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ABSTRACT. Ethanol administration leads to altered function and impaired receptor-mediated endocytosis of
the hepatocyte asialoglycoprotein receptor (ASGP-R). The purpose of the present study was to examine the
effects of ethanol on the phosphorylation of the ASGP-R to determine whether this post-translational
modification could contribute mechanistically to the observed ethanol-induced alterations. The methodological
approach of this work involved the measurement of the phosphorylation state of the receptor obtained from
isolated rat hepatocytes, using a combination of experimental designs from the biosynthetic incorporation of
phosphate to the determination of steady-state phosphotyrosine levels. We report here that both short-term (1-
to 2-week) and chronic (5- to 7-week) periods of ethanol administration resulted in a significant increase in the
steady-state phosphotyrosine protein in the ASGP-R. In addition, in vitro incorporation of [g-32P]ATP using a
permeabilized cell assay system similarly showed an increase in tyrosine-phosphorylated receptors. Furthermore,
metabolic radiolabeling of hepatocytes with [32P]orthophosphate demonstrated hyperphosphorylation of the
ASGP-R in cells obtained from chronically ethanol-fed animals. Finally, our results revealed that dephosphor-
ylation of the ASGP-R was unaffected by ethanol administration, indicating that kinase activity rather than
impaired phosphatase action contributes to the increased phosphorylation state of the receptor. Overall, the
results presented in this study demonstrated that the extent of tyrosine phosphorylation of the receptor is
significantly higher in hepatocytes obtained from ethanol-fed animals. We conclude that hyperphosphorylation
of the ASGP-R may be a contributing factor to the impaired function of the receptor elicited by ethanol
administration. BIOCHEM PHARMACOL 60;3:343–351, 2000. © 2000 Elsevier Science Inc.
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It has been established previously that ethanol administra-
tion results in altered protein trafficking in hepatocytes [1].
Studies have demonstrated that ethanol treatment induces
impairments in glycoprotein secretion and in the assembly
of newly synthesized proteins into the plasma membrane [1,
2]. In subsequent work from our laboratory, we have shown
that chronic ethanol administration also impairs the cellu-
lar protein trafficking process of RME† markedly [3].

The RME process provides the cell with an intracellular
pathway along which extracellular proteins are internalized
via clathrin-coated vesicles and transported to targeted
locations within the cell [4]. Using a hepatocyte-specific
receptor, the ASGP-R, and the ligand ASOR as the model

system, work from our laboratory has shown that RME is
susceptible to impairment by ethanol treatment. Results
from those studies indicated that in addition to lowered
receptor number and altered receptor recycling, there were
decreases in the internalization and degradation of the
ligand ASOR as well as defects in the dissociation of the
ASGP-R/ASOR complex in the endosomes [3, 5, 6]. More
recently, studies have revealed that the function of the
ASGP-R is altered differentially after exposure to alcohol
over a time course of administration [7]. It has been found
that after short-term alcohol feeding of 1–2 weeks, the
ASGP-R is inactivated as well as redistributed in the cell,
ultimately resulting in an intracellular accumulation of the
ASGP-R in hepatocytes from ethanol-fed animals. After
longer, more chronic periods of alcohol feeding, an actual
decrease in receptor protein content was observed as a
result of a reduction in ASGP-R transcript levels and
receptor synthesis.

