
INTRODUCTION
Augmenter of liver regeneration

(ALR) is a novel protein, which was
originally identified in the cytosolic
fractions of the regenerating or hyper-
plastic liver (1). It was postulated that
on liver injury (for example, portacaval
shunt [PCS] surgery) or during liver re-
generation (for example, after partial
hepatectomy), ALR is synthesized and
released by nonparenchymal cells,

which then exerts actions on hepato-
cytes (1). However, subsequent research
showed that ALR is present in equiva-
lent amounts in the hepatocytes of un-
modified adult rat liver and is not syn-
thesized by nonparenchymal cells (2).
These findings led to the hypothesis
that ALR has intracellular physiologic
functions. Indeed, depletion of ALR
from hepatocytes on introduction of
ALR antisense-oligonucleotide was

found to cause progressive apoptosis
and necrosis of the cells, which was ac-
companied by depletion of cellular ATP
stores (3). ALR has been shown to func-
tion as protein sulfhydryl oxidase (4)
and cyto chrome c reductase (5,6) and to
cause Fe/S maturation of proteins (7,8).

Although these observations indicate
that intracellular ALR has a critical physi-
ological role in hepatocytes, its constitu-
tive secretion by hepatocytes and in-
creased serum levels shortly after partial
hepatectomy (2) suggested that ALR
might have extracellular effects as well. A
G-protein–coupled receptor for ALR was
identified on Kupffer cells, stimulation of
which modestly increased the expression
and release of tumor necrosis factor
(TNF)-α, interleukin (IL)-6 and  nitric
oxide (NO) (via induction of inducible
NO synthase) (9). These mediators are
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known to play an important role in both
acute inflammation (10,11) and hepatic
regeneration (12,13). High expression of
hepatic ALR in liver cirrhosis and hepato-
cellular carcinoma (14) suggests that it
may also play a role in excessive prolifer-
ation or survival of neoplastic hepato-
cytes. In this regard, the human recombi-
nant short 15-kDa ALR was observed to
induce DNA synthesis in human hepato-
cytes to a similar or greater magnitude
compared with the potent hepatocyte mi-
togens, hepatocyte growth factor (HGF)
and transforming growth factor (TGF)-α
(15–17). Interestingly, transfection of
HepG2 cells (a human hepatoma cell line)
with 15 kDa ALR was found to reduce
cellular motility; this finding, along with
increased expression of the 15-kDa ALR
(determined via reducing Western blot
analysis) in hepatocellular carcinoma tis-
sue without angioinvasion (18) suggest
that the short ALR may have antimetasta-
tic potential. We note that this form of
ALR is found at a very low level, if at all,
in the rat liver (8). Although binding sites
for the 15-kDa human recombinant ALR
are reported on rat hepatocytes, the same

could not be observed for the 22-kDa re-
combinant rat ALR (2), and this form
does not stimulate DNA synthesis in rat
hepatocytes (2,10) despite augmenting
hepatocyte proliferation after partial he-
patectomy in rats (10). Thus, it is appar-
ent that ALR has both intracellular (hepa-
tocytes) and extracellular (via receptors
on nonparenchymal cells or hepatocytes)
functions that may be critical in liver
physiology and  pathology.

On the basis of these observations, we
hypothesized that circulating ALR levels
might increase on hepatic injury of vari-
ous types and that circulating ALR could
be either a novel cytokine or an alarm
signal (damage-associated molecular pat-
tern [DAMP], in the setting of ongoing
liver damage). We found that serum ALR
levels increase in murine models of PCS,
endotoxemia, sepsis and hemorrhagic
shock, all before or in a similar time
frame as the increase in inflammatory
mediators or alanine aminotransferase
(ALT). We also found that ALR secretion
by cultured hepatocytes increases signifi-
cantly on induction of various types of
cellular stress or injury. These properties

suggest that ALR is a novel inflamma-
tory mediator or DAMP, given that
DAMPs prototypically are produced in
settings of injury, inflammation or stress
and in turn promote further inflamma-
tion via induction of classic proinflam-
matory cytokines (19).

