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Abstract
Chronic ethanol feeding sensitizes Kupffer cells to activation by lipopolysac-charide (LPS), leading
to increased production of tumor necrosis factor-α (TNF-α). Adiponectin treatment protects mice
from ethanol-induced liver injury. Because adiponectin has anti-inflammatory effects on
macrophages, we hypothesized that adiponectin would normalize chronic ethanol-induced
sensitization of Kupffer cells to LPS-mediated signals. Serum adiponectin concentrations were
decreased by 45% in rats fed an ethanol-containing diet for 4 wk compared with pair-fed rats.
Adiponectin dose dependently inhibited LPS-stimulated accumulation of TNF-α mRNA and peptide
in Kupffer cells from both pair- and ethanol-fed rats. Kupffer cells from ethanol-fed rats were more
sensitive to both globular (gAcrp) and full-length adiponectin (flAcrp) than Kupffer cells from pair-
fed controls with suppression at 10 ng/ml adiponectin after chronic ethanol feeding. Kupffer cells
expressed both adiponectin receptors 1 and 2; chronic ethanol feeding did not change the expression
of adiponectin receptor mRNA or protein. gAcrp suppressed LPS-stimulated ERK1/2 and p38
phosphorylation as well as IκB degradation at 100–1,000 ng/ml in Kupffer cells from both pair- and
ethanol-fed rats. However, only LPS-stimulated ERK1/2 phosphorylation was sensitive to 10 ng/ml
gAcrp. gAcrp also normalized LPS-stimulated DNA binding activity of early growth response-1 with
greater sensitivity in Kupffer cells from rats fed chronic ethanol. In conclusion, these results
demonstrate that Kupffer cells from ethanol-fed rats are more sensitive to the anti-inflammatory
effects of both gAcrp and flAcrp. Suppression of LPS-stimulated ERK1/2 signaling by low
concentrations of gAcrp was associated with normalization of TNF-α production by Kupffer cells
after chronic ethanol exposure.
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Adiponectin [a 30-kDa peptide also known as adipocyte complement-related protein (Acrp30)]
is an adipokine secreted by adipose tissue (4,27). The adiponectin concentration is decreased
in the blood during obesity, insulin resistance, and type 2 diabetes, and insulin sensitivity can
be restored in obese and diabetic animals by treatment with adiponectin (3,13). Adiponectin
acts on target tissues via the activation of adiponectin receptors 1 and 2 (AdipoR1 and AdipoR2)
(38). The liver primarily expresses AdipoR2, whereas skeletal muscle expresses predominantly
AdipoR1 (38). Treatment of mice with adiponectin increases fatty acid oxidation in the liver
and glucose utilization in muscle (3).

In addition to affecting glucose and lipid metabolism, adiponectin also influences the activity
of the innate immune system. Adiponectin inhibits the growth of myelomonocytic progenitor
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cells (43) and decreases the ability of mature macrophages to respond to activation (36,43).
Adiponectin suppresses phagocytic activity as well as lipopolysaccharide (LPS)-stimulated
cytokine production in macrophages (36,43). The response of macrophages to adiponectin may
be mediated in part by complement C1q receptors (43). However, a specific interaction of
adiponectin with AdipoR on the surface of macrophages is also likely (43) but not yet
characterized. AdipoR1 is expressed in monocytes but decreases with differentiation,
coincident with increased AdipoR2 expression (7). Adiponectin is hypothesized to dampen the
early phases of macrophage inflammatory responses (43). This anti-inflammatory response to
adiponectin has been implicated as a potential mechanism for the antiatherogenic properties
of adiponectin (10,23).

Chronic ethanol-induced liver injury is mediated, at least in part, by increased inflammatory
activity likely involving both Kupffer cells, the resident macrophage in the liver (for a review,
see Ref. 21), as well as infiltrating neutrophils and lymphocytes (2). After chronic ethanol
exposure, Kupffer cells exhibit enhanced sensitivity to LPS-stimulated inflammatory cytokine
production (1,21). While the mechanisms for this increased sensitivity are not well understood,
chronic ethanol exposure disrupts a number of LPS-mediated signaling events, including
increased activity of the MAPK family members ERK1/2 and p38 (5,15,16). Increased
activation of ERK1/2 after chronic ethanol is associated with increased expression of early
growth response-1 (Egr-1), a transcription factor required for maximal LPS-stimulated TNF-
α transcription (28), whereas increased LPS-stimulated p38 activity is associated with a
stabilization of TNF-α mRNA after chronic ethanol exposure (16).

Recent studies (37,44) have demonstrated that chronic ethanol feeding decreases circulating
adiponectin concentrations in mice. Furthermore, Xu et al. (37) reported that treatment of mice
with adiponectin during chronic ethanol exposure prevents the development of liver injury.
The protective effect of adiponectin was associated with changes in fatty acid metabolism in
the liver; adiponectin treatment during chronic ethanol feeding increased fatty acid oxidation
and suppressed fatty acid synthesis (37). Hepatic TNF-α expression was also normalized by
adiponectin treatment during chronic ethanol feeding (37). However, it is not clear whether
decreased TNF-α was due to a direct anti-inflammatory action of adiponectin or an indirect
effect of changes in lipid homeostasis leading to decreased steatosis. Because adiponectin is
known to have direct anti-inflammatory effects on macrophage function in other model systems
(36,43), we hypothesized that adiponectin would suppress LPS-stimulated inflammatory
cytokine production in Kupffer cells after chronic ethanol exposure by normalizing LPS-
mediated signal transduction. We report that chronic ethanol feeding to rats decreased serum
adiponectin concentrations. Treatment of Kupffer cells isolated from pair- and ethanol-fed rats
with globular adiponectin (gAcrp) or full-length adiponectin (flAcrp) normalized LPS-
stimulated TNF-α production; Kupffer cells from ethanol-fed rats were more sensitive to the
suppressive effects of adiponectin. These data provide further support for a potential
therapeutic role for adiponectin in treating ethanol-induced liver injury.

