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Chronic ethanol exposure inhibits the capacity of the liver to regenerate. Insulin is a
potent hepatotrophic factor and it was determined if ethanol interferes with insulin receptor
substrate (IRS-1)-protein mediated signal transduction during liver regeneration. Tyrosyl
phosphorylation of IRS-1 was strikingly increased prior to the major wave of DNA synthesis in
isocaloric pair-fed control rats; a blunted and delayed response was found in ethanol-fed rats.
Enzymatic activity of phosphatidylinositol 3-kinase, a Src homology 2 (SH2) domain containing
signal transduction molecule was enhanced by the association with tyrosyl phosphorylated IRS-
1, whereas in ethanol-fed rats, this activity was greatly diminished and delayed. These results
indicate that one potential molecular mechanism whereby ethanol inhibits hepatocyte DNA
synthesis is through its action on the IRS-1-mediated signal transduction cascade. o 1994
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It has been established that chronic ethanol consumption will produce not only direct
toxic effects but also will inhibit hepatocyte growth both in vive and in vitre (1-5). Little is
known, however, regarding the molecular mechanism whereby ethanol impairs the hepatocyte
growth process. Insulin has been shown to be a hepatotrophic factor (6-8), and there is
considerable evidence to support the requirement of insulin during liver regeneration. Recently,
we have cloned the human insulin receptor substrate 1 (IRS-1) gene (9) which is highly
homologous to the corresponding gene of the rat (10). The IRS-1 protein has at least 14 potential
tyrosyl phosphorylation (TP) sites. Nine of these tyrosine residues are found in YMXM or
YXXM (where Y and M refer to tyrosine and methionine, respectively) motifs, which are
excellent substrate for tyrosine kinase activity of the insulin receptor B subunit (10) as well as
insulin-like growth factor I (IGF-1) receptor B subunit (11). The IRS-1 protein can associate with
signal transducing molecules containing Src homology 2 (SH2) domains through these multiple

Abbreviations: IRS-1, insulin receptor substrate 1; IGF-1, insulin-like growth factor 1; SH2, src-
homology 2; TP, tyrosyl phosphorylauon PH, 2/3 hepatectomy; PtdIns 3-kinase,
phosphatidylinositol 3-kinase; Mab, monoclonal antibody; PCNA, proliferating
cell nuclear antigen; PI, phosphatidylinositol; PIP, phosphatidylinositol
monophosphate.
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tyrosyl phosphorylation (TP) sites (10). Recent work has described that IRS-1 serves as an
intracellular substrate for interleukin-4 (IL-4) receptor and participates in IL-4-stimulated
mitogenesis in hematopoietic cells (12), indicating the possibility that IRS-1 may be
phosphorylated by IL-4 receptor and /or other growth factor(s) receptors on hepatocytes (13).

We have previously demonstrated that IRS-1 protein was highly tyrosyl-phosphorylated
prior to the major wave of DNA synthesis during normal rat liver regeneration induced by 2/3
hepatectomy (PH), whereas protein expression of IRS-1 was only slightly increased. In this
context, phosphatidylinositol 3-kinase (PtdIns 3-kinase), one of the signal-transducing molecules
containing SH2 domains, was highly associated with IRS-1 following TP in vivo (14). These
results suggest that TP on IRS-1 protein may play an important role during liver regeneration
and transmits the insulin-, IGF-1-, IL-4- induced signals and/or signals induced by other growth
factors from the cell surface to intracellular regulator proteins involved in hepatocyte growth.
This study was performed to determine if ethanol interferes with IRS-1-mediated signal
transduction and therefore impairs liver repair by this mechanism. To do this, we employed an
ethanol and isocaloric pair-fed rat model and subjected the animals to PH.

