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Abstract Liver X receptors (LXRs) are important regula-
tors of cholesterol and lipid metabolism. LXR agonists have
been shown to limit the cellular cholesterol content by in-
ducing reverse cholesterol transport, increasing bile acid
production, and inhibiting intestinal cholesterol absorption.
Most of them, however, also increase lipogenesis via sterol
regulatory element-binding protein-1c (SREBP1c) and car-
bohydrate response element-binding protein activation
resulting in hypertriglyceridemia and liver steatosis. We re-
port on the antiatherogenic properties of the steroidal liver
X receptor agonist N,N-dimethyl-3b-hydroxy-cholenamide
(DMHCA) in apolipoprotein E (apoE)-deficient mice.
Long-term administration of DMHCA (11 weeks) significantly
reduced lesion formation in male and female apoE-null
mice. Notably, DMHCA neither increased hepatic triglycer-
ide (TG) levels in male nor female apoE-deficient mice.
ATP binding cassette transporter A1 and G1 and cholesterol
7a-hydroxylase mRNA abundances were increased, whereas
SREBP1c mRNA expression was unchanged in liver, and
even decreased in macrophages and intestine. Short-term
treatment revealed even higher changes on mRNA regu-
lation. Our data provide evidence that DMHCA is a strong
candidate as therapeutic agent for the treatment or prevention

of atherosclerosis, circumventing the negative side effects of
other LXR agonists.—Kratzer, A., M. Buchebner, T. Pfeifer,
T. M. Becker, G. Uray, M. Miyazaki, S. Miyazaki-Anzai, B.
Ebner, P. G. Chandak, R. S. Kadam, E. Calayir, N. Rathke,
H. Ahammer, B. Radovic, M. Trauner, G. Hoefler, U. B.
Kompella, G. Fauler, M. Levi, S. Levak-Frank, G. M.
Kostner, and D. Kratky. Synthetic LXR agonist attenuates
plaque formation in apoE-/- mice without inducing liver
steatosis and hypertriglyceridemia. J. Lipid Res. 2009. 50:
312–326.
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Nuclear liver X receptors (LXRs) are involved in the con-
trol of cholesterol and lipid metabolism. LXRa (NR1H3)
and LXRb (NR1H2) are sterol sensors that bind oxysterols
to act as a transcriptional switch for the coordinated regu-
lation of genes involved in cellular cholesterol homeostasis,
cholesterol transport, catabolism, and absorption (1). In
peripheral cells such as macrophages, LXRs are likely to co-
ordinate a physiological response to cholesterol loading by
regulating the transcription of several genes involved in
cholesterol efflux and catabolism, including ATP-binding
cassette (ABC)A1 and G1 (2–6). In the intestine, LXR ligands
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were shown to reduce dietary cholesterol absorption by
ABCA1, ABCG1, and ABCG5/G8 activation (3, 7, 8). In
the liver, LXRs apparently regulate cholesterol, fatty acid,
and triglyceride (TG) metabolism. This latter effect is partly
mediated by sterol regulatory element-binding protein-1c
(SREBP1c) activation (9, 10) and the upregulation of its
downstream target genes [e.g., lipoprotein lipase (11), fatty
acid synthase (FAS) (12), and stearoyl-CoA desaturase 1
(13)]. Additionally, carbohydrate response element-binding
protein (ChREBP) is activated by LXR (14) and enhances
hepatic fatty acid synthesis. In rodents but not in humans,
LXRs enable bile acid synthesis by activation of cholesterol
7a-hydroxylase (CYP7A1) (15). Recent publications in
atherosclerotic mouse models have shown that LXR activa-
tion by GW3965 and T0901317, two synthetic nonsteroidal
LXR ligands, results in decreased atherosclerosis (16, 17).
Unfortunately, the concomitant induction of lipogenic
genes leads to hypertriglyceridemia and liver steatosis,
which is an undesirable effect of most LXR agonists.

N,N-dimethyl-3b-hydroxy-cholenamide (DMHCA) has
been identified as a potent synthetic steroidal LXR activator
in vitro and in vivo (18). It induces ABCA1 expression in
macrophages and liver, but has only negligible effects on
hepatic SREBP1c activation (approximately one-tenth of
that observed for either T0901317 or GW3965) (18). These
properties give DMHCA a novel and selective in vivo profile.

In the present study, we have evaluated the effects of
different doses and feeding periods of DMHCA in normal
chow and Western type diet (WTD) on lipid parameters
and gene regulation in wild-type mice. Furthermore, we
determined whether DMHCA administration to apolipo-
protein E (apoE)-deficient mice had an impact on ath-
erosclerotic plaque formation. We found that DMHCA
reduced atherosclerosis in male and female apoE-null
mice without the development of hepatic steatosis and
hypertriglyceridemia. These observations suggest that
DMHCA may represent a promising therapeutic agent
for intervention in atherosclerosis.

MATERIALS AND METHODS

Animals and diets
Animal experiments were performed in accordance with the

standards established by the Austrian Federal Ministry of Science
and Research, Division of Genetic Engineering and Animal Ex-
periments (Vienna, Austria). C57Bl/6 (Himberg, Austria) and
apoE-deficient mice on a C57Bl/6 background (Charles River
WIGA GesmbH, Sulzfeld, Germany) were maintained in a clean
environment on a regular light-dark cycle (14 h light, 10 h dark).
Before the initiation of the corresponding diets mice were kept on
a standard laboratory chow diet. Male C57Bl/6 mice were fed
chow diet or Western type diet (WTD; TD88137 mod. containing
21% fat and 0.2% cholesterol, ssniff, Soest, Germany and Harlan
Teklad, Madison, WI) 6 DMHCA or T0901317 (80 mg/kg body
weight/day) (Cayman Chemicals, Ann Arbor, MI) for 4 or 15 days.
To study atherosclerotic lesion formation, male and female apoE-
deficient mice were fed ad libitum the WTD6 DMHCA (8 mg/kg
body weight/day) for 11 weeks. To elucidate gene regulation by
DMHCA in apoE-null mice in short time experiments, male mice

were fed chow diet 6 DMHCA (80 mg/kg body weight/day) for
4 days orWTD6DMHCA (8mg/kg body weight/day) for 15 days.
Diets were supplemented with the respective LXR ligand at a level
sufficient to provide the appropriate mg/kg food dose on con-
sumption of a 5 g diet by a 25 g mouse per day. Body weight
and food intake were monitored regularly. DMHCA was syn-
thesized as described (19) and/or was obtained from Dr. E. M.
Quinet (18). Purity was checked by thin layer chromatography
and 1H-NMR.

