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Abstract
Transient hepatomegaly often accompanies acute bacterial infections. Reversible, dose-dependent
hepatomegaly also occurs when animals are given intravenous infusions of bacterial
lipopolysaccharide (LPS). We found that recovery from LPS-induced hepatomegaly requires a
host enzyme, acyloxyacyl hydrolase (AOAH), that inactivates LPS. When we challenged
Aoah−/−mice with low doses of LPS or Gram-negative bacteria, their livers remained enlarged (as
much as 80%above normal) many weekslonger than did the livers of Aoah+/+ animals. When
compared with livers from LPS-primed Aoah+/+ mice, LPS-primed Aoah−/− livers had (a) more
numerous and larger Kupffer cells, (b) intrasinusoidal leukocyte aggregates and activated
sinusoidal endothelial cells, and (c) sustained production of IL-10 and mRNAs for TNF, IL-10,
and IRAK-M. Depleting Kupffer cells decreased the liver enlargement by approximately 40%,
whereas depletion of neutrophils, dendritic cells, NK cells, NK-T cells or B cells had no effect.
Pre-treatment with dexamethasone almost completely prevented prolonged hepatomegaly in
Aoah−/− mice, whereas neutralizing TNF or interleukin-1β was only partially effective. In
contrast, an antagonistic antibody to the IL-10 receptor increased LPS-induced hepatomegaly by
as much as 50%. Conclusions: our findings suggest that persistently active LPS induces Kupffer
cells to elaborate mediators that promote the accumulation of leukocytes within enlarged
sinusoids. Large increases in IL-10 and several other modulatory molecules are unable to prevent
prolonged hepatomegalyin mice that cannot inactivate LPS. The striking findings in this mouse
model should encourage studies to find out how AOAH contributes to human liver physiology and
disease. 242 words
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INTRODUCTION
Although the liver’s ability to remove and inactivate bloodborne bacterial endotoxin
(lipopolysaccharide, LPS) has been appreciated for many years, the uptake and
detoxification mechanisms remain controversial and poorly understood. Many studies have
concluded that Kupffer cells are largely responsible for LPS clearance (1, 2) although there
is also evidence that hepatocytes can take up LPS (3). How the liver detoxifies endotoxin
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has also been debated, with some authors supporting inactivation by binding to lipoproteins
(4) while others have favored enzymatic dephosphorylation (5) or deacylation by Kupffer
cells, hepatocytes, or other cells (6). Despite these differences, there is general agreement
that LPS uptake and detoxification contribute to normal liver physiology and may influence
the course of some of the inflammatory and metabolic diseases of the liver (7–10).

Our laboratory has sought to define the role of a host enzyme, acyloxyacyl hydrolase
(AOAH), in hepatic LPS degradation and inactivation. AOAH is a highly conserved lipase
that inactivates LPS by removing fatty acyl chains from the lipid A moiety (11). We found
previously that AOAH is produced in the liver by Kupffer cells (KCs) and dendritic cells,
and that depleting phagocytic cells with clodronate-liposomes greatly reduced the liver’s
ability to deacylate LPS (6). Although AOAH-deficient mice recovered normally from the
usual acute reactions to intravenous LPS, they developed dose-related hepatomegaly that
lasted for at least 21 days (6). Microscopic examination revealed enlarged sinusoids that
contained leukocyte aggregates; the appearance of the hepatocytes was normal and there
was no change in hepatic triglyceride content or serum transaminase levels.

Hepatomegaly has been observed during the course of experimental Pseudomonas
aeruginosa (12) and Propionibacterium acnes (13) infections, in animals with subacute
intraabdominal abscesses (14) and in response to LPS (15) or TNF infusion (16). The liver
enlargement experienced by LPS-challenged Aoah−/− mice is more pronounced (as much as
80% increase in liver weight) and persists much longer than was noted in these reports. We
have now explored the basis for this unexpected phenotype, asking “How does LPS induce
prolonged hepatomegaly in animals that cannot deacylate [inactivate] it?” After
characterizing the phenotype in greater detail, we present here the results of several
interventions that, by depleting cells or neutralizing potential mediators, help define its
pathophysiology.

EXPERIMENTAL PROCEDURES
Reagents

LPS from E. coli O14 was prepared by phenol-chloroform-petroleum ether extraction.
[3H/14C]LPS was prepared using S. typhimurium PR122 as previously described (17).
Clodronate-liposomes and PBS-liposomes were prepared by J. Niederkorn (UT
Southwestern Medical Center) using clodronate provided by Roche. Nω-Nitro-L-arginine
methyl ester hydrochloride (L-NAME) and Nω-Nitro-D-arginine methyl ester hydrochloride
(D-NAME) were from Sigma-Aldrich, Inc. (St. Louis, MO). 5-Bromo-2′-deoxy-uridine
(Brdu) was from Roche Diagnostics. PEGsTNF-R1, a pegylated form of the TNF
neutralizing domain of Etanercept, was provided by Amgen. Anakinra and Actemra were
purchased from Amgen and Genentech, respectively.

