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Abstract Adipose tissue inflammation is associated with in-
sulin resistance and increased cardiovascular disease risk in
obesity. We previously showed that addition of cholesterol
to a diet rich in saturated fat and refined carbohydrate sig-
nificantly worsens dyslipidemia, insulin resistance, adipose
tissue macrophage accumulation, systemic inflammation,
and atherosclerosis in LDL receptor-deficient (Ldlr™"")
mice. To test whether inhibition of intestinal cholesterol
absorption would improve metabolic abnormalities and
adipose tissue inflammation in obesity, we administered
ezetimibe, a dletary and endogenous cholesterol absorption
inhibitor, to Ldlr™’"~ mice fed chow or high-fat, high-sucrose
(HFHS) diets without or with 0.15% cholesterol (HFHS+C).
Ezetimibe blunted weight gain and markedly reduced plasma
lipids in the HFHS+C group. Ezetimibe had no effect on
glucose homeostasis or visceral adipose tissue macrophage
gene expression in the HFHS+C fed mice, although circulat-
ing inflammatory markers serum amyloid A (SSA) and
serum amyloid P (SSP) levels decreased. Nevertheless,
ezetimibe treatment led to a striking (>85%) reduction in
atherosclerotic lesion area with reduced lesion lipid and
macrophage content in the HFHS+C group.lll Thus, in the
presence of dietary cholesterol, ezetimibe did not improve
adipose tissue inflammation in obese Ldlr '~ mice, but it led
to a major reduction in atherosclerotic lesions associated
with improved plasma lipids and lipoproteins.—Umemoto,
T., S. Subramanian, Y. Ding, L. Goodspeed, S. Wang, C. Y.
Han, A. Sta. Teresa, J. Kim, K. D. O’Brien, and A. Chait.
Inhibition of intestinal cholesterol absorption decreases
atherosclerosis but not adipose tissue inflammation. J. Lipid
Res. 2012. 53: 2380-2389.
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Intra-abdominal obesity occurs as part of the metabolic
syndrome, which is associated with insulin resistance, type
2 diabetes and an increased risk of atherosclerosis (1).
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Intra-abdominal obesity also is associated with low-grade
inflammation, including the accumulation of macrophages
in adipose tissue (2) and an increase in levels of circulat-
ing inflammatory markers, such as C-reactive protein, se-
rum amyloid A (SAA), and interleukin-6 (IL-6) in humans
(3), and SAA and IL-6 in mouse models (4). Adipose tissue
macrophages appear to play a role in the pathogenesis of
insulin resistance (5) and systemic inflammation (6), both
of which are associated with increased cardiovascular risk.
Dietary cholesterol also has long been thought to play a
role in atherogenesis Although this might in part be re-
lated to the increase in plasma cholesterol that results
from consumption of dietary cholesterol, a plasma choles-
terol-independent effect of dietary cholesterol has been
proposed (7, 8). However, until recently, it was not clear
what such an effect might be. Studies from our laboratory
suggest that dietary cholesterol might exacerbate systemic
inflammation, which in turn is associated with increased
atherosclerosis. The addition of a moderate amount of
cholesterol to a Western-type diet fed to LDL receptor-
deficient (Ldlf/ - )mice led to increased systemic inflamma-
tion that was independent of an effect on plasma lipids
and lip Proteins We subsequently confirmed our findings
in Ldlr " mice fed a diet high in saturated fat and sucrose,
which has many features of the metabolic syndrome (6). A
surprising finding in that study was that the addition of
0.15% dietary cholesterol led to a dramatic increase in the
accumulation of macrophages in adipose tissue. In this
model, macrophages accumulate in visceral, but not sub-
cutaneous, adipose tissue (6). Despite not gaining more
weight, mice fed added cholesterol in the diets were more
insulin resistant, had more systemic inflammation, and had
greater atherosclerosis than mice fed the diet without added
cholesterol (6). These findings could not be attributed to
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changes in plasma lipids and lipoproteins, and they sug-
gest that dietary cholesterol increased macrophage accu-
mulation in visceral adipose tissue and possibly led to the
various downstream consequences of adipose tissue macro-
phage accumulation.

Inhibition of the intestinal sterol receptor Niemann-
Pick C1 like 1 (NPCILI) using the drug ezetimibe blocks
absorption of both dietary and biliary cholesterol in the
gut, resulting in reduced incorporation of cholesterol into
chylomicrons, decreased delivery of cholesterol to the
liver, and increased clearance of apoB-rich lipoproteins
from plasma (9, 10). Ezetimibe is widely used for the treat-
ment of hypercholesterolemia in humans, often in combi-
nation with a statin. Because it inhibits the absorption of
both dietary and endogenous cholesterol, ezetimibe is an
excellent tool with which to evaluate whether inhibition
of cholesterol absorption will inhibit local inflammation
(macrophage accumulation and the expression of several
inflammatory genes in adipose tissue), insulin sensitivity,
systemic inflammation, and atherosclerosis. We hypothe-
sized that inhibition of cholesterol absorption would have
beneficial effects on adipose tissue inflammation. Our find-
ings indicate that although inhibition of intestinal choles-
terol absorption using ezetimibe resulted in a marked and
significant reduction in atherosclerosis, this effect was inde-
pendent of a reduction in adipose tissue inflammation or
insulin resistance.