In the present study, we examined a potential mecha-
nism that could be involved in these ethanol-induced
impairments, that of the phosphorylation state of the
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receptor. It has been shown previously that protein phos-
phorylation can play a significant role in the regulation of
endocytic receptors, including the ASGP-R. Alterations in
RME of the ASGP-R have been demonstrated following
treatment with protein phosphatase [8] as well as protein
kinase inhibitors [9, 10]. In addition, the regulation of RME
by reversible protein phosphorylation was found to occur at
several steps along the endocytic pathway. For example, the
sequestration of ASGP receptors at the plasma membrane
in early internalization events has been shown to be
regulated by a cellular tyrosine kinase [11], which was found
to be associated with the receptor [11]. Phosphorylation of
the ASGP-R has also been implicated in the regulation of
post-internalization endocytic events because the transient
phosphorylation of intracellular receptors was shown to be
a necessary event that precedes the inactivation and sub-
sequent uncoupling of receptor/ligand complexes [12]. Fur-
thermore, a correlation between the phosphorylation and
dephosphorylation of receptor protein residues and recy-
cling events has been supported through the identification
of a pool of phosphorylated ASGP receptors that do not
recycle back to the cell surface as normal [13]. Thus, the
phosphorylation state of the ASGP-R may provide a signal
or conformational adjustment for the receptor to proceed
properly within the RME cycle. The ASGP-R is distributed
randomly along the sinusoidal and lateral plasma mem-
brane and consists of three polypeptide subunits identified
in the rat by SDS–PAGE at 42, 49, and 54 kDa. The three
rat hepatic lectin subunits contain serine and threonine
residues that are potential phosphorylation sites; however,
only the major subunit RHL-1 contains a cytoplasmic
tyrosine [14]. It is the phosphorylation of this single
tyrosine residue of the receptor that has been implicated in
the regulation of ASGP-R function and endocytosis.
Therefore, the purpose of this study was to examine the
relationship of tyrosine phosphorylation of the ASGP-R
and the function of the receptor in rat hepatocytes by
investigating the effects of ethanol on this post-transla-
tional modification. In these studies, we used isolated cells
from animals fed ethanol for 1–2 weeks and 5–7 weeks, the
periods in which we observed the differential effects of
ethanol on ASGP-R function, to examine the phosphory-
lation state of the receptor. We determined the steady-state
level of phosphotyrosine protein present in the ASGP-R,
the metabolic incorporation of orthophosphate into the
receptor, and the level of in vitro tyrosine-phosphorylated
ASGP-R through [g-32P]ATP labeling.

MATERIALS AND METHODS
Ethanol Administration and Hepatocyte Preparation

Male Wistar rats weighing 140–160 g were purchased from
Charles River Laboratories. Initially, the animals were fed a
Purina chow diet and allowed to acclimate to their sur-
roundings for a period of 3 days. Then the rats were paired
according to weight and fed either control or ethanol (36%
of calories) Lieber–DeCarli diet [15] for periods of 1–2 or

5–7 weeks. The diet was purchased from Dyets, Inc. This
project was approved by the Animal Studies Subcommittee
of the Omaha Department of Veterans Affairs Medical
Center. The animals were handled in accordance with
applicable local and federal regulations concerning labora-
tory animals. Hepatocytes were obtained from the livers of
control and ethanol-fed rats by a modified collagenase
perfusion technique previously described by our laboratory
[3]. The isolated cells were washed with Krebs–Ringer
buffer, purified over a 35% Percoll gradient, and equili-
brated at 37° for 45 min in Eagle’s buffer containing 0.1%
BSA. Then the hepatocytes were washed, counted, resus-
pended in Eagle’s/BSA medium, and placed on ice until
they were divided for the various experiments.

Western Blot Analysis

ASGP-R was isolated from control and ethanol-treated
animals by immunoprecipitation with anti-ASGP-R anti-
body followed by capture on Protein A-Sepharose as pre-
viously described [7]. For phosphotyrosine detection, the
immunoprecipitated ASGP-R protein resolved on 10%
SDS–PAGE was transferred to nitrocellulose with the
addition of 100 mM sodium orthovanadate in the transfer
buffer. After the protein transfer, the blots were incubated
for 20 min at 37° in blocking buffer [0.01 M Tris (pH 7.5),
0.1 M NaCl, 0.1% Tween 20, and 1% BSA], followed by
incubation for 60 min at 37° with a 1:2000 dilution of
horseradish peroxidase-conjugated anti-phosphotyrosine
monoclonal antibody, PY20 (Transduction Laboratories),
in blocking buffer. Next the blots were washed for 60 min
with several changes of buffer [0.01 M Tris (pH 7.5), 0.1 M
NaCl, 0.1% Tween 20], incubated with chemiluminescent
detection reagents (ECL reagents, Amersham), and ex-
posed to x-ray film for 30–60 sec. After the phosphoty-
rosine antibody analysis, the blots were stripped in 0.2 M
NaOH, washed with H2O, and blocked as before. The blots
then were incubated with buffer containing 0.15 M NaCl,
50 mM Tris–HCl, 3.5% BSA, and the serum against
ASGP-R (1:200) for 1 hr at room temperature. After
washing in 1% Tween 20, 50 mM Tris–HCl buffer, the
blots were incubated with 1.0 3 105 cpm/mL of 125I-labeled
Protein A for 1 hr, and washed for a final time with the
Tween–Tris–HCl buffer, followed by quantification of the
ASGP-R protein content present through PhosphorImager
analysis.

