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Abstract
Liver regeneration after partial hepatectomy (PHx) is orchestrated by multiple signals from
cytokines and growth factors. We investigated whether increased energy demand on the remnant
liver after PHx contributes to regenerative signals. Changes in the tissue’s energy state were
determined from adenine nucleotide levels. ATP levels in remnant livers decreased markedly and
rapidly (to 48% of control by 30 sec post-PHx) and remained significantly lower than those in
sham-operated controls for 24–48h. The ATP decrease was not reflected in corresponding
increases in ADP and AMP, resulting in a marked decline in total adenine nucleotides (TAN). We
found no evidence of mitochondrial damage or uncoupling of oxidative phosphorylation. Multiple
lines of evidence indicated that the decline in TAN was not caused by increased energy demand,
but by ATP release from the liver. The extent of ATP loss was identical following 30% or 70%
PHx, while fasting or hyperglycemia, conditions that greatly alter energy demand for
gluconeogenesis, affected the ATP/ADP decline but not the loss of TAN. Presurgical treatment
with the α-adrenergic antagonist phentolamine completely prevented loss of TAN, although
changes in ATP/ADP were still apparent. Importantly, phentolamine treatment inhibited early
signaling events associated with the priming stages of liver regeneration and suppressed the
expression of c-fos. Pretreatment with the purinergic receptor antagonist suramin also partly
suppressed early regenerative signals and c-fos expression, but without preventing TAN loss. We
conclude that the rapid loss of adenine nucleotides after PHx generates early stress signals that
contribute to the onset of liver regeneration.

INTRODUCTION
Liver regeneration occurs in response to hepatic injury to recover lost or defective tissue in a
tightly controlled process directed by a variety of cytokines and growth factor signals that
has only partly been elucidated1–3. After 70% partial hepatectomy (PHx#)4, proliferation of
hepatocytes occurs almost synchronously throughout the tissue, while differentiated liver
function is maintained to meet the demands of the organism. Liver regeneration after PHx,
therefore, offers a unique model of the control of cell proliferation in a differentiated system.

An early stress signal after PHx may derive from the enhanced energy demand per unit liver
mass. The remnant tissue maintains liver-specific functions, such as gluconeogenesis and
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ureagenesis, even while ATP is generated for the synthesis of proteins, nucleic acids and
other cell constituents. A 15–30% decline in ATP levels in the regenerating rat liver was
observed throughout the first 48 hrs following PHx5–8. Likewise, a 40–50% drop in liver
ATP was observed 24 hours after PHx in rabbits9,10.

The remnant tissue relies on mitochondrial oxidative phosphorylation to meet energy
demand. Surprisingly, defects indicative of a mitochondrial permeability transition were
reported in mitochondria isolated from remnant livers after PHx11. Diehl and coworkers12
found increased expression of uncoupling protein UCP-2 in mouse livers 3–6 hrs after PHx,
presumably as a defense against oxidative stress, which was postulated to be a signal to
enhance regeneration. A decrease in respiratory coupling could contribute to declining ATP
levels and impede the tissue’s capacity to supply energy for biosynthesis or functional
maintenance.

Whether the increased energy demand per unit liver weight itself translates into stress
signals that contribute to the onset of liver regeneration has not been investigated. Liver
regeneration is delayed by intravenous glucose infusion5. These conditions would suppress
gluconeogenesis and may provide an alternative ATP supply through glycolysis. Liver
regeneration is defective in transgenic mice expressing mitochondrial creatine kinase in
hepatocytes, an enzyme that buffers cellular ATP levels, although transfection with cytosolic
creatine kinase had no such effect13. A decline in phosphorylation potential, or other
parameters related to the cellular energy state may help signal the onset of reparative
processes.

In the present study, we investigated the energy state of the remnant liver as reflected in
adenine nucleotide levels with an emphasis on the earliest times (seconds to minutes) after
PHx, to detect the immediate response of the tissue prior to the onset of adaptive coping
mechanisms. This response phase has not been considered in any previous studies. A
marked decline in ATP occurred almost immediately (within 15 seconds) after PHx, which
was maintained throughout the prereplicative period. However, a closer investigation
indicates that increased energy demand is not the major determinant of the ATP decline.
Instead, a loss in total adenine nucleotides following PHx occurs in response to upstream
stress signals. Importantly, conditions that prevented the loss of adenine nucleotides or that
inhibited purinergic receptor activation suppressed regenerative signaling responses and
expression of immediate-early gene expression associated with the priming phase. We
conclude that the rapid changes in energy state of the liver after PHx contribute to early
signaling events associated with the onset of liver regeneration.