MATERIALS AND METHODS
Materials

Adult male Wistar rats weighing 170–180 g were purchased from Harlan Sprague Dawley
(Indianapolis, IN). Lieber DeCarli ethanol diet (regular, no. 710260) was purchased from Dyets
(Bethlehem, PA). Cell culture reagents were from GIBCO-BRL (Grand Island, NY).
Antibodies were from the following sources: phospho-ERK1/2 (Santa Cruz Biotechnology;
Santa Cruz, CA), phos-pho-p38 (Promega; Madison, WI), total ERK1/2 (Upstate
Biotechnology; Lake Placid, NY), total p38 (Santa Cruz Biotechnology), transferrin receptor
(Zymed; San Francisco, CA), IκB-α (Cell Signaling; Beverly, MA), and AdipoR1 (NH2
terminus) and AdipoR2 (COOH-terminus) (AlphaDiagnostic; San Antonio, TX). Anti-rabbit
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and anti-mouse IgG-peroxidase were purchased from Boehringer Mannheim (Indianapolis,
IN). LPS from Escherichia coli serotype 026:B6 was purchased from Sigma (St. Louis, MO).
Recombinant human gAcrp and flAcrp expressed in E. coli were purchased from Peprotech
(Rocky Hill, NJ). Recombinant human flAcrp expressed in HEK-293 cells to produce a fully
glycosylated form of flAcrp was purchased from BioVendor (Candler, NC). Endotoxin
contamination of all reagents used to treat Kupffer cells was routinely monitored in the
laboratory using a kinetic chromogenic test based on the Limulus amebocyte lysate assay
(Kinetic-QCL, BioWhittaker; Walkersville, MD).

Chronic ethanol feeding and Kupffer cell isolation
Rats were provided with a liquid diet containing 35% of the calories from ethanol for 4 wk
(1). Controls were pair fed a liquid diet that was identical to the ethanol diet except that maltose
dextrins were isocalorically substituted for ethanol. Rats maintained on standard laboratory
chow were also included in some experiments as additional controls. Procedures involving
animals were approved by the Institutional Animal Care and Use Committee at Case Western
Reserve University. Blood was collected from the posterior vena cava before perfusion of the
liver for isolation of Kupffer cells. Serum was isolated, stored at −20°C and then assayed for
adiponectin by ELISA (B-Bridge; Sunnyvale, CA), alanine aminotransferase (ALT) by
enzymatic assay (Sigma-Aldrich), or TNF-α by ELISA (BioLegend; San Diego, CA). In some
experiments, the liver was fixed in formalin for histology. Formalin-fixed tissues were paraffin
embedded, sectioned, and stained with hematoxylin-eosin.

Kupffer cells were isolated and cultured as previously described (1,15). Isolated Kupffer cells
were suspended in CMRL media with 10% FBS and penicillin-streptomycin (CMRL-FBS) at
a concentration of 2 × 106 cells/ml and plated onto 96-well (0.2 × 106 cells/well for TNF-α
ELISA assays or 0.03 × 106 cells/well for dihydrorhodamine fluorescence), 6-well (6 × 106

cells/well for nuclear extracts and membrane preparation), and 24-well (1.5 × 106 cells/well
for ERK1/2, p38, and IκB assays) culture plates. The purity of the Kupffer cell preparations
has been previously described (1) and was routinely monitored by staining with ED2, a rat
macrophage marker. Two hours after cells were plated, nonadherent cells were removed by
aspiration and fresh media with or without adiponectin were added. Assays were initiated after
16–18 h in culture. Treatment with gAcrp or flAcrp at concentrations up to 1,000 ng/ml had
no effect on Kupffer cell number or protein content after overnight culture (data not shown).

LPS-stimulated TNF-α production
After treatment with or without adiponectin for 16–18 h, cell culture media were removed and
replaced with CMRL-10% FBS with or without LPS. After 4 h stimulation with LPS, cell
culture media were removed and stored at −20°C for assay of TNF-α by ELISA (R&D Systems;
Minneapolis, MN). Control experiments were carried out to test whether possible endotoxin
contamination of recombinant gAcrp or flAcrp was involved the observed responses of Kupffer
cells to adiponectin. In these experiments, cells were treated with or without 10 μg/ml
polymixin during the overnight treatment with 10 ng/ml gAcrp or flAcrp. Cells were then
washed to remove polymixin-adiponectin before treatment with LPS.

Measurement of ROS
Kupffer cells were cultured for 16–18 h with or without gAcrp. Media were then changed, and
cells were then stimulated with 100 ng/ml LPS for 0–15 min at 37°C in a 5% CO2 atmosphere.
Media were then replaced with 100 μl of 10 μM dihydrorhodamine (DHR; Molecular Probes;
Eugene, OR) diluted in CMRL with 10% FBS, and cells were incubated for 15 min at 37°C in
a 5% CO2 atmosphere in the dark. Fluorescence was measured by a fluorescence plate reader
(Perkin Elmer) using an excitation wavelength of 505 nm and emission detection wavelength
of 530 nm.
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Western blot analysis of LPS-stimulated signaling pathways
After treatment with or without gAcrp for 16–18 h, cells were treated with or without 100 ng/
ml LPS for 0–30 min. Cells were then moved to ice, washed with 2 ml ice-cold PBS buffer
containing 1 mM sodium orthovanadate, and then lysed in Laemmli sample buffer containing
1 mM sodium orthovanadate. Samples were then separated by SDS-PAGE and probed by
Western blot analysis for phospho-ERK1/2, phospho-p38, total ERK1/2, or IκB. Membranes
were then stripped and reprobed with antibodies for total p38.