Animals
Aoah−/− C57Bl/6 mice and μMT, Aoah−/− (double knockout) mice were produced as
described (6, 18). The mice were maintained in specific pathogen-free conditions in the UT
Southwestern Animal Resources Center and used for experiments when they were 5 – 12
weeks of age. All protocols were approved by the UT Southwestern Institutional Animal
Care and Use Committee.

Antibodies
PE-or Alexa Fluor® 647-labeled rat-anti mouse F4/80 (BM8), Alexa Fluor® 555 conjugated
goat anti-rat IgG and Qdot® 565 conjugated goat anti-FITC antibody were from Invitrogen.
Biotin-conjugated rat anti-mouse CD11b (M1/70), rat anti-mouse CD144 (11D4.1) and
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FITC labeled anti-Brdu antibody were from BD Biosciences. An agonistic monoclonal
antibody (UT12) to the Toll-like receptor 4 (TLR4)—MD-2 complex was produced by S.
Ohta (19) and prepared as described (20). Rat anti-mouse IL-10R antibody
(YL03.1b1.3a-34ABS) and isotype control Ab (MB819.7D7.180) were generously provided
by Schering-Plough Biopharma, Palo Alta, CA. Antibodies for flow cytometry were from
BD Biosciences.

UT12 dose response and time course experiments
Groups of 3 Aoah−/− and Aoah+/+ mice were injected i.v. with UT12 IgG (20) (0.0125,
0.05, 0.1 or 0.25 μg/g body weight). Livers were harvested 7 days postinjection. In another
experiment, Aoah−/− and Aoah+/+ mice were injected i.v. with 0.1 μg/g body weight and
studied on days 7, 14 or 21 postinjection.

Liver fixation for electron microscopy
Aoah−/− and Aoah+/+ mice were injected i.v. with 0.5 μg E.coli O14 LPS/g body weight or
an equal volume of PBS. Seven days later, animals were deeply anesthetized with isoflurane
and perfused with 15 ml of PBS followed by 20 ml of fixative (4% paraformaldehyde and
1% glutaraldehyde in 0.1M cacodylate buffer) through the left ventricle. The liver was then
removed, cut into small pieces, and immersed in fixative for 1 hour at room temperature.

Scanning and transmission electron microscopy
SEM and TEM liver samples were prepared by Tom Januszewski (Molecular and Celluar
Imaging Facility, UT Southwestern). The samples were examined with a XL30 ESEM
scanning electron microscope and a JEOL 1200 EX transmission electron microscope at
voltages of 30 and 120. At least 15 images of each specimen were taken.

Confocal microscopy
FITC-LPS was made by conjugating fluorescein isothiocyanate (FITC) with E.coli O14
LPS. The FITC/LPS molar ratio in the conjugate was 0.53. Conjugation did not alter the
ability of the LPS to stimulate IL-6 production by mouse peritoneal macrophages (not
shown). Aoah−/− and Aoah+/+ mice were injected via the lateral tail vein with 200 μl PBS
containing 0.5 μg FITC-LPS, 0.5 μg FITC-BSAor 0.03 μg FITC (matching the amount of
FITC in FITC-LPS) per gram body weight. Livers (3 mice/group) were harvested at selected
time points, embedded in OCT compound (Sakura Finetek USA, CA) and frozen in liquid
nitrogen. Six μm sections were stained with rat anti-mouse CD144 antibody followed by
Alexa Fluor® 555 conjugated goat anti-rat IgG to locate sinusoidal endothelial cells. The
sections were then blocked with normal rat IgG before Alexa Fluor® 647 -conjugated rat
anti-mouse F4/80 antibody was added to identify Kupffer cells. Qdot® 565 conjugated goat
anti-FITC antibody was then used to amplify the FITC signal. Nuclei were stained with
DAPI. Z-stack Images were taken using a Leica TCS SP5 confocal microscope (Leica
Microsystems) and 3 dimensional rendering of images was performed using Bitplane Imaris
software.