EXPERIMENTAL PROCEDURES
Materials

Biochemicals and enzymes were purchased from Sigma (St. Louis, MO) or Roche
(Indianapolis, IN). Antibodies were obtained from Cell Signaling Technology (Danvers,
MA) and Upstate Biotechnology (Lake Placid, NY). All other reagents were analytical
grade.

Animal Protocols
Male Sprague-Dawley rats (300–400g) were subjected to 70% (medial and left lateral lobes)
or 30% (left lateral lobe only) PHx4 under isoflurane anesthesia and allowed to recover for
various periods. For sham surgeries livers were externalized and gently palpated to mimic
the surgical stress of the PHx procedure. For regeneration times of 15 min or less, animals
were kept under anesthesia and external tissue layers were covered with gauze (up to 5 min)
or loosely sutured (for 15 min). Survival rates for PHx and sham surgeries was 100%. The
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time of ligation of the liver lobes prior to excision was the zero time point for PHx. Livers
were freeze-clamped within 4 sec of excision using aluminum clamps pre-cooled in liquid
nitrogen14. Frozen tissue wafers (thickness < 0.5 mm, weight 2–3 g) were stored at −80°C.
Parallel PHx and sham livers were processed for all time points, except very early times (< 1
min). Externalization and palpation of the liver for sham surgeries was used as the zero-time
for sham surgeries. However, this does not provide a precise zero time point compatible
with freeze-clamping within 15–30 sec similar to the PHx procedure. Liver samples from
anesthetized animals freeze-clamped within 10 sec of opening the abdomen served as
controls for 15–30 sec regenerating livers.

Tissue processing
For metabolite assays, freeze-clamped liver was processed by the method of Williamson et
al.14. Liver samples (500–800 mg) were crushed and homogenized in 10 volumes of cold
20% (w/v) HClO4. Supernatants were neutralized with ice-cold KOH, centrifuged at 4°C (20
min, 24,000xg) to remove KClO4, and stored at −80°C for adenine nucleotide analysis. For
other metabolite assays, neutralized extracts were treated with 60–80 mesh Florisil (0.1g/ml)
and centrifuged (10 min, 7800×g, 4°C) to reduce nonspecific NADH oxidation14.

For protein analysis, freeze-clamped tissue was homogenized in lysis buffer containing 50
mM Hepes (pH 7.4), 150 mM NaCl, 5 mM EGTA, 10% glycerol, 1% Triton X-100, 150
mM NaF, 10 mM Na pyrophosphate, 1 mM Na ortho-vanadate, and Complete protease
inhibitor cocktail (Roche Diagnostics, Basel, Switzerland).

Liver mitochondria were isolated by differential centrifugation suspended in 0.25M sucrose,
5mM HEPES, (pH 7.3) and incubated exactly as described previously15. State 3 and State 4
respiration rates were measured with glutamate (+ malate) or succinate (+ Amytal) as
substrates.

Assays
Metabolites were assayed spectrophotometrically by enzymatic analysis16. Recoveries were
95–105 %. Blood glucose was measured with a MediSense Precision QID glucometer
(Abbott Laboratories Inc., Bedford, MA). Signaling proteins were analyzed by Western
blotting after separation by SDS-PAGE on 4–12% Bis-Tris NuPAGE gradient gels
(Invitrogen).

Gene expression was measured by QRT-PCR. Total RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. DNA templates
were synthesized using SuperScript II reverse transcriptase and oligo(dT) primer
(Invitrogen). QRT-PCR assays were done on an ABI Prism 7000 (Applied Biosystems,
Foster City, CA) using 2X SYBR Green Master Mix (Applied Biosystems). Primer pairs
were: c-fos: forward 5′-AACGGAGAATCCGAAGGGAA-3′; reverse 5′-
GATTGGCAATCTCGGTCTGC-3′; glyceraldehyde-3-phosphate dehydrogenase: forward
5′-AGTTCAACGGCACAGTCAAG-3′; reverse 5′-GTGGTGAAGACGCCAGTAGA-3′.

