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Toannis Tsomidis 12, George Notas 3, Argyro Voumvouraki !, Dimitrios Samonakis 4, Mairi Koulentaki # and Elias Kouroumalis 2**

! 1st Department of Internal Medicine, AHEPA University Hospital, 54621 Thessaloniki, Greece; itsomidi@gmail.com (I.T.);

iro_voum@yahoo.gr (A.V.)

Laboratory of Gastroenterology and Hepatology, University of Crete Medical School, 71500 Heraklion, Greece

Laboratory of Experimental Endocrinology, School of Medicine, University of Crete, 71500 Heraklion, Greece; gnotas@uoc.gr (G.N.)

4 Department of Gastroenterology, PAGNI University Hospital, University of Crete School of Medicine, 71500 Heraklion, Greece;
dsamonakis@gmail.com (D.S.); mkoulentaki@yahoo.gr (M.K.)

* Corresponding author. E-mail: kouroumi@uoc.gr (E.K.)

Received: 7 July 2023; Revised: 7 September 2023; Accepted: 14 September 2023; Available online: 16 September 2023

ABSTRACT: Lysosomal enzymes are implicated in autophagy and senescence. Hepatic lysosomal enzymes have not been studied in Primary
Biliary Cholangitis (PBC). We therefore quantified the activities of lysosomal hydrolases in liver tissue of PBC patients. We compared enzyme
activities in liver tissue from PBC patients with normal livers. Alcoholic liver disease and chronic viral disease served as disease controls.
Cathepsin B1 was significantly increased in early PBC (225.1 + 18.06 mean + SD, p < 0.0001) and reduced in later stages (66.5 + 9.7, p = 0.004,
controls 130.4 + 14.9). It was reduced in patients with extensive fibrosis such as alcoholic and viral cirrhosis (p < 0.01 and p = 0.004 respectively)
but not in chronic hepatitis. Cathepsin D was increased in early PBC (39 x 10° + 4.8 SD, p < 0.0001) and less so in later stages (20.1 x 10°> +3.9,
p = 0.05, controls 14.1 x 10° £ 2.9). It was also increased in the presence of histological necro-inflammation in hepatitis. Treatment with
ursodeoxycholate (UDCA) restored the abnormal values of enzymes in PBC. Lipid hydrolases mostly paralleled the changes of Cathepsins.
Sequential measurements in serum of patients with acute alcoholic hepatitis showed that cathepsin B1 gradually decreases, and esterases increase
as aminotransferases improve. The increased activity of lysosomal enzymes in early PBC are possibly on line with increased senescence. Treatment
with UDCA restores abnormal values. In chronic liver disease, Cathepsin B1 reduction is associated with fibrosis and increased cathepsin D with necro-
inflammation. Abnormalities of lysosomal enzymes indicate impairment of the final stage of autophagy in chronic liver disease.
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1. Introduction

Primary biliary cholangitis (PBC) is an immune-mediated disease of unknown etiology and multifactorial pathophysiology
characterized by the presence of serum antimitochondrial antibodies (AMAs), and histologically by chronic non-suppurative
destructive cholangitis of small bile ducts followed by extensive bile duct loss and biliary cirrhosis [1,2]. Incidence and prevalence
are variable worldwide with incidence rates per 100,000 population ranging from 0.84 to 2.75 and prevalence per 100,000 ranging
from 1.91 to 40.2 [3,4]. In the island of Crete, prevalence was found to be 36.5 cases per 100,000 population with a mean incidence
of 2.1 per 100,000, one of the highest in Europe [5].

Emphasis has been given to autoimmunity, and the critical factor responsible for disease pathogenesis is considered to be the
presence of autoreactive CD4* and CD8* lymphocytes infiltrating the liver of patients. However, PBC unlike other autoimmune
diseases, does not respond to immunosuppressive drugs but rather to ursodeoxycholic acid (UDCA), a bile salt that induces HCO3~
rich choleresis or to obeticholic acid (OCA) a farnesoid X receptor agonist [6].

