, or presence of regenerative nodules. In 2016,
we changed the study protocol, since no patient with LSM
<6.0 kPa had advanced fibrosis. We therefore refrained from a
liver biopsy in 96 patients with LSM below 6.0 kPa. Sub-
classifications according to the new nomenclature were made
as described before.*®

Human cathepsin D ELISA'?

Human plasma was diluted 200x based on a pool test and
CTSD levels were determined by means of the CTSD ELISA
according to the manufacturer’s protocol (USCN Life Science
Inc., Wuhan, China). The absorbance was measured on a
Benchmark 550 microplate reader (Bio-Rad, Hercules, CA,
USA); the detection limit ranged from approximately 46.88 to
3,000 pg/ml. CTSD measurements were performed blinded to
the histological findings of the study participants.

Table 1. Baseline clinical characteristics.
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Statistical analyses

Statistical analyses were performed using SPSS 27.0 Statistics
for Windows (IBM, Armonk, N.Y., USA), MedCalc (Version
20.106) and GraphPad Prism 9.0 for Microsoft Windows. The
differences in participants’ characteristics were tested using an
independent sample t-test. Further, all analyses were con-
ducted using non-parametric tests as the data were not nor-
mally distributed. The data were expressed as median =+
interquartile range and considered significant at p <0.05.
Correlation coefficients were calculated to determine simple
associations between plasma CTSD levels and hepatic
disease-related features, as well as plasma LDL cholesterol and
plasma triglycerides. Subsequently, multiple linear regression
analyses were performed, in which plasma CTSD levels served
as a dependent variable and other parameters as independent
variables, resulting in model 1 (simple regression), model 2
(model 1 + adjustment for age), model 3 (model 2 + adjustment
for BMI) and model 4 (model 3 + adjustment for sex). p values
<0.05 were considered statistically significant. Areas under the
receiver-operating characteristic curve (AUCs) were generated
in SPSS to investigate the diagnostic accuracy of plasma CTSD
levels alone or in combination with current diagnostic markers
for MetALD/ALD. The cut-off values were derived from the AUC
and calculated using Youden’s index formula. The comparison
between two AUCs was determined as described by DelLong
et al.®* using MedCalc. A significance level of p <0.05 was
deemed significant.

Results

Clinical characteristics of individuals

A total of 345 individuals, including 152 patients with MetALD/
ALD, 151 abstainers and 40 healthy controls were enrolled in
the study. The clinical characteristics of these individuals are
presented in Table 1. Further, AST/ALT ratio, LSM and plasma
CTSD levels were increased in patients with MetALD/ALD
compared to healthy controls (Fig. 1).

Parameters Healthy controls MetALD/ALD Abstainer Total p value (MetALD/ALD vs.

(n = 40) (n =152) (n =151) (n = 345) healthy controls)
Gender (F/M) 9/31 31/121 51/140 82/263 0.772
Age (yr) 53+1.6 57+0.9 54+0.9 55.04+0.59 0.070
BMI (kg/m?) 26+0.5 28+0.5 27+0.4 27.18+0.29 0.031*
HOMA-IR 2.8+0.4 6.4+0.9 4.5+0.4 5.18+0.44 0.000*
Insulin (pmol/L) 69.4+8.0 127.7+13.4 101.4+8.7 109.90+7.15 0.000*
Fasting glucose (mmol/L) 5.9+0.2 6.7+0.2 6.9+0.2 6.82+0.12 0.000*
Hemoglobin A1c (mmol/mol) 37+1.0 37+0.9 39+0.9 37.96+0.56 0.927
LDL cholesterol (mmol/L) 3.3+0.1 2.8+0.1 3.2+0.1 3.03+0.06 0.003*
HDL cholesterol (mmol/L) 1.3+0.08 1.5+0.05 1.3+0.03 1.37+0.03 0.119
Triglyceride (mmol/L) 1.30.1 1.9+0.2 1.420.1 1.60+0.07 0.001*
CAP (dB/m) 270+9 3077 257+6 281.58+4.38 0.002*
ALT (U/L) 31+3 48+3 33+2 39.62+1.85 0.000*
AST (U/L) 28+2 5914 38+3 46.33+2.15 0.000*
AST/ALT ratio 1.01+0.06 1.46+0.07 1.28+0.05 15.18+0.97 0.000*
LSM (kPa) 7.0£1.5 16.7£1.5 15.9+1.5 7.18+£0.10 0.000*
MELD 6.7+0.1 7.4+0.2 7.1+0.1 1.34+0.04 0.005*
CRP (mg/L) 3.2+0.5 8.1x1.7 6.5+1.1 6.89+0.93 0.007*
Plasma CTSD levels (pg/ml) 22,858.54+1,059.15 33,766.34+980.38 41,501.97+1,218.73 35,939.20+766.94 0.000*

