
ELSEVIER Biochimica et Biophysica Acta 1291 (1996) 45-52 

Biochi~ic~a et Biophysica A~ta 

Ethanol consumption alters trafficking of lysosomal enzymes and affects 
the processing of procathepsin L in rat liver 

Kusum K. Kharbanda, Daniel L. McVicker, Rowen K. Zetterman, Terrence M. D o n o h u e  Jr. * 

Liter Study Unit, Department of Veterans Affairs ( VA) Medical Center, and Departments of Medicine and Biochemistry~Molecular Biology, Unit,ersi O' of 
Nebraska College of Medicine, 4101 Woolworth Acenue, Omaha, NE 68105, USA 

Received 12 March 1996; accepted 17 April 1996 

Abstract 

In order to determine whether ethanol consumption alters the targeting of hepatic lysosomal enzymes to their organelles, we examined 
the sedimentation properties of lysosomal hydrolases in ethanol-fed rats and their pair-fed controls. Rats were fed a liquid diet containing 
either ethanol (36% of calories) or isocaloric maltose dextrin for one to five wk. Liver extracts were fractionated by Percoll density 
gradient centrifugation and fractions obtained were analyzed for the distribution of lysosomal marker enzymes. Heavy lysosomes were 
further purified from these gradients and the activity of specific hydrolases was determined. Compared with those from controls, isolated 
lysosomes from ethanol-fed rats showed a 20-50% reduction in the activity of lysosomal acid phosphatase and [3-galactosidase. 
Decreased intralysosomal hydrolase activity in ethanol-fed rats was associated with a significant redistribution of these enzymes as well 
as those of cathepsins B and L to lighter fractions of Percoll density gradients. This indicated an ethanol-elicited shift of these enzymes to 
lower density cellular compartments. In order to determine whether ethanol administration affects the synthesis and proteolytic maturation 
of hepatic procathepsin L, we conducted immunoblot analyses to quantify the steady-state levels of precursor and mature forms of 
cathepsin L in hepatic post-nuclear fractions. Ethanol administration caused a significant elevation in the steady-state level of the 39 kDa 
cathepsin L precursor relative to its 30 kDa intermediate and 25 kDa mature product. These results were confirmed by pulse-chase 
experiments using isolated hepatocytes exposed to [ 35S]methionine. Hepatocytes from both control and ethanol-fed rats incorporated equal 
levels of radioactivity into procathepsin L. However, during the chase period, the ratios of the 39 kDa procathepsin L to its 30 kDa 
intermediate and 25 kDa mature product in cells from ethanol-fed rats were 1.5-3-fold higher than those in controls. These results 
demonstrate that ethanol consumption caused a marked impairment in the processing of procathepsin L to mature enzyme, without 
affecting its synthesis. Taken together, our findings suggest that chronic ethanol consumption caused a deficiency in intralysosomal 
enzyme content by altering the trafficking and processing of these hydrolases into lysosomes. 
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1. Introduct ion  

In earlier studies, we showed that the intralysosomal 
content of cathepsins B and L in livers of ethanol-fed rats 
was lower than that in pair-fed control rats. However, 
while ethanol consumption also lowered the total cellular 
amount of cathepsin B, it did not affect the cellular 

Abbreviations: IgG, immunoglobulin G; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; BCIP, 5-bromo-4-chloro-3-in- 
dolyl phosphate; NBT, nitro blue tetrazolium; N-Cbz, N-carbobenzoxy 
derivatives; BSA, bovine serum albumin; Hepes, N-[2-hydroxy- 
ethyl]piperazine N'-[2-ethanesulfonic acid]; KRH, Krebs-Ringers Hepes 
buffer; MEM, minimum essential medium; V.I.U., volume integration 
units. 
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quantity of cathepsin L [l]. These findings suggest that 
ethanol administration alters the biosynthesis a n d / o r  traf- 
ficking of these proteases to lysosomes. In the present 
study we sought to ascertain whether ethanol administra- 
tion altered the intracellular trafficking of these and other 
lysosomal enzymes. In this study, we determined the activ- 
ities of lysosomal acid phosphatase and [3-galactosidase in 
hepatic extracts as well as in isolated lysosomes from both 
control and ethanol-fed rats. We then examined the distri- 
bution of these enzymes and those of cathepsins B, L and 
H, in Percoll density gradients to determine whether ethanol 
administration affected their sedimentation properties. We 
then focussed our attention on cathepsin L and conducted 
immunoblot  analyses to determine the steady state levels 
of precursor and mature forms of this enzyme. In addition, 
we measured the synthesis and processing of cathepsin L 
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by pulse-chase analysis to directly examine whether ethanol 
administration affected its synthesis and proteolytic pro- 
cessing. Preliminary versions of this work have been pub- 
lished as abstracts [2,3]. 