Earlier studies indicated that genetically predisposed patients develop PBC when epigenetic mechanisms reduce the expression
of the CI'/HCO;™ exchanger AE2 in cholangiocytes and disrupt the protective alkaline umbrella that prevents the penetration of
toxic bile salts into cholangiocytes. AE2 reduction causes increased intracellular pH, leading to activation of soluble adenylyl
cyclase (sAC), and sensitization of biliary endothelial cells (BECs) to bile salt-induced apoptosis. Moreover, mitophagy was
inhibited by cytosolic alkalization and stimulated by acidification. AE2 deficiency therefore, may disturb mitophagy (a specific
form of autophagy) in BECs, leading to the accumulation of damaged mitochondria, oxidative stress, endoplasmic reticulum stress
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(ER stress) and aberrant presentation of immune-reactive mitochondrial antigens to the immune cells [6,7]. In addition, the
decreased expression of AE2 was correlated with dysregulated autophagy and cellular senescence in bile duct lesions in PBC [8].

Lysosomes contain proteolytic and lipolytic enzymes operating at acid environment and are implicated in various cellular
functions such as lipid metabolism and the final stages of autophagy. More than 60 different acid lysosomal hydrolases such as
proteases, nucleases, glycosidases, and lipases have been identified [9]. The most abundant lysosomal proteases are cathepsins B
and D [6]. They were named after the Greek word “Kathepsini” which literally means “digest” by the Nobel Prize winner Richard
Willstétter nearly a century ago [10]. Lysosomal enzymes are translocated and activated in the cytoplasm after lysosomal membrane
permeabilization (LMP) [11]. Cathepsins B and D retain their activity at cytosolic pH [12]. Cathepsin D has been implicated in
many inflammatory diseases such as inflammatory bowel disease [13,14] and autophagy [15].

Reviews of cysteine cathepsins in the pathobiology of liver diseases have recently been published [16,17].

Lipid hydrolases are enzymes involved in lipid degradation. Lipid droplets are taken up by autophagosomes and degraded in
lysosomes in a process called lipophagy [18]. Lysosomal acid lipase (LAL) is a critical enzyme in lipophagy being the only lipase
active at acidic pH [19]. The complex of non-specific esterases may also be involved in lipophagy [20]. The International Union of
Biochemistry recommends that these esterases should be designated as carboxylesterases (EC 3.1.1.1) [20].

Most importantly, lysosomal enzymes have been implicated in cell signaling. The lysosome is now described as a coordinator
of signals regulating important cell functions such as growth, proliferation, and differentiation [21].

No information exists on the activity of lysosomal enzymes in the liver of PBC patients. On the other hand, autophagy and
senescence dysregulation has been proposed as important pathogenetic mechanisms in PBC [22-24]. Moreover, proteolytic
cathepsins have been used as indicators of autophagy in vascular and brain diseases [25-27]. Therefore, we studied the activity of
certain lysosomal hydrolases in liver tissue of PBC patients to identify possible abnormalities of the late stage of autophagy that
might help to clarify the role of lysosomes in the pathogenesis of PBC. Intervention in lysosomes is feasible as lysosomotropic
agents are available [28]. Therefore, results of the present study may have therapeutic implications.

2. Materials and Methods
2.1. Patients

Twenty-five patients (23 females, age 35-60) with PBC, 7 on early stages (I or II), 11 on late stages (III or IV) were classified
according to Ludwig [29]. Seven patients (3 early stage and 4 late stage) on UDCA treatment for at least one year were also included.
PBC diagnosis was established according to the guidelines of the European Association for the Study of the Liver (EASL) for PBC
(cholestatic biochemistry, anti-mitochondrial antibodies by immunofluorescence, anti-M2 by Elisa and a compatible liver biopsy) [30].

As disease controls, thirty-four patients with Alcoholic Liver Disease (20 males, age 25-57 years, 14 with fatty liver, 8 with acute
alcoholic hepatitis, 12 with cirrhosis) were studied. Criteria for diagnosis were a daily alcohol consumption >40 g and >20 g of ethanol
for men and women respectively for at least 5 years, and absence of other chronic liver diseases. Twenty-five patients with chronic
viral liver disease (17 males, age 28-61, 16 with HBV, 9 with HCV, 13 with chronic moderate or severe hepatitis, 12 with cirrhosis)
were also included. Cirrhosis was compensated (Child-Pugh A) in all patients. Five normal liver biopsies were used as controls. Disease
controls and normal liver biopsies were from consecutive patients undergone a liver biopsy for diagnostic purposes.

All measurements were done before any treatment was administered. Demographics and laboratory values of the patients are
presented in Table 1.

Table 1. Demographics and laboratory data of participants.

