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Abstract

Polymicrobial sepsis is characterized by an early, hyperdynamic phase followed by a late hypodynamic phase. Adrenomedullin (AM), a
vasodilatory peptide, inhibits this transition from the early phase to the late phase. Adrenomedullin binding protein-1 (AMBP-1) enhances AM-
mediated activities. The decrease of AMBP-1 levels in late sepsis reduces the vascular response to AM and produces the hypodynamic phase.
Studies have indicated that the administration of LPS downregulates AMBP-1 production in the liver. Since hepatocytes are the primary source of
AMBP-1 biosynthesis in the liver, we employed a co-culture strategy using hepatocyte and Kupffer cells to determine whether LPS directly or by
increasing pro-inflammatory cytokines from Kupffer cells downregulates AMBP-1 production. Hepatocytes and Kupffer cells isolated from rats
were co-cultured and treated with LPS for 24 h. LPS significantly attenuated AMBP-1 protein expression in a dose-dependent manner. Since
AMBP-1 is basically a secretory protein, cell supernatants from co-culture cells treated with LPS were examined for AMBP-1 protein levels. LPS
treatment caused a dose related decrease in AMBP-1 protein secretion. Similarly, LPS treatment produced a significant decrease in AMBP-1
protein expression in hepatocytes and Kupffer cells cultured using transwell inserts. LPS had no direct effect on AMBP-1 levels in cultured
hepatocytes or Kupffer cells alone. To confirm that the observed effects in co-culture were due to the cytokines released from Kupffer cells,
hepatocytes were treated with IL-1β or TNF-α for 24 h and AMBP-1 expression was examined. The results indicated that both cytokines
significantly inhibited AMBP-1 protein levels. Thus, pro-inflammatory cytokines released from Kupffer cells are responsible for downregulation
of AMBP-1.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Sepsis, septic shock and the ensuing multiple organ failure
continue to be the most common cause of mortality in surgical
intensive care units [1–3]. Enormous efforts have been devoted
to the understanding of sepsis and septic shock to develop new
therapeutic agents which can either reduce or prevent this ever
increasing problem in surgical critical care. Many investigators
have directed their focus to animal models to understand the
physiological consequences of sepsis and septic shock. Cecal
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ligation and puncture (CLP) in rodents has been developed as a
suitable animal model for sepsis since it can produces
pathophysiology (i.e. appendicitis and peritonitis) similar to
that of patients undergoing sepsis [4]. The cardiovascular
response to polymicrobial sepsis induced by CLP is character-
ized by an early, hyperdynamic phase followed by a late,
hypodynamic phase [5]. In addition to the decrease in
hemodynamic parameters, pro-inflammatory cytokines play a
pertinent role in the initiation and progression of sepsis. Among
those, TNF-α, IL-1β and IL-6 became important mediators
during sepsis [6–8]. Recent studies have indicated that
adrenomedullin (AM), a novel vasodilatory peptide, plays an
important role in initiating the hyperdynamic response during
the early phase of polymicrobial sepsis [9–11]. The reduced
vascular responsiveness to AM appears to be responsible for the
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transition of hyperdynamic phase to the hypodynamic phase in
late sepsis [12]. Adrenomedullin binding protein-1 (AMBP-1),
a specific AM binding protein shown to be identical to
complement factor H, augments AM mediated activities [13–
15]. The administration of AM in combination with AMBP-1
(AM/AMBP-1) prevented the decrease in systemic and regional
hemodynamic parameters and prevented the transition from a
hyperdynamic phase to the hypodynamic phase [16].

The liver is a major source of AMBP-1 [17,18] and our
previous studies indicated that both gene and protein expression
of AMBP-1 are markedly reduced in hepatic tissues during the
late phase of sepsis and endotoxemia [19]. However, it is
unclear whether LPS directly or by increasing pro-inflammatory
cytokines downregulates AMBP-1 in sepsis. To answer this
question, a co-culture strategy of hepatocytes and Kupffer cells
were employed in the current study. Hepatocytes and Kupffer
cells were isolated individually, co-cultured or cultured in
transwell inserts and AMBP-1 protein expression was exam-
ined. The effect of pro-inflammatory cytokines, TNF-α and IL-
1β, on AMBP-1 protein expression in hepatocytes was also
analyzed.

