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Abstract. Previous studies suggest that protein synthesis in the liver may be influenced
by alterations in hepatic proteolysis and gluconeogenesis. Since proteolysis and glu-
coneogenesis are accelerated in acute stress states (especially when associated with
nutrient deprivation), these alterations may substantially affect hepatic protein synthesis,
the integrity of which is important for host survival. In the present study, we have
investigated albumin secretion and glucose production in primary cultures of rat hepa-
tocytes in response to nutrient-limiting conditions, including amino acid depletion,
proteolysis inhibition, and augmented gluconeogenesis. In nonlimiting nutrient culture
medium containing 10 times the normal plasma amino acid concentrations, hepatocytes
produced 8.05 * 1.62 ng/plate-hr of albumin. Short-term (5 hr) inhibition of cellular
protein degradation with the lysosomal protease inhibitor leupeptin did not influence
albumin production, but caused a profound reduction (17-41%) when amino acid supply
was reduced to the physiologic range (1.5-0.5 times, respectively). This indicates the
need for active proteolysis for the maintenance of secretory protein production during
nutrient limitation. Similarly, leupeptin inhibited glucose production by 22-30% at phys-
iologic (1.5 times and 0.5 times, respectively) amino acid concentrations. Additionally,
hepatocyte glucose production could be augmented 168% by epinephrine (2 uM) in 10
times medium, but this response was markedly depressed by leupeptin. Similar cat-
echolamine-mediated effects, but of a smaller magnitude, were noted at lower medium
amino acid concentrations. These findings indicate that hepatocyte albumin and glucose
production are associated with the common factor of active cellular proteolysis, probably
through the regulation of amino acid supply. However, protein synthesis exhibits a higher
priority, since stimulated hepatocyte glucose production did not substantially alter

albumin secretion.
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for survival after traumatic stress and nutrient

deprivation, may be jeopardized when in-
creased demands are place upon the liver by other
metabolic processes. An understanding of the regula-
tory mechanisms controlling hepatic protein produc-
tion is important if therapeutic support of the liver is
to be successful under conditions of increased metabolic

! ctive hepatic protein synthesis, which is pivotal
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stress (1). The list of regulatory factors that are believed
to modulate hepatic protein turnover includes availa-
bility of nutrients such as amino acids (2, 3), insulin
(4), stress hormones (catecholamines, glucagon, gluco-
corticoids) (5, 6), growth factors (7), redox state (6), and
cytokines (8). In addition, the influence of any specific
factor is usually dependent upon the physiologic state
of the host. For example, the fed state is associated with
an increased amino acid supply and insulin concentra-
tion, both of which are stimulatory for hepatic protein
synthesis and inhibitory for general liver protein deg-
radation (2). In contrast, stress states are usually accom-
panied by elevations of the counterregulatory hormones
and a limitation of nutrient availability with an associ-
ated stimulation of the hepatocellular proteolytic re-
sponse (5, 6).



Previous studies have noted that alterations in glu-
coneogenesis and cellular proteolysis may be two
processes that significantly influence hepatic protein
turnover (9, 10). Under appropriate conditions, the
glucogenic hormone glucagon is known to stimulate
hepatic protein degradation and mildly inhibit protein
synthesis (11). The proteolytic effect is believed to be
mediated in part through a reduction of intracellular
concentrations of glucogenic amino acids, possibly due
to their increased consumption for the purpose of glu-
cose synthesis (12, 13). Consequently an inhibitory
effect upon protein synthesis may arise if the extracel-
lular amino acid supply or the associated proteolysis
does not sufficiently restore cellular amino acid concen-
trations toward normal. Therefore, under conditions of
augmented glucogenesis, a phenomenon that is com-
monly observed in stress states, including trauma and
systemic inflammation, it appears reasonable to expect
that the net effects of proteolysis and glucose production
will exert a regulatory influence upon hepatic protein
synthesis.