EXPERIMENTAL PROCEDURES
jes Anti-human IRS-1 rabbit polyclonal antibodies were prepared as previously

reported (9). Anti-phosphatidylinositol 3-kinase (PtdIns 3-kinase) rabbit polyclonal antibodies
were purchased from UBI (Lake Placid, NY). Anti-phosphotyrosine mouse monoclonal
antibody (Mab) was kindly provided by Dr. Brian Drucker (Dana-Farber Cancer Institute,
Boston, MA). 1251-1abeled anti-phosphotyrosine mouse Mab was prepared as previously
described (15). Anti proliferating cell nuclear antigen (PCNA) monoclonal antibody (16) was
obtained from Boehringer Mannheim Biochemicals (Indianapolis, IN).

Animal model Adult female CD rats (Charles River Breeding Laboratories, Wilmington,
MA) weighing 150-200 g were divided into two groups. One group ( n=11) was fed the Lieber-
de Carli liquid ethanol diet in which ethanol contributes 36% of the total calories. The second
group (n=11) was pair-fed the isocaloric control diet where dextrin-maltose was substituted for
ethanol (Bio-Serv. Inc., Frenchtown, NJ). The animals were fed the respective diets for 8 weeks.
Repeat experiment was performed with an addmonal set of ethanol-fed (n=11) and pair-fed
control (n-l 1) groups

After 8 weeks on the respective diets, the
ammals were fasted ovemxght pnor toa 2/3 hepatectomy (PH). Under light ether anesthesia, the
median and left lateral lobes were excised according to the method of Higgins and Anderson
(17). Partial hepatectomies were performed between 8 and 10 a.m. since the effect of ethanol on
liver regeneration is maximal under these conditions (2). After PH, the rats were allowed to
recover and consume their respective preoperative diets. Animals were sacrificed and the livers
were rapidly excised to prepare tissue homogenates at various times after PH. These protocols
were approved by the Subcommmee on Ammal Welfare at the Massachusetts General Hospital.
Im pste Liver tissue homogenates were
prepared as prevxously reponed (14) The homogenatcs (300 pg) were reacted with either anti-
IRS-1 rabbit polyclonal antibodies, anti PtdIns 3-kinase rabbit polyclonal antibodies, or anti
PCNA Mab at 4°C overnight, and incubated with Protein A sepharose beads (Sigma, St Louis)
for additional three hours to precipitate the antibody-antigen complexes. Western blotting
analysis was performed as described (14). Antibodies binding to PVDF filters (Millipore,

Bedford, MA) were detected with 125]-labeled protein A (DuPont, Boston, MA). 125]-labeled
anti-phosphotyrosine mouse Mab was used directly to detect TP of IRS-1. The time-dependent

change in protein expression or TP of IRS-1 relative to the initial level (time 0) was determined
by densnometnc scanmng of the_autoradlographs

l : fy PtdIns 3-kinase
assay was conducted as prekusly descrlbed 8, 19) leer tissue homogenates (1mg) was
reacted with anti-IRS-1 polyclonal antibodies at 4°C overnight and incubated with Protein A
Sepharose beads (Sigma, St Louis) for additional 3 hr to precipitate the antibody-antigen
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complexes. The immunoprecipitates were then collected and washed three times with cold
phosphate buffered-saline containing 1% Nonidet P40 (Boehringer Mannheim Biochemicals,
Indianapolis, IN), three times with 100mM Tris (pH 7.4) with 5mM LiCl, twice with TNE buffer
(10 mM Tris pH 7.4, 150 mM NaCl, 5SmM EDTA ). The above buffers contained 2 mM NaVQO3,
Immunoprecipitates were then preincubated with 1mg/ml of sonicated phosphatidylinositol (PI)
in 20mM HEPES (pH 7.4) 1mM EDTA (pH 7.4) for 20 min at 20°C. After preincubation, the
reaction was started by addition of 5 mM ATP, 100mM MgClp, 2mM Adenosine (final
concentrations; 40 mM, 10 mM , 200 mM , respectively) and 40 mCi y32P ATP (3,000 Ci/
mmol). Adenosine was added in PtdIns 3-kinase assay to prevent any contaminating
phosphatidylinositol 4-kinase activity (18). The reactions were carried out for 20 min at 20 °C
and terminated by the addition of 1 N HCI. Products of the reaction were extracted with
chloroform/methanol (1:1). The organic phase was twice washed with methanol/HCI (1:1) and
spotted onto thin-layer chromatography (TLC) (Silica Gel 60, Merck, Germany) pretreated with
1% potassium oxalate, and developed in chloroform: methanol: water: ammonia (9:7:1.5:0.5,
v/v). The radioactive reaction products were visualized by autoradiography at -70°C. Unlabeled
phospholipid standards were included and visualized by exposure to iodine vapor. The
radioactivity spots corresponding to phosphatidylinositol 3-monophosphate (PIP) were excised
and determined by Cerenkov counting.