2. Materials and methods

2.1. Cell culture

Hepatocytes and Kupffer cells were isolated separately from 6- to 8-week-
old normal Sprague–Dawley rats by collagenase perfusion of the liver
followed by Percoll gradient centrifugation as described previously by us
[20,21]. Hepatocytes were plated at a density of 1×106 cells/well in 6 well
culture plates with Williams medium E containing 10% heat inactivated fetal
bovine serum (FBS), and incubated for 4 h at 37 °C in 5% CO2 . Kupffer cells
were plated at a similar density in 6 well culture plates with DMEM containing
10% FBS and incubated overnight at 37 °C. All media were supplemented with
10 mM HEPES, pH 7.4, 2 mM L-glutamine, 100 units/ml penicillin and
100 μg/ml streptomycin. For co-culture experiments, Kupffer cells were
isolated, plated at 0.5×106 cells/well in 6 well culture plates and incubated
overnight in DMEM and washed twice with phosphate buffered saline (PBS)
and once with Williams medium E. Hepatocytes were plated at a similar
density and plated in direct contact with the attached Kupffer cells in Williams
medium E and incubated at 37 °C. For experiments using transwell inserts,
Kupffer cells were isolated, plated at 1×106 cells/well in 12 well culture plates
and incubated overnight in DMEM and washed twice with PBS and once with
Williams medium E and incubated at 37 °C. Hepatocytes were plated at a
similar density in transwell inserts containing 0.4 μm pore size membrane and
incubated at 37 °C.

2.2. Treatment with LPS or cytokines

After 4 h in co-culture or culture in transwell inserts LPS (1.0–100 ng/ml)
were added and the cells were incubated at 37 °C for 24 h. In experiments with
hepatocytes alone, 4 h after plating, cells were treated with LPS, IL-1β or TNF-α
(1.0, 10 ng/ml) and incubated for 24 h. In experiments with Kupffer cells alone,
cells were plated overnight, washed and treated with LPS.

2.3. Western blotting of AMBP-1 and β-actin

Following treatment, cells were washed in PBS and lysed in 50 mM HEPES
pH 7.5, 250 mM sucrose, 2 mM EDTA, 1.0% Triton-X-100 and a mixture of
protease inhibitors. Cell lysates were prepared by sonication and centrifugation
at 5000×g at 4 °C for 5 min. The resulting cell lysates (25 μg) were
electrophoresed on NuPAGE 3–8% Tris-Acetate gels under non-reducing
conditions and transferred to 0.45 μM nitrocellulose membrane (In Vitrogen,
Carlsbad, CA). The membranes were blocked in TBS-T (10 mM Tris–HCl,
150 mM NaCl, 0.1% Tween-20) containing 5% non-fat milk for 1 h at room
temperature. Blots were incubated overnight at 4 °C with 1:5000 dilution of goat
anti-human complement factor H serum (Quidel, San Diego, CA), reacted with
1:10,000 dilution of HRP labeled anti-goat IgG for 1 h at room temperature and
detected with chemiluminescence (ECL; Amersham Biosciences, Inc.). The
same blot was stripped and reprobed with anti-β-actin antibody. Since the
Western blot on AMBP-1 was electrophoresed under non-reducing conditions,
as reported by other authors [15] the antibody to β-actin did not recognize the
protein on the same blot. Therefore, duplicate aliquots of cell lysates (25 μg)
were fractionated on NuPAGE 4–12% Bis-Tris gels under reducing conditions
and transferred to nitrocellulose membrane and Western blotted using anti-β-
actin antibody (Sigma-Aldrich, St. Louis, MO). All membranes were exposed to
X-ray film and the band densities were quantitated using the Bio-Rad image
system (Hercules, CA). The data are represented as the ratio between AMBP-1
and actin protein expression.

The cell supernatants from control, 10 and 100 ng/ml LPS treated samples
were concentrated ten fold using Centricon-50 (Millipore Corp, Bedford, MA)
and an aliquot (2 μl) from each sample was run on SDS-PAGE under non-
reducing conditions and Western blotted using anti-AMBP-1 antibody as
described above.