In this report, we have used primary cultures of rat
hepatocytes to study albumin secretion and glucose
production in response to a hormonal milieu that mim-
ics posttraumatic states. Also, in order to investigate
the influence of protein degradation upon albumin
secretion, the effects of lysosomal proteolysis inhibition
were studied. Albumin was selected as an index protein
since it is the major secretory protein product of the
liver accounting for approximately 50% of exported
proteins, and its rate of secretion parallels the rate of
total cellular protein production (2). Additionally, the
relative role of metabolic regulators may vary in differ-
ent regions of the hepatic acinar unit, since it has been
established that a metabolic heterogeneity of hepato-
cytes exists in the periportal and perivenous zones (14).
Gluconeogenesis occurs predominantly in the peripor-
tal regions and glycolysis occurs in the perivenous zones
of the hepatic acinus (15). This location-dependent
metabolism may also apply to secretory protein synthe-
sis (16). However, our understanding of factors that
affect the distribution of plasma protein synthesis in
sublobular hepatic regions is very limited. The present
study was also directed at investigating the albumin
secretory response of hepatocytes to graded changes in
amino acid concentrations in order to simulate the
declining blood contents of amino acids along the
course of the liver acinus, especially during periods of
limited dietary intake.

Materials and Methods

Hepatocytes were obtained from male Sprague-
Dawley rats weighing 160-180 g using a modification
of the perfusion procedure described by Berry and
Friend (17). Briefly, after the administration of anes-
thesia with sodium pentobarbital (50 mg/kg), the ab-

domen was opened and the liver was perfused in situ
using a calcium-free Krebs-Henseleit bicarbonate buffer
containing 17.5 mmol/liter of glucose and washed bo-
vine red cells at a hematocrit of approximately 25%
Collagenase (Boehringer Mannheim; 20-30 mg/100
ml, collagenase A) was then added to the perfusion
circuit and the perfusion was continued for 30 min, at
which time the liver was removed and the hepatocytes
were dispersed. Isolation of hepatocytes was accom-
plished using multiple washes with serum-free culture
medium followed by Percoll (Sigma) gradient centrifu-
gation. Hepatocytes were then plated at a cell density
of 2 x 109 cells/dish on 60-mm collagen-coated culture
dishes. The culture medium was a 1:1 mixture of Ham’s
F12:Dulbecco’s modified Eagle’s medium supple-
mented with dexamethasone (0.1 uAf), insulin (10 nM),
glucagon (10 nAf), and amino acids to a concentration
approximating 10 times that of normal rat arterial
plasma (4). The medium was changed at 4 hr and every
morning thereafter. Prior to study, the cells were de-
pleted of glycogen (in order to avoid studying glycogen-
olysis) by withdrawing insulin and reducing the me-
dium glucose content to 5 mAf on the morning of the
fourth day of culture (18). Experiments were conducted
on the morning of the fifth day of culture, when the
rate of albumin secretion was in a steady state under
control conditions. Upon beginning an experiment,
plates were washed and fresh glucose-free medium was
added. Substrate for these studies was either 5 mM
lactate or alanine. On the experimental day, the me-
dium amino acid concentrations were made 10 times,
1.5 times, or 0.5 times the normal rat arterial plasma
amino acid concentration in order to simulate nonlim-
iting, periportal, or physiologic perivenous blood amino
acid concentrations, respectively. Cultures were main-
tained for 5 hr. Leupeptin (0.25 mA/), a specific inhib-
itor of lysosomal proteolysis (19), and/or epinephrine
(2 uM), a potent stimulator of gluconeogenesis, were
added to some plates. Leupeptin was utilized because
of previous reports indicating that it exhibits no appar-
ent cellular toxicity based upon morphologic and pro-
tein synthetic studies (19). Glucogenesis was augmented
using epinephrine added to the glucose-free medium
containing glucagon and dexamethasone, since medical
and surgical stress is associated with the combined
elevation of the counterregulatory hormones glucagon,
a glucocorticoid, and epinephrine. Additionally, it has
been observed experimentally that each individual hor-
mone exerts only a transient glucogenic effect, whereas
their combined administration effects a synergistic and
sustained glucose overproduction (20). Epinephrine
was increased to 4 pM in the 0.5 times amino acid
medium experiments because of a poor glucogenic
response at the lower dose. During the study, epineph-
rine was added repeatedly every hour, assuming that
the previous dose had been metabolized entirely.
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Analytical Procedures