Data of participants Normal Controls PBC Chronic Viral Disease Alcoholic Liver Disease
Number of patients 5 25 25 34

Age 32-56 35-60 28-61 25-57
Female 3 23 8 14

Total Bilirubin (mg/dL) 0.8 (0.7-1.2) 1.2 (0.8-2.9) 1.4 (0.9-3.1) 2.1(1.1-4.5)
Serum Albumin (g/L) 45 (39-48) 41 (38-45) 36 (34-40) 36 (30-43)
ALP (ULN) 3.2(2.6-4.3) 1.2 (0.9-1.8) 1.2 (0.8-1.8)
yGT (ULN) 29(2.1-34) 1.3 (1.1-1.7)

AST (ULN) 1.3 (0.7-2.1) 2.8 (1.3-3.4) 1.5(0.8-3.1)
ALT (ULN) 1.4 (0.9-1.9) 2.3 (1.2-2.9) 1.3 (1.0-2.7)
Histology stage 1-2 7

Histology stage 3—4 18

On Urso 7

Cirrhosis 12 12

Hepatitis 13

HBV 16

HCV 9

Fatty Liver 14

Treatment None None
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Sequential sera samples from six patients with acute alcoholic hepatitis were used to follow the fluctuations of enzymes
according to disease progress. These patients were not on steroids, but antibiotics and supportive enteral nutrition were given.

Informed consent in writing was obtained from all patients. The research protocol was approved by the Ethics Committee of
the University Hospital (3468/B/2022 and 9113/2022) and the study was performed in accordance with the principles of the Dec-
laration of Helsinki.

2.2. Materials and Methods

Dithiothreitol, bovine hemoglobin, trypsin, a-N-benzoyl-DL-arginine-2-naphtylamide (BANA), sodium dodecylsulfate (SDS),
Triton X-100, o-phenanthroline, disopropyl fluorophosphates (DFP), 2-naphtlamide, a-naphtyl acetate, a-naphthol, p-
chloromercuribenzoic acid, cysteine hydrochloride and Tris base were all purchased from Sigma Chemical Co Ltd, London, UK.
Ethylenediamine tetraacetic acid, trichloroacetic acid, dioxane and bovine serum albumin were obtained from BDH Chemicals Ltd,
Pool, UK, and together with all other chemical and solvents were of analytical grade. 4-methylumbelliferyl oleate and 4-
methylumbelliferone were purchased from Koch-Light (Suffolk, UK).

2.2.1. Sample Preparation

The liver biopsy specimens were washed with 0.9% NaCl, blotted and kept at —40 °C until used. They were homogenized in
distilled ice-cold water containing 0.1% Triton X-100 using a hand driven Teflon pestle and a glass homogenizer. Cellular debris was
removed by centrifugation at 600 g for 5 min and the supernatants were used for enzyme assays. Approximately one-third of the tissue
obtained was separated for enzyme determination, and the remainder was fixed in 10% formaldehyde for histological examination.

2.2.2. Cathepsin D

14C-labelled hemoglobin was prepared by the incubation of beef hemoglobin with K!*CNO as previously described [31]. The
specific activity of the hemoglobin ranged between 2500 to 3000 dpms/mg and could be kept indefinitely at —20 °C without any
increase in the blank values. The incubation mixture contained 100 pL of the substrate (16mg “C-Hb/mL), 100 pL 1.0 M sodium
formate buffer pH 3.1 and 100 pL of liver homogenate. Addition of 100 pL of 50% trichloroacetate after incubation for 60 min at
37 °C stopped the reaction and the incubate was centrifuged in a Beckman microfuge. 0.1 mL of the supernatant was added to 15
mL of liquid scintillation cocktail and counted for radioactivity in a Packard scintillation counter. Enzyme activity was expressed
as dpm per mg protein per hour. The blank contained bovine serum albumin (0.5 mg/mL) instead of the homogenate.

2.2.3. Cathepsin B1

Hydrolysis of Na-benzoyl-DL-arginine 2-naphtylamide (BANA), a specific substrate for mammalian liver cathepsin B, was
used to measure the enzyme activity as previously described [32]. A substrate that contained 2.5 mM BANA, 20 mM dithiothreitol
in 0.1 M acetate buffer pH 5.1, 20 mM EDTA and 0.1% (w/v) triton X was pre-pared. The incubation mixture comprised of 100 uL.
homogenate or 50 uL. serum and 100 pL or 50 uL substrate respectively. The reaction was stopped after 60 min incubation at 37 °C
by the addition of 2 mL of glycine-carbonate buffer pH 10.5 to each tube. The fluorescence of the liberated 2-naphthylamide was
measured in a Perkin-Elmer spectrofluorometer at 340 nm excitation and 404 nm emission. The blank contained bovine serum
albumin (0.5 mg/mL) instead of the homogenate.