Statistical Analysis
Significance of differences between PHx and sham was determined by two-tailed Student’s t
test assuming equal sample variance.
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RESULTS
Adenine nucleotide changes in the regenerating liver

PHx brought about an instantaneous and marked decline in ATP levels in the remnant tissue.
Analysis of the initial kinetics of changes in adenine nucleotide levels in freeze-clamped
remnant livers revealed a 25% drop in ATP as early as 15 sec following PHx from the
control level of 2.76 ± 0.07 μmol/gww (Fig. 1A, Supplementary Table S1§). ATP levels
reached a low of 1.44 ± 0.12 μmol/gww by 30 sec, with partial recovery by 2 minutes to a
new steady state of 1.8–2.0 μmol/gww. ATP remained low throughout the replicative phase
and full recovery to control values was not seen until 72 hours after PHx.

The decline in ATP was not associated with a corresponding increase in ADP and AMP.
ADP levels generally did not change significantly following PHx (Fig. 1B). AMP rose by
70% over control levels to 0.35 ± 0.03 μmol/g ww by 15 sec and remained elevated for at
least 48 hours (Fig. 1C). Consequently, the total adenine nucleotide (TAN) content in
remnant livers fell in parallel with ATP (Fig. 1D). By 30 seconds TAN levels were at a
minimum (27% below control) and did not recover to sham-operated levels until 3 hours
after surgery (Table S1). We did not detect an accumulation of adenosine, inosine, or IMP
(data not shown). As a result of these changes, the ATP/ADP ratio in the remnant liver, an
indicator of the energy status of the liver, dropped immediately to 1.22 ± 0.09 from a control
ratio of 2.57 ± 0.08 and remained low through 48h, recovering to control levels by 72h (Fig.
1E, Table S2). Importantly, the adenylate kinase mass action ratio, [ATP][AMP]/[ADP]2,
remained unchanged (0.4–0.5) in the livers of all animals, PHx or sham-operated,
throughout the 72 hour post- surgical period (Table S2), indicating that adenylate kinase
near-equilibrium is maintained despite substantial changes in adenine nucleotides17.

Sham surgery affected adenine nucleotide levels only modestly and briefly (Fig. 1, Table
S1). ATP content dropped slightly (9%) 1 min after sham surgery, while ADP and AMP
rose by 25% and 33%, respectively, with no change in total adenine nucleotide levels.
Meaningful earlier time points for sham surgery could not be obtained (see Methods).
However, the absence of major differences in adenine nucleotide levels between the
untreated control and 1 minute sham surgery samples demonstrates that the control tissue
obtained from untreated animals is an appropriate basis for comparison for the early PHx
time points. Adenine nucleotides of sham-operated livers had returned to control levels by
two minutes after surgery and remained unchanged throughout the post-operative period.

Adenine nucleotide changes are not due to mitochondrial defects
Mitochondrial oxidative phosphorylation is the predominant ATP producing process in
hepatocytes. Few data are available on mitochondrial function during the first 12 hours of
regeneration. In order to assess whether persistent defects in mitochondrial function could
contribute to the sustained changes in adenine nucleotide levels after PHx, we characterized
the capacity for oxidative phosphorylation in mitochondria isolated from PHx and sham-
operated rats 3, 6, and 12 h after surgery. No significant differences were observed between
these preparations in State 3 and State 4 respiration rates, respiratory control ratio, P/O ratio,
and membrane potential (ΔΨ), using either succinate or glutamate/malate as substrates
( Table S3). The data did not provide evidence of mitochondrial defects associated with a
permeability transition or uncoupling of oxidative phosphorylation. We did not detect
uncoupling protein expression in rat liver after PHx (not shown), as had been reported for
mice12. Thus, these data demonstrate that the observed decline in cellular ATP levels is not

§Detailed data on metabolite measurements and mitochondrial respiratory characteristics are provided as supplementary data (tables
and figures referred to with the prefix S).
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due to a defect in mitochondrial respiratory capacity or coupling that is preserved during the
mitochondrial isolation procedure.