MATERIALS AND METHODS

Portacaval Shunt in Rats
All animal protocols were approved by

the Institutional Animal Care and Use
Committee of the University of Pitts-
burgh in accordance with National Insti-
tutes of Health (NIH) guidelines. Under
methoxyflurane anesthesia, laparotomy
was performed in preweighed Lewis rats
(200–250 g; Harlan Laboratories, Freder-
ick, MD, USA), and hepatoesophageal
plexus was ligated. Side-to-side anasto-
mosis was created between the portal
vein and inferior vena cava using a 10-0
Novafil suture as described previously
(20). After the shunt was examined to en-
sure its patency, the portal vein was care-
fully separated from hepatic artery and
ligated at the hepatic hilum to create
total PCS. At the indicated times, blood
was drawn and the liver was snap frozen
in liquid nitrogen for various analyses.

Lipopolysaccharide Treatment of Rats
Lipopolysaccharide (LPS) (Escherichia

coli lipopolysaccharide serotype 0111:B4;
Sigma, St. Louis, MO, USA) (10 mg/kg)
was administered intraperitoneally to
male Sprague Dawley rats (200–250 g;
Harlan Laboratories) to induce endotox-
emia and liver injury (21–23). At the indi-
cated times, blood was drawn and the
liver was snap frozen in liquid nitrogen
for various analyses.

Fibrin Clot plus E. coli–Induced Sepsis
in Rats

Male Sprague Dawley rats (430-480 g;
Harlan Laboratories) were anesthetized
with sodium pentobarbital (40 mg/kg in-
traperitoneally). An E. coli (strain ATCC
25922; American Type Culture Collec-
tion, Manassas, VA, USA) inoculum in a
fibrin clot (1.5 × 108 to 2 × 108 colony-
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Figure 1. Hepatic and serum ALR and mRNA expression of inflammatory cytokines after
PCS. Lewis rats (five per time point) were subjected to PCS, and at indicated time points,
hepatic (A) and serum (B) ALR protein levels were determined by ELISA. *p < 0.05 versus 
0 time. (C) mRNA expression of IL-6 and TNF-α as determined by semiquantitative RT-PCR.
Line graph shows expression of the respective cytokine mRNA versus that of β-actin (aver-
age of two independent determinations).



forming unit [CFU]/ clot) was introduced
into the peritoneum via laparotomy es-
sentially as described by Ahrenholz and

Simmons (24). The rats were sacrificed at
the indicated times, and blood and liver
were  acquired.

Experimental Trauma/Hemorrhage in
Mice and Mathematical Model of
Inflammation

Experimental trauma/hemorrhage and
subsequent mechanistic mathematical
modeling was carried out as described
previously (25). In brief, C57BL/6 mice
(25–40 g; Charles River Laboratories,
Charles River, ME, USA) were anes-
thetized, and both femoral arteries were
surgically prepared and cannulated. The
mice were then subjected to withdrawal
of blood with the mean arterial pressure
maintained at 25 mmHg for 2.5 h with
continuous monitoring of blood pres-
sure. The mice were resuscitated over
10 min with their remaining shed blood
plus two times the maximal shed blood
amount in lactated Ringer solution via
the arterial catheter. By using data from
mice subjected to hemorrhagic shock as
well as other mice subjected to surgical
cannulation trauma or to bolus intraperi-
toneal injection of LPS (data not shown),
we constructed a mathematical model of
acute inflammation that consists of 15 or-
dinary differential equations that describe
the time course of multiple inflammatory
components. Included in the model equa-
tions is a systemic variable that repre-
sents global tissue dysfunction and dam-
age, which induces further inflammation
and thus can be considered a surrogate
for DAMPs, as well as a surrogate for the
overall health of the animal (25).