Enzyme activity was calculated from a standard curve using pure 2-naphthylamide and was expressed as ng liberated 2-
naphthylamide per mg of protein per minute (or per mL serum).

2.2.4. Acid Lipase

The method of Van Berkel et al. was used for the preparation of the substrate and the assay in tissue and serum [33]. Briefly,
1 mL of 10 mM 4-methylumbelliferyl oleate in hexane and 1 mL of 15 mM lecithin in hexane were mixed and evaporated to dryness
under a stream of nitrogen. The residue was resuspended in 25 mL of 2.4 mM sodium taurocholate, sonicated in an ice bath twice
for 1 min at 25 kHz and diluted with 0.2 M acetate buffer pH 4.2 to give a 50 mM final substrate concentration. 2 mL of the substrate
were mixed with 20 pg of sample protein (or 10 pL of serum) and incubated at 37 °C for 30 min (15 min for serum). The reaction
was stopped by adding 200 pL of the incubation mixture to 2 mL of glycine-carbonate buffer pH 10.4. The fluorescence of 4-
methylumbelliferone was read at 365 nm excitation and 440 nm emission. Appropriate blanks and 4-methylumbelliferone standard
curves were run simultaneously. Enzyme activity was expressed as pg 4-methylumbelliferone per mg protein (or per ml serum) per min.

2.2.5. Neutral Esterase and Acid Esterase

The hydrolysis of a-napthyl acetate was used to determine the activity of these enzymes with a modification of the method of
Schaffner et al [34], using a-naphthyl acetate instead of a-naphthyl palmitate, as previously described in detail [35,36]. The
fluorescence of liberated a-naphthol was determined at 345 nm excitation and 455 nm emission. Standard curves were created using
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pure a-naphthol. Enzyme activity was expressed as nmoles of a-naphthol per mg protein per min. Enzyme activity in serum was
assessed using the same method and expressed as nmoles of a- naphthol per ml serum per min.
All enzyme assays were linear up to 60 min maximum incubation time and between 10 and 65 pg tissue protein.

2.2.6. Protein Estimations

Total proteins were measured by the method of Lowry et al. using bovine albumin to create the standard curve [37].

2.3. Statistical Analysis

Results are presented as means + SD. Box and whiskers plots were used to demonstrate enzyme activities indicating the first
quartile, mean, third quartile, the inter-quartile range and outliers. The variance of SDs was tested by the Bartlett test. Comparisons
were made by the One-Way Anova with Welch correction in cases of unequal variances. When the Kolmogorov-Smirnov test
showed non-canonical distribution of data, the Kruskal Wallis test was used instead. p <0.05 was considered statistically significant.
All comparisons were with the normal controls. All statistical tests were done with the GraphPad Prism 9.3.0 software.

3. Results

Lysosomes contain more than 60 hydrolases, all implicated in the degradativefinal stage of autophagy [9]. Cathepsins B and
D are the most abundant and better studied proteolytic hydrolases involved in inflammation, fibrosis and autophagy [6,38].

They were studied therefore together with three lysosomal enzymes involved in lipid degradation such as acid lipase [39] and
acid and neutral non specific esterases [36,40].

3.1. Hepatic Cathepsin D

Hepatic cathepsin D activity showed a significant increase in early PBC (39 + 4.83 dpm x 1000/mg protein/h, p < 0.0001),
late PBC (20.09 + 3.91, p = 0.05), viral hepatitis (28.71 + 4.31, p < 0.0001) and alcoholic hepatitis (24.55 £+ 3.13, p = 0.0004)
compared with normal controls (14.06 £ 2.86). No significant differences were observed in PBC treated with UDCA, viral cirrhosis,
fatty liver, and alcoholic cirrhosis (Figure 1).

Hepatic Cathepsin D

50—  P<0.0001
40 p<0.0001

p=0.0004
30— p=0.05

5 T H =
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Figure 1. Measurement of cathepsin D activity in the hepatic tissue of all studied groups, expressed as dpm x 1000/mgPr/h. Box plots indicate
the first quartile, mean, third quartile, the inter-quartile range and outliers. Numbers represent patients in each group. (PBC: primary biliary
cholangitis; Urso: PBC treated with ursodeoxycholic acid; CVH: Chronic viral hepatitis; Alc Fat: Alcoholic fatty liver; ASH: Alcoholic hepatitis;
Alc. Cirrhosis: Alcoholic Cirrhosis).