An important indicator of the balance of energy supply and demand in vivo is the redox
potential of the NADH-NAD+ couple in the cytoplasm and mitochondria14. The decline in
ATP/ADP in the remnant liver would result in increased electron transport and a more
oxidized state of mitochondrial and cytoplasmic NAD, unless compensated by changes in
substrate supply¶. The redox state of the NADHfree−NAD+

free couple in the cytosolic and
mitochondrial compartments is reflected in the lactate/pyruvate (L/P) and β-
hydroxybutyrate/acetoacetate (BHB/AcAc) ratios, respectively14.

L/P ratios in regenerating livers rose 2–3 fold over those in sham animals by 15 min
following PHx, reaching a plateau between 30 min and 3 hours before returning to sham
levels by 6 hours (Fig. 2A). This increase arose from a >50 % drop in pyruvate (0.21 ± 0.03
to 0.096 ± 0.016 μmol/gww in control and 15 min after PHx, respectively), while lactate
remained unchanged (1.3 ± 0.3 and 1.1 ± 0.1 μmol/gww in control and 15 min after PHx,
respectively, Table S4). Thus, the change in the L/P ratio did not reflect a decreased capacity
of the remnant liver to process lactate released from peripheral tissues, but is due to an
increased cytosolic NADHfree/NAD+

free. In sham-operated animals, the L/P ratio remained
unchanged throughout 72 hrs.

The redox state of mitochondrial NADHfree−NAD+
free, reflected in the BHB/AcAc ratio,

rose transiently, with peaks at 30 sec and 6 hours, returning to sham levels by 12 h (Fig 2B).
These changes were due almost entirely to increased BHB (Table S4). Since BHB is a
terminal metabolite in a dead-end pathway (i.e., BHB is formed only from acetoacetate and
is not further metabolized in liver), these changes in BHB/AcAc ratio likely reflect an
increased mitochondrial NADHfree/NAD+

free ratio. Thus, BHB/AcAc changes over the 24 h
period following PHx showed no evidence of a more oxidized state of NAD in
mitochondria, despite a significant and sustained decline in ATP/ADP. These findings
suggest that any increased energy demand in the remnant liver is met effectively by
mitochondrial substrate supply and oxidative phosphorylation.

Adenine nucleotide changes following 30% partial hepatectomy
Further experiments were designed to assess adenine nucleotides changes after PHx under
conditions where the demand for energy was varied. Excision of a smaller (30%) fragment
of the liver (PHx30) gives a much reduced proliferative response18 and a proportionally
reduced metabolic demand on the remnant liver. Remarkably, changes in ATP content and
total adenine nucleotide levels during the first 15 minutes after PHx30 were almost
indistinguishable from those occurring after PHx70 (Table S5). Within 30 sec of PHx30 ATP
dropped 40% from a control of 2.76 ± 0.07 μmol/gww, with a further decline at 1 min. By 5
min, the ATP contents following PHx30 and PHx70 were similar. In parallel with the drop in
ATP after PHx30 an equally rapid decline in ATP/ADP occurred (Table S5). Indeed, over a
12 hour period, ATP/ADP changes following PHx30 and PHx70 were largely
indistinguishable (Table S5). However, recovery of ATP/ADP to control levels occurred
within 24 hours after PHx30, whereas 72 hours were required for recovery after PHx70
(compare Tables S1 and S5). Thus, although ATP content and ATP/ADP in the remnant
tissue recovered more rapidly after PHx30 than after PHx70, the adenine nucleotide changes
during the early post-operative period were not related to the mass of the remnant tissue.

¶The concentration of inorganic phosphate in the cell would also affect the impact of changes in ATP/ADP ratio. However, in our
experiments inorganic phosphate levels in liver extracts were increased or remained unchanged after PHx (data not shown).
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Effects of circulating glucose on adenine nucleotide changes following PHx
A major contributor to the metabolic demand on the liver is the maintenance of blood
glucose, which affects liver carbohydrate metabolism both directly (through the glucose
transporter and glucokinase) and indirectly (through pancreatic and adrenergic hormones
released in response to changes in circulating glucose). Hence, we imposed variations in
circulating glucose levels as a means of varying the energy demand on the liver.