Preparation of histological sections and lesion analysis
For analyses of atherosclerotic lesions at the aortic root, the

upper two-thirds of the heart were fixed in 4% formaldehyde, em-
bedded in tissue medium (Tissue-Tek O.C.T, Sanova Pharma
GesmbH Diagnostik, Vienna, Austria), and frozen at220°C. After
approximately 600 mm, 8 mm cryosections of the aortic root were
cut and lipid-rich regions were stained with Oil Red O (Sigma,
Vienna, Austria) and counterstained with hemotoxylin (Richard-
Allen Scientific, Kalamazoo, MI). Macrophages were detected
with monoclonal rat anti-mouse antibody MOMA-2 (Acris,
Hiddenhausen, Germany). Tissue specimens were fixed with ace-
tone for 10 min at room temperature (RT). The slides were ultra-
violet blocked and the sections were incubated with MOMA-2
antibody (1:600) for 30 min at RT. Subsequently, the sections
were incubated with a biotinylated polyclonal rabbit anti-rat IgG
(1:75, Dako Österreich GmbH, Vienna, Austria) for another
30 min at RT. The substrate chromogen AEC (Dako) was applied
for 10min at RT. The sections were counterstained with hemotoxylin.
Images were taken with ScanScope T3 whole slide scanner (Aperio
Technologies, Bristol, UK). Mean lesion area at the tricuspid valves
was analyzed using Adobe Photoshop.

For en face analysis, apoE-deficient mice were euthanized
using 300 ml of Nembutal (diluted 1:5) and the heart was per-
fused for 10 min with PBS and for 15 min with 4% formaldehyde.
Then the aorta was dissected, opened longitudinally from the
heart to the iliac arteries, and stained with Oil Red O. Images
were analyzed with Adobe Photoshop and a software algorithm
which had been programmed with Interactive Data Language
(ITT Visual Information Solutions, Boulder, CO). Briefly, the
amount of plaques was calculated by the ratio Aplaque/Atotal after
segmentation steps of the images with background and needle
separation. The extent of lesion area is expressed as the percent-
age of the total area of aorta section covered by the lesion. Statis-
tical analysis of the plaque area was performed using the statistic
program SPSS 14.0, applying a Studentʼs t-test.

Cell fractionation and immunoblotting
Nuclear extraction (20) and protein quantitation were per-

formed as described (21). Aliquots (100 mg of protein) were sep-
arated by SDS-PAGE and blotted onto nitrocellulose membranes.
For immunoblot analysis, SREBP1 antibody (Santa Cruz Biotech-
nology, Heidelberg, Germany) (1:1,000) was visualized with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (1:2,000, Dako
Österreich GmbH, Vienna, Austria) using the Enhanced Chemi-
luminescence (ECL) Western Blotting Detection System Kit
(Amersham Biosciences, GE Healthcare Europe GmbH, Vienna,
Austria). Gels were calibrated with the Sigma marker wide range
(Sigma, Vienna, Austria). Membranes were exposed to ECL
Hyperfilm (Amersham Biosciences).

Plasma and hepatic lipid parameters
Blood was collected by retro orbital bleeding and EDTA-

plasma was prepared within 20min. Plasma TG (DiaSys, Holzheim,
Germany), total cholesterol (TC) (Greiner Diagnostics AG,
Langenthal, Switzerland), HDL cholesterol (Technoclone
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GmbH, Vienna, Austria), alanine aminotransferase (ALT) (Roche
Diagnostics, Mannheim, Germany) and aspartate aminotransferase
(AST) (Thermo Electron Corporation, Louisville, CO) concentra-
tions were measured enzymatically. To determine hepatic lipid
contents, total lipids were extracted from livers and lipid param-
eters were determined using above mentioned kits. For analysis of
hepatic TG-associated fatty acids lipids from livers were extracted
and separated by TLC. The TG band was scraped, methylated, and
analyzed by gas-liquid chromatography using heptadecanoic acid
as internal standard (22).

Lipoprotein profile
Plasma samples of seven overnight fasted female apoE-

deficient mice fed WTD plus DMHCA for 11 weeks were pooled
and compared with those of seven apoE-deficient mice fed WTD
(control). Lipoproteins were isolated by fast protein liquid chro-
matography (FPLC) on a Pharmacia FPLC system (Pfizer Pharma,
Karlsruhe, Germany) equipped with a Superose 6 column
(Amersham Biosciences, Piscataway, NJ). Two hundred ml pooled
plasma samples were diluted, subjected to FPLC analysis and lipo-
proteins were eluted with 10 mM Tris-HCl, 1 mM EDTA, 0.9%
NaCl, and 0.02% NaN3 (pH 7.4). Fractions of 0.5 ml each were
collected and TG and TC concentrations were assayed enzymati-
cally using above mentioned kit. To enhance sensitivity, reaction
buffers were supplemented by the addition of sodium 3,5-dichloro-
2-hydroxy-benzenesulfonate (Sigma-Aldrich, Vienna, Austria).

Cell culture
Thioglycollate-elicited peritoneal macrophages (MPM) were

isolated with 10 ml PBS from mice 3 days after peritoneal injec-
tion of 3 ml 3% thioglycollate medium. MPM were centrifuged,
washed with PBS, and cultured in 75 cm2 flasks in DMEM (Gibco,
Invitrogen, Lofer, Austria) supplemented with 10% FCS, 1%
L-glutamine, and 1% streptomycin/penicillin under standard cell
culture conditions (37°C, 5% CO2) for 2 h. Thereafter, non-
adherent cells were removed and MPM were cultured in the same
medium overnight. Macrophage differentiation to foam cells
(from C57Bl/6 mice) was performed by incubation of MPM with
50 mg/ml aggregated LDL for 24 h in the absence or presence of
2.5 mM DMHCA.