2. Materials and methods 

liver perfused with ice-cold 0.25 M sucrose (pH 7.4). 
Following perfusion, the liver was excised, blotted and 
weighed. Twenty percent homogenates (w /v )  were then 
prepared in 0.25 M sucrose (pH 7.4) using 4 strokes of a 
Teflon pestle spinning at 200 rpm in a glass homogenizing 
vessel. Lysosomes were isolated by the procedure of Ya- 
mada et al. [6] as previously described [1]. 

Male Sprague-Dawley-derived rats were purchased from 
Small Animal Supply Company (Omaha, NE). Control and 
ethanol liquid diets, formulated by Lieber and DeCarli [4], 
were from Dyets (Bethlehem, PA). Immunoglobulins con- 
jugated to alkaline phosphatase and reagents for elec- 
trophoresis and electroblotting were obtained from BioRad 
(Richmond, CA). Percoll, density marker beads, the re- 
spective substrates for cathepsins H, B, L, 13-galactosidase 
and acid phosphatase, namely L-arginine-7-amido-4-meth- 
ylcoumarin hydrochloride, N-Cbz-L-arginyl-k-arginine-7- 
amido-4-methylcoumarin hydrochloride, N-Cbz-phenyl- 
alanyl-arginine-7-amido-4-methylcoumarin hydrochloride, 
4-methylumbelliferyl- l-[3-D-galactoside, Sigma- 104 phos- 
phatase substrate, methionine-free MEM, Hepes, BSA, 
collagenase (Type IV), Trypan blue, L-methionine, leu- 
peptin, chymostatin, pepstatin A, antipain, Protein A-Sep- 
harose 4B and J4C-labeled standard marker proteins were 
from Sigma (St. Louis, MO). Prestained molecular weight 
standards for electrophoresis and L-[35S]methionine (>  
1000 Ci/mmol)  were from Amersham (Arlington Heights, 
IL). Immobilon-P membranes were from Millipore (Be- 
dford, PA). Spectramesh polypropylene filter mesh (100 
>m pore size) was purchased from Spectrum, (Houston, 
TX). Ultima Gold scintillation fluid was purchased from 
Packard Instrument (Meriden, CT). All other chemicals 
were reagent-grade quality. Antiserum to cathepsin L was 
a gift from Dr Michael Gottesman, National Cancer Insti- 
tute, Bethesda, MD, USA and was raised in rabbits against 
the major excreted protein (MEP) derived from the culture 
medium of Kirsten-virus transformed 3T3 mouse fibrob- 
lasts. 

2.1. Animal procedures 

These were performed exactly as described [1,5] in 
accordance with Public Health Service Guidelines for care 
and use of laboratory animals. Animals were maintained in 
an animal facility accredited by the American Association 
for the Accreditation of Laboratory Animal Care 
(AAALAC). When rats reached a weight of 150 to 170 g, 
they were weight-matched and pair-fed with ethanol or 
isocaloric control diet for one to five weeks, as detailed 
[1,5]. 

2.1.1. Preparation of liver homogenates and isolated lyso- 
somes 

Each rat was anesthetized with sodium pentobarbital 
(50 mg/kg  body wt), the portal vein cannulated and each 

2.2. DensiO, gradient fractionation 

Percoll gradient fractionation of the hepatic post-nuclear 
fraction was performed by the procedure of Yamada et al. 
[6]. Briefly, calcium chloride-treated post-nuclear super- 
natants from control and ethanol-fed rats were layered onto 
27 ml of iso-osmotic Percoll (density 1.08 g/ml,  pH 7.4). 
The tubes were centrifuged at 8 0 0 0 0 X g  for 15 min, 
using a 50.2 Ti rotor, generating a density gradient to 
achieve separation of dense lysosomes from other subcel- 
lular organelles. The gradient was collected in 2 ml frac- 
tions by pumping from the bottom of each tube. The 
density profile of the Percoll gradient was determined by 
using colored latex beads. 

Each fraction was diluted two-fold with 0.25 M sucrose 
(pH 7.4) containing 0.2% Triton X-100 and analyzed for 
the activities of lysosomal enzymes [7-10]. In addition, the 
distribution of other subcellular fractions were determined 
by assays of their respective marker enzymes, glucose-6- 
phosphatase (microsomes), succinic dehydrogenase (mito- 
chondria), 5'-nucleotidase (plasma membrane) and lactic 
dehydrogenase (cytosol) [11-14]. 

