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Abstract
Background & Aims—Liver X receptors (LXRs) are lipid-activated nuclear receptors with
important roles in cholesterol transport, lipogenesis, and anti-inflammatory signaling. Hepatic
stellate cells (HSCs) activate during chronic liver injury and mediate the fibrotic response. These
cells are also major repositories for lipids, but the role of lipid metabolism during stellate cell
activation remains unclear. Here we show that LXR signaling is an important determinant of
stellate cell activation and susceptibility to fibrotic liver disease.

Methods—Immortalized and primary stellate cells purified from mice were treated with highly
specific LXR ligands. Carbon tetrachloride (CCl4) and methionine choline deficiency (MCD)
were used as chronic liver injury models. Reciprocal bone marrow transplants were performed to
test the importance of hematopoietically-derived cells to the fibrotic response.

Results—LXR ligands suppressed markers of fibrosis and stellate cell activation in primary
mouse stellate cells. Lxrαβ −/− stellate cells produce increased levels of inflammatory mediators
and conditioned media from Lxrαβ−/− cells increases the fibrogenic program of wild-type cells.
Furthermore, Lxrαβ−/− stellate cells exhibit altered lipid morphology and increased expression of
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fibrogenic genes, suggesting they are primed for activation. In vivo, Lxrαβ−/− mice have marked
susceptibility to fibrosis in two injury models. Bone marrow transplants point to altered stellate
cell function, rather than hematopoietic cell inflammation, as the primary basis for the Lxrαβ−/−
phenotype.

Conclusions—These results reveal an unexpected role for LXR signaling and lipid metabolism
in the modulation of hepatic stellate cell function.
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INTRODUCTION
Hepatic fibrosis is the reversible accumulation of extracellular matrix (ECM) in the liver
following chronic injury. Unchecked fibrosis can progress to cirrhosis, an end-stage lesion
with significant morbidity and mortality. Fibrosis is mediated primarily by hepatic stellate
cells, resident mesenchymal cells located in the subendothelial space of Disse1, 2. These
cells were formerly known as hepatic ‘lipocytes’3 because of characteristic lipid droplets
containing retinyl esters (vitamin A), triglycerides, and cholesterol esters4, 5. The
importance of stellate cells to liver fibrosis is firmly established 6–8. Upon liver injury,
stellate cells undergo a major cellular transformation—“activation”—during which they lose
their lipid content, proliferate, and express a fibrogenic program1. Although there are no
known specific markers for quiescent stellate cells, the production of collagen α1(I) and α-
smooth muscle actin are specific markers of activated stellate cells9. It has long been
appreciated that stellate cells are the major storehouse for vitamin A (retinol and retinyl
esters), but it is unknown whether loss of lipid / retinoid is required for, or merely coincident
with, activation1, 2, 4. Stellate cell activation is heavily influenced by inflammatory cues
and interactions with multiple types of hematopoietically-derived cells, including Kupffer,
NKT, B and T cells7, 8, 10–13.

LXRs sit at the fulcrum of lipid metabolism and inflammation. These nuclear receptors
function as whole body cholesterol sensors, promoting reverse cholesterol transport and
cholesterol excretion into bile 14. They are key regulators of de novo lipogenesis in the liver
and Lxrαβ −/− mice show reduced expression of lipogenic genes, including sterol regulatory
element binding protein 1c (Srebp-1c) and stearoyl-CoA desaturase 1 (Scd1)15, 16. LXRs
are also negative regulators of inflammatory gene expression in macrophages17. In response
to inflammatory stimuli, LXR signaling inhibits the production of several inflammatory
mediators, including interleukin 6 (IL-6) and monocyte chemotattractant protein (MCP-1).
The ability of LXRs to modulate immune responses is also apparent in vivo. LXR ligands
attenuate inflammation in mouse models of atherosclerosis and contact dermatitis, and limit
the proliferation of antigen-stimulated T cells 18–20.

Previous work has implicated hepatocyte LXR expression in protection from cholesterol and
bile acid toxicity 21, but a role for LXRs in stellate cell activation or fibrogenesis has not
been elucidated. Here we examine the role of LXRs in lipid metabolic and inflammatory
signaling in stellate cells and find that Lxrαβ−/− mice are more susceptible to chronic
fibrosis in two models of liver injury. There are intrinsic differences in the fibrogenic and
inflammatory programs of purified stellate cells from Lxrαβ−/− mice. Surprisingly,
hematopoietically-derived cells do not influence this susceptibility to fibrosis as determined
by reciprocal bone marrow transplantation studies. Our data show that LXR signaling
influences the activation of hepatic stellate cells and contributes to the pathogenesis of liver
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fibrosis. We suggest that modulation of LXR or lipid metabolism in these cells may have
therapeutic potential for the treatment of fibrosing diseases of the liver.