RNA isolation and quantitative real-time PCR
Total RNA from mouse tissues was isolated using the Trizol

procedure according to the manufacturerʼs protocol (Invitrogen,
Lofer, Austria). Total RNA from cells was isolated using RNeasy
Mini Kit (Qiagen, Vienna, Austria). Quantitative gene expression
analysis was performed on a LightCycler 480 (Roche Diagnostics,
Mannheim, Germany) using the Quantifast™ SYBR:GREEN PCR
Kit (Qiagen). For RNA quantification, 1–2 mg of total RNA were
reverse transcribed according to the manufacturerʼs instructions
using random hexamer primers (Finnzymes, Espoo, Finland). In
general, 6 ng template cDNA was used for each real time PCR.
PCR primers used for real-time PCR (see supplementary informa-
tion) were designed with primer designer version 2.0.

Melting curve analysis was performed to ensure that a single
PCR product was amplified and no primer dimers were gener-
ated. PCR efficiency of each transcript was determined using four
dilutions (1:5, 1:25, 1:125, 1:625) in triplicate of a pool of all avail-
able cDNAs of one experiment. To confirm accuracy and repro-
ducibility a minimum of three samples per condition were
measured in triplicate. Crossing points were determined by
Second Derivate Maximum Method and PCR efficiencies were
calculated from the slope, according to the established equation
E 5 10[-1/slope]. Data calculations and determination of statistical
parameters were performed with the public domain program

relative expression software tool REST (http://www.gene-
quantification.com/download.html) using a pair-wise fixed real-
location randomization test (23). Data are displayed as expression
ratios normalized to a reference gene. Initially, amplifications of
murine cyclophilin Awere performed as internal controls for vari-
ations in mRNA amounts. In the liver, cyclophilin A expression
varied between mouse genotypes and therefore hypoxanthine
guanine phosphoribosyl transferase (HPRT) was used as refer-
ence gene. In macrophages, aorta, and ileum data are displayed
as expression ratios normalized to cyclophilin A as reference gene.

Statistics
Statistical analyses in experiments except real-time PCR analyses

(see above) were performed using the Studentʼs t-test. Data are ex-
pressed as mean 6 SD. * P , 0.05; ** P # 0.01; *** P # 0.001.

RESULTS

DMHCA increases ABCA1 mRNA levels in macrophages
and foam cells

MPM isolated from C57Bl/6 mice and foam cells were
incubated in the absence or presence of 2.5 mM DMHCA
for 24 h. As expected, DMHCAwas found to stimulate ABCA1
mRNA expression in MPM and in aggregated LDL-laden
foam cells in vitro by 7.0- and 4.8-fold, respectively, compared
with untreated macrophages and foam cells (Fig. 1).

DMHCA does not induce liver damage or
hypertriglyceridemia in wild-type mice

To study possible effects of a short-term treatment,
C57Bl/6 mice were fed chow diet containing a high dose of

Fig. 1. N,N-dimethyl-3b-hydroxy-cholenamide (DMHCA) induces
ATP-binding cassette (ABC)A1 mRNA expression in macrophages
and foam cells. Peritoneal macrophages (MPM) from C57Bl/6 mice
were isolated and incubated6 50 mg/ml aggregated LDL for 24 h in
the absence or presence of 2.5 mM DMHCA. ABCA1 mRNA expres-
sion ratio in MPM and foam cells plus DMHCA including cyclophilin
A normalization was calculated by pairwise fixed reallocation test
relative to control MPM and foam cells (arbitrarily set to 1). Data
are expressed as mean 6 SD. ** P # 0.01; *** P # 0.001.
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either DMHCA or T0901317 (80 mg/kg body weight/day)
for 4 days. Although all mice ate comparable amounts of
food and showed similar body weights, liver weights were sig-
nificantly increased in T0901317-fed animals (1.546 0.24 g)
when compared with controls (1.12 6 0.12 g) (Fig. 2A).
Macroscopically, administration of T0901317 resulted in a
yellow-brown change in color of the liver and moderate to
severe steatosis (Fig. 2A). This effect was also confirmed by
measuring the TG concentration, which was significantly
increased by 2.4-fold when compared with controls (Fig. 2,
inset). In addition, plasma alanine aminotransferase (ALT)
concentration was increased (2416 95 U/l) indicating liver
damage following treatment with T0901317 (Fig. 2, inset).
Furthermore, T0901317 treatment significantly enhanced
SREBP1c mRNA levels by 4.4-fold (Fig. 2B). There were
no differences in the content of the precursor SREBP1 pro-
tein between the different diets, however, T0901317 mark-
edly increased mature, transcriptionally active hepatic

nuclear SREBP1 (nSREBP1) protein by 2.9-fold (Fig. 2C).
In contrast, liver weight remained unchanged (1.15 6
0.04 g) and the liver color appeared normal in DMHCA-
fed mice (Fig. 2A). Oil Red O staining of liver specimens
from DMHCA-treated animals revealed minimal steatosis
(Fig. 2A) with slightly increased hepatic TG levels (24.5 6
4.8 mg/g) when compared with controls (19.7 6 1.6 mg/g)
(Fig. 2, inset). In accordance, DMHCA treatment resulted
in only 1.6-fold increased SREBP1c mRNA (Fig. 2B) and
there were no changes in nSREBP1 protein levels (Fig. 2C).
Plasma ALT levels were not significantly altered (Fig. 2, inset).
These data clearly demonstrate that T0901317 had a pro-
found effect on hepatic fat content with a drastic increase
in plasma ALT levels after 4 days of feeding, while DMHCA
only mildly increased hepatic TG concentrations with no
detectable liver damage.