2.3. Enzyme assays and analytical procedures 

The activities of lysosomal marker enzymes, acid phos- 
phatase and 13-galactosidase were determined in post- 
nuclear fractions and in isolated lysosomes obtained from 
both control and ethanol-fed rats [7-10]. One milliunit of 
cathepsin B, L or H activity catalyzed the formation of one 
nmol aminomethylcoumarin per min from its respective 
substrate. One milliunit of acid phosphatase and one milli- 
unit of [3-galactosidase each catalyzed the release of one 
nmol of p-nitrophenol and 7-hydroxy-4-methylumbel- 
liferone per min, respectively. Protein concentrations were 
assayed by the BioRad assay using BSA as the standard 
[15]. 

2.4. lmmunoblot analyses 

Thirty micrograms of protein from hepatic post-nuclear 
supernatant fractions were subjected to SDS-PAGE [16] in 
12% polyacrylamide gels. Proteins were electrophoreti- 
cally transferred from the gels to Immobilon-P membranes 
using a modification of the method of Towbin and Gordon 
[17]. Membranes were incubated with 1000-fold diluted 
rabbit anti-cathepsin L. Membranes were then washed and 
incubated with a 1000-fold diluted appropriate second 
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antibody conjugated to alkaline phosphatase as detailed 
before [1]. Immunoreactive protein bands were developed 
enzymatically with BCIP and NBT as the substrate and 
developer respectively. The color intensity of  each reactive 
protein band was quantitated as arbitrary volume integra- 
tion units (V.I.U.) by reflectance densitometry on a Molec- 
ular Dynamics densitometer using the Molecular Dynam- 
ics ImageQuant software. 

2.5. Pulse-chase analyses 

2.5.1. Preparation of  hepatocvtes 
Hepatocytes were prepared by the collagenase perfusion 

method of  Seglen [18] as modified by Casey et al. [19]. 
Briefly, rats were anesthetized and livers perfused in situ 
via the portal vein at a rate of  30 m l / m i n  with Ca2+-free 
Krebs-Ringer Hepes (KRH) buffer (pH 7.4). This was 
followed by perfusing in a recirculating mode with 0.03% 
collagenase (Type IV) in KRH containing 0.5% BSA and 
2.5 mM calcium chloride. Livers were excised and gently 
swirled in Ca 2+- and 2% BSA-containing KRH to disperse 
the cells which were filtered through polypropylene mesh 
(100 I.zm opening) and pelleted by centrifugation. Cells 
were further purified using continuous Percoll gradients 
[19]. After washing, the cell pellets were resuspended in 
methionine-free MEM containing 0.5% BSA. Viability, as 
assessed by trypan blue exclusion, was routinely greater 
than 95%. 

centrifuged and each supernatant was incubated with a 
previously-optimized quantity of anti-cathepsin L at 4°C 
for 16 h. The immune complex was adsorbed to 10 ILl of 
Protein A-Sepharose with continuous gentle mixing for 3 h 
at room temperature. The beads were sedimented and 
washed as described by Nishimura et al. [20]. The sedi- 
mented beads were boiled for 2 min at 100°C in 25 ~1 of 
SDS-PAGE sample buffer [16] and subsequently cen- 
trifuged. Radioactivity in the immunoprecipitate was quan- 
tified by counting an aliquot (2 ~1) of resolubilized im- 
munoprecipitate and the remainder was subjected to SDS- 
PAGE. The incorporation of  label into total proteins was 
determined in an aliquot of  cell suspension by the filter 
disc method of Mans and Novelli [21]. 

2.5.4. SDS-PAGE and autoradiography 
20 pA of each resolubilized immunoprecipitate was 

subjected to SDS-PAGE [16] in 12% polyacrylamide gels. 
Immunoprecipitates from each pair of  control and ethanol- 
fed rats were analyzed on the same gel. Radioactive bands 
were detected by exposing the dried gel to a Phospho- 
rscreen (Molecular Dynamics) and quantitated as arbitrary 
V.I.U. by reflectance densitometry on a Molecular Dynam- 
ics phosphorimager using the Molecular Dynamics Image- 
Quant software. Apparent molecular masses were deter- 
mined by using 14C-methylated protein standards. 

2.6. Data analyses 

2.5.2. Methionine labeling 
Hepatocytes from control and ethanol-fed rats were 

preincubated at 37°C for 30 min in methionine-free MEM 
supplemented with 0.5% BSA at densities of  3 million 
cells / m l  in a total of  five ml. Hepatocellular proteins 
were pulse-labeled by incubating cells for 30 min in the 
same medium containing 100 btCi of  [35S]methionine/ml 
in rotary shaker incubator. Hepatocytes were pelleted, 
washed twice, resuspended and incubated for up to 4 h in 
chase medium (MEM containing 10 mM unlabeled me- 
thionine). After harvesting at 0, 2 and 4 h of chase, the cell 
pellets and extracellular media were prepared for immuno- 
precipitation of  cathepsin L as described by Nishimura et 
al. [20]. 