Data are represented as mean+SEM. Data are statistically analyzed by performing an independent sample t-test using SPSS software, version 27.0 (SPSS, Chicago, IL, USA).

* p <0.05 is statistically significant.

ALD, alcohol-related liver disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAP, controlled attenuation parameter; CRP, C-reactive protein; CTSD,
cathepsin D; HOMA-IR, homeostasis model assessment of insulin resistance; LSM, liver stiffness measurement; MELD, model for end-stage liver disease; MetALD, metabolic

dysfunction and alcohol-related liver disease.
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The elevation of plasma CTSD levels at early
histopathological stages of MetALD/ALD relates to
changes in lipid metabolism

Next, we investigated the relationship of hepatic histopatho-
logical events, assessed according to the NAS system,17 with
AST/ALT ratio, LSM and plasma CTSD levels. Although the
NAS steatosis score exhibited no variations in AST/ALT ratio
(Fig. 2A), LSM showed a gradual increase with higher NAS
steatosis scores (Fig. 2B). Conversely, the mean absolute levels

A 5
4
ie]
§3-
[
-}
<
& 27
<
1
0 M
Healthy controls ~ MetALD/ALD patients
*kkk
B 80+
v
60
T v
%
< 40
=
%]
|
20+

HealthyI controls  MetALD/ALD patients

*kkk

C 80,000~

£ ¥
g 60,000 &
K2}
[}
>
@
g 40,000
A

5 YN
(] I A
% 20,0004 & AR
oy EAIAR

0

HealthyI controls ~ MetALD/ALD patients

Fig. 1. Plasma CTSD levels and hepatic disease markers in MetALD/ALD
patients and healthy controls. (A) AST/ALT ratio of healthy controls vs. patients
with MetALD/ALD (healthy control, n = 31; MetALD/ALD, n = 148). (B) LSM of
healthy controls vs. patients with MetALD/ALD (healthy control, n = 38; MetALD/
ALD, n = 145). (C) CTSD in the plasma of healthy controls vs. patients with
MetALD/ALD (healthy control, n = 38; MetALD/ALD, n = 152). “p <0.05, ***p
<0.0001 (Mann-Whitney test). All error bars are median with interquartile range.
ALD, alcohol-related liver disease; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CTSD, cathepsin D; LSM, liver stiffness measurement; Met-
ALD, metabolic dysfunction and alcohol-related liver disease.
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of plasma CTSD were highest at the lowest NAS steatosis
score and remained rather stable when NAS steatosis scores
increased (Fig. 2C). Furthermore, the NAS inflammation score
confirmed these findings: while the existing hepatic disease
markers AST/ALT ratio and LSM significantly increased at
advanced NAS inflammation scores (Fig. 2D,E), plasma CTSD
levels were highest at the lowest NAS inflammation scores
(Fig. 2F). Similar observations were also made in patients with
MetALD/ALD categorized according to the total NAS score,
showing increased AST/ALT ratio and LSM only at advanced
stages compared to healthy controls (Fig. S1A,B). In contrast,
plasma CTSD levels increased in patients with MetALD/ALD
with the lowest NAS scores and remained stable upon
increasing NAS scores (Fig. S1C).

In line with these findings, AST/ALT ratio and LSM were only
increased upon advanced hepatic fibrosis stages (Fig. 2G,H),
while a significant elevation of plasma CTSD levels was already
apparent in the early stages of hepatic fibrosis (Fig. 2I). More-
over, plasma CTSD levels increased among patients with
MetALD/ALD exhibiting an AST/ALT ratio <2 compared to
healthy controls (Fig. 3). This elevation decreased in compari-
son to patients with AST/ALT levels >2 (Fig. 3).