RESULTS AND DISCUSSION

: sphoryle _ The first experiment was designed to
examine the mﬂuence of chronic ethanol feedmg on TP of IRS-1 protein during liver
regeneration, as a possible mechanism for reduced hepatocyte DNA synthesis. TP of IRS-1 was
enhanced 12-15 fold over the initial level with two peaks occurring at 2 and 12 hr after PH as
shown in pair-fed control rats (Figure 1A). This pattern is identical to a previous finding in
animals fed a standard rat chow diet (14) and suggests that the isocaloric liquid diet does not
affect TP of IRS-1 during normal rat liver regeneration. In ethanol-fed rats, TP of IRS-1 was
reduced 2-3 fold over the initial levels and two small peaks were found at 4-6 and 36 hr after PH
(Figure 1B), indicating that chronic ethanol-feeding blunted and delayed TP of the IRS-1 protein.
There was no difference in the change of IRS-1 protein expression during liver regeneration
between ethanol-fed and pair-fed controls (data not shown).

In order to examine the relationship between TP of IRS-1 and DNA synthesis under these
experimental conditions, liver tissue homogenates were subject to immunoprecipitation followed
by Western blotting with a Mab directed against the proliferating cell nuclear antigen
(PCNA)(16). A previous study has established a good correlation between PCNA expression and
nuclear labeling with bromodeoxyuridine after PH in rats (20). Expression of PCNA was highly
enhanced with a peak at 24 hr after PH in pair-fed control rats (Figure 1C). In ethanol-fed rats,
expression of PCNA was blunted and delayed with the peak shifted to 36 hr (Figure 1D). These
observations are in agreement with a previous report using 3H-thymidine corporation as an index
of liver regeneration in ethanol and pair-fed control rats (3). Comparison of Figure 1A & B with
1C & D indicate that TP of IRS-1 precedes DNA synthesis both in pair-fed control and ethanol-
fed rats, suggesting that TP of IRS-1 may play an important role in the sequential events leading
to DNA synthesis. More importantly, a diminished and blunted pattern of TP of IRS-1 correlates
well with reduced DNA synthcsns in the ethanol-fed rats.

The Src homology 2 domams are conservcd sequences consisting of approxxmately 100 amino
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Figure 1. A - D. Tyrosyl phosphorylation (TP) of IRS-1 protein during liver regeneration of
pair-fed control (A) and ethanol-fed rats (B). Expression of proliferating cell nuclear
antigen (PCNA) during liver regeneration in pair-fed controls (C) and ethanol-fed rats
(D). PCNA was detected as a protein with a molecular mass of 36 kDa on SDS-PAGE.
All results were confirmed with an additional set of pair-fed control (n=11) and ethanol-
fed rats (n=11). Numbers below the panels indicate the times after PH.