To check whether a treatment longer than 4 days or
WTD affects lipid parameters, male C57Bl/6 mice were

Fig. 2. Liver analyses of C57Bl/6 mice fed chow
diet 6 T0901317 or DMHCA (80 mg/kg body
weight/day) for 4 days. A: Livers were weighed and
cryo-sections were stained with Oil Red O and hemo-
toxylin. Original magnification: 1003 (top row),
6003 (bottom row). Real-time PCR analysis of sterol
regulatory element-binding protein-1c (SREBP1c)
mRNA expression (B) andWestern blot analysis of pre-
cursor (p) and mature (n) SREBP1 expression (C).
Data represent the mean values 6 SD. * P , 0.05;
** P # 0.01; *** P # 0.001.
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fed chow or WTD 6 80 mg DMHCA/kg body weight/day
for 15 days. Plasma TG concentrations were not signifi-
cantly altered by DMHCA on both diets suggesting that a
high dose of DMHCA fed for more than 2 weeks does not
induce hypertriglyceridemia in wild-type animals (Table 1).
Interestingly, plasma TC levels were significantly reduced
by 32% in mice fed chow diet plus DMHCA but remained
unchanged in mice fed WTD plus DMHCA when com-
pared with controls. Hepatic TC concentrations were mark-
edly decreased on both diets by DMHCA (54% and 56%,
respectively). In contrast, hepatic TG levels were not
changed by DMHCA in WTD, but were significantly in-
creased by 2.4-fold by DMHCA in chow diet. Plasma AST
levels were slightly but not significantly increased on chow
diet plus DMHCA and unaltered by DMHCA in WTD-fed
animals (Table 1). Oil Red O staining of liver sections from
DMHCA-treated mice revealed macroscopically no differ-
ences in lipid accumulation upon the absence or presence
of DMHCA in both diets, while T0901317 treatment re-
sulted in severe steatosis with enlarged lipid droplets on
both diets (see supplementary Figure I). Because we found
slightly increased TG levels in DMHCA-treated livers on
chow diet, we checked the hepatic fatty acid composition
in the TG fraction, which was changed upon high DMHCA
concentrations in the chow diet. Oleate (C18:1), palmitate
(C16:0), linoleate (C18:2), and stearate (C16:1) were signifi-
cantly increased (Fig. 3A). No alterations were observed in
mice fed WTD plus DMHCA compared with WTD alone
(Fig. 3B).

Effect of DMHCA on mRNA expression of LXR target
genes in wild-type mice

Target gene expression levels in livers of C57Bl/6 mice
fed chow or WTD 6 T0901317 or DMHCA (80 mg/kg
body weight/day) for 15 days were analyzed by real time
PCR. In chow diet, treatment with DMHCA led to a significant
2.5-fold increase of CYP7A1 mRNA expression (Fig. 4A).
Additionally, the expression levels of ABCA1, ABCG1,
ABCG5, and ABCG8 were significantly increased by 1.9-,
2.1-, 3.5- and 2.8-fold, respectively. Hepatic SREBP1c, fatty
acid synthase (FAS) and ChREBP mRNA quantities were
unaltered upon DMHCA treatment. T0901317 in chow diet
resulted in more pronounced increase of CYP7A1, ABCA1,
ABCG1, and ABCG5/G8 mRNA expression compared with
controls, but also enhanced SREBP1c, FAS, and ChREBP

mRNA by 4.7-, 3.4-, and 1.3-fold, respectively (Fig. 4A).
Similar real-time PCR results were obtained when mRNA
levels were determined from livers of mice fed WTD plus
the LXR agonists. Both ligands significantly increased
CYP7A1 and ABCG8 mRNA, only T0901317 resulted in
an increase in ABCG1 and ABCG5 mRNA, while ABCA1
mRNAwas unaltered by T0901317 and DMHCA treatment.
While T0901317 significantly increased SREBP1c and FAS
by 3.4- and 47.3-fold, respectively, DMHCA did not alter
SREBP1c mRNA expression. While FAS mRNA was signifi-
cantly increased by 2.7-fold, ChREBP was significantly
decreased upon DMHCA treatment by 47%. We also ana-
lyzed ABCA1, ABCG1, ABCG5, and ABCG8 mRNA levels
in ileum of T0901317 and DMHCA in chow diet and found
these ABC transporters significantly increased by both
ligands; again the upregulation was higher by T0901317
treatment (see supplementary Figure II).

Effect of DMHCA on plasma lipid parameters in
apoE-deficient mice

Because we observed beneficial effects of DMHCA in
wild-type mice, we further investigated the effect of
DMHCA on body weight and lipid parameters in apoE-
deficient mice during a long-term treatment. For that pur-
pose, animals were fed WTD with or without DMHCA
(8 mg/kg body weight/day) for 11 weeks. Although the
food intake was similar in the different groups, male and
female mice fed WTD plus DMHCA showed slightly de-
creased body weight gain when compared with mice fed
WTD without DMHCA, which reached significance in
female mice after 8 weeks of treatment (Fig. 5A, B). Plasma
TC and TG levels were determined biweekly in the fed
state. While no significant differences were observed in
plasma TC (Fig. 5C) and TG (Fig. 5E) concentrations in
male mice, female mice showed a significant decrease
in TC (Fig. 5D) and TG (Fig. 5F) levels. Similar changes
in plasma lipid levels were observed when mice were fasted
overnight before blood was taken after 11 weeks of feeding
WTD plus DMHCA (Table 2). We found reduced plasma
TG levels in male (140 6 10 mg/dl) and female (163 6
9 mg/dl) apoE-deficient mice compared with mice fed
WTD alone (197 6 26 and 220 6 5 mg/dl, respectively),
whereas TC concentrations were significantly decreased
only in male (799 6 65 mg/dl vs. 1131 6 52 mg/dl) but
not in female animals (587 6 33 mg/dl vs. 638 6 16 mg/dl,

TABLE 1. Plasma and hepatic triglyceride and total cholesterol concentrations of mice fed
N,N-dimethyl-3b-hydroxy-cholenamide (DMHCA) for 15 days