Detection of liver cell proliferation by 5-bromo-2-deoxyuridine (Brdu) incorporation
Aoah−/−; and Aoah+/+ mice were injected i.v. with 0.5 μg LPS per g body weight, PBS, or
0.4 mg/kg TCPOBOP (1,4-bis[2-(3,5-dichloropyridyloxy)] benzene; Sigma). TCPOBOP
induces hepatocyte proliferation without causing liver injury (21). Brdu (1 mg / mouse) was
given i.p.2 hours after LPS injection and repeated daily for 6 days. On day 7 after LPS
challenge, livers were harvested, embedded in OCT compound and frozen in liquid nitrogen.
Cryostat liver sections were fixed with 70% methanol/30% acetone, DNA was denatured
with 2N HCl (0.5% Triton X-100) and neutralized with 0.1 M borate sodium, then the
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sections were stained with FITC-conjugated anti-Brdu antibody (BD Biosciences, San Jose,
CA) and propidium iodide (PI). Images were taken using a Zeiss Axioplan 2 fluorescence
microscope. The labeling index (percentage of Brdu-positive cells observed in five different
20X images) was calculated to measure liver cell proliferation.

Plasma Levels of cytokines/chemokines
Blood samples were collected into EDTA-containing tubes. Plasma levels of TNF, IFN-γ,
IL-6, IL-10 and MCP-1 were measured using mouse OptEIA ELISA sets (BD Biosciences)
according to the manufacturer’s instructions. Plasma RANTES was measured using an
ELISA kit from Santa Cruz Biotechnology, Inc. Plasma IL-1β was measured using the IL-1β
ELISA kit from eBiosciences.

Real-time PCR
Quantification of gene expression was performed using the ABI Prism 7000 Sequence
Detection System (Applied Biosystems). Primers were designed using Primer express
software (Applied Biosystems). The primer sequences are listed in Table S3. Liver samples
for PCR were quickly snap-frozen in liquid nitrogen and stored at −70ºC. RNA was isolated
using RNeasy Mini kit (Qiagen), contaminated genomic DNA was removed with RNase-
free DNase I (Roche), and cDNA was prepared using the iScript cDNA synthesis kit (Bio-
Rad). All procedures were performed according to the manufacturer’s instructions. Real-
time PCR was performed using SYBR green Master mix reagent (Applied Biosystems)
under standard conditions (10 minutes at 95ºC, 40 cycles involving denaturation at 95ºC for
15 seconds, annealing/extension at 60ºC for 1 minute). 36B4 was the internal control gene.
Relative mRNA levels were quantitated as the fold-change relative to PBS-treated wildtype
mice. All assays were performed in duplicate.

Kupffer cell depletion
Kupffer cells were depleted by injecting 200 μl clodronate-liposomes i.v. Two days later, we
injected 8 μg LPS in PBS or an equal volume of PBS i.v. Kupffer cell depletion was
documented as a decrease in the number of F4/80+ cells in cryostat liver sections obtained 6
days after LPS or PBS treatment. To minimize the impact of photobleaching, digital
photographs were taken (5 different fields/liver section, 20X magnification) using a Zeiss
Axioplan 2 fluorescence microscope, and cells were counted from these images.

Other interventions (Table S2)
To analyze the role of IL-10 in the development of hepatomegaly in LPS-treated Aoah−/−

mice, Aoah−/− mice were given0.5 mg/mouse of rat anti-mouse IL-10R antibody or isotype
control Ab (generously provided by Schering-Plough/Merck) intraperitoneally on the first
day after i.v. LPS injection (0.1 μg/g body weight). Livers were harvested 7 days after LPS
treatment. To inhibit circulating TNF, we gave Aoah−/− mice an intraperitoneal injection of
100 μg of PEGsTNF-R1 (Amgen) 1.5 hour before administering LPS i.v. (0.2 μg/g body
weight) and then every other day until the end of the experiment (5 days after LPS
challenge). Plasma was obtained one hour after LPS administration to measure TNF by
ELISA (BD Biosciences). To inhibit IL-1β, Aoah−/− mice were given Anakinra (IL-1R
blocker, 25μg/mouse) 1 hour before LPS administration and then twice every day until the
end of the experiment. In some experiments, mice were given both PEGsTNF-R1 and
Anakinra. PEGsTNF-R1 was given i.p. every other day, and Anakinra was given i.p. twice
daily until the end of experiment (5 to 7 days after LPS administration). To test if LPS-
induced hepatomegaly in Aoah−/− mice is influenced by the sympathetic nervous system, we
delivered epinephrine (beta agonist, 2mg/kg/day), norepinephrine (alpha agonist, 2.5mg/kg/
day), metoprolol (beta-antagonist, 20mg/kg/day) and Prazosin (alpha-antagonist, 3mg/kg/
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day) via implantable osmotic pumps (100 ul, Alzet, Cupertino, CA) that were placed in the
peritoneal cavity 6 days before intravenous LPS administration. Dexamethasone was given
intraperitoneally (1mg/kg/day) daily from 3 days before LPS challenge until the end of the
experiment 7 days after challenge. In another protocol, dexamethasone was given daily
starting one day after LPS administration. Ibuprofen (600 ug, Sigma) was given i.p. from 2
days before LPS challenge until the end of the experiment 5 days after challenge. In all
experiments, control mice received an equal volume of PBS.