In Vitro ASGP-R Phosphorylation in Permeabilized
Rat Hepatocytes

Isolated hepatocytes from the control and ethanol-treated
animals were radiolabeled according to the procedure of
Haynes et al. [12] with slight modifications. After incuba-
tion in cytosol buffer [10 mM NaCl, 140 mM KCl, 2 mM
MgCl2, 2 mM CaCl2, 10 mM HEPES, (pH 7.4)] for 20 min
at 4° with 0.006% digitonin, the cells were centrifuged at
350 g, washed with digitonin-free cytosol buffer three times,
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and resuspended at 10–20 3 106 cells/mL in phosphoryla-
tion buffer (cytosol buffer 1 5 mM MnCl2, 140 mM PMSF,
3 mM Na3VO4, and 10 mM NaH2PO4). [g-32P]ATP (3000
Ci/mmol) purchased from NEN Life Science Products was
added to the cells at 500 mCi/mL and incubated at 4° for
the appropriate time period, and the reaction was termi-
nated by the addition of 1 vol. stop buffer [142 mM NaCl,
6.7 mM KCl, 10 mM HEPES (pH 7.4), 20 mM EDTA, 3
mM Na3VO4, 10 mM NaH2PO4, and 140 mM PMSF]. The
cells were centrifuged (350 g) and washed three additional
times with stop buffer, after which the cell pellet was
resuspended in extraction buffer [142 mM NaCl, 6.7 mM
KCl, 10 mM HEPES (pH 7.4), 133 mM PMSF, 3 mM
Na3VO4, 10 mM NaH2PO4, 10 mM CaCl2, and 1.5%
Triton X-100] and incubated with end-over-end rotation
for 2 hr at 4°. After solubilization with the Triton deter-
gent, the mixture was centrifuged at 10,000 g for 20 min at
4°, and the ASGP-R protein was purified from the super-
natant by incubation with anti-ASGP-R antibody followed
by Protein A-Sepharose (Pharmacia). The ASGP-R sam-
ples were resolved on 10% SDS–PAGE and transferred to
nitrocellulose as described in the western blot procedure,
and the recovered radioactivity was quantified by Phospho-
rImager and autoradiographic analysis.

In vitro dephosphorylation of the radiolabeled ASGP-R
protein was performed by placing the permeabilized cells in
a 37° incubator for 0, 10, 20, and 60 min, or as indicated.
The reaction was terminated with the addition of 0.5 mL
stop buffer followed by washing and extraction of the
ASGP-R as previously mentioned. The recovery of 32P-
labeled ASGP-R in the dephosphorylation experiments by
immunoprecipitation was performed as just described for
the in vitro phosphate analysis.

Metabolic Labeling of the Receptor

Isolated cells obtained from control and ethanol-fed ani-
mals were seeded at 2.0 3 106 cells/35-mm plate in
phosphate-free MEM (Sigma, Cat. No. M 3786)/5% fetal
bovine serum containing 1 nmol/L of insulin and 10 nmol/L
each of streptomycin and penicillin. The cells were incu-
bated at 37° for 1–2 hr, washed once, and incubated with
fresh phosphate-free MEM containing 5% dialyzed serum
for an additional 3 hr at 37° prior to the addition of
[32P]orthophosphate (Amersham, PBS41) to a final con-
centration of 1.0 mCi/mL. Following overnight radiolabel-
ing at 37°, the plated cells were chilled on ice, scraped from
the plates, and washed twice with chilled buffer (142 mM
NaCl, 6.7 mM KCl, 10 mM HEPES, pH 7.4). Next the
washed cell pellets were solubilized for 30 min at 4° in the
Triton X-100 extraction buffer. After solubilization, the
cell extracts were centrifuged at 10,000 g for 15 min at 4°,
and the receptor-containing supernatant was subjected to
immunoprecipitation using anti-ASGP-R antibody and
Protein A-Sepharose as previously described.

Normalization of total radiolabel incorporation in the
control and ethanol cell populations was determined

through recovery of trichloroacetic acid-precipitable radio-
activity after tritiated leucine labeling of the cells. Cultures
of control and ethanol cells used in the orthophosphate
labeling experiment were incubated overnight at 37° with
2 mM L-[4,5-3H]leucine (Amersham, 74 Ci/mmol) in
leucine-free Dulbecco’s MEM containing 1 nmol/L of
insulin and 10 nmol/L each of streptomycin and penicillin.
The cells were removed from the plates, washed, and
solubilized under the same conditions as the phosphate-
labeled cells. A 100-mL sample of the detergent-solubilized
protein was removed and placed into 1 mL of 1% phospho-
tungstic acid, 10% trichloroacetic acid for 30 min at 4°.
The acid precipitates were washed three times with ice-cold
10% trichloroacetic acid, and the radioactivity in the
precipitated pellet was determined after solubilization in 1
mL of 0.1 N NaOH.