Blood glucose concentrations were measured during 1 h following PHx and sham surgery in
fed rats (Fig. 3). Sham-operated animals showed a marked increase in blood glucose (6.4 ±
0.1 mM to >12 mM) within 5 minutes of liver palpation, presumably a glycogenolytic
response to the isoflurane anesthesia and surgical stress mediated by α-adrenergic
stimulation. After PHx, blood glucose also rose, but the increase was diminished by 2/3
compared to sham, peaking at 8.7 ± 0.5 mM 5 min after surgery. A similar blood glucose
increase after PHx with simultaneous depletion of liver glycogen was reported by Paloheimo
et al.19.

Thus, PHx did not generate an instantaneous demand for gluconeogenesis as reflected in
blood glucose levels. Nevertheless, since blood glucose increased with a slower time course
than the decline in tissue ATP, we investigated the impact of treatments that imposed a
sustained hyperglycemia prior to PHx. Conversely, the hyperglycemic response to isoflurane
anesthesia and surgical stress was avoided by 24 h fasting prior to surgery (which largely
depletes liver glycogen), or by treatment with the α-adrenergic antagonist phentolamine,
which inhibits the activation of glycogenolysis.

a. Hyperglycemia was achieved by extrusion and palpation of the liver, similar to the
procedure used for sham surgery, eliciting a glucose surge within 5 min that is
sustained for over 1 hour (Fig. 3). PHx was performed after maximal elevation of
blood glucose had occurred and remnant livers were removed and freeze-clamped
1, 5 or 15 minutes later. Prior to PHx ATP content was unchanged from
euglycemic rats but TAN were slightly elevated (Fig. 4C, Table S6). Following
PHx, ATP and TAN had decreased by 1 minute and remained such for the
subsequent 15 minutes, similar to the pattern observed in euglycemic animals,
although the ATP change in hyperglycemic rats was slightly tempered (Fig. 4A, C).
By contrast, hyperglycemia markedly suppressed the early change in ATP/ADP
that was evident in euglycemic animals after PHx (Fig. 4B). When hyperglycemia
was obtained by i.p. injection of glucose (385 mg/kg body weight), changes in ATP
and TAN were very similar to those obtained by prior palpation of the liver (not
shown). These experiments indicate that elevated blood glucose levels do not
prevent the PHx-induced decline in total adenine nucleotides, but suppress the
rapid changes in ATP/ADP in the remnant liver.

b. Conditions that prevent PHx-induced glycogenolysis: Hepatic glycogen stores are
severely depleted in rats fasted for 24 hours and PHx did not induce an appreciable
change in blood glucose from pre-surgical levels in these animals (Fig. 3). TAN
levels were not significantly affected by 24 h fasting, but ATP was decreased by
12% and the ATP/ADP ratio was significantly lower compared to fed animals (Fig.
4A, B). PHx induced changes in ATP/ADP ratio in the remnant livers of fasted rats
were similar to those observed after PHx in fed rats. A marked decline in TAN was
also observed in fasted animals, but was slower in onset, reaching the characteristic
lower steady state level only by 5 min after PHx (Fig. 4C).

More distinct effects were evident in fed animals pretreated for 30 min with the α-
adrenergic antagonist phentolamine (10 mg/kg). Phentolamine pretreatment completely
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suppressed the rise in blood glucose in partially hepatectomized animals and blood glucose
was maintained at 6.3 mM or below for at least 1 hour following surgery (Fig 3).

Unexpectedly, phentolamine treatment had a marked effect on the changes in adenine
nucleotides following PHx. The ATP content at 1 and 30 min after PHx was only slightly
depressed in livers of phentolamine-treated rats and returned to the pre-surgical level by 60
min (Fig. 5A, Table S7). The pronounced drop in total liver adenine nucleotide content after
PHx was completely prevented by phentolamine treatment (Fig. 5C). Indeed, by 60 minutes
total adenine nucleotides exceeded pre-surgical levels (4.82 ± 0.37 μmol/gww). However, a
post–surgical decrease in ATP/ADP ratio still occurred, due to substantial increases in ADP
(Fig. 5B, Table S7). Thus, although phentolamine treatment prevented the PHx-induced
surge in blood glucose and the changes in ATP/ADP were compatible with increased energy
demand, the α-adrenergic blockade also interfered with the PHx-associated decline in TAN.
These findings demonstrate unequivocally that the loss of TAN immediately following PHx
is distinct from the increased energy demand on the remnant liver.