RESULTS
LXRs have reciprocal anti-inflammatory and lipid metabolic effects in activated stellate
cells

To characterize nuclear receptor expression in hepatic stellate cells, we performed
quantitative real-time PCR on two immortalized, fully activated stellate cell lines: rat HSC-
T6 cells22, and human LX-2 cells23. These lines are supposed to model stellate cells in their
fully activated, myofibroblast-like state. Supplementary Table 1 lists the relative abundance
of RXR heterodimers found in LX-2 cells, with LXRβ, vitamin D, thyroid, retinoic acid
(RARα) and retinoid X (RXRα) receptors being predominant. LXRα, PPARα, and PPARδ
were weakly expressed. We observed no significant expression of PPARγ or FXR, and no
appreciable induction of their specific target genes by selective agonists (Supplementary
Figure 1A). By contrast, in primary stellate cells activating on plastic, the expression of
LXRβ is robust and does not diminish over time (Supplementary Figure 1B). Our data are
consistent with prior work suggesting that PPARγ expression diminishes with activation24,
25, but differ from work suggesting that FXR may play a role in stellate cell activation26.

LXRs are functional in LX-2 cells, inducing the expression of canonical target genes
(ABCA1, SREBP-1c) in a dose-responsive fashion with both synthetic (GW3965) and
endogenous (22R-hydroxycholesterol) ligands (Figure 1A). Although ligands had no effect
on the expression of collagen α1(I) (COL1AI) or α-smooth muscle actin (ACTA2) (Figure
1B) in immortalized cells, they had a marked inhibitory effect on the LPS-induced
expression of TNFα, MCP-1, and IL-6 (Figure 1C). Similar results were obtained in the rat
HSC-T6 cell line (data not shown). Unfortunately, there are no reliable antibodies available
for the detection of murine LXRα or LXRβ. Nevertheless, these data establish that LXRs are
abundant and functional in activated stellate cell lines. Although LXR agonists did not
appear to affect typical fibrosis related genes in immortalized cells, we considered the
possibility that immortalized cell lines might not adequately model the importance of lipid
signaling during stellate cell activation. Primary stellate cells have robust expression of
LXRs (Supplementary Figure 1B), so we focused on LXR signaling in freshly isolated
stellate cells from mice or in vivo responses for all subsequent experiments.

Primary stellate cells from LXR null mice exhibit altered lipid distribution and increased
markers of activation

To test the role of LXR signaling in a primary culture model, we obtained stellate cells from
mice by in situ sequential digestion with Pronase and collagenase6, 27, 28. When the non-
parenchymal fraction was simply cultured on plastic in the presence of LXR ligand, collagen
α1(I) and α-smooth muscle actin expression was suppressed in WT cells, while these
transcripts were significantly increased in Lxrαβ−/− cells (Figure 2A). Increased basal
expression of ABCA1 is an expected consequence of LXR deletion in macrophages and is
likely due to the presence of macrophages in the preparation 29, 30. Ligand-treated cells
appeared healthy throughout the course of treatment and showed no evidence of toxicity.
The proliferation of the non-parenchymal fraction was also inhibited by LXR ligands in WT,
but not Lxrαβ−/−, stellate cells (Supplementary Figure 2). These findings most likely reflect
direct effects of LXRs in stellate cells, but it remained possible that secondary anti-
inflammatory effects from contaminating Kupffer cells may have contributed.

We therefore further purified murine stellate cells by ultracentrifugation over a
discontinuous density gradient. This approach separates non-parenchymal cells based on
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their relative buoyancy, a property that is largely determined by the presence of lipid/
retinoid droplets in stellate cells6, 27. The purity of these fractions was assessed by
morphology, the absence of other cell types, gene expression and the characteristic
autofluorescence of stellate cells that fades rapidly upon DAPI excitation (Figure 2B).
During early culture activation, LXR ligands suppress α-smooth muscle actin protein in WT
stellate cells (Figure 2C). In parallel, they promote the accumulation of neutral lipids as
detected by BODIPY staining (Figure 2D), correlating with the increased lipogenic gene
expression we observed in immortalized cells (Figure 1A).