Other Assays and Statistical Analysis

DNA concentration was determined by the method of
Labarca and Paigen [16]. Statistical analyses were per-
formed by paired Student’s t-tests. A probability value #
0.05 was considered significant.

RESULTS

In the current study, we examined the possible mecha-
nism(s) responsible for our previously reported alterations
in ASGP-R activity, content, and recycling over a time
course of ethanol administration by measuring the post-
translational modification of the ASGP-R due to tyrosine
phosphorylation. We first examined the phosphorylation
status of the ASGP-R in the control and ethanol-fed
animals through the sensitive western blot determination of
tyrosine-phosphorylated protein present in the receptor.
Modification of the ASGP-R due to tyrosine phosphoryla-
tion after early (1–2 weeks) and chronic (5–7 weeks)
ethanol administration was detected in immunoprecipi-
tated protein using anti-phosphotyrosine antibody conju-
gated to horseradish peroxidase (Fig. 1A). After normaliza-
tion to the amount of receptor present on the blot through
anti-ASGP-R antibody followed by 125I-labeled Protein A
detection of the same blots (Fig. 1B), the steady-state level
of phosphotyrosine protein present in the ASGP-R was
determined. Overall, the amount of phosphotyrosine pro-
tein present in RHL-1 in cells obtained from 8–14 animals
was increased by 25 6 8% (P , 0.02) after 1 week of
ethanol administration and 56 6 11% (P , 0.02) after 5–7
weeks in the ethanol cells as compared with the controls.
The increase in the phosphorylation state of the receptor
was found to be higher in the chronically treated animals
when compared with the increase observed after the shorter
period of treatment of 1–2 weeks.

To further examine this change in tyrosine phospho-
rylation of the ASGP-R following ethanol administration,
we utilized a permeabilized cell assay system described by
Haynes et al. [12] to monitor the biosynthetic phosphate

Hyperphosphorylation of the Asialoglycoprotein Receptor 345



labeling of the receptor. This in vitro cell assay detects
[g-32P]ATP labeling of ASGP-R, in which the only phos-
phorylation event that occurs is the phosphorylation of the
tyrosine residue of the major subunit (RHL-1) of the
receptor [12]. The first step in analyzing the phosphoryla-
tion of ASGP-R under the in vitro conditions was to
determine whether we could detect phosphate labeling of
the receptor in our isolated hepatocytes obtained from the
control and ethanol-fed rats. In these experiments, perme-
abilized hepatocytes obtained from the pair-fed animals
were labeled for 30 min at 4° with [g-32P]ATP, and the
ASGP-R was immunoprecipitated, subjected to SDS–
PAGE, and transferred to nitrocellulose blots. The results
of these experiments, shown in Fig. 2, reveal that one band
of radioactivity, which was at the appropriate placement for
RHL-1, was recovered in ASGP-R extracted from both
control and ethanol cells (Fig. 2A). These data indicated
that the pattern of 32P-labeled proteins was unchanged
between cells isolated from control and ethanol-fed ani-
mals, as radiolabeling of the major band (RHL-1) was
recovered in both cell types. To verify that the entire
ASGP-R and not just the major subunit, which was
detected by the 32P label, was present on the blot, western
analysis using polyclonal anti-ASGP-R antibody followed
by iodinated Protein A was performed. The results shown in
Fig. 2B demonstrate that the protein extract from the
permeabilized cells contained all three subunits of ASGP-R
(RHL-1, RHL-2, and RHL-3) identified by SDS–PAGE at
42, 49, and 54 kDa, respectively, in both the control and

FIG. 1. Steady-state analysis of
phosphotyrosine levels in RHL-1
following ethanol administration.
ASGP-R was immunoprecipitated
from hepatocytes obtained from
rats fed either control (C) or etha-
nol (E) diet over a time course of
administration. The ASGP-R pro-
tein was separated by SDS–PAGE
and transferred to nitrocellulose
membranes as described in Materi-
als and Methods. (A) Immunocom-
plexes from a representative pair of
animals were analyzed by western
blotting with monoclonal anti-
phosphotyrosine conjugated with
horseradish peroxidase. The molec-
ular mass markers (kDa) are
shown on the left, with the posi-
tions of RHL-1 and the heavy (H)
and light (L) chains of the immu-
noprecipitating rabbit anti-
ASGP-R antibody noted on the
right. (B) Detection of ASGP-R
protein present on the blot deter-
mined by re-probing of the nitro-
cellulose with polyclonal rabbit an-
ti-ASGP-R followed by 125I-la-
beled Protein A.