3.2. Hepatic Cathepsin Bl

Hepatic cathepsin B1 activity showed a significant increase only in early PBC (225 + 18.06 ng 2-naphthylamide/mg protein/min,
p < 0.0001) compared with the normal controls (130.4 £ 14.94). Conversely, a significant decrease of hepatic cathepsin B1 was
observed in late PBC (66.45 + 9.73, p = 0.004), viral cirrhosis (66.67 & 20.32, p = 0.004) and alcoholic cirrhosis (74.36 + 17.84, p <
0.01). No differences were found in PBC treated with UDCA, viral hepatitis, fatty liver, and alcoholic hepatitis (Figure 2).
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Figure 2. Measurement of cathepsin B1 activity in the hepatic tissue of all studied groups, expressed as ng 2-naphthylamide/mgPr/min.

3.3. Hepatic Acid Lipase

Hepatic acid lipase activity showed a significant increase in early PBC (26.96 + 3.15 pg 4-methylumbelliferone/mg protein/min,
p = 0.03) compared with the normal controls (21.20 £ 3.92). In contrast, there was a significant decrease in late PBC (15.70 £ 3.67, p
=0.02), viral cirrhosis (14.03 + 2.13, p = 0.001), alcoholic hepatitis (15.69 £ 2.88, p = 0.03) and alcoholic cirrhosis (14.52 + 1.62, p =
0.003). Non-significant differences were observed in PBC treated with UDCA, viral hepatitis, and fatty liver (Figure 3).

Hepatic Acid Lipase
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Figure 3. Measurement of acid lipase activity in the hepatic tissue of all studied groups, expressed as pg 4-methylumbelliferone/mgPr/min.

3.4. Hepatic Acid Esterase

Hepatic acid esterase activity was significantly increased in early PBC (11.39 + 0.98 pg of a-naphthol/mg protein/min p = 0.03)
compared with the normal controls (8.7 & 1.26). On the other hand, late PBC (5.9 &+ 1.25, p = 0.02), viral cirrhosis (5.73 + 0.89, p =
0.02), alcoholic hepatitis (6.08 £ 1.15, p = 0.03) and alcoholic cirrhosis (4.69 + 1.73, p = 0.002) showed a significantly decreased
activity. Non-significant differences were observed in PBC treated with UDCA, in viral hepatitis and in fatty liver (Figure 4).

3.5 Hepatic Neutral Esterase

Hepatic neutral esterase activity was significantly increased in early PBC (48.71 + 5.28 pg of a-naphthol/mg protein/min, p =
0.004) compared with the normal controls (34.80 + 4.43). On the contrary, late PBC (18.55 £ 5.75, p = 0.0008), viral cirrhosis
(16.83 + 2.85, p = 0.002), alcoholic hepatitis (22.38 + 4.3, p = 0.007) and alcoholic cirrhosis (16.75 + 7.66, p = 0.0003) showed
significantly decreased activity. A non-significant trend towards decreased activity was also observed in PBC treated with UDCA,
in chronic viral hepatitis and in fatty liver disease (Figure 5).

A summary of specific enzyme activity in all studied groups is presented in Table 2.
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Figure 4. Measurement of acid esterases activity in the hepatic tissue of all studied groups, expressed as nmoles a-naphthol/mgPr/min.
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Figure 5. Measurement of neutral esterase activity in the hepatic tissue of all studied groups, expressed as nmoles o-naphthol/mgPr/min.

Table 2. A summary of the results demonstrating the increase (1) or decrease () of specific enzymatic activity in all studied groups compared to

normal controls.