Albumin secretion into the culture medium was
measured every 24 hr and over a 5-hr period on the
final study day using rocket immunoelectrophoresis
(21). The degree of hepatocellular proteolysis inhibition
by leupeption (0.25 mAf) was established by prelabeling
cells for 24 hr with [*H]valine (30 xCi/ml) on culture
Day 4. Protein degradation was measured on Day 5 as
the rate of [*H]valine released into the medium con-
taining 5 mM lactate and 10 times, 1.5 times, or 0.5
times amino acids, except valine, which was 15 mM to
prevent tracer reincorporation. Cellular glycogen deple-
tion was verified by extracting cells with 1 ml of 0.6 N
perchloric acid/plate for 30 min. Neutralized aliquots
(100 wl) of these extracts were incubated with an equal
volume of amyloglucosidase (Sigma; 1 mg enzyme/ml,
2 M sodium acetate buffer, pH 5.0) and the released
glucose was assayed using a glucose-oxidase-based cou-
pled chromogenic assay (Trinder assay, Sigma). The
amount of glycogen was determined using rabbit liver
glycogen standards (Sigma) (18). Urea production was
measured in some culture aliquots using a urease-based
assay. Released ammonia was coupled with a chromo-
genic substrate (phenol) based upon the Berthelot re-
action (Sigma). Average hepatocyte protein contents
were determined by digesting celis with 0.2 ¥ NaOH
and assaying aliquots using the procedure of Lowry et
al. (22).

Each nutrient condition studied (amino acid con-
centration levels times 10, 1.5, and 0.5) utilized cells
from a different liver preparation and all studies rep-
resent the average of three cultures. Results are pre-
sented as the mean value + SE. Multiple group com-
parisons were made using one-way analysis of variance
and the method of least significant difference. Signifi-
cance was accepted at P < (0.05.

Results

The pattern of albumin secretion for primary cul-
tures of rat hepatocytes maintained under the condi-
tions described herein is shown in Figure 1. A steady
state rate of secretion was reached on approximately
Day 5 of culture (15.7 £ 0.3 ug/plate-hr) and all sub-
sequent studies were performed on this day. The cul-
tures represented by the data shown in Figure 1 were
supplemented with insulin each morning. Since it was
the aim of this project to study factors other than insulin
(i.e., the fasted state), this hormone was omitted in
subsequent experiments beginning on Day 4. In con-
junction with a reduction in medium glucose concen-
tration to 5 mA/, insulin withdrawal resulted in deple-
tion of cellular glycogen, a commonly observed state
after acute stress events. The mean hepatocyte glycogen
content in undepleted (+insulin) and depleted (—insu-
lin) cells was 371 £ 25 ug/plate and 75 + 9 ug/plate,
respectively, which represents an 80% reduction in
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Figure 1. The albumin secretory response of rat hepatocytes to
serum-free medium containing glucagon, insulin, and dexamethasone
is indicated. Amino acids are present at approximately 10 times the
normal rat plasma amino acid concentration. In subsequent experi-
ments, insulin was withdrawn and glucose was reduced to 5 mM on
the fourth cuiture day in order to deplete cells of glycogen. (Amino
acid composition of 10 times culture media [mM]: Asp, 0.36; Thr,
0.99; Ser, 0.99; Asn, 0.83; Gin, 3.44; Pro, 2.01; Glu, 0.80; Gly, 3.97;
Ala, 1.78; Cys, 0.41; Met, 0.41; lle, 0.81; Leu, 1.50; Val, 0.95; Tyr,
0.82; Phe, 0.76; Lys, 2.45; His, 0.51; Trp, 0.69; Arg, 1.29).

cellular glycogen. In order to allow these data to be
normalized to cellular protein content, the average
cellular protein content per plate was determined to be
2.1 £0.1 mg.

The response of the albumin secretion rate to var-
ious substrates and amino acid concentrations on cul-
ture Day 5 is shown in Table 1. Albumin secretion was
independent of the culture substrate (lactate or alanine)
and the rate of albumin secretion at 10 times amino
acids was markedly reduced compared with the same
time period in cultures containing insulin (Fig. 1). This
stresses the importance of insulin as an anabolic agent
in maintaining hepatic protein production. Table I also
shows that hepatocyte albumin secretion is only mildly
sensitive to a 20-fold range in medium amino acid
concentrations. Although amino acid availability is
considered an important regulator of hepatic albumin
production (4), in the absence of insulin, its effect
appears to be minor.