To explore the underlying mechanisms that explain the early
increase of plasma CTSD levels in these patients with MetALD/
ALD, we described the baseline characteristics of the healthy
controls and score 0 MetALD/ALD patients according to the
NAS classification (Table S1). This classification unveiled that,
next to plasma CTSD levels, plasma triglycerides and plasma
LDL cholesterol (the latter only a trend) are also different be-
tween healthy controls and score 0 MetALD/ALD patients. To
subsequently test whether the increase in plasma CTSD levels
in the score 0 MetALD/ALD patients (compared to healthy
controls) associates with the observed changes in plasma tri-
glycerides and/or LDL cholesterol levels, we performed a
multiple linear regression analysis combining the healthy con-
trols and score 0 MetALD/ALD patients. While plasma CTSD
levels did not associate with plasma LDL cholesterol levels, a
positive independent association with plasma triglycerides was
found (Model 1: standardized B, 0.286; p = 0.030), also after
adjustment for age (Model 2: standardized 3, 0.270; p = 0.034),
BMI (Model 3: standardized B, 0.293; p = 0.026) and sex (Model
4: standardized 3, 0.285; p = 0.034) (Table S2). Together, these
findings indicate that plasma CTSD levels associate with early
stages of MetALD/ALD and suggest that the observed in-
crease in plasma CTSD levels is related to changes in
lipid metabolism.

Plasma CTSD levels correlate with hepatic disease
determinants in patients with MetALD/ALD

Considering its association with MetALD/ALD, we next exam-
ined the liver specificity of plasma CTSD levels by correlating
their values with hepatic disease markers. In accordance with
the absence of alterations in fibrosis staging, plasma CTSD
levels correlated in a weak, inverse manner with hepatic fibrosis
indicators including ELF and LSM (Fig. 4A; r = -0.1493, p =
0.07, Fig. 4B; r = -0.2954, p <0.001). Additionally, in patients
with MetALD/ALD, plasma CTSD levels were inversely asso-
ciated with AST, AST/ALT ratio and controlled attenuation
parameter (Fig. S2A; r = -0.2592, p = 0.001, Fig. S2B; r =
-0.2895, p <0.001, Fig. S2C; r =-0.1903, p = 0.07, respectively).
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Fig. 2. Plasma CTSD levels and hepatic disease markers increased in patients with MetALD/ALD classified according to hepatic histological criteria. AST/
ALT ratio, LSM and CTSD levels were analyzed in healthy controls (n = 40) and patients with MetALD/ALD (n = 152) and classified by liver biopsy-proven NAS steatosis
score (0-3) (A-C), NAS inflamamtion score (including ballooning (0-2) and lobular inflammation (0-3)) (D-E), and fibrosis stage (0-4) (G-l) according to NAS. *p <0.05, *p
<0.01, ***p <0.001, ****p <0.0001 compared to healthy controls and *p <0.05, #p <0.01, ###p <0.001, ###5 <0.0001 compared to score 0 MetALD/ALD patients (Kruskal-
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CTSD, cathepsin D; LSM, liver stiffness measurement; MetALD, metabolic dysfunction and alcohol-related liver disease; NAS, NAFLD activity score.

Moreover, multiple linear regression analyses were performed
to further evaluate whether plasma CTSD levels were inde-
pendently associated with these hepatic disease parameters.
As represented in Table S3, we found that plasma CTSD levels
were independently associated with LSM, AST/ALT ratio, and
AST in patients with MetALD/ALD, whereas the correlation
between CTSD and ELF was dependent on age.

Plasma CTSD levels hold a better predictive value than
AST/ALT ratio and LSM for detecting MetALD/ALD

We next compared the clinical potential of plasma CTSD levels,
AST/ALT ratio and LSM for diagnosing MetALD/ALD by gener-
ating receiver-operating characteristic curves. When comparing
patients with MetALD/ALD to healthy controls, plasma CTSD