To test the role of nitric oxide synthase (NOS) in inducing hepatomegaly, Aoah−/− mice
were provided L-NAME or D-NAME (Sigma) in their drinking water (1000 mg/l) from 7
days before LPS or PBS administration to the end of the experiment on day 7. One day after
i.v. LPS injection, blood was obtained from tail vein and anticoagulated with EDTA to
measure nitrate/nitrite concentration by colorimetric assay (Cayman Chemical, Ann Arbor,
Michigan). In other experiments, sodium nitrite (Sigma, 500 mg/l) was added to the drinking
water of Aoah−/− mice from 7 days before to 7 days after intravenous LPS administration.

RESULTS
An agonistic monoclonal antibody to MD-2—TLR4 does not induce prolonged
hepatomegaly in AOAH-deficient mice

To confirm that the hepatic enlargement observed in Aoah+/+ and Aoah−/− mice requires
exposure to LPS, we challenged the mice with an agonistic monoclonal antibody to MD-2—
TLR4, the LPS receptor complex. This antibody, UT2 (19), elicited equivalent dose-related
increases in liver size in both mouse genotypes (Supplemental Fig. S1A), and liver weight
had returned to normal in both Aoah−/− and Aoah+/+ mice by day 21 after injection
(Supplemental Fig. S1B). Activation of MD-2—TLR4 in Aoah−/− mice using a non-LPS
agonist thus does not produce the persistent hepatomegaly observed following LPS exposure
(Supplemental Fig. S1C and D), confirming that the prolonged hepatomegaly response is
LPS-dependent.

LPS remains in hepatic sinusoids for many days after i.v. injection
We have previously shown that approximately 80% of an intravenous dose of LPS is taken
up by the liver, where it remains at least two weeks (6). To track the cellular localization of
injected FITC-LPS within the liver, we used confocal microscopy to detect its association
with Kupffer cells (F4/80+), sinusoidal endothelial cells (VE-cadherin [CD144]+) (22), and
hepatocytes. One day after i.v. injection, the FITC-LPS was largely found within, or
attached to, Kupffer cells (Fig. 1A), although some of the FITC was also “free” within
sinusoids (Fig. 1A and 1B, arrows). Even 7 days after injection, almost all of the detectable
FITC-LPS was within sinusoids; most of it was again associated with Kupffer cells and very
little co-localized with hepatocytes (Fig. 1C and 1D). The cellular localization of FITC-LPS
was qualitatively similar in Aoah+/+ and Aoah−/− mice 7 days after FITC-LPS injection
(Fig. 1, C and E and D and F), suggesting that deacylation does not substantially influence
the retention of LPS by Kupffer cells.

Morphological evidence for Kupffer cell and sinusoidal endothelial cell activation
Since liver sections stained with hematoxylin-eosin revealed prominent, blood-filled
sinusoids in LPS-primed Aoah−/− mice (6), we defined these changes further using
transmission (TEM) and scanning (SEM) electron microscopy on sections of perfused livers
obtained 7 days after i.v. LPS injection. Both TEM and SEM revealed evidence of cell
thickening (Fig. 2A, B), Kupffer cell activation (prominent cytoplasmic extensions and
adhesion and/or phagocytosis of erythrocytes and leukocytes) [Fig. 2C, D], and changes
consistent with sinusoidal injury (i.e. a remarkable loss of fenestrae [Fig. 2E, F]). These
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morphological changes resemble those reported by Sarphie and colleagues 24 hrs after LPS
administration to rats (23).

In addition, immunohistochemistry performed on sections obtained on day 7 after LPS
injection showed that the LPS-primed, Aoah−/− livers contained many more large, F4/80-
positive cells (Kupffer cellsor recruited monocytes) than did LPS-primed, Aoah+/+ livers
(Fig. 3A and B), and that many of these macrophages appeared to contain phagocytosed,
CD11b positive neutrophils (Fig. 3C and D).

The morphological changes seen in the livers of LPS-treated Aoah−/− mice are thus
consistent with activation of Kupffer cells (and possibly recruited monocyte-macrophages)
and sinusoidal endothelial cell injury in livers that retain fully acylated LPS.

Many cell types accumulate in the liver
We used flow cytometry to identify individual nonparenchymal cell types within the liver.
As shown in Figure 4, LPS-challenged Aoah−/− mice experienced significantly greater
intrahepatic accumulation of B cells, monocyte-macrophages, neutrophils, dendritic cells,
CD3+ T cells and NK1.1+ natural killer cells than did LPS-treated Aoah+/+ mice. The
hepatic content of these cell types had returned almost to baseline within 3 weeks after LPS
exposure in Aoah−/− mice (Fig. 4) yet liver size did not decrease (Fig. S1D and (6)).