Role of ATP release in early signaling responses initiating regeneration
If phentolamine treatment prevents the PHx-induced ATP loss it can serve as a tool to
explore the role of ATP release in the early signaling events associated with onset of liver
regeneration. Previous studies20 had demonstrated that treatment with α1-adrenergic
antagonists inhibits cell cycle progression and DNA replication in vivo. The experiment of
Fig. 6 shows that the α-adrenergic antagonist phentolamine also inhibits characteristic early
signaling responses associated with the priming phase of liver regeneration. Jun N-terminal
kinase (JNK) phosphorylation, which occurs within 15–30 min of PHx, is a critical step in
priming of the liver for regeneration and is one of the early cell signaling events contributing
to the activation of immediate-early gene expression. Phosphorylation of JNK was almost
completely inhibited by pretreatment of the animal with phentolamine (Fig. 6A, B). In
addition, phosphorylation of c-Jun protein at S63, a critical serine residue that is a target for
JNK, was inhibited by phentolamine (data not shown). Expression of the immediate-early
gene c-fos, which normally peaks within 15–30 min after PHx, was also suppressed by
phentolamine (Fig. 6C). We further tested whether ATP release contributes to these early
signaling events by activation of purinergic receptors. Pretreatment of the animals with the
purinergic antagonist suramin (100 mg/kg body wt) did not prevent the PHx-induced loss of
ATP (ATP 2.02 ± 0.06 μmol/gww, TAN 3.62 ± 0.20 μmol/gww 1 min after PHx in
suramin-treated animals (n=3), not significantly different from untreated PHx animals), but
inhibited JNK phosphorylation (Fig. 6A, B) and partly suppressed the c-fos expression at 30
min after PHx (Fig. 6C).

DISCUSSION
One of the most striking findings revealed here is how rapidly metabolic parameters change
in the remnant liver following PHx. The ATP content of the remnant liver declined by 25%
within 15 sec after PHx and by 30 sec had dropped to 50% below control levels (Fig. 1).
Following a partial recovery, steady state ATP levels remained 20–30% below sham-
operated animals through most of the regenerative period. Increases in ADP and AMP did
not account for the drop in ATP, and total adenine nucleotides declined in parallel. A
decrease in the ATP/ADP ratio is a predicted response to increased energy demand, but the
rapid onset of this change is unexpected and suggests a sensing mechanism that immediately
transmits information on the loss of functional liver mass to the remnant tissue. Other
possible explanations for a drop in ATP/ADP, such as partial uncoupling, limited substrate
supply, or inhibition of mitochondrial electron transport are not compatible with our data
(Fig 2, Tables S3 and S4). Respiratory capacity and coupling of oxidative phosphorylation
by isolated mitochondria were not affected for at least 12 hrs after PHx and there was no
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evidence of a shift towards a more oxidized state of mitochondrial or cytosolic NAD in the
remnant liver. An early, transient increase in the BHB/AcAc ratio and a later, more
sustained increase in the L/P ratio may indicate activation of the supply of metabolic
substrates. Liver regeneration is known to mobilize fatty acids for oxidation19, but probably
not yet at these early time points. Alternatively, TCA cycle activity may be stimulated to
match the increased energy demand, e.g. by intracellular Ca2+ changes elicited by α1-
adrenergic or purinergic signals 21,22.

Glucose supply and ureagenesis are major metabolic functions that must be maintained
during regeneration. In previous studies blood glucose19 and urea levels23 were not
markedly decreased after PHx, indicating that the liver meets the increased demand, despite
a 70% decrease in liver mass. Our data support these findings. In both fed and fasted
animals the remnant liver appears able to supply metabolic energy to sustain major
homeostatic functions. Importantly, the decrease in ATP levels after PHx was not primarily
due to increased energy demand, but reflected a net loss of adenine nucleotides. The
mechanisms responsible for this loss are not entirely clear. Degradation of adenine
nucleotides can occur either through dephosphorylation of AMP by 5′-nucleotidase, which
generates adenosine, or through AMP deaminase to form IMP, with subsequent degradation
to inosine. However, the increase in AMP that could drive these reactions, although
detectable, was relatively modest. We failed to detect a significant increase in AMP
degradation products in liver extracts, suggesting that any such compounds were washed out
or degraded further. Inhibition of nucleotide synthesis is unlikely to account for the rapid
drop in TAN over such a short period. Alternatively, the ATP loss could have occurred
without prior dephosphorylation. Shear stress is known to release ATP from isolated
hepatocytes and the increased blood flow through the remnant liver after PHx may have a
similar effect24. Recent studies demonstrated that ATP can be released from cells through a
mechanism involving gap junction-related connexin hemichannels25,26 or non-junctional
pannexin hemichannels27. Hepatocytes express connexin-26, which forms anion permeable
hemichannels28, as well as pannexin-1 (unpublished data). Regulators of hemichannel
opening include both extracellular stress factors and intracellular signals (membrane
potential, phosphorylation and redox state)29.