Quantification of AdipoR1 and AdipoR2
After overnight cultures, Kupffer cells were homogenized in 20 mM Tris (pH 7.4), 1 mM
EDTA, 255 mM sucrose, and protease inhibitors (Boehringer Mannheim Complete) in a glass
on glass homogenizer. Homogenates were then centrifuged for 10 min at 200 g to remove
nuclei. Supernatants were then centrifuged at 16,000 g for 15 min to isolate crude plasma
membrane fractions. Crude plasma membrane proteins were separated by SDS-PAGE and
probed by Western blot analysis with antibodies against AdipoR1 and AdipoR2. Skeletal
muscle and livers were used for positive controls for the expression of AdipoR1 and AdipoR2.
Blots were also probed with antibody to the transferrin receptor to ensure equal loading and to
assess the recovery of plasma membranes in the isolation procedure.

Egr-1 DNA binding activity by EMSA
After overnight culture with or without adiponectin, Kupffer cells were treated with 100 ng/
ml LPS for 60 min. Nuclear proteins were extracted as previously described (15). Nuclear
extracts (15 μg) were then used to assess DNA binding activity by EMSA using an
oligonucleotide probe for the sequence of the Egr-1 binding site in the TNF-α promoter
(Integrated DNA Technologies; Coralville, IA), as previously described (15). The positive
control was prepared from the mouse liver 60 min after an intraperitoneal injection of LPS, as
previously described (19).

Real-time PCR
To measure mRNA for AdipoR1 and AdipoR2, Kupffer cells were cultured overnight in
CMRL-10% FBS, and total RNA was isolated. To measure the effects of gAcrp on LPS-
stimulated TNF-α mRNA accumulation, Kupffer cells were cultured with or without gAcrp
for 16–18 h, media were replaced with fresh CMRL-10% FBS, and, after 2 h, cells were then
treated with or without 100 ng/ml LPS for 60 min. Total RNA was isolated from Kupffer cells
using the RNeasy Micro Kit (Qiagen), with on-column DNA digestion using the RNase-free
DNase set (Qiagen) according to the manufacturer’s instructions. Two to three hundred
nanograms of total RNA were reverse transcribed using the RETROscript kit (Ambion; Austin,
TX) with randon decamers as primers. Real-time PCR amplification was performed in an
iCycler (Bio-Rad; Hercules, CA) using SYBR Green PCR Core Reagents (Applied
Biosystems; Warrington, UK). The relative amount of target mRNA was determined using the
comparative threshold (Ct) method by normalizing target mRNA Ct values to those for GAPDH
or β-actin (ΔCt). The primer sequences were as follows: AdipoR1, forward 5′-CAA ACT GGA
CTA TTC AGG G-3′ and reverse 5′-CAG ACG ATG GAG AGG TAG-3′; AdipoR2, forward
5′-GCC TTT GTT CAC TTC CAT GGA-3′ and reverse 5′-ATC ACA GCG CAT CCT CTT
CA-3′; GAPDH, forward 5′-ATG ATT CTA CCC ACG GCA AG-3′ and reverse 5′-CTG GAA
GAT GGT GAT GGG TT-3′; TNF-α, forward 5′-GAA CAA CCC TAC GAG CAC CT-3′ and
reverse 5′-GGG TAG TTT GGC TGG GAT AA-3′; and β-actin, forward 5′-CGG TCA GGT
CAT CAC TAT CG-3′ and reverse 5′-TTC CAT ACC CAG GAA GGA AG-3′. All primers
used for real-time PCR analysis were synthesized by Integrated DNA Technologies. Statistical
analysis of real-time PCR data was performed using ΔCt values.
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Statistical analysis
Because of the limited number of Kupffer cells available from each animal, data from several
feeding trials are presented in this study. Values reported are means ± SE; n represents the
number of different animals used per group in each assay. IC50 values were estimated by fitting
a one-phase exponential decay curve using the GraphPad Prism 4 program (Graph Pad
Software). Data were analyzed by Student’s t-test or a general linear models procedure
followed by least-square means analysis of differences between groups (SAS; Carey, IN),
blocking for trial effects if data from more than one trial were used. Data were log transformed,
if needed, to obtain a normal distribution.

RESULTS
Two recent reports (37,44) have indicated that chronic ethanol feeding to mice decreases serum
adiponectin concentrations. Furthermore, treatment of mice with recombinant adiponectin
prevented the development of ethanol-induced fatty liver injury (37). Because adiponectin has
potent anti-inflammatory activities in other models of macrophage activation (43), we
investigated whether adiponectin can ameliorate the increased sensitivity of Kupffer cells to
LPS-mediated activation after chronic ethanol feeding. In a rat model of ad libitum ethanol
feeding, which results in fatty liver injury (8), serum adiponectin concentrations were decreased
after 4 wk of ethanol exposure compared with pair-fed controls (Fig. 1A). The 45% reduction
in serum adiponectin observed in rats (Fig. 1A) was comparable to the reduction reported in
mice after 4 wk of ethanol feeding (37). As previously described for this rat model, markers
of ethanol-induced fatty liver injury are apparent after 4 wk of ethanol feeding, including
increased serum ALT (Fig. 1B), increased TNF-α concentrations (Fig. 1C), and the appearance
of micro- and macrovesicular steatosis (Fig. 1D).