2.5.3. Immunoprecipitation 
Solubilized hepatocyte lysates and extracellular media 

were preadsorbed for 3 h at 4°C with Protein A-Sepharose, 

All results are expressed as mean values_+ S.E. The 
data were analyzed by Student's t-test. A probability value 
of  < 0.05 was considered significant. 

3. Results 

3.1. Hydrolase actirities in isolated lysosomes and hepatic 
post-nuclear fractions 

Purified lysosomes from rats fed ethanol for one and 
five wk consistently exhibited 20-50% lower specific 
activities ( P  < 0.05) of  acid phosphatase and 13-galacto- 
sidase compared with those from pair-fed controls (Table 
I). We previously reported that the specific activities of 
cathepsins B, L and H in hepatic post-nuclear fractions 
from ethanol-fed rats did not decrease in a manner consis- 
tent with the decrease seen in lysosomes [1]. Here, we 

Table 1 
Specific activities of non-proteolytic hydrolases in isolated hepatic lysosomes from control and ethanol-fed rats 

Enzyme 1 wk 5 wk 

control ethanol control ethanol 

Acid phosphatase 2.2 + 0.3 1.8 + 0.3 * 1.5 _+ 0.2 0.7 + 0.1 
13-Galactosidase 704 + 80 497 _+ 94 * 265 _+ 60 171 _+ 38 * 

Results expressed as units (acid phosphatase, 13-galactosidase) per mg protein are mean values (+ S.E.) from 11-13 pairs of rats fed for 1 or 5 wk. 
* Indicates statistical significance (P < 0.05). 
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Table 2 

Total activities of non-proteolytic hydrolases in livers of control and ethanol-fed rats 

Enzyme 1 wk 5 wk 

control ethanol control ethanol 

Acid phosphatase 43 _+ 6.5 49 +_ 6.2 29 _+ 1.9 34 _+ 3.5 

[3-Galactosidase 3883 _+ 227 3470 _+ 227 4682 _+ 876 3898 -+ 266 

Results expressed as units per l iver are mean values ( ± S . E . )  from 11-13 pairs of rats fed for 1 or 5 wk. 

made similar observations with acid phosphatase and 13- 
galactosidase, the specific activities of which were essen- 
tially the same in post-nuclear fractions from both groups 
of rats (data not shown). In addition, the total activities of 
these two enzymes were equal in livers of both control and 
ethanol-fed rats (Table 2). 

3.2. Percoll gradient analysis 

Chronic ethanol consumption altered the distribution on 
Percoll gradients of nearly all lysosomal marker enzymes 
studied. Since the results obtained after one week of 
pair-feeding were similar to those after five weeks, the 
data from both were combined. Compared with those from 
controls, extracts from ethanol-fed rats had significantly 
lower percentages of cathepsins B and L, acid phosphatase 
and [3-galactosidase activity sedimenting in heavy fractions 
(fractions 1-4) of these gradients which correspond to 
dense lysosomes. A significant amount of these enzyme 
activities had shifted to fractions of lower density, corre- 
sponding to microsomes, plasma membrane, cytosol and 
prelysosomal compartments (data not shown). We sepa- 
rately pooled fractions 1-4 and 10-17 from these gradi- 
ents and determined the percent of each enzyme activity in 
the pooled samples relative to the total activity applied to 
each gradient. In heavy lysosomes (fractions 1-4) derived 
from ethanol-fed rats, the percent of total enzyme activity 
of cathepsins B and L, acid phosphatase and [3-galacto- 
sidase was lower than the percent activity in corresponding 
fractions from control animals. Conversely, in lower den- 
sity fractions (10-17) from ethanol-fed rats, there was a 
significantly higher proportion of lysosomal enzyme activ- 

ity compared with controls (Table 3). While cathepsin H 
from ethanol-fed rats showed a similar tendency for redis- 
tribution in Percoll gradients, its pattern was not signifi- 
cantly different from that in controls (Table 3). The en- 
zyme markers for mitochondria (succinic dehydrogenase), 
microsomes (glucose-6-phosphatase), plasma membrane 
(5'-nucleotidase) and cytosol (lactic dehydrogenase) co- 
sedimented in buoyant fractions 10-17 and showed com- 
parable distributions in gradients from both control and 
ethanol-fed rats (data not shown). 