Figure 2. A - D. Association of phosphatidylinositol 3-kinase (PtdIns 3-kinase) with IRS-1
protein during liver regeneration after PH of pair-fed control(A) and ethanol-fed rats (B).
Note that association of PtdIns 3-kinase with IRS-1 protein was highly correlated with TP
of IRS-1 (compared with Figure 1 A & B). In contrast, the protein levels of PidIns 3-
kinase did not change appreciably during liver regeneration in both pair-fed control (C)
and ethanol-fed rats (D). Identical results were obtained with an additional set of pair-fed
control rats (n=11) and ethanol-fed rats (n=11). Numbers below the panel indicate the
times after PH.

acids and are found among a series of signal transducing molecules (21, 22). Proteins with SH2
domains binds specifically to phosphotyrosine-containing sequences in growth factor receptors
and other tyrosyl-phosphorylated proteins implicated in normal signaling as well as in cellular
transformation. A previous experiment has demonstrated that PtdIns 3-kinase, one of the signal
transducing molecules containing SH2 domain, was highly associated with tyrosyl-
phosphorylated IRS-1 and this binding was changing according to the degree of TP of IRS-1
during liver regeneration in normal rats (14). Although the cellular functions of PtdIns 3-kinase
are presently unclear, numerous studies on the biological activity of mutant growth factor
receptors suggest that PtdIns 3-kinase plays a crucial role in cellular transformation and
responses to mitogens (23-26). Thus, the association of PtdIns 3-kinase with IRS-1 may be an
important mechanism of insulin action on hepatocyte growth.

The following experiment was designed to reveal if ethanol interferes with association of
IRS-1 with PtdIns 3-kinase during liver regeneration ir vivo. Anti-IRS-1 immunoprecipitates
were separated by SDS-PAGE and probed with anti-p85 (PtdIns 3-kinase 85 KDa subunit)
antibody. Association of IRS-1 with PtdIns 3-kinase demonstrated a different pattern between
pair-fed control rats and ethanol-fed rats; association of IRS-1 with PtdIns 3-kinase was
enhanced 6-9 fold over the initial levels with two peaks observed at 2 and 6-12 hr respectively,
after PH in controls (Figure 2A). In the ethanol-fed group, this association was not only delayed
from 2 to 4 hr, 12 to 36 hr but also the peak was substantially reduced to about 3 fold over the
initial level (Figure 2B). Comparison of Figure 1 A & B and Figure 2 A & B demonstrate that
association of IRS-1 with PtdIns 3-kinase during liver regeneration occurred in parallel with, and
depended on, the state of tyrosyl-phosphorylation of IRS-1 in both pair-fed control and ethanol-
fed rats. In contrast, immunoprecipitation followed by Western blot analysis with anti-p85
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antibodies described that expression of PtdIns 3-kinase protein in regenerating liver was
essentially unchanged after PH in both pair-fed control and ethanol-fed rats (0.4-1.1, 0.5-1.1 fold
over the initial level, respectively) (Figure 2 C & D).