Assay of ALR and Inflammatory
Cytokines

ALR in serum or the liver tissue was
measured by enzyme-linked immunosor-
bent assay (ELISA) as described previ-
ously (2). Inflammatory cytokines were
assayed by using species-specific ELISA
kits (R&D Systems, Minneapolis, MN,
USA). NO reaction products (NO2

–/
NO3

–) were assayed by using the nitrate
reductase method (Cayman Chemical,
Ann Arbor, MI, USA).

Reverse Transcriptase–Polymerase
Chain Reaction

Semiquantitative reverse transcrip-
tase–polymerase chain reaction (RT-
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Figure 2. Hepatic ALR release and injury after induction of endotoxemia. Sprague Dawley
rats (four to five per time point) were administered LPS (10 mg/kg i.p.), and at indicated
times, hepatic (A) and serum (B) ALR as well as serum ALT (C) were measured. *p < 0.05
versus control; **p < 0.01 versus control; ***p < 0.001 versus control; ¶p < 0.025 versus 1-h
LPS; ¶¶p < 0.01 versus 3-h LPS.

Figure 3. ALR is elevated early and persistently in a gram-negative sepsis (peritoneal im-
plantation of E. coli–impregnated fibrin clot). Sprague Dawley rats (five per time point)
were subjected to surgical implantation of a fibrin clot containing E. coli. At the indicated
time points, plasma ALR (A), TNF-α (B), IL-6 (C) and the NO reaction products NO2

–/NO3
–

(D) were measured as described in Materials and Methods. *p < 0.05 versus 0 time.



PCR) was performed to determine the
messenger RNA (mRNA) expression of
TNF-α and IL-6 as previously described
(26,27). β-Actin mRNA expression was
determined for comparison. The PCR
primers specific for various complemen-
tary DNAs were as follows: TNF-α,
CACGC TCTTC TGTCT ACTGA (for-
ward) and GGACT CCGTG ATGTC
TAAGT (reverse) (543 bp); IL-6,
GAAAG TCAAC TCCAT CTGCC (for-
ward) and CATAG CACAC TAGGT
TTGCC (reverse) (681 bp); and β-actin,
TTCTA CAATG AGCTG CGTGT G (for-
ward) and TTCAT GGATG CCACA
GGATT C (reverse) (561 bp). The PCR
products were resolved in a 1.5%
agarose gel and stained with 1× SYBR
Green I (FMC Bioproducts, Rockland,
ME, USA). The gels were scanned under
blue fluorescence light by using a Phos-
phorimager™, and the band intensity
was quantified by using ImageQuant®

software (Molecular Dynamics, Sunny-
vale, CA, USA).

Isolation and Culture of Hepatocytes
Hepatocytes, prepared by collagenase

digestion of the liver and purified on a
Percoll™ gradient were plated at a den-
sity of 0.0725 × 106 cells/cm2 in William’s
medium E containing 2 mmol/L 
L-glutamine, 10–6 mol/L insulin, 10%
fetal bovine serum and 100 U/mL peni-
cillin and 100 μg/mL streptomycin
(26,28). The medium was renewed after a
3-h attachment period, and the cells were
used after overnight incubation. Before
beginning the experiment, cells in some
wells were trypsinized and counted con-
sidering the intercell preparation attach-
ment to normalize the data.