3.3. Western blot analyses 

In rat hepatocytes, cathepsin L is synthesized as a 39 
kDa precursor which is processed into a 30 kDa intermedi- 
ate, and finally into a 25 kDa mature form [20]. We 
immunochemically quantified all three forms of the en- 
zyme in hepatic post-nuclear fractions on immunoblots to 
determine whether their steady-state levels were altered by 
ethanol administration. We then calculated the densito- 
metric ratios of the different molecular forms in each 
group of animals to determine whether any quantitative 
changes occurred in the conversion of procathepsin L to its 
intermediate and mature forms. The absolute quantity of 
the 39 kDa cathepsin L proform in ethanol-fed rats (173 __% 
38 V.I.U.) was numerically but not significantly higher 
than that in controls (127_+29 V.I.U.). However, the 
densitometric ratios of the 39 kDa precursor to the 30 kDa 
intermediate and to the 25 kDa final product in ethanol-fed 
rats were both significantly higher than those in pair-fed 
controls after one to five wk of pair-feeding (Table 4). At 
the same time, we found no difference between the two 

Table 3 
Percent of lysosomal enzyme activity in pooled fractions from Percoll gradients relative to the total activity in the post-nuclear fractions of control and 
ethanol-fed rats 

Enzymes 

Enzymes 

Dense lysosomes fractions 1 -4  Lower density fractions 10-17 

control ethanol control ethanol 

Cathepsin L 49 _+ 1.8 44 _+ 2.1 * 34 _+ 2.0 39 _+ 2.7 * 
Cathepsin B 40 _+ 2.2 32 + 2.1 * 46 _+ 2.6 54 _+ 2.6 * 
Cathepsin H 39 -+- 2.7 35 + 1.8 49 -+- 3.3 54 _ 2.3 
Acid phosphatase 20 _+ 1.2 15 + 1.3 * 70 _+ 1.7 76 + 1.8 * 
[3-Galactosidase 43 _+ 1.7 37 + 2.5 ~ 44 _+ 1.8 51 _+ 2.6 * 

Results expressed as percent activity to total activity are mean (+_S.E.) from 15 pairs of rats fed for 1 and 5 wk. 
Indicates statistical significance ( P  < 0.05). 
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Table 4 
Densitometric ratios of the molecular forms of cathepsin L on im- 
munoblots of hepatic post-nuclear fractions from control and ethanol-fed 
rats 

Ratio Control Ethanol 

39 kDa/30 kDa 2.04±0.76 3.89_+0.57 * 
39 kDa/25 kDa 0.53±0.12 0.86_+0.19 * 
30 kDa/25 kDa 0.16_+0.08 0.20±0.05 

Results are mean values ( ±  S.E.) from 3-9 pairs of rats fed for 1 and 5 
wk. 
* Indicates statistical significance (P  < 0.05). 
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groups  in the  rat io  o f  the  30  kD a  i n t e r m ed i a t e  m o l e c u l a r  

f o rm  to the  25 k D a  ma tu re  f o r m  of  ca theps in  L ( T a b l e  4). 

3.4. Pulse chase analyses 

3.4.1. Methionine incorporation 

I m m e d i a t e l y  f o l l o w i n g  pu lse  l abe l ing  o f  hepa tocy tes ,  

the  i n c o r p o r a t i o n  o f  [35S]meth ion ine  in to  total  hepa to -  

ce l lu la r  p ro te ins  o f  e t h a n o l - f e d  rats  was  l ower  than  that  

f rom pa i r - f ed  cont ro ls .  H o w e v e r  the  r ad ioac t iv i ty  in  im-  

m u n o p r e c i p i t a t e d  c a t h e p s i n  L was  the  same  in cel ls  f r om 

bo th  g roups  ( T a b l e  5). 

3.4.2. Autoradiographic analyses 

T h e s e  ana lyses  r evea l ed  the  p r e s e n c e  o f  a p r e d o m i n a n t  

39 k D a  pro te in ,  c o r r e s p o n d i n g  to the  p r o c a t h e p s i n  L, in 

h e p a t o c y t e s  i m m e d i a t e l y  af te r  pu l s e - l abe l i ng  (zero  t ime) .  