Hepatocyte proliferation does not contribute to prolonged hepatomegaly
To test the hypothesis that hepatocyte proliferation contributes to LPS-induced
hepatomegaly (21), we used BRdU to quantitate cell division. Beginning 2 hrs after i.v. LPS
challenge, mice received BRdU daily until they were studied on day 7. As shown in Fig. S2,
LPS-induced cell proliferation was similar in LPS-primed WT and KO mice. Treatment with
the mitogen TCPOBOP, used as a control, also induced equivalent liver cell proliferation in
Aoah+/+ and Aoah−/− mice.

Prolonged hepatomegaly is associated with persistently high liver and plasma cytokine
levels

LPS induced similar acute plasma cytokine responses in Aoah+/+ and Aoah−/− mice (Fig
5A). Plasma levels of certain cytokines (e.g., IL-10) persisted much longer in LPS-treated
Aoah−/− mice than they did in LPS-treated wildtype mice, whereas other cytokine levels
followed a similar time-course in the two groups (RANTES, IL-6, TNF, MCP-1).
Quantitation of hepatic mRNA abundance using real-time PCR showed striking elevations
in IL-10 and TNF mRNAs in Aoah−/− mice over a 7-day period after LPS injection (Fig.
5B); mRNAs for several anti-inflammatory proteins (IRAK-M, SHIP, SOCS1, A-20) were
also elevated in these mice 5 to 7 days after LPS injection (Fig. 5C), as were the mRNAs for
IL-1β, inducible nitric oxide synthase (NOS2) and CCL2 (MCP-1). Although liver TNF and
IL-1β mRNA levels remained elevated for many days, we were unable to detect TNF or
IL-1β protein in either liver lysates or plasma beyond 24 hrs after LPS injection. Plasma
MCP-1 levels were similar in Aoah−/− and Aoah+/+ mice. These data suggest that the
prolonged hepatic response to LPS in Aoah−/− mice involves sustained elevations in the
mRNAs for several anti-inflammatory mediators; in contrast, many pro-inflammatory
cytokine mRNAs or proteins were not produced in excess.

Kupffer cells play an important role
In order to better understand the contributions of individual cell types to the hepatomegaly
phenotype, we performed several cell depletion experiments. In each of these experiments,
we defined “hepatomegaly” as a significant (p <0.05, Student’s t test) increase above normal
in the (liver weight/body weight) ratio, expressed as a percentage. In normal 6 – 10 week-
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old mice, the liver weight is approximately 5% of body weight. “Prolonged hepatomegaly”
was defined as hepatomegaly that persisted six or more days after LPS infusion. As detailed
in Table S1, depleting neutrophils, NK and NK-T cells, or dendritic cells did not prevent
LPS-induced hepatomegaly in Aoah−/− animals. LPS also induced prolonged hepatomegaly
in mice that lacked both AOAH and B cells (Aoah−/−, μMT). We concluded that none of
these cell types was required to produce the phenotype. In contrast, clodronate-liposome
treatment to deplete KCs reduced both LPS uptake by the liver (Fig. 6C) and the
hepatomegaly response to LPS (Fig. 6D) by approximately 40%, with similar reductions in
mRNA abundance for TNF, IL-10 (Fig. 6E and 6F) and IRAK-M (not shown). Kupffer cells
thus play an important role in producing prolonged hepatomegaly in Aoah−/− mice.

We found that FITC-LPS was associated with Kupffer cells for many days in vivo as well as
morphological evidence for KC activation following LPS infusion (see above). When we
depleted KCs using clodronate-liposomes and studied the animals 8 days later, we found an
85% reduction in hepatic F4/80-positive macrophages (Fig. 6A and 6B). In contrast, the
livers of mice that received clodronate-liposomes on day 0 and LPS on day 2 had ~50% of
the control numbers of hepatic macrophages when they were studied on day 8. These results
suggest that clodronate treatment effectively reduced the resident macrophage (Kupffer cell)
population yet did not prevent the recruitment of monocyte-macrophages to the liver during
the 6 day period following LPS administration (24). The FITC-LPS remaining in the liver
did not associate with these macrophages (not shown) and their role in perpetuating the
hepatomegaly phenotype is uncertain.