Importantly, the decrease in TAN is functionally distinct from the response to energy
demand. Increased glycemia before PHx markedly slowed the changes in ATP/ADP without
significantly altering TAN loss. By contrast, fasting or, more dramatically, pretreatment with
the α-adrenergic antagonist phentolamine suppressed the loss of adenine nucleotides, but
not the changes in ATP/ADP. These effects indicate that the decrease in liver TAN is
controlled by signaling processes at least in part mediated through α-adrenergic receptors.
Interestingly, protein kinase C and Ca2+-signals regulate gap junctional channel
opening30,31, but whether this applies to connexin or pannexin hemichannels in the
basolateral membrane remains unclear. It has long been recognized that an early signal must
be involved in detecting the loss of functional liver tissue to initiate regeneration, but few
studies have considered the time frame of seconds over which the onset of ATP depletion
occurs. Such an early upstream signal may involve the mechanical stress associated with
increased hemodynamic pressure after PHx. Phentolamine-induced vasodilation within the
hepatic vascular bed likely attenuates the immediate hemodynamic changes incumbent upon
the remnant tissue, thereby ameliorating the mechanical stress experienced after PHx.
However, phentolamine treatment would also suppress the activation of a1-adrenergic
receptors on hepatocytes and prevent associated intracellular signaling events that may
contribute to the metabolic responses observed in Fig. 4.

A rapid release of ATP (and possibly other cell constituents) following PHx could function
as a paracrine signal that is recognized by purinergic receptors on neighboring cells.
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Stimulation of P2Y2 receptors in hepatocytes activates JNK, promoting induction of
immediate-early genes and enhancing cell cycle progression and hepatocyte proliferation in
vitro and in vivo32. JNK is a central player in the onset of liver regeneration and is activated
during the early priming phase after PHx33,34, promoting the G0–G1 transition in
hepatocytes35. Our data demonstrate that treatment with the purinergic antagonist suramin
did not prevent PHx-induced ATP loss, but inhibited JNK activation and c-fos expression.
Additionally, non-parenchymal cells may be activated by purinergic signals36. Kupffer cells
are a potential source of cytokines that mediate priming after PHx, but the signals that
activate cytokine release have not been identified. Purinergic stimulation may contribute to
these responses.

Apart from a possible role of ATP (or its degradation products) as paracrine stress signals,
the loss of adenine nucleotides would also change the intracellular milieu. Remarkably,
TAN loss occurred within 30 seconds of PHx, but adenine nucleotide levels did not recover
to sham levels until 24–48 hrs, suggesting that the sensing mechanisms maintaining adenine
nucleotide homeostasis were offset. One role for such an offset may be to signal the demand
for metabolic energy. The major candidate for mediating such intracellular effects is the
energy stress sensor AMP-activated protein kinase (AMPK). Although AMP levels in the
liver were affected only modestly after PHx, the drop in ATP by itself causes a substantial
decline in the ATP/AMP ratio (Table S2). Intracellular AMP concentrations are within the
range where AMPK activity could be affected by changes in ATP37. Preliminary
experiments suggest that the onset of liver regeneration is accompanied by a rapid activation
of AMPK. However, the subsequent temporal profile of AMPK activity is complex,
indicating that other factors contribute to maintaining low ATP levels through the replicative
phase of regeneration38.