Plasma Liver

TG (mg/dl) TC (mg/dl) AST (IU/l) TG (mg/g tissue) TC (mg/g tissue)

Chow 62.3 6 10.3 127 6 16.4 30.1 6 13.0 14.0 6 6.4 2.16 6 0.40
Chow 1 DMHCA 52.6 6 8.2 86.8 6 15.5b 47.7 6 13.2 33.8 6 14.9a 1.00 6 0.45b

WTD 45.6 6 8.1 208 6 65.9 26.7 6 8.7 32.1 6 12.8 4.28 6 0.55
WTD 1 DMHCA 54.9 6 10.8 217 6 50.6 21.4 6 7.3 35.1 6 11.1 1.88 6 0.44b

AST, aspartate aminotransferase; DMHCA, N,N-dimethyl-3b-hydroxy-cholenamide. Plasma and hepatic triglyc-
eride (TG) and total cholesterol (TC) concentrations of male C57Bl/6 mice fed chow or Western type diet (WTD)
6 N,N-dimethyl-3b-hydroxy-cholenamide (DMHCA) (80 mg/kg body weight/day) for 15 days. Data are expressed
as mean 6 SD values of 6-8 mice aged 8–12 weeks.

a P , 0.05.
b P # 0.001.
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respectively). No significant changes were found in HDL
cholesterol levels. Determination of plasma AST or ALT
levels did not give reliable results due to lipemic samples.
Yet we determined bilirubin concentrations and found that
they were comparable upon all diets. Therefore, long-time
treatment did not lead to liver damage in apoE-deficient
mice. Additionally, hepatic TG concentrations were unaltered
in male (15.6 6 0.1 mg/g) and female (12.7 6 0.7 mg/g)
DMHCA-treated animals compared with control males
(16.6 6 2.8 mg/g) and females (13.2 6 0.3 mg/g) (Table 2).
Upon FPLC separation of plasma lipoproteins from fasted
female animals, the TG content of the VLDL fraction was
55% decreased after DMHCA treatment (Fig. 6A), and the
TC content was decreased by 29% (Fig. 6B).

DMHCA reduces plaque formation in apoE-deficient mice
To examine the impact of DMHCA on atherogenesis in

apoE-deficient mice, atherosclerotic lesions were evaluated
by aortic valve section and en face analyses after 11 weeks
on WTD in the absence or presence of DMHCA (Fig. 7).
Mice receiving 8 mg DMHCA/kg body weight/day showed
a decrease in average lesion area compared with controls

by both en face and aortic valve section analysis. Immuno-
histochemical staining of macrophages in the aortic valves
with a macrophage-specific anti-MOMA-2 antibody and
Oil Red O staining of lipids demonstrated that lipids
colocalize with macrophages and are more abundant in
control apoE-deficient mice (Fig. 7A). Quantification of
Oil Red O-stained aortic valve sections revealed that treat-
ment with DMHCA resulted in a significant 45.9% and
48.4% decrease in lesion area in male (Fig. 7B) and female
(Fig. 7C) apoE-deficient mice when compared with con-
trols. To further document positive effects of DMHCA on
atherosclerosis, Oil Red O-stained lesions in en face prep-
arations of aortas were quantified. Treatment with DMHCA
led to a significant reduction in lesion area of male and fe-
male apoE-deficient mice compared with controls (27.7%
and 29.5%, respectively) (Fig. 7D, E).

Effect of DMHCA administration on LXR target gene
expression in apoE-deficient mice

To elucidate the long-term effect of DMHCA administra-
tion on gene expression levels in apoE-deficient mice after
11 weeks onWTD with or without DMHCA, gene expression

Fig. 3. Effect of DMHCA on hepatic fatty acid composition. C57Bl/6 mice were fed chow diet (A) or West-
ern type diet (WTD) (B) (containing 80 mg DMHCA/kg body weight/day) for 15 days. Fatty acid com-
position in the livers was determined by gas chromatography after methylation using heptadecanoic acid
as internal standard. Data represent the mean values 6 SD; n 5 8. * P , 0.05; ** P # 0.01.
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levels in liver, MPM, and small intestine were analyzed by
real time PCR. In the liver, ABCG1 and CYP7A1 mRNA
expression levels were significantly increased by 2.3- and
2.8-fold, respectively, whereas ABCA1, ABCG5, and ABCG8
mRNAs remained unchanged (Fig. 8A). Importantly, he-
patic SREBP1c, FAS, and ChREBP mRNA expressions were
not upregulated upon DMHCA treatment. These results
together with unchanged hepatic TG concentrations cor-
roborate our data that chronic DMHCA administration
does not induce liver steatosis.

In MPM, mRNA expression of SREBP1c was slightly but
significantly reduced by 13%, whereas LDLR and acetyl-
CoA carboxylase (ACC) were markedly decreased by
34% and 24%, respectively (Fig. 8B). No significant differ-
ences were observed in ABCA1 and ABCG1 mRNA levels
(Fig. 8B). In the ileum, ABCA1, ABCG1, and ABCG5
mRNAs remained unchanged upon DMHCA administra-
tion (Fig. 8C), while SREBP1c was significantly decreased
by 53%.