LXR-deficient stellate cells exhibit increased fibrogenic and inflammatory capacity
Surprisingly, we found that purified stellate cells from Lxrαβ−/− mice predominantly
contain one large lipid droplet, a marked difference from WT stellate cells (Figure 3A).
Additionally, Lxrαβ−/− stellate cells migrate slightly lower during ultracentrifugation,
suggestive of increased mass. Purified Lxrαβ−/− stellate cells express more collagen α1(I)
than WT cells, and have increased expression of several other activation-related genes:
Pdgfβ, Acta2, and Mcp1 (Figure 3B). LXR agonism in primary WT stellate cells suppresses
myofibroblastic genes (Col1aI and Acta2) while targets related to cholesterol transport
(Abca1, Abcg1) and de novo lipogenesis (Srebp1c, Scd1) are induced (Figures 3C and
Supplementary Figures 3,4). LXR stimulation negatively regulates Mcp1 and Il6 expression
in primary stellate cells (Supplementary Figures 3,4), while deletion of LXRs increases
inflammatory gene expression (Figure 3B). As expected, ligand regulation was lost in Lxrαβ
−/− cells (data not shown). These results suggest a direct effect of LXR signaling on
establishing the fibrogenic program in primary stellate cells, independently of the pro-
fibrogenic cytokine, Tgfβ1, which was not increased in the knockout cells (Figure 3B and
Supplementary Figure 4). Oxysterols appear to suppress Klf6 (Supplementary Figure 4), and
growth-promoting isoforms of this factor have previously been shown to be upregulated in
early culture activation of stellate cells1. Collectively, these observations implicate LXRs as
physiologic suppressors of stellate cell activation that are important for maintaining
quiescence through transrepression of an inflammatory cascade or modulation of lipid
pathways.

To further explore the functional differences between WT and Lxrαβ−/− stellate cells during
culture activation, we purified stellate cells from each genotype and performed a media
exchange assay (schematized in Figure 4A). We hypothesized that increased mediator
production from LXR-deficient cells might alter the fibrogenic capacity of neighboring cells
in a paracrine fashion. The conditioned media from Lxrαβ−/− stellate cells increases
expression of myofibroblastic (Acta2, Col1aI) and inflammatory genes (Mcp1) in WT cells
(Figure 4B, 4C). Conversely, the conditioned media from WT stellate cells dampened the
expression of these genes in Lxrαβ−/− cells. Together, these data show that the increased
fibrogenic capacity of Lxrαβ−/− cells results, at least in part, from the induction of secreted
inflammatory mediators.

LXR null mice are susceptible to acute and chronic liver injury
The observation that LXR signaling modulates stellate cell activation suggested that loss of
LXR expression might render mice susceptible to liver injury and fibrosis. To test this
possibility, we induced liver injury by intraperitoneal injection of carbon tetrachloride
(CCl4). CCl4 is a well-characterized liver toxin, metabolized in hepatocytes into an unstable
trichloromethyl free radical. Its downstream effects include lipid peroxidation, intracellular
protein damage, and alterations in calcium homeostasis that lead to hepatocellular necrosis
and the activation of stellate and Kupffer cells31. The initial necroinflammatory activity is
followed by a fibrotic response, mediated by stellate cells. We assessed acute injury and
stellate cell activation by staining for α-smooth muscle actin protein 72 hours after a single
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dose of CCl4. Compared to WT, Lxrαβ−/− livers show increased amounts of dense, α-
smooth muscle actin expression and a greater tendency to form bridging septae, even after a
single injury stimulus (Figure 5A).

To assess the influence of LXR expression on chronic liver injury, we performed biweekly
intraperitoneal injections of CCl4 for a month. Serum and livers were harvested for analysis
of serum transaminases, gene expression, and Masson’s trichrome staining for fibrotic
septae. Neither WT nor Lxrαβ−/− livers were affected by injection of the vehicle (Figures
5B). WT mice treated with CCl4 developed mild bridging liver fibrosis as expected.
Comparatively, CCl4-treated Lxrαβ−/− mice exhibited substantially more damage in their
livers, as assessed by measuring the release of hepatic enzymes, collagen α1(I) gene
expression, and digital assessment of the fibrotic tissue (Figure 5C–E). Intriguingly, we also
found that non-injured Lxrαβ−/− livers showed almost twice the amount of basal fibrotic
tissue compared to WT controls (Supplementary Figure 5). There was no difference in
expression of Cyp2e1, which metabolizes CCl4, between genotypes (Supplementary Figure
6A).