METHODS

Animals and diets

Ten-week-old adult male Ldlr /~ mice on a C57BL/6] back-
ground were fed normal chow (4% calories from fat), a high-fat,
high-sucrose diet (HFHS, 60% calories from fat, F1850, Bioserv,
Frenchtown, NJ) or high-fat, high-sucrose diet with 0.15% added
cholesterol (HFHS+C, F4997, Bioserv). Details of these diets have
been published previously (6). The HFHS diet provides 20.5%
protein, 36% fat (40% w/w saturated, 50% monounsaturated,
and 10% polyunsaturated fats) and 36% carbohydrate. The en-
ergy content of the HFHS diet was 5.5 kcal /g. Mice received these
diets with or without supplementation of ezetimibe 5 mg/kg
(Merck Research, NJ), a dose that previously has been shown
to be effective at lowering cholesterol levels in mice (11). Mice
were maintained in a temperature and light-controlled facility in
cages with micro-isolator filter tops, and they received the diets
ad libitum for a total of 24 weeks. Body weights were measured
weekly. Food intake was recorded after 6, 12, and 18 weeks of diet
in individually housed mice and calculated as an average of three
sequential days from a known amount of food given. The food
was reweighed daily, and the amount of food consumed was cal-
culated. The average energy intake of each mouse was estimated
from the volume of food intake and its caloric content. At eutha-
nasia, harvested tissues were snap-frozen in liquid nitrogen and
stored at —70°C or were fixed with 10% neutral-buffered forma-
lin and embedded in paraffin wax. All experimental procedures
were undertaken with approval from the Institution Animal Care
and Use Committee of the University of Washington.

Analytical procedures

Metabolic variables were measured in blood samples ob-
tained from the retro-orbital sinus after a 4 h fast. Cholesterol and

triglycerides in plasma and fast-phase liquid chromatography
(FPLC) fractions were measured using colorimetric assay Kkits
(12). Lipoproteins were separated from pooled plasma samples
by FPLC. Plasma insulin, SAA, and serum amyloid P (SAP) levels
were measured using ELISA as previously described (6). Alanine
aminotransferase (ALT) was measured using an autoanalyzer
through the Nutrition and Obesity Research Center at the Uni-
versity of Washington. Tissue and fecal lipids were extracted us-
ing the Folch technique (13, 14). Intra-peritoneal glucose and
insulin tolerance tests were performed after a 4 h fast as described
previously (6).

Real-time quantitative PCR

Total RNA was extracted from 50-100 mg of whole adipose or
liver tissues using a commercially available RNA extraction kit
according to the manufacturer’s protocol (Agilent Technologies,
Santa Clara, CA). After spectroscopic quantification, 2 pg of RNA
was reverse-transcribed, and the cDNA obtained was analyzed by
real-time quantitative PCR by standard protocols using an ABI
7900HT instrument. Primer and probe sets for individual genes
were purchased from Applied Biosystems (Assay-on-Demand,
Life Technologies, Carlsbad, CA). GAPDH was used as the house-
keeping gene, levels of which did not change with the various
diets. Relative amounts of the target gene were calculated using
the AACt formula.

Histology, immunohistochemistry, and atherosclerosis
quantification

The extent of atherosclerosis was measured in pinned aortas
using the en face technique as previously described (4). Formalin-
fixed, paraffin-embedded adipose tissue and frozen OCT-em-
bedded aortic sinuses were sectioned and stained using Movat’s
pentachrome histochemical stain using standard protocols. Mac-
rophages in adipose tissue and aortic root sections were detected
using a rat monoclonal antibody (Mac2; titer 1:2500, Cedarlane
Laboratories, Burlington, NC). Quantification of aortic root le-
sion area was performed as described previously (4). Oil Red-O
staining of aortic root lesions was performed, photographed, and
then extracted and stained with Movat’s pentachrome. On an ad-
jacentsection, Mac2 staining of aortic root lesions was performed,
photographed, and then extracted and stained with Movat’s pen-
tachrome. Area quantification for lesion area, Oil Red-O stain-
ing, and Mac2 staining was performed on digital images of
immunostained tissue sections using image analysis software (Im-
age Pro Plus software, Media Cybernetics, Bethesda, MD). Adipo-
cyte cross-sectional area was measured by computer image
analysis using techniques described previously (4).

Statistical analyses

Data were analyzed using GraphPad Prism 5 (GraphPad Soft-
ware Inc., La Jolla, CA) and are represented as means and stan-
dard errors. Two-way ANOVA (ANOVA) was used to compare
differences between mice receiving the diets with or without
ezetimibe, and Bonferroni post-hoc testing was used to detect dif-
ferences among mean values of the groups. A Pvalue < 0.05 was
considered statistically significant.