Finally, we determined the effects of short-term DMHCA
administration on target gene expression in apoE-deficient
mice. Mice were fed normal chow diet (in the absence or
presence of 80 mg DMHCA/kg body weight/day) for
4 days or WTD (in the absence or presence of 8 mg
DMHCA/kg body weight/day) for 15 days. In the liver,
treatment with DMHCA resulted in a significant induction
of CYP7A1 mRNA expression on both diets, while ABCG5
and ABCG8 were increased by DMHCA only in the chow
diet (1.4- and 1.3-fold, respectively). ABCA1, LDLR, and
HMGCR mRNA were not altered upon feeding both diets.
SREBP1c decreased upon DMHCA feeding with the chow
diet by 52% (Fig. 9A, E). In addition, we checked whether
DMHCA had an influence on gene expression in the aor-
tae. Administration of DMHCA to chow and WTD in-
creased ABCA1 mRNA levels in the aortae by 1.4- and
1.7-fold, respectively, while ABCG1 was significantly elevated
by DMHCA only in chow diet by 1.9-fold (Fig. 9B, F). Ad-
ditionally, ABCA1 mRNA was found to be increased by

Fig. 4. Liver analyses of C57Bl/6 mice fed chow diet
or WTD 6 T0901317 or DMHCA (80 mg/kg body
weight/day) for 15 days. Real-time PCR expression ra-
tios upon liver X receptors (LXR) agonist treatment
in chow (A) and WTD (B) fed mice including hypo-
xanthine guanine phosphoribosyl transferase (HPRT)
normalization were calculated by pairwise fixed re-
allocation test. Controls fed chow or WTD without
LXR ligand were arbitrarily set to 1. Data are expressed
as mean values 6 SD; n 5 8 performed in duplicate.
* P , 0.05; ** P # 0.01; *** P # 0.001.
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DMHCA upon chow and WTD feeding (1.7- and 3.1-fold,
respectively) (Fig. 9C, G). In the ileum, ABCA1, ABCG1,
and ABCG5 were all increased upon DMHCA administra-
tion in the chow diet (2.7-, 1.9- and 1.3-fold, respectively)
(Fig. 9D). While ABCA1 mRNA quantity was significantly

1.7-fold increased in mice fed WTD supplemented with
DMHCA, no changes were observed in ABCG1 and ABCG5
mRNA levels (Fig. 9H). To summarize, all effects on mRNA
expression levels were similar in apoE-deficient mice after
short-time feeding of both diets with the high dose of

Fig. 5. Body weight and plasma triglyceride (TG) and total cholesterol (TC) concentrations of male and female apolipoprotein E (apoE)-
deficient mice. Male (n 5 5) and female (n 5 7) apoE-deficient mice were fed WTD 6 DMHCA (8 mg/kg body weight/day) for 11 weeks.
Body weight (A, B), plasma TC (C, D), and TG concentrations (E, F) in the fed state were determined at 0, 2, 4, 6, 8, 10, and 11 weeks. Data
are expressed as mean values 6 SD. * P , 0.05; ** P # 0.01; *** P # 0.001.
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DMHCA in chow diet resulting in higher and more signifi-
cant changes.

DMHCA does not induce liver steatosis or
hypertriglyceridemia in apoE-deficient mice

To examine whether DMHCA treatment affects plasma
and hepatic lipid parameters in apoE-deficient animals in
a short-term treatment, male mice were fed chow 6 80 mg
DMHCA/kg body weight/day for 4 days. In addition, we
wanted to check whether WTD fed for a shorter time
(15 days) than 11 weeks 6 8 mg DMHCA/kg body
weight/day has an effect on lipid parameters. We found
that plasma TG and TC concentrations were not signifi-
cantly changed upon DMHCA treatment on both diets,
confirming our data that DMHCA does not induce hyper-
triglyceridemia in apoE-null mice (Table 3). Following
treatment with DMHCA, there were no changes in liver
TC content. Liver TG levels were significantly decreased in
mice fed a chow diet plus DMHCA (Fig. 10A), and they were
not changed in mice fed a WTD plus DMHCA (Fig. 10B).
Plasma AST levels were similar in all animals. Furthermore,
the hepatic fatty acid composition in the TG fraction es-
pecially oleate (C18:1), palmitate (C16:0), and linoleate
(C18:2) were significantly decreased (Fig. 10A). In con-
trast, no alterations in the hepatic fatty acid composition

was observed in mice fed WTD plus DMHCA compared
with WTD alone (Fig. 10B). However, when mice were
fed WTD and high concentration of DMHCA (80 mg/kg
body weight/day) for 4 days, this also resulted in a drastic
decrease of all measured fatty acids, while no changes in
fatty acid composition were observed when mice were fed
chow diet plus 8 mg DMHCA/kg body weight/day (data
not shown). These data indicate that 8 mg/kg/day of
DMHCA, which is sufficient to reduce atherosclerosis in
apoE-deficient mice when fed for 11 weeks, does not affect he-
patic fatty acid composition after 15 days, while 80mg/kg/day
significantly reduces fatty acid concentrations in the liver
even after a 4 day treatment.

DISCUSSION

Several studies have shown that LXRs are important
regulators of cholesterol and lipid metabolism (8, 24). Ad-
ditionally, antiatherogenic effects of LXR agonists are well
documented (16, 17). Observations in mouse models of
atherosclerosis revealed that the nonsteroidal LXR ligands
T0901317 (17) and GW3965 (16) reduced the develop-
ment of atherosclerosis in LDLR- or apoE-deficient mice.
Despite their ability to reduce atherosclerosis, LXR ligands

TABLE 2. Plasma and hepatic TG and TC concentrations of overnight fasted apoE-deficient mice fed DMHCA for 11 weeks

Plasma (mg/dl) Liver (mg/g)

Male apoE-ko TG TC HDL-C Bilirubin TG TC

WTD 197 6 26 1131 6 52 13 6 0.41 2.7 6 1.4 16.6 6 2.8 9.5 6 2.5
WTD1DMHCA 140 6 10a 799 6 65a 21 6 3.0 2.4 6 1.2 15.6 6 0.1 7.6 6 1.5

Female apoE-ko
WTD 220 6 5 638 6 16 33 6 0.71 2.6 6 1.1 13.2 6 0.3 9.3 6 1.1
WTD1DMHCA 163 6 9b 587 6 33 34 6 0.78 2.2 6 1.4 12.7 6 0.7 8.1 6 0.4

Male and female apoE-deficient mice were fed WTD 6 DMHCA (8 mg/kg body weight/day) for 11 weeks. Data are expressed as mean 6 SD
values of four animals.

a P , 0.05.
b P # 0.01.