Determination of DNA Synthesis
Cells were incubated in serum-free me-

dium containing 0.1% bovine serum albu-
min and 1 μCi/mL [3H]thymidine
(3.18 terabequerel [TBq]/mmol;
 Amersham- Pharmacia, Piscataway, NJ,
USA) for 4 h at 37°C and were then
washed with ice-cold phosphate-buffered
saline, treated with ice-cold 10%
trichloroacetic acid (TCA) for 10 min, and
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Figure 4. ALR is elevated in a mouse model of hemorrhagic shock, followed by resuscita-
tion. C57BL/6 mice (three to four per time point) were subjected to hemorrhagic shock,
followed by resuscitation for the indicated time points as described in Materials and
Methods. The mice were euthanized by exsanguination under excess inhalation anesthe-
sia and plasma obtained for measurement of ALR. (A) The line indicates predictions of
“damage/dysfunction” induced by inflammatory stimuli after hemorrhagic shock, by
using a mathematical model of acute inflammation (25). The time course of changes in
serum ALR (shown in symbols) closely approximates that predicted for damage/dysfunc-
tion in the mathematical model. The damage/dysfunction variable in this model repre-
sents “alarm/danger” signals. (B, C) IL-6 and TNF-α in serum at the times indicated after
hemorrhagic shock and resuscitation. *p < 0.05 versus 0 time control.

Figure 5. ALR secretion increases before LDH release from hepatocytes challenged with
DNA damaging agent MMS. Cultured hepatocytes were incubated in the presence of
500 μmol/L MMS for the indicated time points, at which point ALR (A) and LDH (B) release,
and cell viability (C), were determined. Results shown are means of triplicate determina-
tions ± SEM from a representative of three separate experiments. *p < 0.05 versus control;
**p < 0.01 versus control; ***p < 0.001 versus control.



washed once with TCA followed by 95%
ethanol. Cells were then digested with
5% sodium  dodecyl sulfate for determi-
nation of  radioactivity.

Determination of Viability
Cell viability was determined by the 

3-(4,5-dimethylthiazol-2-yl)-2,5-
 diphenyltetrazolium bromide (MTT)
assay (29). Lactate dehydrogenase (LDH)
was measured by using a spectrophoto-
metric assay kit (Stanbeo Laboratory,
Boerne, TX, USA).

Statistical Analysis
For in vivo experiments, four to six an-

imals were used for each time point. In
vitro experiments were performed at
least three times, each time in triplicate,
by using cells from different animals.
Results are expressed as means ± stan-
dard error of the mean (SEM). Statistical
significance between groups was deter-
mined by the Student t test by using a
Prism 5 Software package (GraphPad
Software, GraphPad, San Diego, CA,

USA) or by Kruskal-Wallis one-way
analysis of variance on Ranks, followed
by the Dunn method post hoc test. 
A p value <0.05 was considered statisti-
cally significant.

RESULTS

Hepatic and Serum ALR and Hepatic
mRNA Expression of TNF-α and IL-6 in
PCS 

Hepatic ALR increased modestly but
significantly at 24 h after PCS, but de-
clined progressively to the basal value
subsequently (Figure 1A). Interestingly,
serum ALR increased significantly on d 4
and declined by d 7 after PCS, but was
still significantly greater than the basal
value (Figure 1B). We sought to correlate
the expression of classic inflammatory
mediators in the same animals and
found that the mRNA expression both of
IL-6 and TNF-α increased markedly on
d 2 after PCS; the slight increase in
TNF-α mRNA expression was also ob-
served on d 1 after PCS (Figure 1C).

LPS Treatment Induces Release of ALR
from the Liver

Shortly after LPS administration
(10 mg/kg i.p.) in rats, hepatic ALR levels
decreased (1 h) with significant reduction
at 3 h (Figure 2A). ALR then rose to near-
normal level after 6 h. The decrease in he-
patic ALR corresponded to an increase in
serum ALR, which was significant at 1 h,
peaked at 3 h and remained elevated at 
24 h. Serum ALT increased significantly at
3 h and remained elevated until 24 h after
LPS administration (Figure 2C).

Serum ALR Increases on Induction of
Sepsis

In a rat model of sepsis (implantation of
E. coli–containing fibrin clot), serum ALR
increased rapidly and significantly within
2 h, peaked at approximately 8 h and re-
mained elevated at 24 h (Fig ure 3A). The
levels of the inflammatory mediators
TNF-α, IL-6 and NO (measured as NO2

– +
NO3

–) also increased as early as 2–6 h
(Figures 3B–D), with secondary (but vari-
able) peaks observed at 24 h.