2.4. Statistical analysis

All data are expressed as mean±SE and analyzed by one-way analysis of
variance (ANOVA) and Student–Newman–Keuls method. The differences in
values were considered significant if Pb0.05.

3. Results

3.1. LPS treatment in co-culture of hepatocytes and Kupffer
cells downregulated AMBP-1 protein expression

We have previously shown that the administration of LPS to
normal Sprague–Dawley rats downregulates AMBP-1 produc-
tion in the liver [19]. Since hepatocytes are the primary source
of AMBP-1 biosynthesis in the liver, a co-culture strategy
using hepatocyte and Kupffer cells were employed to
determine whether LPS directly or by increasing pro-
inflammatory cytokines from Kupffer cells downregulates
AMBP-1 production. Hepatocytes and Kupffer cells were
isolated from normal Sprague–Dawley rats and cells were co-
cultured and treated with LPS for 24 h. Protein extracts were
subjected to Western analysis using anti-AMBP-1 antibody
and anti-β-actin antibody was used as loading control.
Treatment with 1.0, 10 and 100 ng/ml LPS in a co-culture of
hepatocytes and Kupffer cells produced 35%, 40% and 50%
inhibition of AMBP-1 protein expression, respectively (Fig. 1).
A representative Western blot is shown in Fig. 1A. Please note,
β-actin levels were relatively similar among different experi-
mental groups. The calculated ratios between AMBP-1 and
actin protein expression (AMBP-1/β-actin) from a number of
experiments are shown in Fig. 1B. Since AMBP-1 is basically
a secretory protein, we collected culture supernatants from the
co-culture experiments after LPS treatment and AMBP-1
protein secretions were measured. LPS treatment at both 10
and 100 ng/ml produced 27% and 46% decrease of AMBP-1
proteins compared to untreated controls, respectively. How-
ever, no statistical differences between control and treatment
groups were found (Fig. 2). This suggests that the decrease in
the protein levels in cell lysates of co-culture samples reflects a



Fig. 2. LPS treatment produced no increase in AMBP-1 secretion in a co-culture
of hepatocytes and Kupffer cells. (A) Cell supernatants from co-culture
experiments treated with LPS were concentrated 10 fold with Centricon-50 and
a 2-μl aliquot was analyzed by Western blot under non-reducing conditions
using anti-AMBP-1 antibody. (B) Arbitrary densitometric values obtained from
the blot are shown. Data are presented as mean±SE (n=3).

Fig. 1. LPS treatment downregulates AMBP-1 in a co-culture of hepatocytes and
Kupffer cells. (A) Cells in co-culture for 4 h were treated with LPS (1.0, 10 and
100 ng/ml). 24 h post treatment, cells were lysed in HEPES buffer containing
protease inhibitors and protein levels were measured. Equal amounts of protein
(25 μg) were electrophoresed on 3–8% NuPAGE Tris-Acetate gels under non-
reducing conditions and Western blotted with anti-human complement factor H
antibody (AMBP-1). Duplicate aliquots of protein (25 μg) were electrophoresed
on 4–12%NuPAGEBis-Tris gels under reducing conditions andWestern blotted
with anti-β-actin antibody (β-actin). (B) The ratios between AMBP-1 and β-
actin protein expressions (calculated as arbitrary densitometric values obtained
from AMBP-1 protein expression divided by β-actin values in corresponding
lanes) are shown. Data are presented as mean±SE (n=6) and compared by one-
way ANOVA and Student–Newman–Keuls method. *Pb0.05 versus control.
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decrease in active production rather than an increase in
secretion. To further demonstrate the cross-feeding between
these two cell types, hepatocytes and Kupffer cells were plated
in transwell chambers separated by a 0.4-μm membrane,
treated with LPS and cell lysates were examined for AMBP-1
protein expression. The transwell chamber with the 0.4-μm
membrane allows free exchange of molecules such as proteins
and cytokines while preventing direct contact between the two
cell populations. LPS treatment at both 10 and 100 ng/ml
exhibited 29% and 38%, decrease in AMBP-1 protein
expression compared to control samples, respectively (Fig.
3). These results are similar to what was observed in the co-
culture experiments (Fig. 1). To determine whether LPS
directly inhibits AMBP-1, hepatocytes were treated with LPS
for 24 h and AMBP-1 expression was examined. The results
showed that LPS treatment had no significant effect in AMBP-
1 levels in cultured hepatocytes alone (Fig. 4). To rule out the
possibility that the LPS effects on AMBP-1 levels in co-culture
were due to the downregulation of AMBP-1 levels in Kupffer
cells, cultured Kupffer cells were treated with LPS for 24 h and
AMBP-1 expression was examined. AMBP-1 levels were
extremely low in Kupffer cell culture and LPS had no further
effect over the control levels (Fig. 5). These data suggest that
the downregulation of AMBP-1 in LPS treated co-culture
could be due to the increase of pro-inflammatory cytokines
from Kupffer cells.
Fig. 3. LPS treatment attenuates AMBP-1 expression in culture of hepatocytes
and Kupffer cells separated by the use of 0.4 μm transwell inserts. (A) Equal
amount of proteins (25 μg) from cell lysates were run on 3–8% NuPAGE gels
under non-reducing conditions and Western blotted using anti-AMBP-1
antibody. Duplicate aliquots of protein (25 μg) were electrophoresed on
4–12% NuPAGE Bis-Tris gels under reducing conditions and Western
blotted with anti-β-actin antibody (β-actin). (B) The ratios between AMBP-1
and β-actin protein expressions are shown. Data are presented as mean±SE
(n=5) and compared by one-way ANOVA and Student–Newman–Keuls
method. *Pb0.05 versus control.