Chronic ethanol feeding increases the sensitivity of isolated Kupffer cells to LPS stimulation,
leading to increased production of TNF-α (Fig. 2A) (1,15,16,28). Treatment of Kupffer cells
with gAcrp (5–500 ng/ml) for 16 h dose dependently reduced TNF-α release by Kupffer cells
stimulated by 10 ng/ml LPS from both pair- and ethanol-fed rats (Fig. 2B). Maximal inhibition,
observed in cells treated with 500 ng/ml, was not affected by chronic ethanol feeding (Fig.
2B). However, Kupffer cells isolated from ethanol-fed rats were more sensitive to the inhibitory
effects of gAcrp on LPS-stimulated TNF-α production; the IC50 for gAcrp-mediated inhibition
was 31 ng/ml in Kupffer cells from pair-fed rats compared with 10 ng/ml in cells from ethanol-
fed rats (Fig. 2B).

Kupffer cells from ethanol-fed rats were also more sensitive to flAcrp produced in HEK-293
cells. To compare the effects of gAcrp and flAcrp, Kupffer cells were treated overnight with
or without 10–1,000 ng/ml adiponectin (gAcrp or flAcrp produced in HEK-293 cells).
Adiponectin was then removed, and cells were stimulated in fresh media containing 100 ng/
ml LPS for 4 h. In Kupffer cells from both pair- and ethanol-fed rats, gAcrp dose dependently
inhibited TNF-α production, even at this higher concentration of LPS (Fig. 3A). As in cells
treated with 10 ng/ml LPS (Fig. 2B), Kupffer cells from ethanol-fed rats stimulated with 100
ng/ml LPS were more sensitive to gAcrp than Kupffer cells from pair-fed rats (Fig. 3A). flAcrp
showed a similar capacity to gAcrp in suppressing LPS-stimulated TNF-α production after
chronic ethanol feeding, decreasing TNF-α production at concentrations as low as 10 ng/ml
(Fig. 3A). Inhibition of LPS-stimulated TNF-α production in pair-fed rats by flAcrp was
observed only at 1,000 ng/ml flAcrp (Fig. 3A). flAcrp produced in E. coli, which lacks
posttranslational glycosylation, did not inhibit LPS-stimulated TNF-α production in cells from
either pair- or ethanol-fed rats at concentrations as high as 5,000 ng/ml (data not shown).

Suppression of LPS-stimulated TNF-α by gAcrp and flAcrp produced in HEK-293 cells was
also compared between Kupffer cells isolated from a group of rats allowed ad libitum access
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to rodent chow with Kupffer cells isolated from ethanol-and pair-fed groups. TNF-α production
in response to 100 ng/ml LPS did not differ between pair-fed and ad libitum chow-fed rats
(Fig. 3A). Furthermore, whereas 10 ng/ml gAcrp and flAcrp suppressed TNF-α production
after chronic ethanol feeding, this dose of gAcrp had no effect on either pair-fed or ad libitum
chow-fed rats (Fig. 3A); TNF-α production was only suppressed in pair-fed and ad libitum
chow-fed rats at 100–1,000 ng/ml gAcrp or flAcrp. The inclusion of 10 μg/ml polymixin during
treatment with gAcrp or flAcrp had no effect on the suppression of LPS-stimulated TNF-α
production (data not shown), demonstrating that potential contamination of the adiponectin
preparations with endotoxins did not contribute to their biological effectiveness.

The suppression of LPS-induced TNF-α production by gAcrp was paralleled by inhibition of
TNF-α mRNA accumulation. LPS increased TNF-α mRNA accumulation in Kupffer cells from
both pair- and ethanol-fed rats (Fig. 3B); Kupffer cells from ethanol-fed rats accumulated 3.5-
fold more TNF-α mRNA than cells from pair-fed rats (Fig. 3B). Pretreatment with 10 ng/ml
gAcrp suppressed TNF-α mRNA accumulation in Kupffer cells from ethanol-fed rats but had
no effect on pair-fed rats at this low concentration. However, pretreatment with 1,000 ng/ml
gAcrp effectively inhibited the ability of LPS to stimulate TNF-α mRNA accumulation in cells
from both pair- and ethanol-fed rats (Fig. 3B).

Expression of immunoreactive AdipoR1 and AdipoR2 was assessed in crude plasma membrane
fractions prepared from Kupffer cells isolated from ethanol- and pair-fed rats. Kupffer cells
expressed proteins migrating to ~40 kDa on SDS-poly-acrylamide gels that were recognized
by antibodies raised against murine AdipoR1 and AdipoR2 proteins (Fig. 4). The skeletal
muscle and liver were used as positive controls for tissue known to express AdipoR1 and
AdipoR2, respectively. Chronic ethanol feeding had no effect on the relative quantity of
AdipoR1 or AdipoR2 protein (Fig. 4). The relative expression of AdipoR1 and AdipoR2
mRNA in Kupffer cells isolated from pair- and ethanol-fed rats was assessed by real-time RT-
PCR. mRNA for both AdipoR1 and AdipoR2 was detectable in Kupffer cells. Relative to the
liver, Kupffer cells expressed a greater quantity of AdipoR1 and lower levels of AdipoR2 (data
not shown). Kupffer cells from pair- and ethanol-fed rats expressed equivalent quantities of
AdipoR1 normalized to GAPDH mRNA (2.67 ± 0.7 ΔCt in pair-fed rats and 2.43 ± 0.46 in
ethanol-fed rats, n = 3) and AdipoR2 (0.57 ± 0.12 ΔCt in pair-fed rats and 0.73 ± 0.19 in ethanol-
fed rats, n = 3), respectively.