The interrelationships of hepatocyte gluconeogen-
esis and proteolysis upon albumin production were
examined utilizing epinephrine and leupeptin. With
lactate as substrate in medium already containing the
glucogenic hormones glucagon and dexamethasone, the
addition of epinephrine did not alter albumin secretion
significantly under any nutrient condition (Fig. 2).
However, leupeptin inhibited both cellular proteolysis
and albumin synthesis under similar culture conditions.
Figure 3 indicates that leupeptin significantly inhibited
proteolysis (measured as the rate of release of [*H]valine
from prelabeled cells) by 34% and 38% in the 1.5 times
and 0.5 times cultures, respectively, as compared with



Table I. Hepatocyte Albumin Production

Culture amino acid

Albumin secretion rate?® (ug/plate-hr)

concentration 10 x Normal 1.5 X Normal 0.5 x Normal
amino acids amino acids amino acids
Substrate concentration
Lactate (6 mM) 8.05 + 1.62 6.74 + 0.26 7.03 +0.37
Alanine (5 mM) 7.34 +149 6.40 = 0.30 ND

# Hepatocyte albumin production was determined at different media amino acid concentrations ranging from 10 times to 0.5
times the normal rat plasma amino acid concentration. Lactate (5 mM) or alanine (5 mM) was used as substrate during these
culture experiments. No statistical difference is noted among these groups. Each value is the mean of three cultures. ND, not
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Figure 2. Hepatocyte albumin production in glycogen-depleted cells
in the absence of insulin is indicated for various conditions. In addition
to the additives indicated, all cultures contained glucagon (10 nM)
and dexamethasone (0.1 uM), and lactate (5 mM) was used as
substrate for these cultures. Each value is the mean of three cultures
(leupeptin [Leu], 0.25 mM; epinephrine [Epi], 2 uM—except at 0.5
times amino acid concentration where Epi = 4 uM); *P < 0.05 relative
to control (no additives).
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Figure 3. The response of hepatocyte protein degradation to leu-
peptin was measured as the rate of [*H}valine release from prelabeled
cells into the culture medium. Studies were performed on the fifth
culture day in glucose-free medium containing 5 mM lactate and 0.5
times to 10 times the amino acid content of normal rat plasma. Each
value is the mean of five cultures. Open bars represent cultures
maintained in the absence of 0.25 mM leupeptin and solid bars
represent cultures maintained in the presence of 0.25 mM leupeptin.
*P < 0.0005 vs control (no leupeptin).

cells not treated with leupeptin. It also reduced prote-
olysis by 18% in the 10 times cultures, but the difference
was not significant. Correspondingly, leupeptin signifi-
cantly depressed albumin secretion only at both lower
concentrations (1.5 times and 0.5 times) of medium
amino acids by 17% and 41%, respectively, relative to
their control values (Fig. 2). This indicates that intra-
cellular proteolysis is an important regulatory mecha-
nism for maintaining protein synthesis under depriva-
tional states, since the inhibitory effects of leupeptin
were not evident at 10 times amino acids. Enhanced
proteolysis probably provides a source of intracellular
amino acids which serve either a regulatory role or
simply as increased substrate for secretory protein syn-
thesis. The addition of epinephrine to cultures contain-
ing leupeptin returned low protein secretion rates to-
ward control values (Fig. 2). A qualitatively similar
response was noted when norepinephrine was substi-
tuted for epinephrine or alanine was substituted as the
substrate (results not shown).

The gluconeogenic response of hepatocytes in cul-
ture largely resembled the protein secretory response
pattern (Fig. 4). Using lactate as substrate (control),
glucose production was similar at all medium amino
acid concentrations, indicating that basal gluconeogen-
esis was independent of medium amino acid concentra-
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Figure 4. Hepatocyte glucose production is shown under the same
conditions noted in Figure 2. Each value is the mean of three cultures.
*P < 0.05 vs control (no additives).
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tion. Epinephrine stimulated glucose output by 168%
at nonlimiting (10 times) amino acid concentrations,
and by 15% at both lower amino acid concentrations.
Thus, a minimal concentration of amino acids (greater
than 1.5 times) will dramatically stimulate active glu-
coneogenesis despite the presence of relatively plentiful
substrate (lactate or alanine). Leupeptin suppressed the
marked epinephrine effect at 10 times amino acids as
well as the unstimulated glucose production (by 22-
30%) at physiologic levels of medium amino acids (1.5
times and 0.5 times, respectively). These observations
indicate a key role for endogenous amino acids in the
control of gluconeogenesis.