A newly identified mechanism for PidIns 3-kinase enzyme activation involves a distinct
conformational change in SH2 domain structure induced by binding of tyrosyl-phosphorylated
IRS-1 protein, which is transmitted to the catalytic subunit and regulates enzymatic activity by an
allosteric mechanism (27), and supports previous findings that association of PtdIns 3-kinase
with tyrosyl-phosphorylated IRS-1 is the critical step for activating PtdIns 3-kinase toward the
D-3 position of several phosphatidylinositols during insulin stimulation (28, 29). Enzymatic
activity was then determined by scraping and counting the phosphatidylinositol 3-
monophosphate (PIP) spots from TLC plates. PtdIns 3-kinase activity was strikingly enhanced
approximately 20-25 fold over the initial level with two peaks observed at 2 and 12 hr after PH
in the pair-fed control group (Figure 3A). In contrast, ethanol-fed rats exhibited a delayed and
reduced response of PtdIns 3-kinase activation with two small peaks of 3-5 fold induction over
the initial level at 6 and 36 hr respectively (Figure 3B). Consequently, there was a far greater
reduction in PtdIns 3-kinase enzymatic activity in the anti-IRS-1 immunoprecipitates than in the
protein content of PtdIns 3-kinase as detected in the anti-IRS-1 immunoprecipitates in ethanol-
fed animals. The peaks of PtdIns 3-kinase activity were also observed prior to the major wave of
DNA synthesis. Furthermore, the higher level of PtdIns 3-kinase activity observed in pair-fed
animals was accompanied by higher rates of DNA synthesis compared to ethanol-fed rats (Figure
1 C & D, Figure 3 A & B). It is interesting to note that a mutation in the regulatory region of the
insulin receptor has been found to reduce PtdIns 3- kinase activation during insulin stimulation.
There was also a parallel decrease in the tyrosyl phosphorylation of IRS-1 protein and a reduced
association and activation of PtdIns 3-kinase. Cells bearing this mutation were defective with
respect to insulin stimulation of DNA synthesis in vitro (25, 26). Furthermore, emerging
evidence suggests that expression of antisense IRS-1 RNA in Chinese hamster ovary cell lines
reduces insulin-stimulated TP of IRS-1 and subsequently lowers PtdIns 3-kinase activity; these
events are followed by decreased thymidine incorporation into DNA relative to the parental cell
line (30). The relationship between activation of PtdIns 3-kinase and cell growth appears to be
similar to that observed with other tyrosine kinases such as the PDGF and CSF receptors (23,
24). Taken together, we are led to believe that activation of PtdIns 3-kinase were mediated
through tyrosyl-phosphorylated IRS-1 and may be linked to hepatocyte growth in vivo.

A summary of the changes in TP of IRS-1, the association of tyrosyl phosphorylated IRS-
1 with PtdIns 3-kinase, subsequent activation of PtdIns 3-kinase enzymatic activity, and
expression of PCNA protein during liver regeneration is presented in Figure 4 . These results
indicate the sequential cellular events where TP of IRS-1 followed by the association with PtdIns
3-kinase may strikingly enhance PtdIns 3-kinase activity prior to the major wave of DNA
synthesis observed during the hepatic repair process. The present findings demonstrate that
ethanol diminishes TP of IRS-1 and this event was accompanied by reduced activation of PtdIns
3-kinase, and suggests that ethanol may inhibit hepatocyte DNA synthesis principally by its
action on the IRS-1-mediated signal transduction pathway.
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Figure 3. A - B. Phosphatidylinositol 3-kinase (PtdIns 3-kinase) activity measured in anti-IRS-
1 immunoprecipitates from pair-fed control (A) or ethanol-fed rats (B) during liver
regeneration. The resultant phosphatidylinositol 3-monophosphate (PIP) product was
separated by TLC and spots were visualized by autoradiography. The peak activity was
associated with tyrosyl phosphorylated IRS-1 (compare with Figure 1). Fold induction of
PtdIns 3-kinase activity was measured and expressed as a ratio of experimental values to
the initial value (time zero) prior to partial hepatectomy. The results shown in panels A
and B were confirmed by an additional set of pair-fed control (n=11) and ethanol-fed rats
(n=11). Numbers below the panels indicate the times after PH. Ori and PIP refer to the
origin and the phosphatidylinositol monophosphate, respectively.
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Figured4. A - D. Summary of the changes in TP of IRS-1 protein (A), the association of tyrosyl
phosphorylated IRS-1 protein with PtdIns 3-kinase (B), PtdIns 3-kinase activity in the
anti-IRS-1 immunoprecipitates (C), and change in proliferative cell nuclear antigen
(PCNA) expression (D) during liver regeneration in pair-fed control (@) and ethanol-fed
(O) rats. Densitometric values are expressed as fold induction compared to the initial
level before PH(time zero). The values indicated are the mean of two separate
experiments. Numbers below the panels indicate the times after PH.
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