Preventing the prolonged hepatomegaly phenotype: inhibiting TNF, IL-1β, IL-6,
interleukin-10, or nitric oxide synthase

Pre-treating mice with dexamethasone almost completely prevented the prolonged
hepatomegaly phenotype (Table S2), confirming the inflammatory nature of the process. To
explore TNF’s role, we infused a TNF-neutralizing form of the pegylated, soluble human
TNF receptor 1 (PEGsTNF-R1; Amgen) before injecting i.v. LPS. There was a 27%
reduction in prolonged hepatomegaly (Table S2). In parallel experiments we found that
interleukin-1 receptor antagonist (Anakinra) also inhibited LPS-induced hepatomegaly by
23%. Simultaneous pre-treatment with both antagonists did not enhance the inhibitory
effect. TNF and IL-1 thus seem to play minor roles in inducing or maintaining the
hepatomegaly phenotype. Inhibiting IL-6 with Actemra did not prevent or enhance LPS-
induced hepatomegaly (Table S2).

Finding increased hepatic levels of mRNA for NOS2, the inducible isoform of nitric oxide
synthase, raised the possibility that inducible nitric oxide production might contribute to the
sinusoidal enlargement noted in LPS-treated Aoah−/− mice (25). This hypothesis was tested
by adding L-NAME to the drinking water for 7 days prior to, and for 7 days following, the
LPS challenge. Although a reduction in LPS-induced plasma nitrite/nitrate levels
documented the L-NAME effect (Fig. 7A), this treatment did not prevent prolonged
hepatomegaly in Aoah−/− mice (Fig. 7B). In other experiments, we provided nitrite in the
drinking water for 7 days prior to the LPS challenge and for 7 days thereafter (26); there was
no effect on LPS-induced hepatomegaly (not shown). Other ineffective interventions
included anticoagulation with low molecular weight heparin, inhibition of prostanoid
synthesis with ibuprofen, and infusions of adrenergic receptor agonists and antagonists
(Table S2).

The strikingly elevated levels of plasma IL-10 and hepatic IL-10 mRNA raised the
possibility that persistently elevated IL-10 might also contribute to the hepatomegaly
phenotype. To test this possibility, we gave Aoah−/− mice a monoclonal antibody that blocks
the IL-10 receptor. The mice that received the antibody one day after LPS administration
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developed significantly greater hepatomegaly than did mice that received an isotype control
antibody (Fig. 7C); additionally, their plasma IL-10 levels (Fig. 7D) were significantly
elevated. IL-10 thus appeared to be very important for controlling and/or preventing the
response. Liver size almost doubled in Aoah−/− mice that received LPS before IL-10
receptor blockade.

DISCUSSION
Hepatomegaly is a dose-dependent response to TLR4 agonists. After enlarging for a few
days, the liver returns to its previous size. This transient phenomenon has attracted little
interest and its physiology has evidently not been studied. Here we explored the basis for the
much longer-lasting hepatomegaly that occurs in mice that cannot inactivate LPS because
they lack the LPS-deacylating enzyme, AOAH. These animals exhibit wildtype acute
cytokine responses to intravenous doses of LPS (Fig. 5A,B), yet they develop impressive
hepatic enlargement that lasts for many weeks. Importantly, TLR4 activation by a non-LPS
agonist, the monoclonal antibody UT12, induced hepatomegaly of similar degree and
duration in wildtype and Aoah−/− animals (Fig. S1), indicating that the AOAH-dependent
phenotype is also LPS-dependent.

For these studies we used E. coli Ra (O14) LPS. A complete “rough-form” LPS, it offered
several advantages over smooth (long polysaccharide-containing) LPS preparations: a more
uniform size and structure, CD14-and LBP-independent activation of TLR4 (27), and an
aggregation state that promotes rapid uptake from the blood, largely by Kupffer cells. We
found previously that Kupffer cells produce AOAH (6). Whereas Kupffer cell depletion
reduced hepatic LPS deacylation by approximately 90%, LPS uptake by the liver fell only
60%, indicating that other hepatic cells can also remove LPS from the blood (6). Here we
found that some FITC-LPS remained associated with Kupffer cells for at least 7 days, long
after the liver has returned to baseline size in wildtype animals; although dispersion of the
FITC-LPS may have limited its detection, there were no evident differences in LPS location
in the livers of wildtype and Aoah−/− mice. LPS induced Aoah−/− Kupffer cells to become
larger and more phagocytic than Aoah+/+ Kupffer cells for at least one week. Kupffer cell
depletion reduced LPS-induced hepatomegaly in Aoah−/− mice by ~40%, suggesting that
molecules produced by Kupffer cells contribute importantly to the prolonged hepatomegaly
phenotype.