Af te r  2 and  4 h o f  chase ,  the  in tens i ty  o f  the  p r ecu r so r  

d i m i n i s h e d  wi th  a c o n c o m i t a n t  inc rease  in the  in tens i t i es  

o f  the  30  k D a  i n t e r m ed i a t e  and  m a t u r e  25 k D a  subun i t  

p ro te ins  (Fig.  1). W e  d e n s i t o m e t r i c a l l y  quan t i f i ed  the dif-  

f e ren t  m o l e c u l a r  fo rms  o f  c a t h e p s i n  L in each  lane  and  

d e t e r m i n e d  the  ra t io  o f  the  39 kD a  p r o c a t h e p s i n  L to its 30  

kDa  i n t e rmed ia t e  an d  25 k D a  product .  T he  rat ios  o f  bo th  

the  39 to 30 kDa  and  the  39 to 25 k D a  c a t h e p s i n  L fo rms  

in h e p a t o c y t e s  f rom e t h a n o l - f e d  rats  at  b o t h  2 and  4 h o f  

chase  were  1.5- to 3 - fo ld  h i g h e r  than  those  in pa i r - f ed  

con t ro l s  (Tab le  6). H o w e v e r ,  the rat io  o f  the  30 k D a  

i n t e rmed ia t e  to the  25 k D a  p r o d u c t  was  not  s ign i f i can t ly  

d i f fe ren t  in the  two  g roups  o f  an imals .  W e  cou ld  not  

a t t r ibute  these  resul t s  to d i f fe ren t ia l  v iab i l i t i es  o f  cel ls  

Table 5 
Methionine incorporation into total cellular protein and immunoprecip- 
itated cathepsin L in hepatocytes from control and ethanol-fed rats 

Control Ethanol P value 

Total cellular proteins 3.64 _+ 0.68 2.49 _+ 0.48 0.004 
(cpm. 10- 6/million cells 
Cathepsin L 3.33 ± 0.65 2.90 ± 0.80 0.43 
(cpm. 10 3/million cells 

1 2 3 4 5 6 

Fig. 1. Autoradiogram of [35S]methionine-labeled cathepsin L from hepa- 
tocytes of control (lanes 1, 3, and 5) and ethanol-fed rats (lanes 2, 4 and 
6). Cells were labeled and incubated in chase medium containing unla- 
beled methionine for 0, (lanes 1 and 2), 2 h (lanes 3 and 4) and 4 h (lanes 
5 and 6). Numbers on the left indicate the apparent molecular mass in 
kilodaltons. The positions of the three cellular forms of the enzyme are 
indicated by arrows on the right. 

f r o m  the  con t ro l  and  e thano l - f ed  rats. Hepa tocy te s  f rom 

b o t h  g roups  were  a lways  g rea te r  than  9 5 %  v iab le  af ter  

bo th  2 and  4 h o f  chase.  

W e  de tec ted  on ly  the  39 kDa  p recu r so r  fo rm of  ca thep-  

s in L in i m m u n o p r e c i p i t a t e s  ob t a ined  f r o m  the  ex t race l lu-  

lar  m e d i u m  of  hepa tocy t e s  f rom bo th  con t ro l  and  e thano l -  

fed rats ove r  the  chase  pe r iod  (Fig.  2). H o w e v e r ,  we f o u n d  

no  s ign i f i can t  d i f f e rence  in the  a m o u n t  o f  p roca theps in  L 

Table 6 
Densitometric ratios of the molecular forms of radiolabeled cathepsin L 
immunoprecipitated from hepatocytes from control and ethanol-fed rats 

Chase time 120 min 240 min 

Ratios control ethanol control ethanol 

39/30 kDa 3.5-t-0.5 10.3±1.8 * 2.5±0.6 5.6± 1.2 * 
39/25 kDa 9.8±2.5 14.8+3.5 * 5.8+ 1.7 14.7±6.4 
30/25 kDa 1.9±0.4 2.1 _+0.5 2.3 ±0.6 1.5 ±0.3 

Results expressed are mean values (±S.E.) from 10-11 pairs of rats fed 
for 1 and 5 wk. Ratios of the V.I.U. were calculated after quantitative 
densitometry of bands from the same lane following SDS-PAGE of 
immunoprecipitated cathepsin L. 
* Indicates statistical significance (P  < 0.05). 

Table 7 
Amount of 39 kDa cathepsin L in the extracellular medium at 2 and 4 h 
of chase of hepatocytes from control and ethanol-fed rats 

Chase time Control Ethanol P value 
(min) (. 10 3) (. 10-3) 

120 637± 157 561 ± 186 0.8 
240 787 ± 244 670 ± 181 0.7 

Data are mean values (±S.E.) from 18-20 pairs of rats fed for 1 and 5 The labeling in each band was measured as V.I.U. and results are mean 
wk. values (±  S.E.) from 6-11 pairs of rats fed for l and 5 wk. 
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1 2 3 4 
Fig. 2. Autoradiogram of [35S]methionine-labeled procathepsin L im- 
munoprecipitated from the extracellular medium of hepatocytes of control 
(lanes 1 and 3) and ethanol-fed rats (lanes 2 and 4) at 2 (lanes I and 2) 
and 4 h (lanes 3 and 4) of chase. Numbers on the left indicate the 
apparent molecular mass in kilodaltons. The position of the 39 kDa 
precursor is indicated by the arrow on the right. 

secreted by hepatocytes from the two groups of rats at 
either 2 or 4 h of chase (Table 7). 