FIG. 2. Determination of in vitro phosphate radiolabeled
ASGP-R after ethanol administration. Hepatocytes were ob-
tained from control and ethanol pair-fed rats after 1–2 weeks of
ethanol administration. After treatment with digitonin, the cells
were incubated for 30 min at 4° with phosphorylation buffer
containing 500 mCi/mL of [g-32P]ATP. After termination of
the reaction and solubilization of the washed cell pellets, the
ASGP-R was immunoprecipitated with anti-ASGP-R, separated
by SDS–PAGE, and transferred to nitrocellulose as described
under Materials and Methods. Panel A illustrates the identifi-
cation of 32P-labeled RHL-1 by PhosphorImager analysis in
cells obtained from control (C) and ethanol-treated (E) animals.
Panel B shows the determination of ASGP-R protein present on
the same blot through western blot analysis with anti-ASGP-R
antibody followed by 125I-labeled Protein A detection.
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ethanol cells. Therefore, the data presented in Fig. 2
(representing phosphorus radiolabeling and western blot
analysis) confirmed that in our assay system, we could
detect tyrosine phosphorylation of the RHL-1 subunit of
ASGP-R at 4° using the permeabilized cell assay system.
Additional preliminary experiments using the in vitro per-
meable cell assay system indicated that the addition of 20
mM EDTA as well as 1.0 mM tyrphostin 51 to the
phosphorylation medium inhibited the radiolabeling of
RHL-1. The incorporation of [g-32P]ATP was inhibited by
95% in both control and ethanol cells after the addition of
the cation chelator, and decreased by an average of 86%
after the addition of the tyrosine kinase inhibitor (data not
shown). This dependence on the presence of divalent
cations and tyrosine kinase activity has also been shown by
others [12, 14, 17]. Results of these experiments show that
the phosphorylation of RHL-1 in both control and ethanol
cells requires the presence of divalent cations, which are

essential for protein kinase activity, and that this process
requires an active tyrosine kinase in both cell types.

In the initial control experiments as indicated in Fig. 2,
we observed an apparent increase in the phosphorylation of
RHL-1 in the ethanol cells as compared with the controls
(panel A, Fig. 2). To further characterize the phosphate
labeling in the ethanol-treated cells, we measured the
tyrosine phosphorylation of ASGP-R in the isolated cells
over a time course of radiolabeling. Figure 3 illustrates a
typical PhosphorImager analysis of 32P-labeled ASGP-R in
hepatocytes from animals fed ethanol for the early 1–2
week feeding period. The data indicate that the phospho-
rylation of RHL-1 was increased in the ethanol cells
(25–40%) as compared with controls over a time course of
labeling up to 60 min. When the tyrosine phosphorylation
of ASGP-R was measured in cells from animals that were
chronically fed ethanol for 5–7 weeks, hyperphosphoryla-
tion of the receptor was again observed over 60 min of

FIG. 3. Effect of ethanol feeding for 1–2
weeks on the phosphorylation of RHL-1 at 4°.
Hepatocytes were isolated from animals
treated with liquid diets containing ethanol as
36% of calories or an isocaloric control diet
for 1–2 weeks. Permeabilized rat hepatocytes
(10 million) were incubated in [32P]ATP con-
taining phosphorylation buffer, and, at the
indicated times, the reaction was stopped and
the cells were washed and solubilized as de-
scribed in Materials and Methods. The
ASGP-R was purified from the cell extracts by
immunoprecipitation with a 1:100 dilution of
polyclonal anti-ASGP-R antibody followed by
capture on 75 mL of packed Protein A-Sepha-
rose beads. Once eluted from the beads, the
ASGP-R was subjected to SDS–PAGE and
electroblotted onto nitrocellulose. Panel A:
radiolabeled ASGP-R obtained from control
(C) and ethanol-treated (E) animals as de-
tected by PhosphorImager analysis. The posi-
tion of molecular mass standards is indicated
on the left. Panel B: recovery of radiolabeled
phosphate in RHL-1 in control (E) and etha-
nol-treated (F) hepatocytes over the time
course of phosphorylation. Data in panel B,
expressed as PhosphorImager (PI) units per
ASGP-R, show one representative pair of
animals from a total of 6–8 pairs of animals.
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labeling (Fig. 4). Again, the data presented as PhosphorIm-
ager units per receptor show significant increases in the
amount of radiolabeled RHL-1 that was recovered after
immunoprecipitation in the ethanol cells as compared with
the controls. The data are presented as PhosphorImager
units per content of receptor since after long-term ethanol
treatment, the amount of the ASGP-R is decreased as
previously shown by anti-ASGP-R antibody binding.