JHEP Reports, mmm

levels demonstrated the highest AUC (=0.804), followed by LSM
(AUC = 0.764) and AST/ALT ratio (AUC = 0.615) (Fig. 5). Addi-
tional statistical analysis revealed that plasma CTSD levels
significantly outperformed AST/ALT ratio (p = 0.0072), while no
difference towards outperformance was observed compared to
LSM (p = 0.5070) (Table S4). Also, a significant difference was
observed between the AUCs of AST/ALT ratio and LSM (p =
0.0416) (Table S4). The diagnostic performances of CTSD levels,
AST/ALT ratio, and LSM in diagnosing MetALD/ALD revealed
optimal cut-off values of 221,933.10 pg/ml for CTSD levels, 21.37
for AST/ALT ratio, and 26.5 kPa for LSM (Table S5). Plasma
CTSD levels demonstrated the highest sensitivity (87%)
compared to AST/ALT ratio and LSM, whereas the specificity
(68%) was lower than LSM (74%) and AST/ALT ratio (90%).
Positive and negative predictive values were 92% and 53%,
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Fig. 5. The diagnostic value of plasma CTSD, AST/ALT ratio and LSM.
Receiver-operating characteristic curve analysis was performed to evaluate the
AUC of plasma CTSD, AST/ALT ratio or LSM to predict MetALD/ALD. ALD,
alcohol-related liver disease; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CTSD, cathepsin D; LSM, liver stiffness measurement; Met-
ALD, metabolic dysfunction and alcohol-related liver disease.

while positive likelihood ratio (LR+) and negative likelihood ratio
(LR-) were 2.7 and 0.2 for CTSD levels (Table S5). The diagnostic
accuracy of CTSD levels was 83%, while LSM and AST/ALT ratio
only reached diagnostic accuracies of 70% and 45%, respec-
tively (Table S5).

Adding plasma CTSD levels to AST/ALT ratio and LSM
improves diagnostic accuracy for MetALD/ALD prediction

To explore whether the addition of plasma CTSD levels to the
existing hepatic disease parameters would benefit MetALD/
ALD prediction, receiver-operating characteristic curves of
AST/ALT ratio and LSM with or without plasma CTSD levels
were plotted. The addition of plasma CTSD to AST/ALT ratio
(AUC = 0.858; p <0.0001) and LSM (AUC = 0.857; p = 0.0258)
significantly increased the diagnostic accuracy of both hepatic
disease parameters (Fig. 6 and Table S6). Moreover, combining
all three parameters (CTSD, ALT/AST and LSM) resulted in the
highest AUC (=0.872) and confirmed that the addition of
plasma CTSD levels improved the AUC compared to the
combination of AST/ALT ratio and LSM (p = 0.0002) (Fig. 6
and Table S6).

Similar to the description of the single parameters, the
diagnostic performances of the combination of CTSD, AST/ALT
ratio and LSM in the prediction of MetALD/ALD are depicted in
Table S7. Combining CTSD, AST/ALT ratio and LSM to predict
MetALD/ALD resulted in a sensitivity of 85% and a specificity of
84%. Positive predictive value and negative predictive value
were 96% and 55%, while LR+ and LR-were 5.3 and 0.2,
respectively (Table S7). Diagnostic accuracy was 85%, which
was the highest amongst all combinations (Table S7). Alto-
gether, these results illustrate the value of plasma CTSD levels
for MetALD/ALD prediction when combined with two other
hepatic disease parameters.
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Receiver-operating characteristic curve analysis was performed to evaluate the
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stiffness measurement; MetALD, metabolic dysfunction and alcohol-related
liver disease.

Plasma CTSD levels remain elevated after self-reported
abstinence of alcohol consumption

In order to explore any potential decrease in plasma CTSD
levels following cessation of alcohol consumption, we cate-
gorized individuals into three groups: healthy controls, absti-
nent individuals (with durations of abstinence ranging from less
than 1 year to over 30 years) (Table S8), and current drinkers.
Measurement of plasma CTSD levels showed a significant in-
crease in drinking individuals when compared to healthy con-
trols, which remained elevated even after abstinence (Fig. 7).
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Fig. 7. Plasma CTSD levels in drinkers and abstinent individuals. **p <0.0001
compared to healthy controls, **##p <0.0001 compared to drinkers (Kruskal-
Wallis test). All error bars are median with interquartile range. (healthy controls,

n = 38; drinking individuals, n = 152; abstinent individuals, n = 151).

Research article

Moreover, abstainers who had self-reportedly refrained from
alcohol consumption for less than 1 year exhibited notably
higher CTSD levels compared to individuals currently engaged
in drinking (Fig. S3).

Discussion

Individuals who consistently consume large quantities of
alcoholic beverages are at a high risk of developing MetALD/
ALD, which often goes undetected until advanced stages.
Hence, novel, early biomarkers are required to identify MetALD/
ALD before it advances to later stages. In this study, we pro-
pose plasma CTSD levels as an early indicator of MetALD/ALD.