Serum ALR Increases in a Mouse
Model of Hemorrhagic Shock and
Approximates Mathematically
Predicted Damage/Dysfunction

In mice, serum ALR increased within
1 h of induction of hemorrhagic shock,
peaked at approximately 4 h and declined
thereafter (Figure 4A). IL-6 and TNF-α
peaked at ~2.5 h after hemorrhage and de-
creased rapidly thereafter (Figures 4B, C).
We previously described a mechanistic
mathematical model of acute inflamma-
tion in mice that incorporates a variable
(“damage/dysfunction”) that roughly
corresponds to the release of DAMPs,
since this variable activates inflammatory
cells to produce classic proinflammatory
cytokines (25). The changes in ALR were
found to correlate closely with the 
damage/dysfunction, as predicted by this
mathematical model (Figure 4A).

ALR Release by Hepatocytes in
Response to Injury-Inducing Agents

Because serum ALR levels increase in
all of the liver injury models described
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Figure 6. Concentration-dependent effects of TNF-α and actinomycin D on ALR secretion,
DNA synthesis and viability of hepatocytes. Cultured hepatocytes were challenged with
indicated concentrations of TNF-α or actinomycin D. The media were aspirated at 24 h for
measurement of ALR release (left panels), and DNA synthesis (middle panels) and viability
(right panels) of the cells were measured. Results shown are means of triplicate determi-
nations ± SEM from a representative of three separate experiments. *p < 0.05 versus 0; 
**p < 0.01 versus 0; ***p < 0.001 versus 0.



above and ALR is synthesized by hepa-
tocytes (2) and biliary epithelial cells (14)
in the liver, and hepatocytes have also
been shown to secrete ALR constitutively
(2), we examined the release of ALR from
rat hepatocytes treated with methyl
methanesulfonate (MMS), TNF-α, actino-
mycin D or LPS, the agents that may
damage hepatocytes. We used LDH re-
lease, MTT assay and/or DNA synthesis
([3H]thymidine incorporation) assay to
assess hepatocytes stress/injury. Hepato-
cytes challenged with the DNA-damag-
ing agent MMS (30,31) secreted signifi-
cantly greater amounts of ALR within
1 h compared with control hepatocytes
(Figure 5A). Interestingly, significantly
greater LDH release was observed at a
later time (3 h) in MMS-challenged hepa-
tocytes (Figure 5B). In the subsequent pe-
riod, ALR and LDH release increased
progressively in MMS-challenged hepa-
tocytes. Hepatocyte viability reduced
very strongly at 6 h (Figure 5C), after in-
creased release of ALR and then LDH
(Figures 5A, B). Over a 24-h time period,
control hepatocytes secreted ALR at a

steady rate without marked changes in
LDH release or cell viability (Figure 5).

We next examined the effects of TNF-α
and actinomycin D on the ALR release
and DNA synthesis in rat hepatocytes.
Both TNF-α and actinomycin D induced
a concentration-dependent increase in
ALR secretion from hepatocytes (Fig-
ure 6, left panels). However, the decrease
in DNA synthesis by TNF-α was of much
smaller magnitude than that induced by
actinomycin D (Figure 6, middle panels).
These results reflect no significant loss of
viability of TNF-α–challenged hepato-
cytes, but loss of viability of actinomycin
D–challenged hepatocytes paralleled the
decrease in [3H]thymidine incorporation
(Figure 6, right panels). Next, we used
fixed concentrations of TNF-α (10 ng/
mL) and actinomycin D (10 ng/mL) in a
time-course experiment. A significantly
greater increase in the secretion of ALR
was observed after 12 h from hepato-
cytes challenged with TNF-α and after
3 h with actinomycin D (Figure 7A), ear-
lier than the decrease in the DNA synthe-
sis (24 and 12 h for TNF-α and actinomy-

cin D, respectively) (Figure 7B), increase
in LDH release by actinomycin D at 6 h
(Figure 7C) or loss of viability with acti-
nomycin D at 12 h (Figure 7D). We noted
that TNF-α did not cause LDH release to
levels greater than those observed in
control-treated cells and also did not af-
fect hepatocyte viability (Figures 7C, D).