Since the phosphorylation of RHL-1 was complete by 30
min (T1/2 ' 5 min) of incubation at 4° with [32P]ATP for
both ethanol feeding periods, we chose this time period to
collectively measure the labeling of tyrosine-5 of RHL-1.
When results of 8–10 pairs of animals were analyzed, the
amount of radioactivity recovered in the RHL-1 subunit in
the ethanol-fed animals was found to be increased signifi-
cantly by 82 6 32 and 80 6 21% in the 1- and 5-week-fed
rats, respectively. These data suggest that the major subunit
of the ASGP-R is hyperphosphorylated in hepatocytes from
ethanol-fed rats in this in vitro permeabilized cell assay.

To determine if the ability of the ASGP-R to become
dephosphorylated was affected by ethanol, we labeled the

permeabilized cells at 4° as before with [32P]ATP and then
incubated the cells at 37° for up to 60 min. The dephos-
phorylation of ASGP-R was essentially complete by 60 min
(T1/2 ' 10 min) and followed a similar pattern for both the
control and the ethanol-fed rats over the time course of diet
administration (Fig. 5). Thus, the phosphatase activity
required to dephosphorylate the ASGP-R appeared to be
unaffected by ethanol administration over both a short- and
a long-term course of feeding. These results suggest that the
interaction and/or stimulation of tyrosine kinases, rather
than the inhibition of protein phosphatases, may play a
more important role in the observed hyperphosphorylation
of the ASGP-R.

In addition to the in vitro labeling of phosphotyrosine, we
also performed metabolic incorporation studies in the
control and ethanol-treated cells. For these studies, isolated
hepatocytes obtained from animals treated over the time
course of administration were radiolabeled biosynthetically
with [32P]orthophosphate overnight at 37°. PhosphorIm-
ager detection of the 32P label after immunoprecipitation of
ASGP-R indicated that all three subunits of the receptor

FIG. 4. Effect of chronic (5–7 weeks) ethanol
treatment on the phosphorylation of RHL-1 in
permeabilized rat hepatocytes at 4°. Hepato-
cytes were obtained from control and ethanol
pair-fed rats after 5–7 weeks of administra-
tion. The recovery of phosphate radiolabeled
RHL-1 after a time course of phosphorylation
was conducted as described in the legend of
Fig. 3. Panel A: PhosphorImager analysis of
32P-labeled RHL-1 in control and ethanol
cells recovered after 15 min (lanes 1 and 4),
30 min (lanes 2 and 5) and 60 min (lanes 3
and 6) of incubation. Panel B: time course of
phosphorylation of RHL-1 in 5-week-treated
hepatocytes (control, E; ethanol, F) expressed
as PhosphorImager units (PI) per ASGP-R.
Data in panel B show one representative pair
of animals from a total of 6–8 pairs of animals.
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incorporated the label (data not shown). The extent of
total 32P incorporation into ASGP-R was found to be
increased significantly by 54 6 29% (P , 0.03) in the
chronically (5- to 7-week) ethanol-treated rats when com-
pared with the basal level observed in the control animals.
An increase (54%) in the metabolic labeling of ASGP-R
after the early period of ethanol administration also was
observed, although due to the variation in the effect of
ethanol in this animal population, the increase was not
found to be significant.

DISCUSSION

The liver specific ASGP-R directs the RME of circulating
desialylated glycoproteins in hepatocytes. In recent years,
tyrosine phosphorylation of the ASGP-R has been impli-
cated in the regulation of receptor activity and endocytosis.
Studies have established that the major rat hepatic lectin
subunit (RHL-1) of the ASGP-R contains the only cyto-

plasmic tyrosine residue available for phosphate labeling,
which is located at position 5 in the cytoplasmic tail of the
receptor. The phosphorylation of this residue has been
shown to be altered by tyrosine kinase [9, 10] and phos-
phatase inhibitors [8], and has been shown to play a role in
the process of receptor inactivation [12].