. Hepatic Neutral Hepatic Acid Hepatic Hepatic Hepatic
Studied Groups pEsterase lf])sterase Cathgpsin D CatheI]))sin B1 AcidII)Jipase
Normals - - - - -
Early PBC ) ) 1 ) )
Late PBC \ 1 i 1 {
PBC on UDCA (NS) (NS) (NS) (NS) (NS)
Viral hepatitis (NS) (NS) T (NS) (NS)
Viral cirrhosis (NS)
Fatty liver (NS) (NS) (NS) (NS) NS)
Alcoholic hepatitis (NS) J
Alcoholic cirrhosis \ \ (NS) J J

3.6. Sequential Serum Measurements in Acute Alcoholic Hepatitis

Serum enzymes (Cathepsin D cannot be measured in serum with our method) were sequentially estimated in the only group
of patients with an acute progress to see if these enzymes could be used as potential markers of progress monitoring in acute liver
disease. Figure 6 demonstrates the results of two patients with severe acute alcoholic hepatitis. Similar changes were observed in
the other four patients studied. The upper part of the figure shows the fluctuations in serum bilirubin and AST, while the lower part
shows changes in enzyme activity. When the AST is elevated, serum cathepsin B1 activity is high and the esterases are low. As
patient A improves, cathepsin B1 decreases, and the esterases particularly the neutral enzyme, increase. Patient B shows that, despite
a temporary increase in bilirubin, the constant improvement in AST is accompanied by a constant fall in cathepsin B1 activity and
a constant increase in neutral esterase activity. Similar patterns were observed for acid lipase (not shown for clarity) in the other

four patients studied.
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Figure 6. Demonstration of the results of two patients with severe acute alcoholic hepatitis. Similar changes were observed in the other four patients
studied. The upper part of the figure shows the fluctuations in serum bilirubin and AST, while the lower parts show changes in enzyme activity.

4. Discussion

In the present study we assessed the activity of certain hepatic lysosomal enzymes in PBC and other chronic liver diseases.

All lysosomal enzymes were increased in early PBC including the highest levels of cathepsin D among all the other chronic
liver diseases we studied. Increased levels were retained even at the advanced stages of PBC. There are three possible explanations
for the increased lysosomal enzymes we found in PBC. They may be explained by either increased senescence or increased final
stages of autophagy during early PBC, which gradually decreases with progression of the disease as recently proposed [41]. These
two pathways are interconnected as cellular senescence in biliary endothelial cells is associated with deregulated autophagy [42,43].
It is only logical therefore, that an interesting hypothesis implicating deregulated cholangiocyte autophagy connected to
cholangiocyte senescence has been proposed to explain the pathogenesis of PBC [44]. Our findings support this hypothesis.

Senescent cells present a remarkable increase in lysosomal mass and elevated autophagic activity. Proteins previously
identified as plasma biomarkers of aging are highly enriched in the lysosomes of senescent cells, including cathepsin D [45]. The
im-portance of senescence in cholangiopathies was recently reviewed [46].

A third explanation is related to the fact that cathepsin B has been reported to induce apoptosis and ferroptosis [47—49], the
recently identified form of cell death [50]. The increased levels of cathepsin Bl we observed in PBC may therefore be associated
with the increased apoptosis reported in this disease [8].

However, there is also an additional simpler explanation for the increased levels of cathepsin D in PBC. Transcription of
cathepsin D is activated by estrogens and patients with PBC are almost 90% women [51].

Another finding in our study was the effect of UDCA on lysosomal enzymes. There were no significant differences of
lysosomal enzymes in PBC treated with UDCA compared to normal controls. This implies that UDCA may restore dysregulations
in au-tophagic flux reported in cholestasis [52,53]. UDCA was reported to reduce ER stress and partially corrected the dysregulated
autophagy and senescence [54—56], findings compatible with our results. The mechanism by which UDCA may restore lysosomal
enzymes is currently unknown. An earlier paper described reduction of the initially increased lysosomal enzymes in PBC after
treatment with D-penicillamine but the mechanism was not identified [57]. Late stage autophagy has been reported to be impaired
in human cholestasis by bile acids through the farnesoid X receptor (FXR) induction. Autophagy was induced by UDCA in this
study [55]. It is conceivable therefore, that the modification of the bile acid microenvironment caused by UDCA may be the
mechanism of the restoration of the enzymes we found in our study.

In the other chronic liver diseases, we found a reduction of most hepatic enzymes in patients with advanced fibrosis including
the fibrotic stages of PBC. Our findings indicate that a relative cathepsin B deficiency is associated with fibrosis. The role of
cathepsin B in liver fibrosis is controversial. Both pro-fibrotic and anti-fibrotic effects have been demonstrated. Cathepsin B
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deficiency in experimental NASH reduced liver TGF-B1 and therefore fibrosis [58], while levels of cathepsin B and active TGF-8
increased in parallel with the METAVIR stage of hepatic fibrosis in chronic HCV [59]. Rats with carbon tetrachloride-induced liver
fibrosis, increased the hepatic expression of Cathepsin B during fibrogenesis [60].