Fig. 6. Effect of DMHCA on distribution of triglycerides and cholesterol in plasma lipoprotein fractions of apoE-deficient mice. Lipo-
protein profile of plasma pools of five fasted female apoE-deficient mice fed WTD 6 DMHCA (8 mg/kg body weight/day) for 11 weeks.
Plasma lipoproteins were separated by fast protein liquid chromatography. TG (A) and TC (B) concentrations in each fraction were
measured enzymatically.
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are known to exhibit less-favorable effects on overall lipid
metabolism including increase of plasma and hepatic TG
concentrations (9). The molecular mechanism responsible
for LXR-mediated hepatic lipogenesis has been largely
attributed to the drastic increase in the expression of
SREBP1c (9, 25). Moreover, ChREBP was recently re-
ported to be a novel LXR target gene (14), which pro-
motes hepatic conversion of excess carbohydrate to lipid
(26, 27). It is essential to identify selective LXR ligands that
exert beneficial cholesterol-lowering properties with mini-
mal influence on lipogenesis. Because DMHCA has been
shown to increase cholesterol efflux in THP-1 macro-
phages and targets involved in reverse cholesterol trans-
port without inducing SREBP1c (18), we investigated the
consequences of DMHCA on gene expression in wild-type
and apoE-deficient mice and its impact on atherogenesis.

Earlier studies revealed that CYP7A1, ABCA1, and ABCG1
mRNAwere significantly increased in liver and intestine only

in animals dosed by intraperitoneal injection, which led
Quinet et al. (18) to suggest that DMHCA may not be well
absorbed by mice. The authors concluded that DMHCA
had poor bioavailability or might be rapidly metabolized
within the enterocyte or shortly thereafter. Although all ef-
fects on mRNA activation in livers of wild-type mice were
less pronounced when compared with T0901317-treated
animals, in our hands DMHCA administration significantly
increased CYP7A1 mRNA levels in all our experimental
conditions. Concomitantly, fecal bile acid concentrations
were increased compared with controls; again this increase
was less pronounced than in T0901317-treated mice (data
not shown). Moreover, we measured the concentration of
DMHCA in the plasma as described in the supplementary
information. The high dose (80 mg/kg body weight/day)
resulted in DMHCA plasma levels of 2–27 ng/ml, while the
lower dose was undetectable (detection limit 0.1 ng/ml).
Further experiments evaluating DMHCA concentrations

Fig. 7. En face and aortic root section analysis
of atherosclerosis in male apoE-deficient mice fed
WTD 6 DMHCA (8 mg/kg body weight/day) for
11 weeks. A: Representative staining of aorta and aor-
tic valves with Oil Red O and MOMA-2 antibody. Le-
sions in aortic valves were analyzed in male (n 5 6)
(B) and female (n 5 6) (C) apoE-deficient mice. Box
plot graphics of en face analysis of male (n 5 6) (D)
and female (n 5 7) (E) apoE-deficient mice. * P ,
0.05; *** P # 0.001.
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in various tissues and feces should provide better insight
into DMHCA metabolism.

Although we observed an approximately 2-fold increase
in hepatic SREBP1c mRNA, the protein level of the mature
peptide was not increased. In addition, mRNA expression
of FAS and ChREBP were only slightly increased upon
DMHCA treatment for 15 days. These data are in line with
unchanged liver weights and only slightly increased he-
patic TG concentrations in mice fed high concentrations
of DMHCA. After 4 or 15 days of treatment, Oil Red O
staining of liver sections showed minor lipid accumulation,
not comparable to T0901317 treatment, the latter resulting
in severe steatosis. This pathological effect of T0901317 has

been shown to be related to increased de novo lipogenesis
in combination with an increased free fatty acid uptake by
the liver (25). This discrepancy in the action on lipogenesis
of DMHCA and T0901317 might be due to the fact that
T0901317 also induces pregnane X receptor target genes
such as CYP3A4 and the free fatty acid transporter CD36
(28). The authors proposed that some of the effects ob-
served with T0901317 may reflect pregnane X receptor ac-
tivation, which then results in the observed induction of
lipogenic genes. Further studies will be necessary to eluci-
date whether DMHCA activates or suppresses other nuclear
receptors, which in turn leads to an unaltered SREBP1c ex-
pression. Experiments in macrophages isolated from

Fig. 8. Regulation of LXR target mRNA levels after chronic administration of DMHCA. ApoE-deficient
mice were fed WTD 6 DMHCA (8 mg/kg body weight/day) for 11 weeks. Real-time PCR expression ratios
in liver (A), peritoneal macrophages (MPM) (B), and ileum (C) including HPRT or cyclophilin A normali-
zation were calculated by pairwise fixed reallocation test. Controls fed WTD were arbitrarily set to 1. Data are
expressed as mean values 6 SD; n 5 3 performed in triplicate. * P , 0.05; ** P # 0.01; *** P # 0.001.
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LXRa-, LXRb-, and LXRa/b-knockout mice indicate that
DMHCA does not selectively regulate LXRb (Noam Zelcer
and Peter Tontonoz, personal communication), which has
been proposed to be a potential target for the treatment of
atherosclerosis (29). Because DMHCA shows unique gene
regulation not observed with other LXR agonists, the
mechanism of DMHCA action is likely to be different to
the ones shown for T0901317 or GW3965. Additionally,

DMHCA might not act as an oxysterol in suppressing
SREBP2 proteolytic processing, which has been shown for
7-ketocholesterol, a LXR ligand that induces ABCA1
mRNA expression but suppresses SREBP2 activity (30).
Although one should expect increased expression of LDLR
and HMGCR as a compensatory reaction, both mRNA con-
centrations were unaltered in livers of DMHCA-treated
wild-type (data not shown) and apoE-deficient mice.

