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Rational application of macrophage-specific
LXR agonists avoids the pitfalls of SREBP-

induced lipogenesis

Jason A. Magida® and Ronald M. Evans®®"

While 92 million Americans are currently estimated to
have some form of cardiovascular disease (CVD),
nearly one-half of adults in the United States are
projected to develop CVD by 2030, annually eclipsing
all other causes of death for the past century (1). Cor-
onary heart disease, which confers a plurality of CVD
etiologies resulting in death, is exceptional in its ties to
insufficient cholesterol transfer from peripheral sites
to the liver and subsequent disposal (1, 2). As a me-
diator of inflammation, a source of peripheral choles-
terol, and a cell type integral to the deposition of
vascular fatty lesions, the macrophage has been
cast to play a leading role in atherosclerosis. Each
of these contributors to atherogenesis are regu-
lated by the liver X receptor (LXR) (3). In PNAS,
Muse et al. (4) manipulate ligand-induced LXR ac-
tivities to accentuate a transcriptional program that
promotes cholesterol efflux gene expression specif-
ically in the macrophage.

The LXR family of nuclear receptors is implicated in
a reciprocal coordination of gene products involved in
lipid homeostasis and inflammation (3). While lipids
bearing oxidative modifications not only underlie ex-
cessive neutral lipid accumulation and inflammatory
gene expression, they also agonize LXR. Therefore,
this nuclear receptor family is a uniquely suited drug
target to mitigate vascular lesion development (5).
LXR performs these functions by activating the tran-
scription of cholesterol transporters (e.g., ATP-binding
cassette transporters Abcal, AbcgT) and tolerogenic
cytokines (e.g., interleukin-10), as well as preventing
the removal of corepressor complexes from Toll-like
receptor-activated regulatory elements, respectively
(5-7). Synthetic LXR agonists, such as GW3965 and
T0901317, have been instrumental in our appreciation
for the breadth of LXR actions and atheroprotective
activities in the macrophage in particular. These pow-
erful LXR agonists came to represent an encouraging
strategy for battling arterial plaque deposition.

However, a narrow focus on macrophages and
mouse models of atherosclerosis obscures the perva-
sive impact of these potent synthetic compounds on
activities in other essential sites of LXR expression and
activity. While LXR may drive cholesterol efflux in
macrophages (through ABCA1 and ABCG1), it further
supports reverse cholesterol transport by enforcing
cholesterol conversion to bile acids and excretion
through ABCG5/8 in the liver (8). Unfortunately, syn-
thetic ligand-induced LXR activity is not limited to re-
verse cholesterol transport in the macrophage, as
genes promoting cholesterol efflux are up-regulated
in other cell types, including hepatocytes (9). The fu-
tility of activating cholesterol efflux at both the source
and sink is compounded by a concomitant activation
of a lipogenic program, mediated by sterol regulatory
element-binding protein (SREBP) (9). A coordinated
activation of both fatty acid desaturase and synthase
genes by downstream SREBP activity in the liver pro-
duces remarkable hepatic steatosis and dyslipidemia
in mouse models and human patients (9, 10). Such
an increase in neutral lipid deposition in the liver
and diminishing high-density lipoprotein in circula-
tion, respectively, renders LXR-targeting therapeutic
strategies untenable.

A thorough examination of macrophages from
hypercholesterolemic mice indicated an unexpectedly
muted inflammatory state, compared with macro-
phages derived from healthy mice (6). While free choles-
terol administration increases LXR-activating oxysterol
levels and LXR target genes in macrophages, ablation
of the major oxysterol-producing enzymes demonstrates
that these cholesterol derivatives are only partially re-
sponsible, leading Glass and coworkers (é) to inves-
tigate supplementary mediators of compensatory
LXR activity in the macrophage. They demonstrate that
as macrophage oxysterol content increases with exog-
enous cholesterol levels, the expression of Dhcr24, which
catalyzes a final step in the cholesterol biosynthetic
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Fig. 1. Macrophage-restricted LXR agonists. Conventional synthetic LXR ligands, such as T091317 or GW3965, are exceptionally effective
agonists, delivering systemic LXR target gene up-regulation. Desmosterol and similarly structured mimetics, such as DMHCA and MePipHCA,
agonize LXR in macrophages. Similar to the accumulation of endogenous desmosterol, DMHCA and MePipHCA permit the efficient mobilization
of cholesterol stored in macrophages through the ATP-binding cassette transporters ABCA1 and ABCG1. Importantly, these LXR-agonizing
compounds, unlike T091317 or GW3965, avoid the concurrent activation of SREBP-initiated fatty acid biosynthesis.

Bloch pathway, is the most suppressed transcript by the hyper-
cholesterolemic condition. Cellular desmosterol, a substrate of
DHCR24, is accordingly increased in both macrophages from hy-
percholesterolemic mice and human atherosclerotic lesions (6).
Desmosterol concentrations under these conditions exceed that of
the well-characterized LXR-activating oxysterol levels by 50-fold,
while desmosterol is itself an LXR agonist (6).

Muse et al. (4) demonstrate that, unlike the often-employed
synthetic LXR agonists (i.e., GW3965, T0901317), desmosterol
activates genes responsible for cholesterol export (e.g., Abcal,
Abcg1), while lipogenic gene expression (e.g., fatty acid synthase,
Fasn) remains unaffected (Fig. 1). In addition, this expression pro-
file is restricted to macrophages from both humans and mice,
sparing hepatocytes from a commensurate or futile expres-
sion of LXR targets.

Because macrophage desmosterol levels are already elevated
in the presence of excessive circulating cholesterol levels, Muse
et al. explored the utility of synthetic compounds that share
chemical characteristics with desmosterol, such as a sterol
backbone, to both mimic and supplement the transcriptional
impact of desmosterol in the pathophysiological setting of
hypercholesterolemia. They found that two such compounds,
N,N-dimethyl-3p-hydroxycholenamide (DMHCA) and methylpiperi-
dinyl-3p-hydroxycholenamide (MePipHCA), are potent activators

of LXR target genes involved in cholesterol efflux (e.g., AbcaT,
Abcg1), while having no effect on the expression of lipogenic
SREBP targets (e.g., Fasn) (4). In addition, like desmosterol,
DMHCA and MePipHCA-stimulated transcriptional programs are
restricted to human and murine macrophages as primary hepato-
cytes failed to follow suit.

Finally, Muse et al. (4) tested the efficacy of these desmosterol
mimetics in vivo. Injection of DMHCA and MePipHCA up-
regulates Abcal, but not Fasn in elicited macrophages, while
failing to activate either gene in the liver. Interestingly, Kupffer
cells, the resident macrophages of the liver, respond to
DMHCA and MePipHCA similarly to thioglycollate-elicited macro-
phages, failing again to activate either gene in whole liver.

Synthetic LXR agonists, such as GW3965 and T0901317, have
been important tools in furthering our understanding of
generalized LXR action and, particularly, the integrative role
of LXR in macrophage biology. However, the chemical struc-
tures of GW3965 and T0901317 are vastly different from
endogenous LXR ligands and may obfuscate the more natural
inclinations of pathophysiological LXR activities. Indeed, Muse et al.
explore the divergent activation and roles for LXR in macrophages
and hepatocytes and demonstrate that macrophage-specific syn-
thetic LXR agonists such as DMHCA and MePipHCA appear to be a
promising new class of atheroprotective agents.
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