The most striking morphological feature of the phenotype was found in the sinusoids, where
there were aggregates of cells (KCs, PMN, platelets, erythrocytes) with occasional
hemophagocytosis. Scanning electron microscopy suggested subtle changes in the
appearance of sinusoidal endothelial cell fenestrae (Fig. 2), and intravital flow studies (D.
Rockey, not shown) found slower, less consistent flow through the sinusoids of LPS-treated
Aoah−/− livers. Leukocyte recruitment or trapping in the liver peaked during the second
week after LPS exposure, then returned to baseline by 21 days (Fig. 4). Importantly, spleen
size increased transiently then returned to baseline whereas liver size remained large (6),
suggesting that portal hypertension does not develop during prolonged hepatomegaly.
Hepatomegaly persisted for at least 3 weeks, with no evident increase in hepatocyte
proliferation (Fig. S2) or accumulation of triglyceride (6). Serum transaminase and alkaline
phosphatase levels also did not increase (6).

We used several interventions to neutralize potential mediators in vivo (Table S2). We
prevented coagulation using low-molecular weight heparin (28), blocked prostanoid
synthesis using ibuprofen, and, to look for a role for the sympathetic nervous system (29–
31), we provided adrenoreceptor stimulation (epinephrine and norepinephrine) or
antagonism (metroprolol and prazosin) using indwelling osmotic pumps. None of these
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interventions prevented LPS-induced prolonged hepatomegaly in Aoah−/− animals.
Damping nitric oxide/nitrite synthesis using L-NAME or providing nitrite in the drinking
water (26) also had no effect on the phenotype.

Acute plasma TNF levels were somewhat lower in LPS-infused Aoah−/− mice than in the
wildtype controls and we were unable to detect TNF in plasma or liver lysates more than 2
hours after LPS injection. Liver TNF mRNA levels remained elevated for at least one week,
however, and a role for TNF was found when pre-treatment with the TNF-binding protein,
PEGsTNF-R1, reduced prolonged hepatomegaly by 27% (Table S2). IL-1β was similarly
implicated using an IL-1 receptor antagonist (Anakinra). Increases in several anti-
inflammatory mediators, most notably IL-10, were unable to check the response.

In summary, AOAH is required to prevent prolonged hepatomegaly after intravenous
challenge with low doses of LPS. LPS is largely taken up from the bloodstream by Kupffer
cells, which retain at least some of it for a week or more. In animals that lack AOAH, the
Kupffer cells enlarge and phagocytose blood cells; many leukocyte cell types are either
recruited to the liver or retarded there as blood flow slows through congested sinusoids.
Dexamethasone pre-treatment largely prevents LPS-induced prolonged hepatomegaly,
neutralizing TNF or IL-1β has a partial inhibitory effect, and blocking the IL-10 receptor
greatly enhances the phenotype. Future studies will address the ability of persistently-active
(fully acylated) LPS to stimulate Kupffer cells for prolonged periods in vivo.

AOAH’s key role in recovery from endotoxin exposure in mice should encourage efforts to
identify the enzyme’s role in human liver physiology and disease. The enzyme may be
particularly important in those conditions, such as alcoholic liver disease (8), in which gut-
derived endotoxin is thought to play a contributory role.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FITC Fluorescein isothiocyanate