At 10 times amino acids, hepatocyte urea produc-
tion (Table II) remained essentially unchanged under
all conditions. At the lowest medium amino acid level
studied (0.5 times), leupeptin inhibited urea synthesis,
but this could be restored to near control levels by the
equimolar replacement of lactate with a nitrogen-con-
taining substrate (alanine). Collectively, these data sug-
gest that leupeptin affects both glucose and urea syn-
thesis through its influence upon amino acid supply
rather than a generalized toxic cellular effect.

Discussion

Insulin is undoubtedly the strongest short-acting
stimulus of non-acute phase protein synthesis. This has
been addressed in previous reports (4) and is also evi-
dent from the decline of albumin synthesis when insulin
is withdrawn from hepatocyte cultures in the current
study (compare Fig. 1 and Table I). The cellular pro-
teolytic and gluconeogenic responses that generally ac-
company acute stress states are two additional factors
that have been identified as regulators of hepatic protein
synthesis. These processes are largely controlled by
catabolic endocrine conditions and nutrient availabil-
ity. For example, the glucogenic hormone glucagon is
known to stimulate hepatic protein degradation and
inhibit protein synthesis (11). Poso et al. (12) and
Schworer and Mortimore (5) have reported that this
hormonal stimulation of intracellular protein degrada-
tion in the liver is a manifestation of lysosomal me-

diated autophagy which results from a decrease in
certain intracellular amino acids, particularly gluco-
genic amino acids. This intracellular “nutrient defi-
ciency state” presumably arises from the increased con-
sumption of these amino acids due to the glucogenic
stimulus. Flaim er al. (2) have reported that rat livers
perfused with amino-acid-deficient medium exhibit a
depression of protein synthesis that may be restored to
normal by enhanced proteolysis. When glutamine, a
potent inhibitor of proteolysis, is introduced into the
perfusate, this recovery of protein synthesis is pre-
vented. These authors concluded that accelerated pro-
teolysis or an increased extracellular amino acid con-
centration can serve as a substrate source to specific
cellular compartments where one or more amino acids
function in a regulatory capacity with respect to protein
synthesis.

In the present study, the apparent independence of
albumin production with amino acid concentration
(Table I) probably derives from enhanced cellular pro-
tein degradation (Fig. 2), which functions to maintain
the availability of amino acids for processes such as
gluconeogenesis and protein synthesis. When amino
acids are nonlimiting (10 times amino acids), leupeptin
does not significantly influence secretory protein pro-
duction or cellular protein degradation. However, at
1.5 times and 0.5 times amino acids, concentrations to
which periportal and perivenous hepatocytes are nor-
mally exposed, addition of a proteolytic inhibitor re-
duces albumin secretion by 17% and 41% percent,
respectively. Thus, the integrity of the proteolytic re-
sponse mechanism is important in sustaining protein
production at physiologic amino acid concentrations.

When hepatocyte glucose production was aug-
mented using epinephrine (in the presence of glucagon
and dexamethasone), protein synthesis was mildly stim-
ulated and the effects of leupeptin were antagonized
(Fig. 2). This response was also observed with norepi-
nephrine and at all amino acid concentrations, although
the overall magnitude of this increase was small. This
is paradoxical, since Chin er al. (23) have reported
previously that «-adrenergic agonists inhibit liver pro-

Table Il. Hepatocyte Urea Production

Urea production® (umol/plate-hr)

Condition

Control Epinephrine Leupeptin I;f)l:r?:;rzlr?n;
Culture amino acids 10 X normal
Lactate (5 mM) 0.476 + 0.036 0.540 + 0.057 0.559 + 0.026 0.582 + 0.012°
Culture amino acids 0.5 X normal
Lactate (5 mM) 0.320 £ 0.016 0.366 + 0.010 0.252 + 0.003° 0.274 + 0.014°
Alanine (5 mM) 0.559 + 0.026 0.582 + 0.012 0.458 + 0.025° 0.539 = 0.007