In our previous work, we established a connection between
CTSD and hepatic inflammation in adult patients with MASH. '
In the present study, we identified an association between
plasma CTSD levels and MetALD/ALD. Moreover, in alignment
with our prior observations showing elevated CTSD levels
during the early histopathological stages in patients with
MASH, we identified a parallel trend in the MetALD/ALD patient
population. These observations suggest that CTSD may serve
as an early biomarker for hepatic disease but is likely not
exclusive to MetALD/ALD.

Lysosomes and lysosomal enzymes are considered to play
important roles in alcohol-induced disorders, such as ALD,
HCC, and alcohol-induced pancreatitis.35 In our study, we
demonstrated that patients with MetALD/ALD exhibit consis-
tently high levels of plasma CTSD, particularly notable during
the early histopathological stages of disease. Alcohol has been
shown to damage lysosomal function and induce the release of
exosomes from liver cells.®® Likewise, Babuta et al. have
shown, in both mouse models of alcohol-related liver disease
and alcohol-related hepatitis, as well as in human ALD livers,
that the rise in exosome production triggered by alcohol is
associated with the impairment of autophagy and lysosomal
function.®” This evidence, in conjunction with the finding that
CTSD has been detected in hepatocyte-derived exosomes,>®
suggests that elevated plasma CTSD levels in patients with
MetALD/ALD may serve as a signal for alcohol-induced hepatic
injury and/or potentially intercellular communication in
response to alcohol exposure. Given the central role of the liver
in lipid metabolism (de novo lipogenesis and catabolism), the
hepatocyte-derived signal hypothesis of CTSD is further
corroborated by our finding that plasma CTSD levels inde-
pendently associate with plasma triglyceride levels when
combining the healthy controls and score 0 MetALD/ALD pa-
tients. This finding is also in line with previous observations of
our group showing that plasma triglycerides as well as CTSD
levels were elevated in patients with MASH, though no inde-
pendent association was explored in the latter publication.'®
Regardless of lipid metabolism, in the current study, we also
demonstrate an independent association between plasma
CTSD levels and hepatic disease markers (LSM, AST/ALT ratio
and AST). All these observations therefore add substantial fuel
to the hypothesis that the observed increased plasma levels of
CTSD are derived from the liver and are due to a direct effect of
alcohol on hepatic cellular physiology and metabolism.

Yet, it is imperative to acknowledge that extrahepatic
sources potentially influencing alcohol-induced elevations of
plasma CTSD levels cannot be disregarded and are even
probable due to the systemic effect of alcohol intake.*® For
instance, macrophages (among other immune cells) carry
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a large amount of proteolytic enzymes that are released upon a
plethora of stimuli, including alcohol.***"  Furthermore,
although alcohol has been linked to neuro-inflammation*? and
toxicity,”®> CTSD has been implicated in neurodegenerative
processes observed in conditions such as Alzheimer’s and
Parkinson’s disease.***> This suggests that CTSD levels may
also be influenced by alcohol-induced neurotoxicity.

While the liver biopsy is still considered the gold standard to
detect ALD,” its diagnosis typically relies on a comprehensive
evaluation encompassing patient history, clinical examination
and non-invasive methods that include laboratory tests (e.g.
AST/ALT ratio, ELF) and imaging techniques (e.g. LSM with
FibroScan). However, this diagnostic process is challenged by
the possibility of patients providing inaccurate information
about their alcohol consumption. Furthermore, while the cur-
rent laboratory and imaging markers have good predictive
power for advanced stages of ALD,*® they are generally not
considered as appropriate markers for initial stages of MetALD/
ALD. These concepts are confirmed by our data showing that
AST/ALT ratio and LSM were only increased at advanced his-
topathological stages of MetALD/ALD. In contrast, plasma
CTSD levels increased at early histopathological stages and
moreover, outperformed AST/ALT ratio (AUC: 0.615; accuracy:
45%) and LSM (AUC: 0.764; accuracy: 70%) for the diagnosis
of MetALD/ALD. Moreover, addition of CTSD to any of the
existing markers also improved its diagnostic accuracy,
underscoring the diagnostic potential of CTSD for MetALD/
ALD. However, despite CTSD achieving the highest LR+ and
lowest LR-values, none of these values met the conventional
thresholds of LR+ 210 and LR- <0.1, which are typically
indicative of evidence supporting either the inclusion or
exclusion of a diagnosis.47 Therefore, while our data demon-
strate that plasma CTSD levels outperform AST/ALT ratio and
LSM to predict MetALD/ALD, it is still important to exert caution
before asserting CTSD as the definitive biomarker for diag-
nosing MetALD/ALD.