To understand the mechanism for the normalization of LPS-stimulated TNF-α production, we
investigated the effects of gAcrp on signals activated in response to LPS. Degradation of IκB
and the subsequent activation of NFκB is an important signaling pathway that contributes to
LPS-stimulated TNF-α production by macrophages and monocytes (42). Whereas chronic
ethanol feeding increases hepatic NF-κB activation in vivo (22), LPS-stimulated NF-κB DNA
binding activity is not affected by chronic ethanol feeding as measured in the model of isolated
Kupffer cells used in this study (15). Here, we monitored the degradation of IκB in response
to LPS as an indirect measure of NF-κB activation to assess the effects of gAcrp on NF-κB
signaling. Immunoreactive IκB was decreased by 50% in response to LPS in Kupffer cells
from both ethanol- and pair-fed rats (Fig. 5A). gAcrp had no effect on IκB at baseline (i.e.,
before stimulation with LPS) at concentrations up to 1,000 ng/ml (data not shown). Whereas
pretreatment with 10 ng/ml gAcrp had no effect on LPS-induced degradation of IκB, when
cells were treated with gAcrp at 100–1,000 ng/ml, there was a gradual suppression of LPS-
stimulated IκB degradation (Fig. 5A).

Increased LPS-stimulated TNF-α production by Kupffer cells after chronic ethanol exposure
is associated with enhanced activation of two members of the MAPK family, ERK1/2 and p38
(15,16,28). We hypothesized that normalization of TNF-α production in response to gAcrp
may be mediated by a suppression of LPS-stimulated p38 and/or ERK1/2 MAPK
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phosphorylation. Chronic ethanol feeding increased p38 MAPK phosphorylation in response
to LPS treatment (Fig. 5B) (16). gAcrp suppressed LPS-stimulated p38 phosphorylation in
Kupffer cells from ethanol-fed rats at concentrations of 100 ng/ml or greater (Fig. 5B). In
contrast, gAcrp did not inhibit LPS-stimulated p38 phosphorylation in Kupffer cells from pair-
fed rats, even at 1,000 ng/ml (Fig. 5B). These data are consistent with those of a previous report
(36) suggesting that p38 MAPK is not involved in adiponectin-mediated suppression of TNF-
α or IL-6 production in porcine macrophages.

LPS-stimulated ERK1/2 phosphorylation was also increased after chronic ethanol feeding
compared with Kupffer cells from pair-fed controls (Fig. 6A) (15). Treatment of Kupffer cells
with gAcrp suppressed ERK1/2 phosphorylation in both ethanol-fed and pair-fed controls (Fig.
6A). Maximal inhibition of LPS-stimulated ERK1/2 phosphorylation was observed after
treatment with 1,000 ng/ml gAcrp and did not differ between Kupffer cells isolated from
ethanol- and pair-fed rats. However, Kupffer cells from ethanol-fed rats were more sensitive
to gAcrp-mediated suppression, with inhibition of ERK1/2 phosphorylation observed at
concentrations as low as 10 ng/ml gAcrp (Fig. 6A). gAcrp treatment had no effect on the
expression of total ERK1/2 (Fig. 6A).

The data presented here for Kupffer cells and those previously reported for porcine
macrophages (36) clearly demonstrate the ability of higher concentrations of adiponectin to
suppress multiple LPS-stimulated signaling pathways. However, only LPS-stimulated ERK1/2
activation was suppressed at lower concentrations of gAcrp, suggesting that ERK1/2 signaling
is critical to mediating the increased sensitivity of Kupffer cells from ethanol-fed rats to Acrp-
mediated inhibition of TNF-α production. LPS-stimulated production of ROS has been
implicated in the activation of ERK1/2 in macrophages and monocytes (12,17). Furthermore,
LPS-stimulated production of ROS also contributes to increased ERK1/2 activation in Kupffer
cells after chronic ethanol feeding (5,29). Because 10 ng/ml gAcrp effectively normalized LPS-
stimulated ERK1/2 activation in Kupffer cells from rats fed chronic ethanol, we asked whether
gAcrp also suppressed the ability of LPS to increase ROS production. LPS increased DHR
fluorescence, a measure of ROS production, in Kupffer cells from both pair-and ethanol-fed
rats, with higher fluorescence observed after chronic ethanol feeding (Fig. 6B). Overnight
treatment with 10 ng/ml gAcrp suppressed ROS production in cells from both pair- and ethanol-
fed rats (Fig. 6B).

We next investigated whether LPS signaling events downstream of ERK1/2 activation were
also inhibited by gAcrp. One critical downstream target of ERK1/2 involved in mediating the
effects of chronic ethanol on TNF-α production is the expression and DNA binding activity of
Egr-1, an immediate-early gene required for maximal activation of the TNF-α promoter in
response to LPS (28,42). The functional activity of Egr-1 was assessed by EMSA using an
oligonucleotide for the Egr-1 binding site in the murine TNF-α promoter. LPS-stimulated Egr-1
DNA binding activity was increased after chronic ethanol feeding (Fig. 7) (15). Overnight
treatment with gAcrp suppressed LPS-stimulated Egr-1 DNA binding activity, with a more
sensitive response observed in Kupffer cells isolated from ethanol-fed rats (Fig. 7B). Taken
together, these data suggest that gAcrp antagonizes the ethanol-induced increase in LPS-
stimulated ERK1/2 phosphorylation and, as a consequence, suppresses the activation of Egr-1
DNA binding activity, contributing to a reduction of LPS-stimulated TNF-α production.