We have previously observed that LPS
(up to 1 μg/mL) does not cause signifi-
cant change in DNA synthesis in hepato-
cytes (26,28). However, LPS induces sig-
nificant stress in hepatocytes that primes
them to injury by other agents such as
acetaminophen (32). Similar to TNF-α,
challenging rat hepatocytes with 100 ng/
mL LPS caused modestly increased se-
cretion of ALR (Figure 8A) without any
effect on LDH release (Figure 8B) or via-
bility (Figure 8C). Actinomycin D
(10 ng/ mL) induced significantly greater
release of ALR compared with LPS, and
together, these agents caused greater re-
lease of ALR (Figure 8A). Furthermore,
the magnitude of the actinomycin D–
 induced LDH release or loss of viability
increased further in the presence of LPS
(Figures 8B, C). Collectively, these data
(Figures 5–8) suggest that increased ALR
secretion by hepatocytes could be a
stress alarm for their vulnerability to
noxious stimuli.

DISCUSSION
ALR is an enigmatic molecule that was

originally found to augment partial he-
patectomy–induced liver regeneration
and to prevent PCS-induced hepatic
pathology in animal models (1). Remark-
able homology between ALR and ERV1
(33,34), a protein expressed by Saccha-
romyces cerevisiae that is essential for the
survival of the yeast, and the abundance
of ALR in normal quiescent hepatocytes
(2) indicated that ALR may have physio-
logical functions. Indeed, depletion of
ALR from hepatocytes resulted in their
apoptotic/necrotic death (3). Although
ALR is secreted by hepatocytes constitu-
tively, its rapid increase in serum after
partial hepatectomy (2) suggested that
increase in circulating ALR may be an in-
dicator of hepatocyte stress/injury. In the
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Figure 7. Time course of TNF-α– and actinomycin D–induced ALR secretion, DNA synthesis,
LDH release and viability of hepatocytes. Hepatocytes were stimulated with 10 ng/mL
TNF-α or actinomycin D for indicated time periods, after which the media were assessed
for ALR concentration (A) and LDH release (C) and the cells for DNA synthesis (B) and via-
bility (D). Results shown are means of triplicate determinations ± SEM from a representa-
tive of three separate experiments. *p < 0.05 versus 1 h (A, C, D) or 0 (B); **p < 0.01 versus
1 h (A, C, D) or 0 (B).



present study, we used in vivo and in
vitro models of liver or hepatocyte injury
to examine whether increased ALR levels
could be an alarm for ongoing hepato-
cyte stress/injury.

PCS that causes hepatocellular atrophy
is accompanied by disruption of the
rough endoplasmic reticulum and mito-
chondria due to diversion of the nutri-
ent- and hormone-rich blood from the
liver to systemic circulation (35,36). In
rats, we found that PCS-induced liver at-
rophy and hepatocyte apoptosis is signif-
icant on d 4 after operation (20), which is
consistent with the peak of pathological
changes observed in dogs (35,36). No-
tably, serum ALR increased on d 4 after
PCS. These pathological changes occur
despite an immediate increase in hepatic
levels of ALR as well as the mitogens
HGF and TGF-α (20).