TABLE 3. Plasma and hepatic TG and TC concentrations of overnight fasted apoE-deficient mice after shorttime administration of DMHCA

Plasma Liver

TG (mg/dl) TC (mg/dl) AST (U/l) TG (mg/g) TC (mg/g)

Chow 103 6 35 567 6 111 30.9 6 11.1 39.3 6 8.2 2.5 6 0.43
Chow1DMHCA (4d, 80 mg) 121 6 21 531 6 19 29.4 6 14.3 18.1 6 6.1a 2.0 6 0.45
WTD 187 6 67 1,110 6 285 38.1 6 20.5 32.6 6 6.4 7.5 6 2.2
WTD1DMHCA (15d, 8 mg) 205 6 61 1,038 6 203 29.2 6 15.6 34.6 6 10.1 5.5 6 0.64

Male apoE-deficient mice were fed chow diet6DMHCA (80 mg/kg body weight/day) for 4 days or WTD6DMHCA (8mg/kg body weight/day)
for 15 days. Data are expressed as mean 6 SD values of six animals.

a P # 0.01.

Fig. 9. Regulation of LXR target mRNA levels in apoE-deficient mice by short-term administration of DMHCA. Male mice were fed chow
diet 6 DMHCA (80 mg/kg body weight/day) for 4 days (A–D) or WTD 6 DMHCA (8 mg/kg body weight/day) for 15 days (E–H). Real-
time PCR expression ratios in liver (A, E), aorta (B, F), MPM (C, G), and ileum (D, H) including HPRT or cyclophilin A normalization were
calculated by pairwise fixed reallocation test. Controls fed diets without DMHCAwere arbitrarily set to 1. Data are expressed as mean values
from three samples performed in triplicate 6 SD. * P , 0.05; ** P # 0.01; *** P # 0.001.
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To examine the effects of DMHCA administration on
the development of atherosclerosis, we evaluated lesion
formation in apoE-deficient mice fed WTD supplemented
with DMHCA. Body weight, plasma cholesterol, and TG
concentrations were followed over the whole period of
treatment. After 11 weeks, we observed reduced plasma

TG and TC levels, which were more pronounced in over-
night fasted animals. DMHCA significantly reduced plaque
formation in male and female apoE-deficient mice. Altera-
tions in the lipoprotein profiles might contribute to this
beneficial effect; however, HDL cholesterol levels were
only slightly increased. Comparable to the results shown

Fig. 10. Effect of DMHCA on hepatic fatty acid composition in apoE-deficient mice. Male apoE-deficient mice were fed chow diet 6
DMHCA (80 mg/kg body weight/day) for 4 days (A) or WTD 6 DMHCA (8 mg/kg body weight/day) for 15 days (B). Fatty acid composi-
tion in the livers was determined by gas chromatography after methylation using heptadecanoic acid as internal standard. Data represent
the mean values 6 SD; n 5 8. * P , 0.05; ** P # 0.01; ***P # 0.001.
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in T0901317 treated apoE-deficient mice (16), our data
suggest that DMHCA in macrophages within the artery
wall directly contributes to its anti-atherogenic effect be-
cause DMHCA is able to highly stimulate ABCA1 expres-
sion in foam cells in vitro. DMHCA did not significantly
increase ABCA1 expression in liver, macrophages, or
ileum of apoE-deficient mice after 11 weeks of feeding.
Yet, hepatic ABCG1 and CYP7A1 mRNA levels were in-
creased, which might have led to enhanced cholesterol ef-
flux and bile acid production, similar to what we observed
in C57Bl/6 mice. In accordance, short-term administra-
tion of DMHCA resulted in enhanced ABCA1 mRNA levels
in aorta, macrophages, and ileum, while ABCA1 in the
liver remained unaltered. In macrophages, upregulation
of ABCA1 and ABCG1 promotes reverse cholesterol trans-
port of unesterified cholesterol and phospholipids to pro-
duce HDL (31–33). HDL cholesterol is then delivered to
the liver where an LXR-dependent increase in CYP7A1 ex-
pression results in enhanced bile acid synthesis and cho-
lesterol elimination. We observed an increase in ABCA1,
ABCG1, and ABCG5 in ileum of DMHCA-treated apoE-
deficient mice. It has been shown that increased biliary
excretion and decreased intestinal uptake through the
LXR-mediated regulation of ABC transporters allow for
the elimination of excess body cholesterol (34–36). Similar
to previous work that has shown that LXR ligands build
heterodimers with retinoic X receptor and reduce choles-
terol absorption (3), we observed reduced cholesterol ab-
sorption in DMHCA-treated wild-type mice (unpublished
results). Very recently, Tang et al. (37) showed that intesti-
nal cholesterol absorption was required for T0901317 to
raise plasma HDL-C in mice. Furthermore, ezetimibe, a
potent cholesterol absorption inhibitor, was shown to re-
duce plasma cholesterol levels as reviewed by Davis and
Veltri (38). The consequences of inhibiting cholesterol
absorption by ezetimibe included reduced cholesterol de-
livery to the liver, which resulted in reduced hepatic cho-
lesterol stores. These data are in line with our observations
that DMHCA reduces cholesterol absorption with the con-
sequences that i) HDL-C is only slightly but not signifi-
cantly increased by DMHCA, and ii) hepatic cholesterol
levels are decreased. Most interestingly, our results differ
from previous studies feeding other LXR ligands in that
SREBP1c, FAS, or acetyl-CoA carboxylase were unaltered
or even decreased in liver, macrophages, and ileum. All ef-
fects on mRNA regulation were more pronounced when a
high dose of DMHCAwas provided in chow diet for 4 days
compared with longer time of treatment with a smaller
dose applied in WTD.

Taken together, our results obtained with different diets,
dosage, and length of DMHCA treatment in wild-type and
apoE-deficient mice indicate that independent of the diet-
ary status, DMHCA regulates mRNA expression of genes
involved in cholesterol catabolism and efflux in the liver,
reverse cholesterol transport in macrophages, and choles-
terol absorption in the intestine in a beneficial way. Higher
concentration of DMHCA in the diet results in signifi-
cantly higher differences in mRNA expression levels. In
conclusion, we have demonstrated that even a small dose

of DMHCA fed for 11 weeks was able to reduce athero-
sclerosis in apoE-deficient mice without inducing hepatic
and plasma TG levels, which are independent risk factors
for insulin resistance and cardiovascular disease. There-
fore, DMHCA may be a promising agent for the treatment
of atherosclerosis.
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