DISCUSSION
Adiponectin is an adipokine secreted by adipose tissue that regulates the function of a number
of cells and tissues, including the liver, muscle, and macrophages (4). Previous work (37,44)
has shown that chronic ethanol feeding to mice decreases serum adiponectin concentrations.
Importantly, treatment with adiponectin (37) or restoration of circulating adiponectin
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concentrations in response to high-saturated fat diets (44) prevents the development of chronic
ethanol-induced liver injury in mice. Protection by adiponectin is associated with increased
fatty acid oxidation and decreased fatty acid synthesis in the liver as well as a reduction in
circulating TNF-α (37). Kupffer cells are an important source of TNF-α production in the liver
and show increased sensitivity to activation by LPS after chronic ethanol exposure (21). Here,
we report that chronic ethanol feeding to rats decreased serum adiponectin concentrations and,
furthermore, that treatment of Kupffer cells isolated from ethanol-fed rats with gAcrp or flAcrp
potently suppressed LPS-stimulated TNF-α production. After rats were fed chronic ethanol,
their Kupffer cells were more sensitive to the inhibitory effects of gAcrp on LPS-mediated
signaling. The enhancement of LPS-stimulated ERK1/2 phosphorylation and Egr-1 DNA
binding activity observed after ethanol feeding were particularly sensitive to gAcrp, with 10
ng/ml gAcrp ameliorating the increased sensitivity of Kupffer cells from ethanol-fed rats to
LPS. These data suggest that, in addition to the effects of adiponectin on hepatic lipid
homeostasis (37), a potent anti-inflammatory effect of adiponectin on Kupffer cell responses
may also contribute to the protective effect of adiponectin therapy against ethanol-induced
liver injury.

The molecular mechanisms of adiponectin-mediated responses are not well understood.
Adiponectin circulates in the blood in several molecular forms. flAcrp contains both the
globular head region and the collagen-like domain (4). Circulating adiponectin is found
primarily as trimers and hexamers as well as higher-order complexes containing 12–18 subunits
(high-molecular-weight adiponectin) (25). There is a growing consensus that oligomerization
of adiponectin is important for some of the biological functions of adiponectin (30,31). In
particular, higher oligomeric complexes are important in mediating the effects of adiponectin
on insulin sensitivity (26,32). Although only flAcrp oligomerizes, the globular head domain
of adiponectin can form trimers (30,32). It is not clear whether gAcrp is present in the
circulation. Whereas one study (9) measured gAcrp in serum using immunoprecipitation
techniques, other groups have not detected gAcrp in the circulation or found it secreted by 3T3-
L1 adipocytes (34). However, a recent report (33) of proteolytic activity secreted by the
monocytic THP-1 cell line that cleaves flAcrp to gAcrp suggests that localized production of
gAcrp could play a role in the mediating adiponectin function, particularly in monocytes/
macrophages.

Posttranslational modification of flAcrp was critical to its anti-inflammatory effects on Kupffer
cells. flAcrp produced in HEK-293 cells suppressed LPS-stimulated TNF-α production by
Kupffer cells (Fig. 2), whereas flAcrp generated in E. coli had no effect on Kupffer cells (data
not shown). Adipocytes secrete adiponectin that is both hydroxylated and glycosylated (34).
Posttranslational modifications are required for the insulin-sensitizing effects of flAcrp on
hepatocytes (3,34) and in vivo (3). A similar requirement for posttranslational modification of
flAcrp can be inferred from studies (9,41) comparing the effectiveness of gAcrp to flAcrp
produced by E. coli in regulating glucose homeostasis and insulin sensitivity. In contrast to the
requirement for posttranslational processing of flAcrp, gAcrp, generated in E. coli, is effective
in some, but not all, cell types/model systems. For example, gAcrp enhances insulin-stimulated
glucose uptake in adipocytes (35) and skeletal muscle cells (6), increases fatty acid oxidation
in the heart (24), and increases fatty acid oxidation in skeletal muscle (9). gAcrp activates AMP
kinase activity in myocytes but, in contrast, has no effect on AMP kinase activity in hepatocytes
(32).

Two adiponectin receptors have been identified: AdipoR1 and AdipoR2 (38,39). The studies
cited above (6,9,24,32,35) demonstrating the effectiveness of gAcrp were all carried out in
cells/tissues expressing AdipoR1, consistent with the higher binding affinity of gAcrp to
skeletal muscle, on the order of 150 ng/ml compared with the liver (39). In contrast, flAcrp
has a higher affinity to the liver than skeletal muscle, consistent with the predominant
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expression of AdipoR2 in hepatocytes (39). Differential distribution of AdipoR1 and AdipoR2
is thought to contribute, at least in part, to the differential efficacy of gAcrp compared with
flAcrp in different tissues (11).

Several lines of investigation have suggested that gAcrp may be effective in mediating the anti-
inflammatory effects of adiponectin. Restoration of serum adiponectin concentrations by
overexpression of gAcrp in two mouse models of diabetes/obesity (ob/ob) and atherosclerosis
(apolipoprotein E deficient) protected mice from the progression of diabetes and
atherosclerosis, respectively (40). Overexpression of gAcrp was associated with decreased
macrophage activation in the arterial wall (40). In isolated rat Kupffer cells from chow-, pair-,
and ethanol-fed rats, both flAcrp expressed in mammalian HEK-293 cells and gAcrp produced
in E. coli were effective at suppressing TNF-α production in response to LPS (Figs. 2 and 3).
Human macrophages have been reported to express both AdipoR1 and AdipoR2 mRNA (7),
and rat Kupffer cells expressed both AdipoR1 and AdipoR2 mRNA and protein (Fig. 4). One
microgram per milliliter (1,000 ng/ml) gAcrp effectively suppressed several LPS-stimulated
signaling cascades, including the degradation of IκB and phosphorylation of ERK1/2 in
Kupffer cells isolated from control rats (Figs. 5 and 6). Taken together, these data suggest that
gAcrp, likely acting via AdipoR1, as well as flAcrp, are important regulators of macrophage
function.