In summary, our data reveal that major changes in the functional state of the remnant liver
occur within seconds of PHx, a time frame that until now was almost entirely unexplored.
The characteristics of the adenine nucleotide changes observed in this early response phase
indicate that energy demand only partially accounts for these effects and suggest that a loss
of ATP occurs through a transient opening of non-specific channels in hepatocyte plasma
membranes. Inhibition of ATP release by the α-adrenergic antagonist phentolamine or
inhibition of purinergic receptor activation by suramin prevented the activation of cell
signaling pathways associated with the priming phase and suppressed the expression of the
immediate-early gene c-fos. These findings strongly suggest that the release of ATP through
this mechanism generates autocrine or paracrine stress signals to the remnant liver that
contribute to the priming phase during the onset of regeneration.
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Fig 1. Adenine nucleotide changes in remnant livers following 70% PHx or Sham surgery
Livers from PHx (-●-) or Sham (-○-) operated rats were freeze-clamped at designated post-
operative times and processed for adenine nucleotide analysis. (A) ATP; (B) ADP; (C)
AMP; (D) Total adenine nucleotides, TAN; (E) ATP/ADP. For estimates of statistical
significance, PHx and Sham livers from 4–13 animals were compared for each time point
(see supplemental Table S1); ** p<0.01, * p<0.05.
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Fig 2. Lactate/pyruvate ratios (L/P) and β-hydroxybutyrate/acetoacetate (BHB/AcAc) ratios in
remnant livers following 70% PHx or Sham surgery
Metabolite levels were analyzed in neutralized extracts from remnant livers of PHx and
Sham operated rats. A) L/P ratios for PHx (-●-) and Sham (-○-); B) BHB/AcAc ratios for
PHx (-■-) and Sham (-□-). For estimates of statistical significance, PHx and Sham livers
from 3–7 animals were compared for each time point (see supplemental Table S4); **
p<0.01, * p<0.05.
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Fig 3. Blood glucose levels after 70% PHx and Sham surgery
Fed PHx rats (-○-); 24 h fasted PHx (-△-) rats; fed Sham-operated rats (-●-); phentolamine
treated (10 mg/kg, 30 min prior to surgery) PHx rats (-□-). Error bars indicate SEM for 3–5
animals for each condition. Where not shown, standard errors were less than the symbol
size.
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Fig 4. Effect of circulating blood glucose on adenine nucleotide changes after PHx
(A) ATP content, (B) ATP/ADP, (C) total adenine nucleotide content, 0–15 min following
70% PHx, under euglycemic, hypoglycemic and hyperglycemic conditions. Data obtained
from 3–5 rats per treatment for each time point. ** p<0.01, * p<0.05, comparing PHx and
Sham-operated animals.
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Fig 5. Effect of phentolamine treatment on adenine nucleotide changes after PHx
(A) ATP content, (B) ATP/ADP ratio, (C) total adenine nucleotide content, 0–15 min
following 70% PHx in phentolamine treated rats (10 mg/kg, 30 min prior to surgery). Data
represent 3–5 rats per treatment for each time point. ** p<0.01, * p<0.05, comparing
phentolamine-treated and control animals.
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Fig 6. Effect of phentolamine and suramin treatment on JNK phosphorylation and c-fos
expression in remnant livers after PHx
(A) Western blots of phospho-JNK(p54) and JNK(p54) protein levels in liver extracts from
untreated animals that did not undergo surgery (lanes 1–2) and control (lanes 3–5),
phentolamine-treated (lanes 6–8), or suramin-treated (lanes 9–11) animals subjected to PHx
(upper blots) or Sham (lower blots) surgery. Inhibitors were injected ip 30 min prior to
surgery and tissues were harvested 30 min after surgery. Control animals received a
corresponding volume of saline. (B) Effect of phentolamine or suramin treatment on JNK
phosphorylation following PHx or Sham surgery. Densities obtained from Western blots
shown in (A) for phospho-JNK were normalized to total JNK protein in each sample,. **
p<0.01. (C) Effect of phentolamine or suramin treatment on c-fos relative to GAPDH
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mRNA by quantitative RT-PCR, expressed as ΔΔCt on a 2log scale comparing samples
from PHx and Sham surgeries. Samples were obtained 30 min after PHx or Sham surgery
using 3 animals for each condition; ** p<0.01, * p<0.05.

Crumm et al. Page 19

Hepatology. Author manuscript; available in PMC 2012 May 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