In contrast to our expectations, plasma CTSD levels per-
sisted at elevated levels following abstinence among previ-
ously persistent heavy drinkers. This finding contradicts the
observations from a previous study performed by our group
that showed a reduction of plasma CTSD upon regression of

Cathepsin D as a marker for ALD

MASH due to surgical intervention.’® A potential explanation
for this apparent difference is that, unlike diet-induced liver
injury, alcohol-induced injury exerts a more profound cellular
impact on the liver and may not be completely reversible even
with abstinence from alcohol. However, it is worth noting that
within this cohort, there are no markers available for moni-
toring alcohol consumption. Consequently, there is a possi-
bility that patients inaccurately reported the duration of their
abstinence,*® influencing the interpretation of these findings.
As a result, multiple uncertain factors must be considered
when analyzing the sustained elevation of plasma CTSD
levels after abstinence. Therefore, further investigation in an
appropriate setting appears necessary to explore the time-
dependent influence of alcohol abstinence on plasma
CTSD levels.

One relevant limitation of this study is the inability to assess
the actual impact of MetALD/ALD regression on CTSD levels
due to a lack of plasma CTSD level measurements before and
after individuals abstained from alcohol, as well as the absence
of timely biochemical tests to evaluate their history of alcohol
intake. Another limitation relates to the standard interval of our
cohort of abstainers. Although we have different intervals (less
than 1 year, 1-5 years, 6-10 years, etc.), the described periods
are an approximation rather than exact duration of abstinence.
The last limitation of this study, next to the small sample size of
the healthy controls, is the mono-ethnic nature of this cohort. It
is known that ethnicity is one of the major factors impacting the
age of onset and severity of MetALD/ALD.*® In addition,
ethnicity affects the accuracy of biomarkers for determining
MetALD/ALD; for instance, AST levels are 2-fold higher in
African-American and Hispanic individuals compared with
Caucasian, non-Hispanic Americans.*® These findings indicate
that ethnicity plays a role in clinical relevance, highlighting the
need for future studies to validate CTSD’s utility in MetALD/
ALD across various ethnic populations.

In conclusion, in the current study, we demonstrated for the
first time that elevated levels of plasma CTSD can serve as an
early indicator of MetALD/ALD. Hence, our observations imply
a diagnostic role for CTSD. Based on our past findings, ther-
apies aimed at targeting CTSD should be further investigated in
the context of ALD.
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Fig. S1: Plasma CTSD levels and hepatic disease markers increased in MetALD/ALD patients classified according to NAS score
AST/ALT ratio, liver stiffness measurement (LSM) and CTSD levels were analyzed in healthy controls (n=40) and MetALD/ALD patients
(n=152) and classified according to the NAFLD NAS-CRN system. The composite NAS score consisted of the sum of steatosis, ballooning and

lobular inflammation. ** p<0.01, *" p<0.0001 compared to healthy controls and *### p<0.0001 compared to NAS score 0 (Kruskal-Wallis test).

All error bars are median with interquartile range.
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Fig. S2: Plasma CTSD levels correlated with AST and AST/ALT ratio in MetALD/ALD patients.

(A) Plasma CTSD levels vs. AST (n=148), (B) plasma CTSD levels vs. AST/ALT ratio (n=148) and (C) and plasma CTSD levels vs. CAP (n=89).