One important aspect of the studies described here is the characterization of increased
sensitivity of Kupffer cells isolated from ethanol-fed rats to the anti-inflammatory effects of
adiponectin. Kupffer cells isolated from rats chronically exposed to ethanol are more sensitive
to LPS, leading to enhanced production of TNF-α (Fig. 2) (1,5,28). Although TNF-α is only
one of the many inflammatory mediators produced by Kupffer cells, it is a useful readout for
studies investigating the mechanisms by which chronic ethanol disrupts the regulated
expression of pro- and anti-inflammatory mediators. After chronic ethanol feeding, increased
LPS-stimulated TNF-α production is mediated, at least in part, by increased activation of two
MAPK family members, ERK1/2 and p38 (5,16,28). Because adiponectin normalized LPS-
stimulated TNF-α production by Kupffer cells from rats fed chronic ethanol (Figs. 2 and 3),
we hypothesized that adiponectin might be acting to ameliorate the chronic ethanol-induced
increases in LPS-stimulated ERK1/2 and/or p38 activation. Whereas gAcrp did suppress LPS-
stimulated p38 activation in Kupffer cells from ethanol-fed rats, inhibition of p38 was less
sensitive to gAcrp than the effect of gAcrp on TNF-α production. In contrast, gAcrp potently
suppressed LPS-stimulated ERK1/2 phosphorylation, with a sensitivity that paralleled the
inhibition of TNF-α production. Similarly, gAcrp normalized LPS-stimulated Egr-1 DNA
binding activity, consistent with the hypothesis that the ERK1/2-Egr-1 pathway is a primary
target for the anti-inflammatory effects of gAcrp on Kupffer cells from ethanol-fed rats.

The mechanism for the enhanced sensitivity to adiponectin after chronic ethanol exposure is
not clear. We first hypothesized that chronic ethanol may increase the expression of AdipoRs
and/or increase the ability of adiponectin to activate specific signaling cascades. However, the
expression of Adi-poR1 and AdipoR2, at both the levels of mRNA or proteins, was not different
between Kupffer cells isolated from pair- and ethanol-fed rats (Fig. 5). Short-term treatment
of Kupffer cells with gAcrp activated AMP kinase phosphorylation as well as p38 and ERK1/2
phosphorylation. However, chronic ethanol feeding did not enhance gAcrp-stimulated signals
(data not shown). These data suggest that chronic ethanol may not enhance adiponectin-
dependent signaling pathways per se. Instead, they suggest that one or more adiponectin-
mediated signals may act to specifically normalize the particular defect in LPS signaling that
leads to increased sensitivity of Kupffer cells to LPS after chronic ethanol feeding. Our data
suggest that LPS-stimulated ERK1/2 phosphorylation is such a sensitive target of gAcrp.
Although the mechanisms for increased ERK1/2 activity after chronic ethanol are not well
understood, increased production of ROS after ethanol feeding is thought to contribute to
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enhanced LPS-stimulated ERK1/2 activation (5,29). Here, we show that LPS-stimulated ROS
production and ERK1/2 phosphorylation were potently suppressed by gAcrp, with ROS
production by Kupffer cells normalized after treatment with 10 ng/ml gAcrp (Fig. 5). A similar
inhibitory effect of adiponectin on oxidized LDL-stimulated ROS production and subsequent
ERK1/2 activation has been reported in endothelial cells (20). In endothelial cells, it has been
proposed that gAcrp inhibits the activation of NADPH oxidase (11,20). Further
experimentation will be required to determine whether adiponectin inhibits LPS-stimulated
NADPH oxidase in Kupffer cells. However, such a mechanism would be consistent with the
rapid activation of NADPH oxidase by LPS in macrophages (14).