We sought to extend these findings
and to demonstrate that the roles of ALR
in inflammation are not restricted to a
single species or a single form of acute
inflammatory challenge, but rather that
ALR production or release during in-
flammation is a general phenomenon.
Hence, we used both mice and rats sub-
jected to diverse inflammation para-
digms. We also sought to leverage in sil-
ico modeling to better help define the
role, if any, of ALR in acute inflamma-
tion. We found that the mRNA expres-
sion of inflammatory cytokines IL-6 and
TNF-α, which are known to prime he-
patic regeneration (12), were increased in
approximately the same time frame as or
after an increase in hepatic ALR. These
results suggest that hepatic ALR may be
induced along with Kupffer cell IL-6 and
TNF-α after PCS (9) and that these medi-
ators then function to limit injury and
promote liver regeneration in conjunc-
tion with HGF and TGF-α. Indeed, there
was no further decrease in the liver size
or liver–to–body weight ratio up to 60 d
after the initial atrophy up to 7 d after
PCS (20). However, hepatocyte apoptosis
peaked at 10 d and declined by 30 d but
stabilized thereafter (20). Hepatic regen-
eration is a complex phenomenon in-
volving induction of several proto-

 oncogenes, growth mediators and cy-
tokines, including IL-6. Whereas we
found that ALR stimulates IL-6 synthesis
in Kupffer cells (9), stimulation of Foxa2
(HNF-3β)-transfected HepG2 hepatoma
cells with IL-6 was reported to activate
the ALR promoter (37), suggesting that
cross-talk between IL-6 and ALR may
have important implications in hepatic
regeneration. Taken together, these find-
ings suggest that the hepatic system at-
tains equilibrium after PCS, establishing
a balance between cell death and regen-
eration, with a plausible significant role
of ALR in the latter.

Low-level hepatocyte apoptosis and
modest increases in serum ALT levels
occur in the established rat model of en-
dotoxemia (38). Here, we found a rapid
decrease in hepatic ALR with a concomi-
tant increase in serum ALR on LPS ad-
ministration. Interestingly, whereas he-
patic ALR tended to normalize, serum
ALR was still significantly elevated ver-
sus the basal level, even at 24 h. It is
noteworthy that serum ALR increased
before an increase in ALT, suggesting

that increased ALR may be considered
an indicator of ongoing hepatocyte
stress/injury. In this regard, circulating
ALR levels increase in patients with
acute and fluminant hepatitis (39).

Induction of gram-negative bacterial
sepsis by implantation of a fibrin clot–
containing E. coli was the third model of
liver injury in which we determined ALR
levels at various times. In this experi-
mental model, increases in serum ALR
were observed early and remained ele-
vated, even at 24 h. The levels of inflam-
matory cytokines and NO were elevated
at approximately the same time (IL-6) or
later (TNF-α and NO) than ALR, in a
manner consistent with known differ-
ences between true gram-negative sepsis
and endotoxemia (40). Our data suggest
that serum ALR is an early and reliable
indicator of inflammation and liver dam-
age in the setting of sepsis, although
these findings are yet to be validated in
clinical studies.

Finally, we used a mouse model of he-
morrhagic shock to examine whether
ALR could be an indicator of the severity
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Figure 8. LPS augments actinomycin D–induced release of ALR additively and promotes
loss of viability of hepatocytes. Cultured hepatocytes were challenged with 100 ng/mL
LPS and/or 10 ng/mL actinomycin D (Act-D). The media were aspirated at 24 h for ALR (A)
and LDH (B) measurements, and cell viability was determined via MTT assay (C). Results
shown are means of triplicate determinations ± SEM from a representative of three sepa-
rate experiments. *p < 0.05 versus control; **p < 0.01 versus control; ***p < 0.001 versus
control; ¶p < 0.05 versus Act-D.