We also tested the response of LXR-deficient mice in a second model of liver injury,
methionine choline deficiency, and found increased fibrosis in the absence of LXRs (Figure
6A). We found similar elevations of the alanine aminotransferase (ALT) in both genotypes,
but substantially increased expression of collagen α1(I) transcript and more quantifiable
fibrosis only in Lxrαβ−/− mice (Figure 6B–D). These results indicate that the genetic loss of
LXRs renders mice susceptible to fibrotic liver disease triggered by different mechanisms.

Hematopoietic compartment does not confer the susceptibility of LXR null mice to CCl4
injury

The hematopoietic compartment is a source of immune cells important for liver fibrosis,
including macrophages (Kupffer cells), NKT cells, and B and T lymphocytes 1, 2, 10–13.
Thus, the ability of LXRs to inhibit inflammatory signaling in bone marrow-derived cells
such as Kupffer cells could potentially explain the enhanced susceptibility of LXR null mice
to fibrosis. Most authorities believe that hepatic stellate cells are the major precursors of
activated myofibroblasts during liver injury and that these cells have their origins principally
within the liver itself, not the bone marrow1, 2. Although strategies for selective gene
inactivation in stellate cells have not been developed, elimination of bone marrow
expression represents an alternative strategy to address the relative contribution of bone-
marrow-derived cells and stellate cells to the fibrotic phenotype of LXR null mice. We
performed reciprocal bone marrow transplants into WT and Lxrαβ−/− recipients and then
subjected them to chronic CCl4 liver injury. In contrast to our results with mice globally
lacking LXRs, transplantation of Lxrαβ−/− marrow did not worsen liver fibrosis in WT
recipients (Figure 7A,C). Conversely, transplanting WT marrow into Lxrαβ−/− recipients
did not lessen fibrosis (Figure 7B,D). Importantly, the genotype of the marrow did not
influence the degree of hepatocellular damage (ALT levels) or expression of Cyp2e1, which
metabolizes CCl4 (Supplementary Figure 6B,C). Correlating with the fibrosis, the levels of
collagen α1(I) expression were also not significantly different between WT and LXR-
deficient donors (Figure 7C,D). These data strongly suggest that altered stellate cell
function, rather than increased hematopoietic cell inflammation, is the primary basis for the
phenotype of Lxrαβ−/− mice.

DISCUSSION
LXRs are key regulators of cholesterol homeostasis and hepatic lipogenesis 16, but they also
transrepress inflammatory genes in macrophages17 and mediate anti-proliferative effects in
T cells during the adaptive immune response20. We have shown here that LXRs are among
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the most highly expressed nuclear receptors in stellate cells and that LXR signaling regulates
the expression of genes linked to metabolism, inflammation, and fibrogenesis in primary
cells. Consistent with the ability of LXRs to affect stellate cell function, Lxrαβ−/− mice are
susceptible to developing fibrosis in two distinct models of liver injury. We considered that
this phenotype could result from alterations in either stellate cells or hepatic macrophages
(Kupffer cells) since the anti-atherogenic effects of LXRs are mediated by vascular
macrophages32. However, reciprocal bone marrow transplants into both WT and Lxrαβ−/−
recipients did not alter the susceptibility to liver fibrosis, consistent with the involvement of
a non-hematopoietic cell type such as stellate cells. The relative importance of stellate and
immune cells to hepatic fibrosis is hotly debated1, 2, but our results clearly support the
argument that the principle cells responsible for fibrosis are derived exclusively from the
liver.

In contrast to hepatocytes and macrophages, in which LXRα plays a major role, stellate cells
express constant, high levels of only LXRβ. Hepatic pathologies ascribed to the in vivo
deletion of LXRα can therefore be attributed to effects in other cell types, such as
hepatocytes and Kupffer cells. The LXR signaling pathway unexpectedly suppresses
inflammatory gene expression and the fibrogenic capacity of primary murine stellate cells.
Conversely, Lxrαβ−/− stellate cells show increased expression of several markers of
activation when cultured on plastic. LXR-deficient stellate cells produce increased soluble
mediators of inflammation that promote the fibrotic capacity of neighboring cells in a
paracrine manner. We have not yet determined which factor(s) (e.g. MCP1, IL-6, or other)
might be responsible for these paracrine effects (Figure 4). Antibody neutralization of
individual cytokines and knockdown of their receptors should be informative in establishing
which factors are critical.