¢ Hepatocyte urea production was determined at different media amino acid concentrations (control) and after the addition of epinephrine (2

uM) and/or a lysosomal proteolytic inhibitor, leupeptin (0.25 mM).
b Statistically different from control (P < 0.05).
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tein synthesis. Additionally, based upon reports by
Ayuso et al. (9) and Requero et al. (24), accelerated
gluconeogenesis is expected to inhibit protein produc-
tion. In view of the previously discussed interrelation-
ship between proteolysis, protein synthesis, and gluco-
genic amino acids, it might be expected that metabolic
competition for the intracellular amino acid pool would
affect protein synthesis negatively. However, an inhib-
itory influence was not observed in this culture system.
Therefore, a modulatory role for gluconeogenesis upon
protein synthesis cannot be demonstrated. It should be
noted that previous reports demonstrating an interre-
lationship between these processes have primarily uti-
lized in vivo liver studies in which small amounts of
insulin may have inhibited the compensatory proteo-
lytic response. Also increased catecholamine concentra-
tions may stimulate protein synthesis directly by in-
creasing cellular amino acid uptake (25), thus buffering
the consumption of key amino acids.

Hepatocyte glucose production depends upon
amino acid availability to a greater extent than protein
synthesis. Although basal glucose synthesis rates are
insensitive to medium amino acid concentration, cat-
echolamine-stimulated increases are markedly depend-
ent upon the extracellular amino acid levels and the
integrity of the proteolytic response.

Under nonlimiting (10 times) amino acid concen-
trations, leupeptin completely inhibited the prominent
catecholamine-induced glucose production (Fig. 4).
Similar responses were noted at lower amino acid con-
centrations, but they were of a smaller magnitude.
Studies using 5 mM lactate or alanine (not shown) were
qualitatively similar, which indicates that insufficient
glucogenic substrate concentration or type can not ac-
count for this phenomenon. It appears more likely that
proteolysis exerts a regulatory role on hepatic gluconeo-
genesis similar to that experienced by protein synthesis,
since these processes are linked by common factors.
Thus, the markedly increased glucose output noted at
10 times amino acids and epinephrine (Fig. 4) probably
requires a critical intracellular concentration of certain
amino acids that are provided by proteolysis. At lower
medium amino acid concentrations, the collective con-
tribution of proteolysis and celtular uptake of amino
acids is more limited, resulting in an attenuated glucose
response. In fact, the magnitude of this smaller gluco-
genic response is comparable to that observed when
hepatocytes are suspended in amino-acid-free physio-
logic solutions (26, 27).

The observed dependence of glucose production
upon amino acid concentration may provide insight
into the heterogeneous metabolic nature of the hepatic
acinus. Previous studies have indicated that glucose
synthesis predominates in the periportal acinar zones
of the liver (28). Although the mechanism of this met-
abolic pattern has not been established, based upon the

studies reported here, increased amino acid availability
in the upstream regions of the liver lobule may play a
role in this phenomenon.

The process of hepatic proteolysis plays a signifi-
cant role in regulating hepatic secretory protein synthe-
sis and gluconeogenesis. Since these latter metabolic
processes appear important for host survival under
stress, the stimulatory influence which protein degra-
dation offers must be considered to have at least a
short-term benefit to the acutely ill host and warrants
continued study.

1. Cerra FB. Hypermetabolism, organ failure, and metabolic sup-
port. Surgery 101:1-14, 1987.

2. Flaim KE, Peavy DE, Everson WV, Jefferson LS. The role of
amino acids in the regulation of protein synthesis in perfused rat
liver. J Biol Chem 257:2932-2938, 1982.

3. Woodside KH, Mortimore GE. Suppression of protein turnover
by amino acids in the perfused rat liver. J Biol Chem 247:6474—
6481, 1972,

4. Hutson SM, Stinson-Fisher C, Shiman R, Jefferson LS. Regula-
tion of albumin synthesis by hormones and amino acids in
primary cultures of rat hepatocytes. Am J Physiol 252:E291-
E298, 1987.

5. Schworer CM, Mortimore GE. Glucagon-induced autophagies
and proteolysis in rat liver: Mediation by selective deprivation of
intracellular amino acids. Proc Natl Acad Sci USA 76:3169-
3173, 1979.

6. Grinde B. Autophagy and lysosomal proteolysis in the liver.
Experiential 41:1089-1230, 1985.

7. Feldhoff RC, Taylor JM, Jefferson LS. Synthesis and secretion
of rat albumin in vivo, in perfused liver, and in isolated hepato-
cytes. Effects of hypophysectomy and growth hormone treat-
ment. J Biol Chem 252:3611-3616, 1977.