Fig. 5. AMBP-1 protein expression is extremely low in Kupffer cells and LPS
had no further effect on its expression. (A) Kupffer cells in culture for 24 h were
treated with LPS (1.0, 10 and 100 ng/ml) and incubated for 24 h at 37 °C. Cells
were lysed and equal amount of proteins (15 μg) were electrophoresed and
Western blotted with either AMBP-1 or anti-β-actin antibody. (B) The ratios
between AMBP-1 and β-actin are shown. Data are presented as mean±SE
(n=6) and compared by ANOVA and Student–Newman–Keuls method.

Fig. 4. LPS treatment has no direct effect on AMBP-1 expression in hepatocytes.
(A) Hepatocytes in culture for 4 h were treated with LPS (1.0, 10 and 100 ng/ml)
and incubated for 24 h at 37 °C. Cells were lysed and equal amount of proteins
(25 μg) were electrophoresed and Western blotted with either AMBP-1 or anti-β-
actin antibody as described in the legend to Fig. 1. (B) The ratios between AMBP-
1 and β-actin protein expression are shown. Data are presented as mean±SE
(n=6) and compared by ANOVA and Student–Newman–Keuls method.
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3.2. Protein Expression of AMBP-1 is downregulated in
Hepatocytes after IL-1β or TNF-α treatment

To test whether the observed downregulation of AMBP-1 in
LPS treated co-culture was related to an increase in cytokine
release, TNF-α and IL-1β levels in the co-culture cell
supernatant were measured. LPS treatment at 100 ng/ml
produced a significant increase in both TNF-α levels compared
to untreated samples. In the case of IL-1β, hepatocytes alone
produced a significant increase in IL-1β in the presence of
100 ng/ml LPS. These levels were not further increased in LPS
treated co-culture [21]. To confirm that IL-1β and TNF-α
indeed downregulate hepatocyte expression of AMBP-1
protein, hepatocytes were treated with either IL-1β or TNF-α
for 24 h. The cell lysates were subjected to Western blotting and
examined for AMBP-1 protein expression. Treatment with IL-
1β at 1.0 and 10 ng/ml produced 53 and 61% inhibition of
AMBP-1 protein levels, respectively (Fig. 6). Similarly, TNF-α
at 1.0 and 10 ng/ml exhibited 53 and 50% inhibition of AMBP-
1 protein levels, respectively (Fig. 6). No significant differences
were observed in β-actin expression among different treatment
groups and control.