The pro-fibrotic action of cathepsin B could be explained by the reported association of cathepsin B with inflammation. A
significant association of increased cathepsin B and the severity of hepatic inflammation was observed in the serum of chronic HBV
patients [59]. Cathepsin B has been involved in NLRP3 inflammasome activation [61]. Our findings are not compatible with this
explanation as liver cathepsin B1 was not increased in chronic inflammatory liver diseases such as viral and alcoholic hepatitis.

Our findings showed that reduced cathepsin B may be related to increased matrix deposition in the liver. This could be due to
the fact that we studied patients with established fibrosis while most reports on the pro-fibrotic association of cathepsin B are
experimental and were observed during the early stages of fibrogenesis.

Our findings on cathepsin B in the other liver diseases we studied, may also be explained by impairment of autophagy.
Autophagy is indeed associated with liver fibrosis, and the end result depends on the cell population involved. Autophagy restricts
fi-brogenesis acting in hepatocytes, macrophages and sinusoidal endothelial cells (LSECs). However, in hepatic stellate cells (HSC),
autophagy favors fibrogenesis [62—65]. Cathepsins B and D have been previously used as indicators of autophagy in various
diseases such as atherosclerosis and myocardial infarction [25,27] and the brain where reduced cathepsin B levels suggested reduced
autophagy in parallel with other established markers of autophagy [26].

In contrast to cathepsin B, we found increased levels of hepatic cathepsin D in the livers of viral and alcoholic hepatitis patients,
confirming a relation of this acid protease with inflammation [66]. Direct evidence connects cathepsin D to inflammation [67,68].
Inhibition of cathepsin D attenuated inflammation in experimental non-alcoholic steatohepatitis (NASH) [69,70], while increased
levels of plasma cathepsin D were found in patients with NASH [71,72]. Experimental upregulation of cathepsin D increased
lysosomal fragility and conceivably increased lysosomal permeabilization in the liver [73] inducing necroptosis, apoptosis and
ferroptosis. Lysosomal membrane permeabilization may also amplify or initiate cell death signaling in the context of apoptosis or
autophagy-dependent cell death, and ferroptosis [74]. Interestingly many viruses were shown to induce lysosome permeabilization
[75] and this may be connected to the increased cathepsin D levels we found in chronic viral hepatitis.

Slightly different results from our study were recently reported. Liver biopsy sections from patients with chronic liver diseases
(HCV, HBV, PBC and NAFLD) were analyzed by immunohistochemistry for expression of cathepsin B, D and L. Suppression of
cathepsins B, D and L was not observed in HBV, HCV and PBC. Hepatic inflammation was associated with dysfunction of
autophagy as detected by the expression of p62 in hepatocytes [76]. This slight discrepancy in PBC is likely associated with the
fact that, this was a semi-quantitative immunohistochemical study and no separation of fibrotic cases was reported. Moreover, in
analogy with our study, there was a non-significant increase in cathepsin D in both chronic viral hepatitis and PBC patients.

Another finding of our study was that in chronic liver disease patients the levels of cathepsin B and D are opposite with the
notable exception of PBC. Cathepsin B is usually reduced when cathepsin D is increased. The same pattern was reported in cell
cultures and mice [77].

Lipolytic enzyme abnormalities were also found in our patients. All three lipolytic enzymes were significantly reduced in
alcoholic hepatitis and cirrhosis irrespective of etiology. We used methylumbelliferyl oleate as a substrate to measure acid lipase
(LAL) activity as this substrate identifies acid lipase deficiency in Wolman’s disease [40] where cholestasis and cirrhosis have been
described [39].

Our findings agree with recent reports where serum LAL activity was significantly reduced in patients with cryptogenic
cirrhosis but also in cirrhosis associated with HCV, HBV and alcohol [78]. A progressive reduction of LAL activity from simple
steatosis to non-alcoholic steatohepatitis and cirrhosis was recently reported [79]. The same was observed in our study with a
progressive reduction of hepatic acid esterase and acid lipase in alcoholic liver disease.