8. Baumann H. Hepatic acute phase reaction in vivo and in vitro.
In Vitro Cell Dev Biol 25:115-125, 1989.

9. Ayuso MS, Vega P, Machon CG, Parrilla R. Interrelation be-
tween gluconeogenesis and hepatic protein synthesis. Biochim
Biophys Acta 883:33-40, 1986.

10. Girbes T, Susin A, Ayuso-Parrilla MS, Parrilla R. Metabolic
interactions in hepatic gluconeogenesis and protein synthesis. II.
Role of amino acid availability. In: Melchionda N, Ed. Recent
Advances in Obesity and Diabetes Research. New York: Raven
Press, pp261-267, 1984.

11. Woodside KH, Ward WF, Mortimore GE. Effects of glucagon
on general protein degradation and synthesis in perfused rat liver.
J Biol Chem 249:5458-5463, 1974.

12. Poso AR, Schworer CM, Mortimore GE. Acceleration of prote-
olysis in perfused rat liver by deletion of glucogenic amino acids:
Regulatory role of glutamine. Biochem Biophys Res Commun
107:1433-1439, 1982.

13. Mortimore GE, Poso AR. Lysosomal pathways in hepatic protein
degradation: Regulatory role of amino acids. Fed Proc 43:1289-
1294, 1984.

14. Thurman RG, Kauffman FC. Sublobular compartmentation of
pharmacologic events (SCOPE): Metabolic fluxes in periportal
and pericentral regions of the liver lobule. Hepatology 5:144-
150, 1985.

15. Quistroff B. Gluconeogenesis in periportal and perivenous he-
patocytes of rat liver, isolated by a new high-yield digitonin/
collagenase perfusion technique. Biochem J 229:221-226, 1985.

16. Bernuau D, Legres L, Lamri Y, Giuily N, Fey G, Feldmann G.
Heterogeneous distribution of hepatocytes expressing acute-phase

HEPATOCYTE PROTEIN PRODUCTION 43



20.

21.

22.

44

genes during the acute inflammatory reaction. J Exp Med
170:349-354, 1989.

. Berry MN, Friend DS. High-yield preparation of isolated rat liver

parenchymal cells. J Cell Biol 43:506-520, 1969.

. Stumpo DJ, Kletzien RF. Gluconeogenesis in rat liver parenchy-

mal cells in primary culture: Permissive effect of the glucocorti-
coids on glucagon stimulation of gluconeogenesis. J Cell Physiol
107:11-19, 1981.

. Seglen PO, Grinde B, Solheim AE. Inhibition of the lysosomal

pathway of protein degradation in isolated rat hepatocytes by
ammonia, methylamine, chloroquine and leupeptin. Eur J
Biochem 95:215-225, 1979.

Shamoon H, Hendler R, Sherwin RS. Synergistic interactions
among antiinsulin hormones in the pathogenesis of stress hyper-
glycemia in humans. J Clin Endocrinol Metab 52:1235-1241,
1981.

Laurell CB. Quantitative estimation of proteins by electropho-
resis in agarose gel containing antibodies. Anal Biochem 15:45-
52, 1966.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein meas-

HEPATOCYTE PROTEIN PRODUCTION

23.

24,

25.

26.

27.

28.

urement with the Folin phenol reagent. J Biol Chem 193:265-
275, 1951.

Chin KV, Cade C, Brostrom MA, Brostrom CO. Regulation of
protein synthesis in intact rat liver by calcium mobilizing agents.
Int J Biochem 20:1313-1319, 1988.

Requero AM, Diaz JP, Ayuso-Parrilla MS, Parrilla R. On the
mechanism of the glucagon-induced inhibition of hepatic protein
synthesis. Arch Biochem Biophys 195:223-234, 1979.

Pariza MW, Butcher FR, Becker JE, Potter VR. 3’:5'-Cyclic
AMP: Independent induction of amino acid transport by epi-
nephrine in primary cultures of adult rat liver cells. Proc Natl
Acad Sci USA 74:234-237, 1977.

Garrison JC, Haynes RC. Hormonal control of glycogenolysis
and gluconeogenesis in isolated rat liver cells. J Biol Chem
248:5333-5343, 1973.

Cornell NW, Lund P, Krebs HA. The effects of lysine on gluco-
neogenesis from lactate in rat hepatocytes. Biochem J 142:327-
337, 1974,

Chen KS, Katz J. Zonation of glycogen and glucose synthesis,
but not glycolysis, in rat liver. Biochem J 255:99-104, 1988.