4. Discussion

AMBP-1, identical to complement factor H, specifically
binds AM and regulates AM's bioactivities [13–15]. AMBP-1 is
a 120-kDa molecular weight protein composed of 20 repetitive
domains of short consensus repeats with approximately 60
amino acids in length. The main function of complement factor
H known so far is to act as a cofactor of complement factor I for
C3b cleaving and promotes the dissociation of C3bBb complex
[22,23]. Structure–functional analysis studies mapped two
binding sites for AM in the complement factor H molecule
which were distinct from the C3b binding sites [24]. The binding
between AM and complement factor H has important physio-
logical consequences. The presence of a binding protein can alter
the biological function of a potent factor and determines its
inhibitory or stimulatory capabilities. A recent study suggested
that AM is degraded by metalloproteinase-2 and that the
protein–protein binding interaction of AM with AMBP-1
prevents this degradation [25]. However, the mechanism of
action is still unknown. In light of this report, it is plausible that
AMBP-1 exerts its effects on AM by preventing the cleavage of
AM by metalloproteinases. Recently we have shown that in a rat
model of sepsis or endotoxemia, AMBP-1 gene and protein
expression of hepatic tissue was significantly downregulated in
the late phase of sepsis [19]. Even though AM is upregulated
during sepsis primarily due to elevated levels of LPS [26], the
vascular response to AM is significantly reduced in late sepsis
[12]. This reduction in vascular response is attributed to the
decrease in AMBP-1 levels. Thus, the hypodynamic response
generally observed in late sepsis characterized by reduced
vascular response to AM is presumably due to the decrease in
AMBP-1 levels.

We have previously shown that administration of AM/
AMBP-1 maintains cardiovascular response, decreases pro-
inflammatory cytokine levels and reduces mortality in a rat



Fig. 6. AMBP-1 protein expression in hepatocytes is significantly attenuated by IL-1β or TNF-α treatment. (A) Hepatocytes in culture for 4 h were treated with IL-1β
or TNF-α at 1.0 and 10 ng/ml and incubated for 24 h at 37 °C. Cells were lysed and equal amount of proteins (25 μg) were electrophoresed and Western blotted with
either AMBP-1 or anti-β-actin antibody. (B) The ratios between AMBP-1 and β-actin protein expression are shown. Data are presented as mean±SE (n=6) and
compared by ANOVA and Student–Newman–Keuls method. *Pb0.05 versus control.
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model of sepsis [12,16]. The combined treatment effectively
suppressed LPS-induced TNF-α expression and release from
Kupffer cells [20]. We have also shown that AMBP-1 is
downregulated in the late phase of sepsis and LPS plays a
critical role in the reduction of AMBP-1 [19]. In this study, we
demonstrated that the downregulation of AMBP-1 in late
sepsis or endotoxemia is due to the release of increased levels
of pro-inflammatory cytokines from Kupffer cells rather than a
direct effect of LPS. Our conclusion is based on the fact that
[1] LPS treatment in a co-culture of hepatocytes and Kupffer
cells significantly attenuated AMBP-1 protein expression, [2]
no increase of AMBP-1 protein secretion was observed with
LPS treatment in co-culture, [3] LPS treatment in transwell
cultures of hepatocytes and Kupffer cells significantly down-
regulated AMBP-1 protein expression, [4] LPS at concentra-
tions up to 100 ng/ml had no significant effect on AMBP-1
expression in cultured hepatocytes, [5] AMBP-1 expression is
extremely low in Kupffer cells and LPS treatment did not
show any further increase from the control levels. Thus, it was
conceivable that LPS had no direct effect on AMBP-1
biosynthesis in the hepatocytes.

Our results with LPS treatment in rat hepatocytes is in good
agreement with previous report that LPS at 1.0 and 10 ng/ml did
not affect AMBP-1 protein expression [27]. A recent report
using quantitative PCR suggests that hepatocytes contain
mRNA for CD14 and TLR-4, the two receptors involved in
LPS regulation, and that LPS at 100 μg/ml significantly
upregulated the CD14 mRNA levels but not the TLR-4 levels
[28]. However, our experiments were conducted with markedly
lower concentrations of LPS (1–100 ng/ml) and that there were
no significant changes in AMBP-1 levels in LPS treated
hepatocyte cultures. Therefore, it is possible that the upregula-
tion of CD14 expression and subsequent signaling via the CD14/
TLR-4 receptors in hepatocytes occurs only at high concentra-
tions of LPS. However, further investigation is warranted for
such a conclusion.