of organ damage in shock and also to see
whether the dynamics of circulating ALR
could match those of any of the variables
included in a previously published
mathematical model of trauma/hemor-
rhage-induced acute inflammation in
mice (25,41,42). In our experimental sep-
sis model, as in the other experimental
models we used, circulating ALR levels
increased rapidly but returned to the
basal value after peaking at approxi-
mately 4 h. We hypothesize that this re-
sult might be an effect of resuscitation
that followed hemorrhagic shock. Appli-
cation of our mathematical model of pre-
dicted organ damage after experimental
trauma/hemorrhage (25,41,42) demon-
strated a strong correlation of circulating
ALR with the predicted dynamics of
shock-induced organ damage, which we
have previously suggested correlates
with the release of DAMPs as well as act-
ing as a proxy for the health status of the
animal (25,41,42). This same mathemati-
cal model can account for quite different
dynamics of classic inflammatory cyto -
kines such as TNF-α, IL-6 and IL-10
(25,41,42); these cytokines are produced
in the same general time frame as
DAMPs such as high mobility group pro-
tein B1 (HMGB1) in the setting of
trauma/hemorrhage (43,44).

These observations suggest that ALR
may be a DAMP, a cytokine or a bio-
marker of inflammatory stress. Cy-
tokines act via specific cytokine recep-
tors that are generally coupled with
serine/threonine or tyrosine kinases
(45,46), whereas DAMPs often act via re-
ceptors that also sense pathogen-derived
products (for example, toll-like receptors
and nucleotide oligomerization domain
[NOD]-like receptors) (19) that are often
coupled with the same second-messen-
ger signaling cascades as cytokine recep-
tors. In this regard, a G-protein–coupled
receptor for ALR was identified on
Kupffer cells, stimulation of which mod-
estly increased expression and release of
TNF-α, IL-6 and NO (9). In addition, ini-
tial reports suggested that DAMPs were
exclusively late mediators in settings
such endotoxemia and sepsis (19,47,48),

but, as mentioned above, more recent
studies in trauma/hemorrhage have
shown that DAMPs peak within ~2 h
after injury, a time when classic cy-
tokines are secreted as well (43,44).
Thus, some ambiguity remains regard-
ing the exact classification of ALR as a
cytokine or a DAMP, and future studies
may need to focus on the receptor for
ALR to resolve this question.

Although ALR is expressed ubiqui-
tously, its expression is much greater in
the liver than in other organs except the
testes (34,49). This observation suggests
that the liver is the primary organ that
contributes to the circulating ALR levels.
It remains to be determined whether the
liver is the only source or other organs
contribute to increased serum ALR in the
conditions studied herein. However, our
in vitro experiments showed that LPS
and TNF-α, which do not affect hepato-
cyte viability, induced greater release of
ALR from hepatocytes than the unstimu-
lated cells. These data suggest that even
a minor stress can manifest into in-
creased ALR release, which would indi-
cate increased sensitivity of hepatocytes
to injury by other stimuli. In this context,
LPS treatment conditions hepatocytes to
undergo necrosis when challenged in
vivo with otherwise innocuous doses of
acetaminophen (32). Indeed, in the pres-
ent study, we found that actinomycin
D–induced hepatocyte injury is strongly
augmented in the presence of LPS, which
by itself did not affect hepatocyte viabil-
ity. Because both these agents induced
modest release of ALR from cultured he-
patocytes, their effect being additive
when added together, it can be rational-
ized that hepatocytes under stress in-
crease their ALR release, which is aug-
mented on injury/damage. This proposal
is supported by the observation that the
DNA-damaging agent MMS-induced in-
crease in ALR secretion preceded an in-
crease in the LDH release from and loss
of viability of cultured hepatocytes. This
characteristic of ALR—the release under
submaximal stress—is similar to the be-
havior of other DAMPs such as HMGB1
(19).

CONCLUSION
Our results have potential clinical im-

plications, considering the need to iden-
tify a diagnostic biomarker that can help
predict ongoing stress, which, if un-
treated in a timely manner, may develop
into progressive and possibly irreversible
pathology. The propensity of hepatocytes
to release ALR when stressed or dam-
aged provides a strong rationale to con-
sider ALR as a novel diagnostic bio-
marker for hepatic stress and injury.
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