Non-specific esterases are multiple mostly cytoplasmic isoenzymes. However, a close correlation with acid phosphatase was
observed in human gallbladder mucosa suggesting a lysosomal localization for both acid and neutral esterase [36]. Moreover, the
similarity of isoenzyme patterns between neutral and acid esterases was suggestive of a single enzyme molecule while the different
in vitro response to inhibitors may indicate two different active sites on the same molecule [36]. This is possibly verified in the
present study as abnormalities of the two enzymes parallel each other. A similar situation has been previously suggested for acid
lipase, where acid lipase and acid cholesteryl esterase were one protein with two different active sites, although this has been
recently questioned [19,80]. To the best of our knowledge, there are no reports on non-specific esterases in liver diseases.

We found an interesting result when we tested the possibility that sequential serum measurements of these lysosomal enzymes
could be used to monitor disease progression in acute liver disease such as acute alcoholic hepatitis (Figure 6). The initial relative
high serum cathepsin B1 levels are constantly reduced as patients improve irrespective of temporary increases of transaminases or
bilirubin. Cathepsin B1 in serum is associated with its main inhibitor a2 macroglobulin and the complex is cleared by macrophages
[81]. Therefore, increased serum levels may be compatible with Kupffer cell inability to clear the complex and progressive reduction
may be related to macrophage recovery. Non-specific esterases, on the other hand, show a parallel fluctuation with transaminase
values and increase as patients improve. It is possible therefore, that their measurement may be useful for assessing macrophage
function in liver disease progression or regression. Whether this is indeed clinically useful and true for viral hepatitis or other liver
diseases as well, requires extensive additional studies.
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A drawback of our study is the fact that no direct comparisons with autophagy markers were done. Therefore, the association
of our findings with autophagy deregulation is conjectural and based only in literature reports. Moreover, this is a cross sectional
study with a relatively small number of patients in each group. Larger studies are obviously required but it should be noted that
liver biopsies are now infrequently performed in PBC and other chronic liver diseases.

Another inherent problem in our study similar to other studies where liver homogenates or serum from patients are used, is
the inability to discriminate between hepatocyte and sinusoidal cells changes. This is particularly important in our study. Liver
macrophages are a major site of production of the enzymes we studied. Non-specific esterases are genetically determined markers
of macrophages [35,82]. Cathepsins are increased up to 100 nM in the macrophage secretome [83]. Therefore, an additional
explanation that may interfere in the interpretation of our results is that they may reflect activation or suppression of Kupffer cells.
We have recently proposed that Kupffer cells are crucial for the pathogenesis of PBC [84]. Recent experimental evidence supports
the important role of Kupffer cells in PBC pathogenesis. In PBC mice, Kupffer cells are activated and Kupffer cell-derived IL-12
and TNF-a synergistically with NK cell-derived IFN-y induce biliary epithelial cell damage [85]. Furthermore, the Clostridium
metabolite p-Cresol sulfate (PCS), produced by Clostridium-metabolized tyrosine, reduced PBC inflammation by modulating the
polarization of Kupffer cells. Thus, the production of pro-inflammatory cytokines such as IL-1p, TNFa and IL-6 were reduced and
the anti-inflammatory factors were increased [86].

However, our results agree more with the hypothesis that Kupffer cell hypersecretion of cathepsin D may be linked to
inflammation, while reduced Kupffer cell secretion of cathepsin B may lead to advanced fibrosis [87,88]. Importantly, since lipolytic
hydrolases also mark macrophages, their reduced activities we found may also represent Kupffer cell suppression in cirrhosis.

As mentioned before, our findings may be also consistent with a dysregulation of the late stages of autophagy in chronic viral
and alcoholic liver disease. Future studies should further clarify the matter. Dysregulated autophagy may be the critical factor that
possibly dictates the direction of the interrelated pathways of senescence apoptosis and autophagy [64]. If so, it can be envisaged
that inhibitors of the late stages of autophagy like chloroquine or hydroxychloroquine or autophagy activators such as Pevonedistat
may be useful as additional treatments in chronic liver diseases [89].

5. Conclusions

In conclusion, our findings in PBC probably indicate increased senescence in this disease and may explain the combination of
increased senescence and increased apoptosis reported in PBC pathogenesis. In the disease controls we used, cathepsin B1 re-
duction seems to be associated with advanced fibrosis, while increased cathepsin D seems to be associated and probably involved
in the development of necro-inflammation. Treatment with UDCA restores the abnormal values of lysosomal enzymes.
Measurement of serum cathepsin B and esterases may be a useful marker of acute liver disease progression, but this requires further
documentation and validation.
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