Interestingly, not all activation-related genes are increased in Lxrαβ−/− cells. For example,
we do not detect an increase in TGFβ1, a pro-fibrogenic cytokine associated with the
initiation and perpetuation of stellate cell activation1, 2. Even though we did not find
changes in the expression of TGFβ mRNA, it will be important to determine, in future
experiments, whether Lxrαβ−/− stellate cells have alterations in TGFβ protein production or
in the activity of the components of the TGFβ signaling pathway. It is also notable that
immortalized stellate cell lines are poor model systems for the study of LXR signaling,
because, although effects on metabolic gene expression are preserved, these cells are
refractory to the anti-fibrotic effects of LXRs. Once established, activated stellate cells have
an autonomous program for fibrosis, which may explain why immortalized cell lines do not
model the activation program with complete fidelity. Our work emphasizes the importance
of using purified, primary stellate cells and in vivo models whenever possible. Further work
is needed to determine exactly which aspect(s) of LXR signaling are critical in stellate cell
activation and how these interact with TGFβ signaling.

Another interesting observation is that LXR null stellate cells have marked differences in
retinoid / lipid distribution in conjunction with their propensity for activation. Lxrαβ−/−
stellate cells predominantly contain a single large lipid droplet, while wild-type cells have
multiple smaller ones (Figure 3A). No clear relationship has been established between
droplet size and the activation state of stellate cells, although sub-populations of lipid
droplets have been identified previously4. A functional role for retinoic acid in stellate cells
remains controversial, with several reports that retinoids exacerbate fibrosis, and others
reporting an inhibitory effect33–35. It will be important to determine the distinguishing
features of the lipid droplets in Lxrαβ−/− stellate cells and whether there are also alterations
in retinoid metabolism.
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Few transcriptional pathways affecting stellate cell activation have been characterized in
detail. Deletion of the homeobox gene, Lhx2, has been reported to produce spontaneous
fibrosis and stellate cell activation in mice 36. Similar to Lxrαβ−/− animals, Lhx2−/− mice
exhibit increased basal expression of collagen α1(I) and α-smooth muscle actin in their
hepatic stellate cells. But that developmental defect was also associated with an architectural
distortion of the liver, a feature that is not observed in Lxrαβ−/− mice. We, and others21,
have not observed any obvious developmental differences between WT and Lxrαβ−/−
livers, nor have we observed increased histologic evidence of hepatocyte injury, death, or
turnover. This is an important point given that hepatocyte injury / death is an accepted
stimulus for liver fibrosis1. Future work on the impact of LXR signaling in liver
regeneration and hepatocyte turnover should be revealing. Whether Lhx2−/− mice have
increased basal differences in hepatocyte injury / death was not reported36. Notably,
however, basal levels of hepatic fibrosis are subtly increased in Lxrαβ−/− mice
(Supplementary Figure 5), consistent with our hypothesis that Lxrαβ−/− stellate cells are
poised for activation. Whether this is present in the prenatal state remains to be determined.

Our data are consistent with the hypothesis that increased inflammatory gene expression
within stellate cells drives the increased fibrogenic potential of Lxrαβ−/− cells. We would
predict that loss of LXR-dependent trans-repression of inflammatory genes is the primary
mechanism involved. By using LXR mutants that separate the trans-repressive from the
trans-activating functions37, it should be possible to directly test the importance of
inflammatory gene repression to stellate cell activation. It is also possible that lipid sensing
(sterols, triglycerides, and / or retinoids) within stellate cells is mechanistically tied to
activation and proliferation, but further studies are needed to elucidate this. The anti-
proliferative effect of LXR ligands on stellate cells (Supplementary Figure 2) may be
mediated through suppression of growth promoting splice isoforms of KLF61

(Supplementary Figure 4), but this effect would likely be indirect, as we do not suspect
KLF6 is a direct LXR target gene. Unfortunately, we are not currently able to specifically
determine the relative contribution of LXR signaling in stellate cells to the in vivo
susceptibility to fibrosis, as there are no known methods to specifically delete genes in
stellate cells. A liver-specific knockout for LXRβ may be helpful in dissecting this since
stellate cells express only this LXR isotype.