KC Kupffer cell

L-NAME Nω-Nitro-L-arginine methyl ester hydrochloride

LPS lipopolysaccharide

NOS nitric oxide synthase

TNF tumor necrosis factor

SEM scanning electron microscopy

TEM transmission electron microscopy
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Figure 1. LPS remains within sinusoids for at least one week after i.v. injection
Aoah−/− and Aoah+/+ mice were injected i.v. with 0.5μg FITC-LPS per g body weight.
Liver sections were immunolabeled as in Methods to detect Kupffer cells (F4/80+, red), the
junctions of sinusoidal endothelial cells (CD144 or VE-cadherin, white), and nuclei (blue).
A. Aoah−/− liver, one day after injection (63x, zoom 2.4). B. 3-dimensional rendering of A.
C and D. Images (x63, zoom 1) of Aoah+/+ (C) and Aoah−/− (D) livers on day 7 after
injection. E and F. Higher magnification (x63, zoom 2.4) views of C and D (areas indicated
by the rectangles). Seven days after injection, the LPS is seen largely within sinusoidal
spaces and a large fraction of it is within, or closely associated with, Kupffer cells.
Examples of extrasinusoidal LPS are indicated by the arrows in A and B.
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Figure 2. Morphological evidence for Kupffer cell activation and sinusoidal injury
Aoah−/− and Aoah+/+ mice were injected i.v. with 0.5μg E.coli O14 LPS /g body weight.
Seven days later, perfused and fixed livers from these mice were prepared for scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) as in Methods. A
and B. TEM (Original magnification x10,000) of livers from Aoah+/+ (A) and Aoah−/− mice
(B). In Aoah−/− livers, Kupffer cells often were enlarged and contained other cells. C and D.
SEM (Original magnification 2,500x) of livers from Aoah+/+ (C) and Aoah−/− mice (D). In
Aoah−/− livers, Kupffer cells had numerous cytoplasmic extensions and adherent or
phagocytosed cells. E and F. SEM (original magnification, 10,000) showing normal
sinusoidal fenestrae in Aoah+/+ livers (E) and a decrease in their number and size in
Aoah−/− livers (F).
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Figure 3. Intrahepatic macrophage (Kupffer cell) activation
Mice were injected i.v. with 0.5 μg E.coli O14 LPS/g body weight and studied 7 days later.
Cryostat liver sections were immunolabled with PE-conjugated anti-mouse F480 (red) and
biotin-conjugated anti-mouse CD11b followed by FITC-streptavidin (green) as in Methods.
A and C, Aoah+/+, B and D, Aoah−/−. C and D. Enlargement views of areas indicated by
the rectangles in A and B. F480 positive cells were much more prominent in Aoah−/− liver
sections, and they often contained CD11b+ neutrophils. No difference in Kupffer cell size or
appearance was apparent in liver sections from LPS-unexposed Aoah−/− and Aoah+/+ mice
(not shown).
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Figure 4. Manycell types accumulate in the liver
Aoah−/− and Aoah+/+ mice were injected i.v. with 10 μg LPS per mouse as in Methods. On
days 3, 7, 14 and 21, livers were perfused and harvested to isolate non-parenchymal cells
(NPCs), B cells (B220+CD3−), Kupffer cells and monocyte-macrophages (F4/80+),
neutrophils (CD11b+Ly-6G+), dendritic cells (CD11c+), T cells (CD3+), NK cells
(CD3-NK1.1+). Cell densities were calculated as follows: (Percentage of cell type X total
NPCs number)/liver weight (g)). Open squares = Aoah−/−, closed circles = Aoah+/+. n = 3
mice/time point. Significance of differences between Aoah+/+ and Aoah−/− mice: * = p <
0.05, ** = p <0.01, *** = p < 0.001.
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Fig. 5. Prolonged hepatomegaly is associated with persistently high liver and plasma cytokine
levels
Aoah+/+ and Aoah−/− mice were given 0.5 μg LPS/ g body weight i.v. on day 0. Plasma
cytokines and chemokines were measured by ELISA on blood samples obtained on the
indicated days (A). Liver cytokine mRNA was quantitated by Real-time PCR (B, C). The
normal values (day 0) were from wildtype mice that received PBS. Open squares = Aoah−/−,
closed squares = Aoah+/+. mRNA abundance for some modulatory protein genes was also
quantitated in livers studied 5–7 days after LPS injection (C). n = 3 mice/group.
Significance of differences between Aoah+/+ and Aoah−/− mice: * = p <0.05, ** = p <0.01,
*** = p<.001.
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Figure 6. Kupffer cells contribute to the development of LPS-induced hepatomegaly in
Aoah−/−mice
Aoah−/− mice were injected i.v. with 200 μl clodronate-liposomes or PBS-liposomes on day
0. On day 2, they were injected i.v. with 0.4 ug/g body weight of 3H/14C-labeled LPS or an
equal volume of PBS. A. On day 8, cryostat liver sections from mice which had been given
PBS-liposomes [1] or clodronate liposomes [2] were stained with PE-labeled anti-mouse
F4/80 antibody (red) and biotin-conjugated anti-mouse CD11b followed by FITC-
conjugated streptavidin (green). Picture [3] shows a section from the liver of a mouse that
received clodronate-liposomes then LPS (harvested 6 days after LPS). B. Kupffer cell
quantitation. The number of F4/80-positive cells per 20X field (mean +/− range, 5 fields/
mouse, 2 mice). X axis labels indicate the pre-treatment (PBS or clodronate) and challenge
(PBS or LPS) agents. C. LPS recovery from liver: per cent of injected 14C dpm found in
liver 6 days after injection of 3H/14C LPS i.v. n = 7–8 mice/group. Mean +/− 1 SE. D. Liver
weight/body weight ratio (%) on day 8. n = 7 or 8/group. The levels of TNFα (E) and IL-10
(F) mRNA were quantitated by real-time PCR on samples snap-frozen on day 8. Their levels
are expressed as fold-change relative to the value in livers from animals that received PBS-
liposomes and no LPS. n = 3–4 mice/group. Mean +/− 1 SE.
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Figure 7. Effect of NOS inhibitor and IL-10 receptor antagonist on LPS-induced hepatomegaly
in Aoah−/− mice
Treatment with L-NAME decreased basal and LPS-induced plasma nitrate/nitrate levels (A)
but did not prevent LPS-induced hepatomegaly (B). Aoah−/− mice were given rat anti-
mouse IL-10R antibody or an isotype matched Ab 1 day after intravenous LPS injection (2
μg/20g body weight). Animals were studied on day 7. The liver weight/body weight ratio
(C) and plasma IL-10 levels (D) were measured.
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