In our study, constitutive level of AMBP-1 protein expres-
sion in Kupffer cells was at least ten fold lower than that seen in
rat hepatocytes and no significant increase was evident with
LPS treatment. However, it was reported using RT-PCR
analysis, complement factor H mRNA was increased up to
eight fold in LPS treated Kupffer cells [27]. Whether this
increase in mRNA levels corresponds to an increase in secreted
protein was not ascertained from that study. Our data clearly
indicated that the source of complement factor H in the liver is
the hepatocytes and that LPS up to 100 ng/ml concentrations,
which will be specific for receptor–ligand interaction, had no
direct effect on either the hepatocyte or Kupffer cell derived
AMBP-1 production.

We have previously shown that co-culture with hepatocytes
and Kupffer cells treated with 100 ng/ml LPS produced a 5-
fold increase in TNF-α levels compared to untreated controls
[21]. In addition, Hoebe et al. [29] and Scott et al. [30]
demonstrated that LPS treatment caused a significant increase
in TNF-α and IL-6 release from co-culture of hepatocytes and
Kupffer cells. Therefore, we hypothesized that the release of
pro-inflammatory cytokines from Kupffer cells are responsible
for the downregulation of AMBP-1 in LPS induced co-culture.
To test this, we treated cultured hepatocytes with either TNF-α
or IL-1β and examined AMBP-1 protein expression. Our
results clearly indicated that both cytokines significantly
downregulated AMBP-1 protein expression. Our study is in
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agreement with previous findings that IL-1β inhibits AMBP-1
secretion of cultured human umbilical vein endothelial cells
[31–33]. It has been reported that interferon-γ also regulates
AMBP-1 in primary hepatocytes [34]. Though our data clearly
indicated that TNF-α and IL-1β significantly downregulated
AMBP-1 protein expression, other pro-inflammatory cytokines
such as IL-6 and interferon-γ could also regulate AMBP-1
expression in hepatocytes. Further studies are warranted to
examine the role of either cytokine in AMBP-1 production in
the co-culture system.

How do pro-inflammatory cytokines downregulate AMBP-1
protein expression? Cytokines are produced in response to
cellular stress such as heat shock, ultraviolet light or adherence
to a foreign surface. These stimuli often activate the mitogen
activated protein kinases which phosphorylate transcription
factors for gene expression. Infection and inflammation also use
the same pathway for initiating cytokine gene expression. Most
of the biological effects of IL-1β take place in cells following
nuclear translocation of NFκB and AP-1, two known factors
common to the IL-1β induced genes. Although the receptors for
TNF-α and IL-1β are clearly different, the post receptor events
could be similar. Unlike the IL-1β receptor, the TNF-α receptor
contains “death domain” that recruits intracellular molecules
involved in initiating programmed cell death or apoptosis. The
pro-inflammatory cytokines such as TNF-α and IL-1β appears
to trigger several events at the same time resulting in
inflammation, tissue destruction and loss of function of the
normal cellular activities [35]. It is plausible that these cytokines
per se has no direct effect on the biosynthesis of AMBP-1 but
rather they cause ultimate shut down of the cellular machinery.
In that regard, it is highly unlikely that the cytokines caused
necrosis of the hepatocytes within the 24-h period studied due to
the fact that we were able to detect similar levels of β-actin
expression in cells treated and untreated with LPS. Our
experiments did not address the role of apoptosis of hepatocytes
in downregulation of AMBP-1. Therefore, further studies are
needed to determine the mechanism by which pro-inflammatory
cytokines downregulate AMBP-1.

Another possibility is proteolytic degradation of protein in
general due to endotoxemia or sepsis. Since AMBP-1 is known
to have a long half life, it is unlikely that specific degradation
plays any role in LPS regulated AMBP-1 expression in
hepatocytes. Future experiments using protease blockers could
provide insights into this notion.

In summary, previously we have demonstrated that LPS
administration downregulated AMBP-1 production in the liver.
The present study was conducted to determine whether LPS
directly or by increasing pro-inflammatory cytokines from
Kupffer cells downregulate AMBP-1 biosynthesis. Our current
data showed that pro-inflammatory cytokines, IL-1β and TNF-
α released from Kupffer cells during sepsis are responsible for
downregulation of AMBP-1.
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