4. Discussion 

We previously reported that ethanol consumption for 
one or five wk results in decreased hepatic intralysosomal 
activities and /or  contents of cathepsins B, L and H [1]. 
Here, we extended those studies to two non-proteolytic 
hydrolases, acid phosphatase and [3-galactosidase, and ob- 
served an ethanol-induced decline in the specific activity 
of both enzymes in isolated hepatic lysosomes (Table 1). 
These findings imply that ethanol administration may exert 
a generalized effect on all lysosomal hydrolases, lowering 
their content and /or  activities inside lysosomes. Similar to 
our previous studies [1], ethanol consumption affected 
neither the specific activity nor the total activity of lysoso- 
mal acid phosphatase and [3-galactosidase in hepatic post- 
nuclear fractions (Table 2). The latter findings indicate that 
ethanol consumption reduces hydrolase activity by specifi- 
cally affecting the lysosomal fraction and not necessarily 
the total cellular activities of these enzymes. 

The sedimentation properties of lysosomal enzymes 
(Table 3) further showed that ethanol administration pro- 
duced a generalized deficiency in the enzyme content of 
hepatic lysosomes which sedimented in fractions 1-4 in 
Percoll gradients. The ethanol-elicited redistribution of 
lysosomal enzymes toward lower density fractions (frac- 
tions 10-17) suggests an alteration in the ability of liver 
cells to target these enzymes to lysosomes. We recognize 
that these experiments did not completely rule out the 
possibility that some of this enzyme redistribution may 
have represented the release of hydrolases into the cytosol 
fraction due to rupture of more fragile hepatic lysosomes 
in ethanol-fed rats. Hagen et al. reported results with 

lysosomal acid phosphatase that were similar to ours and 
concluded that altered sedimentation of this enzyme is a 
consequence of enhanced lysosomal fragility due to chronic 
ethanol administration [22]. However, data from our labo- 
ratory have demonstrated that the lysosomal fraction from 
ethanol-fed rats is not as fragile as previously thought. 
First, we have observed that, following subcellular frac- 
tionation of liver extracts from control and ethanol-fed 
rats, there is no change in the acid phosphatase activity in 
liver cytosols, relative to the total hepatic activity (control: 
21.1 4-2.7 percent; ethanol-fed: 25.7 4-5.9 percent). We 
have also obtained similar results with [3-galactosidase and 
cathepsin L (unpublished observations). Second, we previ- 
ously reported that, at neutral pH, the in vitro stability of 
lysosomes obtained from ethanol-fed rats is identical to 
that from controls, even after 2 hr of agitation at 37°C 
[1,5]. Therefore, we attribute the shift in the density gradi- 
ent distribution of hydrolases not to ethanol-induced labil- 
ity of liver lysosomes, but to an ethanol-elicited alteration 
in the routing of these enzymes to their target organelles. 

Our conclusions are based on well-documented evi- 
dence that ethanol and /or  its metabolite(s) impairs major 
protein trafficking processes in the liver and pancreas 
[23-29]. In corroboration with our results, Hirano and 
Manabe demonstrated that ethanol consumption causes a 
significant decrease of cathepsin B activity in the pancre- 
atic lysosomal fraction. This was accompanied by an in- 
crease in enzyme activity in the zymogen fraction, indicat- 
ing an ethanol-elicited missorting of lysosomal enzymes in 
pancreatic acinar cells [29]. Nishimura et al. [30], recently 
reported that acute ethanol administration inhibited the 
intracellular processing of 13-glucuronidase in rat liver. In 
addition, there are numerous reports indicating that the 
glycosylation and transport of plasma proteins are both 
impaired by ethanol consumption [23-28,31-35]. Thus, it 
is possible that glycosylation and subsequent trafficking of 
lysosomal hydrolases, are similarly altered. This is further 
supported by data showing increased activity of lysosomal 
enzymes in the sera of alcohol abusers, suggesting that 
these proteins are secreted rather than routed to lysosomes 
[36-38]. 