Spearman’s correlation was performed. p<0.05 was considered statistically significant.
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Fig. S3: Plasma CTSD levels during prolonged periods of self-reported abstinence
*Hx% p<0.0001 compared to healthy controls and # # # # p<0.0001 compared to patients that were not abstinent (indicated in graph as ‘not abstinent”)
(Kruskal-Wallis test). All error bars are median with interquartile range. (healthy controls, n=38; not abstinent, n=156; less than 1 year of abstinence,

n=112; 1-5 years of abstinence, n=20; more than 6 years of abstinence, n=17)



Table S1: Clinical characteristics of MetALD/ALD patients based on NAS score

p-value
NAS score 1- NAS score 5- p-value p-value
Healthy controls NAS score 0 (score 0 vs.
Parameters 4 8 (score 0 vs. (score 0 vs.
(n=40) (n=20) healthy
(n=86) (n=45) score 1-4)  score 5-8)
controls)
Gender (F/M) 9/31 6/14 19/67 6/39 0.535 0.458 0.165
Age (y) 53+1.6 50+2.8 57+1.1 58+1.4 0.243 0.004* 0.004*
BMI (kg/m2) 26+0.5 26+1.0 28+0.7 27+0.8 0.546 0.054 0.186
HOMA-IR 2.8+0.4 7.2£5.2 5.9£0.9 7.0£1.1 0.406 0.661 0.939
Insulin (pmol/L) 69.4+8.0 109.9+59.0 129.7+17.6 ~ 134.0+154 0.349 0.669 0.599
Fasting glucose
5.9+0.2 6.4+0.4 7.0+0.2 7.4+0.3 0.194 0.228 0.091
(mmol/L)
Hemoglobin Alc
37£1.0 38+2.8 37+1.2 37+1.4 0.918 0.977 0.756
(mmol/mol)
LDL cholesterol
3.3+0.1 2.8+0.2 2.8+0.1 2.6+1.1 0.056 0.989 0.393
(mmol/L)
HDL cholesterol
1.3+0.08 1.4+0.11 1.5+0.06 1.5+0.11 0.796 0.430 0.306
(mmol/L)
Triglyceride
1.3+0.1 1.8+0.2 2.2+0.2 1.4+0.1 0.043* 0.482 0.098

(mmol/L)



CAP (dB/m) 27049 227425 31348 314+11 0.070 0.001* 0.001*

ALT (U/L) 3143 26+3 49+5 58+4 0.329 0.040%* 0.000%*
AST (U/L) 28+2 2742 47+3 91+8 0.895 0.000* 0.000%*
AST/ALT ratio 1.01+0.06 1.16+0.09 1.30+0.09 1.82+0.17 0.148 0.273 0.001%*
LSM (kPa) 7.0+1.5 5.4+0.5 13.6+1.6 27.5+3.7 0.471 0.000* 0.000*
MELD 6.7+0.1 6.6+0.2 7.2+0.2 8.0+0.3 0.498 0.208 0.002*
CRP (mg/L) 3.2+0.5 3.6+1.5 7.4+2.7 10.8+2.4 0.744 0.541 0.014*
Plasma CTSD levels 33949.17+ 32189.32+

22858.54+1059.15 37737.03+3403.45 0.000* 0.215 0.104

(pg/mL) 1235.81 1663.63

Data are represented as mean = SEM. Data are statistically analysed by performing an independent sample t-test using SPSS software, version
27.0 (SPSS, Chicago, IL, USA). BMI: body mass index; HOMA-IR: homeostasis model of insulin resistance; LDL: low-density lipoprotein; HDL:
high-density lipoprotein; CAP: controlled attenuation parameter; ALT: alanine transaminase; AST: aspartate transaminase; LSM: liver stiffness

measurement; MELD: model of end stage liver disease; CRP: C-reactive protein. * p<0.05 is statistically significant.



Table S2: Plasma CTSD levels independently associated with plasma triglycerides in NAS score 0 MetALD/ALD patients and healthy

controls

Dependent variable: plasma CTSD levels

LDL cholesterol Triglyceride

Models p Standardized  Adjusted p Standardized  Adjusted
value coefficients f R square | value coefficients f R square

Model 1 0.242 -0.156 0.007 ! 0.030% 0.286 0.065
xgg:llliage 0.668 -0.060 0.051 1 0.034* 0.270 0.123
1124423:11 ;’ v 0690 -0.057 0.034 | 0.026% 0.293 0.116
1124423:11 ; ey 0698 -0.055 0.025 ! 0.034* 0.285 0.103

Data were analyzed by multiple linear regression: Model 1, simple regression; Model 2, model 1 + adjustment for age; Model 3, model 2 +

adjustment for BMI; Model 4, model 3 + adjustment for sex. * p<0.05 is statistically significant.