In the present study, we investigated the effects of
ethanol on the tyrosine phosphorylation of ASGP-R to
determine if the phosphorylation state of the receptor could
be involved in the previously observed ethanol-induced
alterations in ASGP-R function. The approach of this work
was to measure the phosphorylation state of the ASGP-R
using a combination of experimental designs from the
biosynthetic incorporation of phosphate to the measure-
ment of steady-state phosphotyrosine levels. The results of
this study indicate that the ASGP-R in isolated rat hepa-
tocytes obtained after both an early exposure to ethanol of
1–2 weeks and a longer, more chronic feeding period of 5–7
weeks is hyperphosphorylated in response to ethanol treat-
ment. Overall, the observed increase in tyrosine phosphor-
ylation could contribute to the altered function of the
ASGP-R that was seen over the time course of ethanol
administration.

Specifically, we have found that the steady-state phos-
phorylation of the tyrosine-5 residue of RHL-1 was in-
creased in the ethanol-fed animals as compared with the
basal levels of control animals. Although significantly
increased in both the 1–2 and 5–7 week ethanol-fed rats,
the level of phosphotyrosine measured in the long-term
ethanol-fed animals was twice that observed after the
short-term period of administration. These results indicate
that over a time course of ethanol administration, there is
a differential effect observed on the hyperphosphorylation
of the ASGP-R. In addition, the experiments indicate that
the tyrosine hyperphosphorylation is present in intact cells
that have been isolated from the whole liver and incubated
at 37°, a temperature where constitutive endocytosis oc-
curs. To examine the radiolabeling event more clearly, a
series of experiments were performed at 4° using an in vitro
labeling technique that only labels tyrosine-5 of the cyto-
plasmic tail that is involved in endocytosis. The radiola-
beling experiments also revealed an increase in the tyrosine
phosphorylation of the receptor. For instance, in vitro
radiolabeling of RHL-1 was found to be increased signifi-
cantly by an average of 80% in cells obtained from both the
1–2 and 5–7 week periods of alcohol administration. Since
in this assay tyrosine phosphorylation is the exclusive
radiolabeling event, we did not observe a differential
ethanol effect on the tyrosine phosphorylation of RHL-1
between the early and chronic treatment periods due to the
maximum radiolabeling potential. The biosynthetic label-
ing of the ASGP-R with [32P]orthophosphate also resulted
in hyperphosphorylation of the receptor after the chronic
5- to 7-week period of ethanol treatment. Although label-
ing with orthophosphate would result in phosphate incor-
poration into serine, threonine, and tyrosine, the general
concept of hyperphosphorylation is supported by these

FIG. 5. Dephosphorylation of RHL-1 after both short- and
long-term periods of ethanol administration. Hepatocytes iso-
lated from animals treated with ethanol for 1–2 (A) and 5–7
weeks (B) were permeabilized, washed, and labeled with 500
mCi/mL of [32P]ATP for 30 min at 4°. At time 0, the samples
were incubated at 37° for up to 60 min, after which the reaction
was terminated and the cells were washed and solubilized as
described before. The ASGP-R was recovered by immunopre-
cipitation as described in the legend of Fig. 2 and quantified by
PhosphorImager analysis. Data are presented as the percentage
of phosphorylation of the RHL-1 receptor band over the time
course for control (E) and ethanol-treated (f) hepatocytes.
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results in a more in vivo situation. Our data indicate that the
increase in the level of phosphotyrosine of the ASGP-R
after early ethanol administration is not as dramatic as that
observed after long-term ethanol treatment. Upon more
prolonged ethanol feeding of 5–7 weeks, the extent and
significance of ethanol-induced hyperphosphorylation of
ASGP-R correlate with the adaptive changes that have
occurred in the cell in which there is a significant down-
regulation of the receptor and decreased mRNA content in
addition to altered activity.

We suggest that the observed increase in phosphoty-
rosine protein of the ASGP-R may contribute to alterations
in the function of the receptor that are seen after ethanol
administration. It is hypothesized that changes in the
phosphorylation/dephosphorylation cycle of the receptor
may cause defects in the trafficking pathway of the receptor
that may inhibit proper internalization and clustering into
the coated pits, as well as impairments in the recycling
process [13].