Chronic ethanol feeding to mice (37,44) and rats (Fig. 1) decreases the concentration of serum
adiponectin. This decrease in adiponectin is associated with the development of liver injury in
response to chronic ethanol feeding in mice (37). Adiponectin treatment protected against
ethanol-induced liver injury in this mouse model of chronic ethanol exposure as well as liver
injury associated with a genetic model of obesity (ob/ob) (37). This protective effect is due, at
least in part, to increased fatty acid oxidation and decreased fatty acid synthesis in the liver
and was associated with decreased TNF-α (37). Here, we show that adiponectin also has
important anti-inflammatory effects in Kupffer cells isolated from rats fed chronic ethanol,
suggesting that adiponectin therapy may also act to normalize Kupffer cell responses to LPS
during chronic ethanol exposure. This hypothesis is consistent with a previous report (18)
demonstrating that adiponectin also protects against LPS-induced liver injury by suppressing
TNF-α expression in KK-Ay obese mice. Taken together, these data suggest that the anti-
inflammatory effects of adiponectin on Kupffer cells, along with the potential to normalize
fatty acid metabolism in the liver (37), likely contribute to the protective effects of adiponectin
therapy in preventing chronic ethanol-induced liver injury.
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Fig 1.
Chronic ethanol feeding decreases serum adiponectin concentration in rats. Rats were allowed
free access to an ethanol (EtOH)-containing diet or pair-fed control diets for 4 wk. Serum
concentrations of adiponectin (A; n = 12 for pair-fed rats and 11 for EtOH-fed rats), alanine
aminotransferase (ALT; B; n = 8), and TNF-α (C; n = 8) were measured. Values represent
means ± SE. *P < 0.05 compared with pair-fed rats. D: formalin-fixed liver sections were
stained with hematoxylin-eosin. Images are representative of 4 animals.
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Fig 2.
Globular adiponectin (gAcrp) suppresses LPS-stimulated TNF-α production by Kupffer cells.
A: Kupffer cells from pair- and EtOH-fed rats were cultured for 16 h and then cultured in fresh
CMRL-FBS for 2 h. Cells were then treated with 0–100 ng/ml LPS for 4 h. Cell culture media
were removed, and TNF-α production was measured by ELISA. Values represent means ± SE;
n = 7–8 except for the 1 ng/ml dose, where n = 4. *P < 0.05 compared with pair-fed rats at a
given concentration of LPS. B: Kupffer cells were cultured for 16 h with or without gAcrp and
then stimulated with 10 ng/ml LPS for 4 h. The TNF-α concentration was measured by ELISA.
Values are expressed as percentages of TNF-α production by cells stimulated with 10 ng/ml
LPS but not treated with gAcrp within each diet group. Best-fit curves for suppression of LPS-
stimulated TNF-α production in Kupffer cells treated with 0–500 ng/ml gAcrp were generated
as described in MATERIALS AND METHODS. Values represent means ± SE; n = 3–7 except
at 500 ng/ml gAcrp, where n = 2.
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Fig 3.
A: gAcrp and full-length adiponectin (flAcrp) suppress LPS-stimulated TNF-α production by
Kupffer cells isolated from ad libitum chow-fed, pair-fed, and EtOH-fed rats. Kupffer cells
were isolated and cultured with or without 10–1,000 ng/ml gAcrp or flAcrp produced in
HEK-293 cells for 16 h. Cells were cultured in fresh CMRL-FBS for 2 h and then stimulated
with 100 ng/ml LPS for 4 h. The TNF-α concentration in the media was measured by ELISA.
TNF-α production in cells not treated with LPS was not affected by adiponectin (data not
shown). Values represent means ± SE; n = 4 for chow-fed rats and 7–10 for pair- and EtOH-
fed rats. *P < 0.05 compared with pair-fed rats at each concentration of adiponectin; +P < 0.05
compared with cells not treated with adiponectin in the same diet group. B: gAcrp decreased
LPS-stimulated TNF-α mRNA accumulation in Kupffer cells. Kupffer cells were treated with
gAcrp as described above and then stimulated with or without 100 ng/ml LPS for 60 min. RNA
was then isolated, and TNF-α and β-actin mRNA were measured by real-time PCR. Values
represent means ± SE; n = 3. *P < 0.05 compared with pair-fed rats at each concentration of
adiponectin; +P < 0.05 compared with cells not treated with adiponectin in the same diet group.
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Fig 4.
Expression of adiponectin receptors 1 and 2 (AdipoR1 and AdipoR2, respectively) by Kupffer
cells from pair-fed (PF) and EtOH-fed (EF) rats. Crude plasma membrane fractions were
isolated from Kupffer cells from pair-and EtOH-fed rats, and expression of immunoreactive
AdipoR1 and AdipoR2 was assessed by Western blot analysis. Membranes were probed with
an antibody to the transferrin receptor (TfR) as a loading control. Skeletal muscle (Sk.M.) and
liver fractions were used as positive controls for AdipoR1 and AdipoR2, respectively. Values
represent means ± SE; n = 3 for AdipoR1 and 5 for AdipoR2.
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Fig 5.
Effect of gAcrp on LPS-stimulated IκB degradation (A) and p38 MAPK phosphorylation (B)
in Kupffer cells from EtOH-fed rats. Kupffer cells from pair- and EtOH-fed rats were cultured
for 16 h with or without 10–1,000 ng/ml gAcrp. A: cells were then stimulated or not with 100
ng/ml LPS for 30 min to measure IκB degradation. Values represent means ± SE; n = 5. *P <
0.05 compared with cells not treated with LPS in the same diet group. B: cells were then
stimulated or not with 100 ng/ml LPS for 15 min to measure phosphorylation of p38. Values
represent means ± SE; n = 4. *P < 0.05 compared with pair-fed rats at each concentration of
gAcrp; +P < 0.05 compared with cells not treated with gAcrp in the same diet group.
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Fig 6.
Effect of gAcrp on LPS-stimulated ERK1/2 phosphorylation and ROS production. A: Kupffer
cells from pair- and EtOH-fed rats were cultured for 16 h with or without 10–1,000 ng/ml
gAcrp. Cells were then stimulated or not with 100 ng/ml LPS for 30 min. Phospho-ERK1/2
and total ERK were assessed by Western blot analysis. Values represent means ± SE; n = 4.
*P < 0.05 compared with pair-fed rats at each concentration of gAcrp; +P < 0.05 compared
with cells not treated with gAcrp in the same diet group. B: Kupffer cells from pair- and EtOH-
fed rats were cultured for 16 h with or without 10 ng/ml gAcrp and then stimulated with 100
ng/ml LPS for 15 min. Media were then replaced with 10 μM dihydrorhodamine (DHR), and
cells were incubated for 15 min. Fluorescence was measured at an excitation wavelength at
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505 nm and emission detection wavelength of 530 nm. Values represent means ± SE corrected
for DHR fluorescence at time 0; n = 5. *P < 0.05 compared with pair-fed rats at each
concentration of gAcrp; +P < 0.05 compared with cells not treated with gAcrp in the same diet
group.
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Fig 7.
gAcrp suppresses LPS-stimulated early growth response-1 (Egr-1) DNA binding activity.
Kupffer cells from pair- and EtOH-fed rats were cultured for 16 h with 0, 10, or 1,000 ng/ml
gAcrp. Cells were then stimulated or not with 100 ng/ml LPS for 60 min, and nuclear proteins
were extracted. DNA binding activity was then measured by EMSA. Control lanes are shown
as no protein loaded (NP) and a positive control (PC) of a nuclear extract from the liver of a
mouse treated with LPS via an intraperitoneal injection; n = 6. *P < 0.05 compared with pair-
fed rats at each concentration of gAcrp; +P < 0.005 compared with cells not treated with gAcrp
in the same diet group.
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