Since LXR activation suppresses genes linked to activation and fibrosis in stellate cells, an
obvious question is whether treatment of mice with synthetic LXR activators might have a
beneficial effect in models of fibrotic liver disease. Unfortunately, preliminary studies
indicate that the answer to this question is “no.” The main side effect of currently available
pan-LXR agonists (that activate both LXRα and LXRβ) is hepatotoxicity. Mice treated with
LXR agonists develop marked hepatic steatosis due to the induction of de novo lipogenesis
15. In our studies, combining this insult with a fibrotic stimulus led to a worsening of overall
hepatic pathology, despite any beneficial effects that LXR agonist may have had on stellate
cells (data not shown). It is likely that methods for the specific targeting of LXR activity to
stellate cells in vivo would be required to separate stellate cell effects from undesirable
effects in hepatocytes.

MATERIALS AND METHODS
(See Supplementary Materials and Methods for Additional Details)

Mice and liver injury models
Male Lxrαβ−/− mice (12–24 weeks old) were obtained by backcrossing ≥ 10 generations on
a pure C57/Bl6 background. Animal housing was temperature-controlled, with a 12 hour
light / dark cycle, pathogen-free conditions, and ad lib access to water and standard chow.
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The following specialized diets (Research Diets) were used in Figure 6: control =
A02082003B; MCD = A02082002B. Both diets differ only in the presence or absence of
DL-Methionine (3 gm) and choline bitartrate (2 gm). Chronic liver injury with carbon
tetrachloride was induced by intraperitoneal injection of a 10% solution of CCl4 in sterile
olive oil (0.5 µl pure CCl4/g body weight) two times per week for four weeks, with
harvesting 72 hours after the last dose. For single dose acute injury, 3.5 µL pure CCl4/g
body weight was used. For bone marrow transplantation, 12-week-old recipient mice were
lethally irradiated with 900 rads and transplanted with ~3 × 106 bone marrow cells isolated
from the long bones of 16- to 18-week-old male donors via tail vein injection as previously
described32. Eight weeks after transplantation, chronic injury was induced as above. All
animal experiments were approved by the Institutional Animal Care and Research Advisory
Committee of the University of California, Los Angeles.

Cell culture and Immunocytochemistry
Immortalized stellate cells were cultured in Dubecco’s Modified Eagle Media (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin / streptomycin. Primary
stellate cells were cultured in DMEM, low glucose (1 g/L), with 1% penicillin,
streptomycin, and amphotericin. Additional media for stellate cell isolation and purification,
Eagles Minimal Essential Medium (EMEM), and DMEM / F12, were from Biowhittaker
Lonza. Immunocytochemistry was performed on primary stellate cells (day 4–5 of culture
activation) by fixing in 10% formalin for 30 minutes, washing in PBS, and then incubating
with a FITC-conjugated α-smooth muscle actin MAb (Sigma F3777, clone 1A4) or a
matched isotype control (Sigma F6522) for 2 hours at 1:500 titer. BODIPY staining for
neutral lipids was similarly performed on formalin-fixed primary stellate cells, incubated
with the BODIPY reagent (Invitrogen) at 1:1000 for 1 hour. Cells were also stained with
DAPI to mark nuclei (1:10,000).

Primary stellate cell isolation
Isolation and purification of murine stellate cells was performed as previously described27

and outlined in the Supplementary Methods.

Real-Time Quantitative PCR
RNA from cells or liver tissues was extracted using TRIzol (Invitrogen). One microgram of
total RNA was reverse transcribed using iScript cDNA Synthesis Kit (Biorad). Sybergreen
(Diagenode) real-time quantitative PCR assays were performed using an Applied
Biosystems 7900HT sequence detector. Results are normalized to 36B4 and expressed as
mean fold induction over controls +/− SEM. Specific primer sequences are available on
request.