While it is also possible that changes in ASGP-R
function following ethanol administration could lead to an
accumulation of non-recycling receptors that are subse-
quently phosphorylated following changes in normal recep-
tor trafficking, our hypothesis that the hyperphosphoryla-
tion of the ASGP-R that is observed after ethanol treat-
ment precedes changes in trafficking events is supported by
several other investigations [12, 18, 19]. We feel that the
hyperphosphorylation could contribute to the redistribu-
tion and accumulation of receptors after early ethanol
treatment and, after long-term ethanol administration, the
accumulated receptors could become part of a non-recy-
cling pool of receptors that are likely to be degraded rather
than recycled. In support of this hypothesis, several studies
have noted that changes in the phosphorylation of
ASGP-R could be involved in the regulation of the
function and endocytosis of the receptor [12, 18, 19]. For
example, initial internalization events may be impaired by
hyperphosphorylation. It has been demonstrated from crys-
tal structure analysis that the tyrosine residue of cytoplas-
mic signal motifs of receptors involved in clathrin-mediated
endocytosis will not function properly if phosphorylated,
due to the constraints of the hydrophobic binding pocket
that is recognized by adaptor proteins [20]. The ASGP-R
belongs to the family of receptors that are internalized by
the clathrin-dependent vesicles and contains the consensus
sequence, which is involved in the formation of the
required hydrophobic binding pocket.

Other endocytic events also could be altered by increased
phosphorylation of the ASGP-R, as Weigel and colleagues
have reported that ASGP-R phosphorylation is a prerequi-
site for ATP-dependent inactivation of the receptor in
permeabilized rat hepatocytes [12]. In another work,
Treichel et al. [18] have shown that the exposure of HepG2
cells to the cytokine interleukin-2 causes a reduction in the
binding activity of surface ASGP receptors that is accom-
panied by hyperphosphorylation of the receptor. Also, it
has been reported that the addition of phorbol esters causes

a 3- to 5-fold increase in the ASGP-R phosphorylation in
HepG2 cells [19]. This work led to the suggestion that
receptor modification by phosphorylation may involve a
stable non-recycling pool of intracellular ASGP receptors.
Therefore, to hypothesize that enhanced phosphorylation
of the ASGP-R following ethanol administration could
result in intracellular sequestration and possible degrada-
tion through an inhibitory mechanism of receptor sorting
and recycling is consistent with the data presented in this
study as well as other published works.

One of the potential mechanisms responsible for the
hyperphosphorylation of the ASGP-R could involve an
increase of protein tyrosine kinase activity in the ethanol-
fed animals. Whether or not ethanol and/or its metabolites
are involved in the activation of phosphotyrosine kinases is
uncertain. However, since the in vitro analysis presented
here indicated that dephosphorylation of RHL-1 occurred
rapidly and to the same extent in both control and
ethanol-treated hepatocytes (Fig. 5), it appears that the
activities of membrane-associated protein phosphatases
(two of which have been identified previously in rat
hepatocytes [21]) are probably unaffected by ethanol ad-
ministration. Thus, further identification and characteriza-
tion of kinase activity could provide a better understanding
of the effects ethanol exerts on signal transduction events.

In summary, the role of tyrosine phosphorylation of the
ASGP-R could involve multiple aspects of RME. The
endocytic pathway appears to be regulated by protein
phosphorylation at several steps including internalization,
receptor recycling, endosome fusion, and transport [13].
Initial internalization events of the ASGP-R could be
altered upon increased phosphorylation of the receptor, as
the addition of the phosphate group could interfere with
the normal signaling process in clathrin-mediated endocy-
tosis. Another event that could be altered by ethanol-
induced hyperphosphorylation of the ASGP-R is the ability
of the receptor and ligand to dissociate. It has been shown
previously that ethanol administration alters the acidic
intravesicular pH of endosomal compartments, resulting in
impairments of receptor–ligand dissociation [6]. The phos-
phorylation of the ASGP-R could contribute to the slow or
incomplete separation of ligand and receptor seen after
ethanol treatment, as the receptor is inactivated and
redistributed after early ethanol administration. And fi-
nally, after more prolonged periods of ethanol treatment,
enhancement of the ASGP-R phosphorylation state may be
involved in the accumulation of the receptor in non-
recycling endosomal pools, which correlates with the al-
tered receptor trafficking and down-regulation of the recep-
tor that were observed after chronic ethanol administra-
tion.
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