Table S3: Plasma CTSD levels are associated with hepatic disease markers in MetALD/ALD patients

Dependent variable: plasma CTSD levels

LSM

AST/ALT
ratio

AST

ELF

GGT

Models
Model 1 0.005*
Model 2 %
Modell+age 0.007
Model 3 %
Model 2+BMI 0.007
Model 4 %
Model 3+sex 0.009

p Standardized Adjusted
value coefficients p R square

-0.231 0.047
-0.224 0.049
-0.224 0.042
-0.218 0.038

p Standardized Adjusted
value coefficients p R square

0.000*  -0.306 0.087
0.000*  -0.302 0.086
0.000*  -0.347 0.093
0.000*  -0.344 0.092

p Standardized Adjusted
value coefficients p R square

0.004*  -0.238 0.050
0.003*  -0.240 0.052
0.002*  -0.259 0.050
0.002*  -0.259 0.051

p Standardized Adjusted
value coefficients p R square

0.045*  -0.163 0.020
0.072 -0.151 0.015
0.070 -0.154 0.009
0.098 -0.142 0.008

p Standardized Adjuste:
value coefficients p R squar

0.052 -0.158 0.025
0.043*  -0.165 0.034
0.039*  -0.173 0.035
0.045*  -0.168 0.043

Data were analysed by multiple linear regression: Model 1, simple regression; Model 2, model 1 + adjustment for age; Model 3, model 2 +

adjustment for BMI; Model 4, model 3 + adjustment for sex. * p<0.05 is statistically significant.



Table S4: Overview of the comparison between the different single AUCs

Standard Error ? z statistic 95% Confidence Interval® P-value
CTSD levels vs. AST/ALT 0.0702 2.689 0.0512 - 0.326 P=0.0072
ratio
CTSD levels vs. TE 0.0609 0.664 -0.0789 - 0.160 P=0.5070
AST/ALT ratio vs. TE 0.0728 2.037 0.00561 - 0.291 P=0.0416

? DeLong et al., 1988

Y Binomial exact



Table S5: Different statistical criteria related to the diagnostic value of plasma CTSD, AST/ALT ratio and TE for distinguishing
MetALD/ALD from healthy controls

Cut-off value Sensitivity %  Specificity % PPV % NPV % LR+ LR- Accuracy%
CTSD levels >21933.10 (pg/ml) 87 68 92 53 2.7 0.2 83
LSM >6.5 (kPa) 69 74 92 34 2.7 0.4 70
AST/ALT ratio >1.37 36 90 94 24 3.7 0.7 45

PPV: positive predictive value; NPV: negative predictive value; LR+: positive likelihood ratio; LR-: negative likelihood ratio.



Table S6: Overview of the comparison between the different AUCs

. .. 95%
Standard Error z statistic Confidence Interval® P-value
AST/ALT ratio vs. CTSD + AST/ALT ratio 0.0527 4.609 0.140 - 0.346 P<0.0001
LSM vs. CTSD + LSM 0.0418 2.229 0.0113-0.175 P=0.0258
AST/ALT ratio + LSM vs. CTSD + AST/ALT 0.0467 3717 0.0821 - 0.265 P = 0.0002

ratio + LSM

d DeLong et al., 1988

> Binomial exact



Table S7: Different statistical criteria related to the diagnostic value of combining hepatic disease markers for distinguishing

MetALD/ALD from healthy controls

Sensitivity %  Specificity % PPV % NPV % LR+ LR- Accuracy%
CISDTLOMY AST/ALT 85 84 96 55 53 0.2 85
CTSD + LSM 85 84 96 55 5.3 0.2 85
CTSD + AST/ALT ratio 70 94 98 40 10.8 0.3 74
AST/ALT ratio + LSM 47 94 97 28 7.3 0.6 55

PPV: positive predictive value; NPV: negative predictive value; LR+: positive likelihood ratio; LR-: negative likelihood ratio.



Table S8: Plasma CTSD levels during prolonged periods of self-reported abstinence

Mean plasma CTSD levels

Years of abstinence (pe/ml) N
Healthy controls 21735.5 38
No abstinent 34100.3 156
Less than 1 year 41688.2 112
1-5 years 42786.3 20

6-10 years 30851.4 7

11-20 years 50079.5 6

21-30 years 43824.3 2

more than 30 years 18074.0 2
Total 37654.7 305

Data are represented as mean
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