Statistics
All data shown as mean +/− SEM. Differences between two groups were compared with a
2-tailed unpaired t test. Differences between multiple groups were compared by 1-way or 2-
way ANOVA with either Newman-Keuls or Bonferroni post tests (GraphPad Prism 4.0a,
California). *, P < .05; **, P < .01; ***, P < .001; NS, P > .05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reciprocal lipogenic / anti-inflammatory action of LXRs in immortalized stellate cells
Gene expression in human LX-2 stellate cells by qPCR. (A–B) LX-2 cells were cultured to
near confluence and treated with increasing amounts of ligand for 12–18 hours: GW3965 (0
→ 1 µM), 22R-hydroxycholesterol (0 → 5 µM). (C) LX-2 stellate cells were pretreated for
12 hours with 1 µM GW3965 or vehicle (DMSO), then exposed to LPS (0 → 5 ng/mL) for
another 6 hours.
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Figure 2. LXR agonism suppresses myofibroblastic gene expression and promotes neutral lipid
accumulation in stellate cells
(A) Gene expression from hepatic non-parenchymal fractions of WT and Lxrαβ −/− mice
treated for 7 days with 1 µM GW3965 or vehicle (DMSO). (B) Freshly isolated, highly
purified primary stellate cells from WT mice are shown in phase contrast overlaid with
autofluorescence (blue DAPI excitation) of the retinoid content in each cell, 200×. (C) WT
stellate cells (day 5 of culture activation) stained with a FITC-conjugated, α-smooth muscle
actin monoclonal antibody (green), 50× and 100×. (D) Neutral lipid staining by BODIPY
(green) in WT primary stellate cells (day 5), incubated with 1 µM GW3965 or DMSO for 36
hours, 400×. Nuclei are stained with DAPI (C & D).
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Figure 3. LXR null stellate cells have marked alterations in lipid / retinoid distribution and
increased fibrotic and inflammatory gene expression
(A) High-power (630×) micrographs of BODIPY stained (green), purified stellate cells from
WT and Lxrαβ −/− mice one day after isolation. Stellate cells from wild-type mice have
characteristic multiple, small droplets while Lxrαβ −/− cells typically have a particularly
large droplet, almost the same size as the nucleus (blue DAPI). Autofluorescence of retinoid
overlaps entirely with the lipid droplets (not shown). (B) Gene expression in primary WT
and Lxrαβ −/− stellate cells early in culture activation (day 3). (C) Gene expression in
primary WT stellate cells treated continuously with either 1 µM T0901317 (abbreviated
T1317) or vehicle (DMSO) throughout culture activation.
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Figure 4. Conditioned media from LXR null stellate cells increases the fibrotic and inflammatory
program in WT cells
Purified, primary stellate cells from each genotype were isolated in parallel (cf. Methods)
and plated on plastic for spontaneous culture activation. (A) Experimental design. (B,C)
Gene expression by qPCR from day 5 culture activated cells showing myofibroblastic (B)
and inflammatory (C) genes.
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Figure 5. LXR null mice are susceptible to liver injury from CCl4
(A) α-smooth muscle actin expression (dark brown) by immunohistochemistry, 72 hours
after a single dose of CCl4. N=10 per genotype, 100×. (B) WT and Lxrαβ−/− mice were
challenged biweekly for one month with intraperitoneal CCl4 or vehicle (cf Methods). Liver
sections of intraparenchymal fibrotic septae (blue Masson’s trichrome) after chronic CCl4
injury are shown, 100×. (C) ALT levels from CCl4-treated mice. (D) Collagen α1(I) gene
expression by qPCR from CCl4-treated mice. (E) Hepatic fibrosis as quantified by digital
scanning of entire liver sections (cf. Methods). N = 6–8 mice per group, repeated on 2
separate occasions.
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Figure 6. LXR null mice develop more fibrosis on MCD diet
(A) Masson’s trichrome staining of liver sections from WT and Lxrαβ−/− mice after a
month of MCD or control diets, 100×. (B) ALT levels from mice fed an MCD diet. (C)
Collagen α1(I) gene expression by qPCR from mice fed the MCD diet. (D) Quantified
hepatic fibrosis after MCD diet (cf. Methods). N = 6–10 per group.
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Figure 7. Reciprocal bone marrow transplants between WT and LXR null mice
Lethally irradiated WT or Lxrαβ−/− (KO) recipient mice were reconstituted with bone
marrow from WT or KO donors (cf. Methods). Eight weeks after transplantation the mice
were then challenged with intraperitoneal CCl4 injections as before. (A) Masson’s trichrome
staining of liver sections from vehicle and CCl4-treated chimeric animals. N = 8–10 per
group, magnification 100×. (B) As in (A), except all recipient mice were Lxrαβ−/−, N = 4–7
per group, magnification 100×. (C) Col1αI gene expression by qPCR and quantified fibrosis
in WT recipients after chronic CCl4 administration. (D) Col1αI gene expression by qPCR
and quantified fibrosis in Lxrαβ−/− recipients after chronic CCl4 administration.
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