Our immunoblot analyses of post-nuclear fractions of 
ethanol-fed rats revealed higher ratios of the 39 kDa 
cathepsin L precursor to its 30 kDa intermediate and 25 
kDa product than those of controls (Table 4). This suggests 
that the conversion of the 39 kDa proform to its lower 
molecular mass forms was impaired. Proteolytic process- 
ing of the 39 kDa cathepsin L proform to its final product 
is initiated after the proform is delivered to the lysosomes 
[39]. Therefore, in ethanol-fed rats the impairment in the 
processing of the 39 kDa proform to its intermediate and 
final products may have resulted either from altered traf- 
ficking of the proform to the lysosomes or incomplete 
processing within the lysosomes. It is noteworthy that 
although these western blot analyses were static determina- 
tions of steady state levels of the enzyme, they still 
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revealed significant elevations of the precursor/inter- 
mediate and precursor/product ratios in ethanol-fed rats 
over those in pair-fed controls (Table 4). These results 
were confirmed by our pulse chase experiments which 
showed that prior ethanol consumption caused a significant 
delay in the intracellular processing of the isotopically 
labeled 39 kDa precursor to its intermediate and mature 
forms (Fig. 1 and Table 6). In addition, while ethanol 
consumption decreased overall protein synthesis in hepato- 
cytes, it had no effect on cathepsin L synthesis (Table 5). 
This effectively resulted in an apparent higher relative 
synthesis rate of cathepsin L in hepatocytes from these 
animals compared with those from pair-fed controls. 

Ethanol administration appeared to disrupt cathepsin L 
processing at an early step, since only the ratios of the 39 
kDa cathepsin L proform to its intermediate (30 kDa) and 
final (25 kDa) products were significantly elevated in 
ethanol-fed rats (Tables 4 and 6). However, the ratio of the 
30 kDa to the 25 kDa forms of cathepsin L was the same 
in the two groups of animals (Tables 4 and 6). These 
results suggest that while ethanol ingestion significantly 
impaired the processing of the cathepsin L proform, it did 
not affect the step required for conversion of its intermedi- 
ate form to the mature 25 kDa enzyme. The proteolytic 
conversion of procathepsin L to its intermediate single 
chain 30 kDa mature form is thought to be catalyzed by an 
aspartic proteinase, probably cathepsin D [40-44]. This 
enzyme has a narrow pH optimum in the acidic range 
[45,46]. This initial proteolytic step is thought to occur as 
an early event in the lysosomes, although some reports 
indicate that this process may be initiated in pre-lysosomal 
compartment(s) [42,44]. Subsequent processing of cathep- 
sin L to the final 25 kDa and 5 kDa double chain forms 
appears to be an autolytic process that is mostly cathepsin 
L-dependent [42,43,47,48]. We have reported a deficiency 
in the intralysosomal activities of cathepsins B, L and H 
[1] and two non proteolytic hydrolases, acid phosphatase 
and [3-galactosidase in hepatic lysosomes from ethanol-fed 
rats. It is therefore possible that the level of intralysosomal 
cathepsin D was similarly reduced by ethanol consump- 
tion. Alternatively, ethanol administration may have ele- 
vated the intralysosomal pH, thus reducing the catalytic 
activity of cathepsin D. In either case, the maturation of 
cathepsin L would be slower than that in controls. 

Conditions that impair the processing of cathepsins are, 
in many cases, accompanied by increased secretion of the 
procathepsin [20,47,49-52]. Here, we found no evidence 
of a concomitant increase in the amount of cathepsin L 
precursor in the culture medium of hepatocytes from 
ethanol-fed rats (Table 7). This finding may reflect the 
anti-secretory effects of ethanol which we and others have 
previously demonstrated [23,24,26,31,32,53-55]. Hara et 
al. [47] using 1,10-phenanthroline and Scheel et al. [52] 
using colchicine, also observed a dissociation between 
altered processing of procathepsins and increased secretion 
of the proforms by cultured cells. Similar to ethanol, both 

1,10-phenanthroline and colchicine are known to be anti- 
secretory agents. 

In summary, our data suggest that ethanol consumption 
impairs the trafficking of hydrolases to lysosomes and also 
disrupts the processing of procathepsin L without affecting 
its biosynthesis. This is supported by data presented herein 
showing (i) an ethanol-elicited alteration in the distribution 
of hydrolases on Percoll gradients and (ii) a significantly 
higher ratio of the precursor to the mature molecular form 
of cathepsin L in ethanol-fed rats. An ethanol-elicited 
impairment of intracellular trafficking resulting in reduced 
intralysosomal cathepsin content may be responsible for 
the decreased proteolytic capacity of lysosomes from 
ethanol-fed rats [1]. The long-term consequence of these 
changes is that hepatocellular damage could eventually 
result from the accumulation of undegraded, potentially 
cytotoxic macromolecules due to deficiencies in the lyso- 
somal degradative pathway. Such damage could contribute 
to the pathogenesis of alcoholic liver disease. 
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