RESULTS

Ezetimibe blunts weight gain in obese Ldlr /" mice fed
added cholesterol

We previously have shown that Ldlr”’" mice fed a HFHS
diet for 24 weeks developed obesity, hyperinsulinemia,
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and hyperlipidemia; addition of cholesterol to this diet
(HFHS+C) worsened these findings (6). We confirmed
these findings in the present study. Weight gain was greater
in the mice that received HFHS+C compared with the
HFHS group (Fig. 1). Ezetimibe supplementation did not
affect weight gain in the chow or HFHS groups; however,
ezetimibe added to HFHS+C significantly blunted weight
gain (P < 0.01 versus HFHS+C, Fig. 1 and Table 1). Food
intake was not different among the groups (Table 1).
Thus, ezetimibe-supplemented HFHS+C mice gained less
weight despite consuming equivalent calories compared
with the other HFHS groups. Hyperglycemia developed in
both HFHS and HFHS+C groups, and ezetimibe had no
significant effect on glucose levels (Table 1). Hyperinsu-
linemia was improved by ezetimibe in the HFHS animals
but not in the HFHS+C group (Table 1). Ezetimibe also
had no beneficial effect on glucose homeostasis measured
by glucose and insulin tolerance tests (data not shown).

Ezetimibe improves lipid abnormalities in obese
Ldlr™’" mice

We determined the effects of ezetimibe on plasma lipids
and lipoprotein abnormalities in obese Ldlr '~ mice. Hy-
percholesterolemia and hypertriglyceridemia developed
in mice fed HFHS diets (P < 0.0001, two-way ANOVA).
Ezetimibe improved plasma cholesterol levels in HFHS
and HFHS+C mice (P< 0.05, Fig. 2A). Similarly, ezetimibe
improved the elevation in triglyceride levels that occurred
in both groups of obese animals, with a 50% reduction in
levels in the HFHS group (P < 0.05 versus HFHS (Fig. 2B)
and a 66% reduction in the HFHS+C group (P < 0.001
versus HFHS+C, Fig. 2B). Lipoprotein distribution profiles
of animals in the HFHS+C group revealed increased
VLDL/IDL particles, which were significantly improved in
the mice that received ezetimibe (Fig. 2C). The drug had
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Fig. 1. Ezetimibe blunts body weight increase in the presence of

dietary cholesterol. Data represent means + SEM (n = 10-15 per
group). Filled and open circles, chow + ezetimibe (EZE); filled and
open squares, HFHS + EZE; filled and open diamonds, HFHS+C +
EZE. *P< 0.001 versus chow; "P< 0.001 versus HFHS; P < 0.05 ver-
sus HFHS+C only, all by two-way ANOVA and post-hoc testing.
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no effect on plasma lipids or lipoproteins in chow-fed
animals.

Ezetimibe decreases circulating plasma SAA and SAP
levels in obese Ldlr /~ mice

To assess the presence of chronic systemic inflammation,
we measured circulating levels of two inflammatory mark-
ers, SAA and SAP. In mice, these liver-derived molecules are
modestly induced by low-grade chronic inflammation (15,
16). As expected, circulating SAA levels significantly in-
creased in mice receiving HFHS and further increased in
HFHS+C mice (P < 0.0001, two-way ANOVA, Fig. 2D).
Ezetimibe significantly reduced circulating SAA levels in
both groups of HFHS-fed animals (P< 0.05). This reduction
was independent of the presence of dietary cholesterol. Simi-
larly, plasma SAP levels increased in the obese mice (P<0.001
versus chow), and ezetimibe improved circulating levels
only in the animals fed HFHS+C (P< 0.05, Fig. 2E).

Ezetimibe does not affect adipose tissue inflammatory
gene expression in obese mice

Visceral adipose tissue accumulation of macrophages is a
key feature of obesity. We therefore determined whether
inhibition of intestinal cholesterol absorption with ezetimibe
would improve adipose tissue inflammation. Immunohisto-
chemical analysis using an antibody to the pan-macrophage
marker Mac2 revealed an increase in macrophage stain-
ing in perigonadal adipose tissue of HFHS+Cfed mice (P<
0.001, two-way ANOVA, Fig. 3A, B). Ezetimibe had no effect
on macrophage accumulation in the HFHS or HFHS+C
group (Fig. 3A, B). Adipocyte hypertrophy developed in
both obese groups, and ezetimibe resulted in greater hy-
pertrophy in the HFHS+C group (Fig. 3C). Analysis of
macrophage-specific genes in whole perigonadal adipose
tissue revealed increased expression of F4/80 (Emrl),
CD11b, and CDI11c in both HFHS+C groups, confirming
increased adipose tissue macrophage content (P < 0.001
versus chow, Fig. 3D-F). Ezetimibe had no overall effect on
macrophage gene expression in any of the obese groups,
except for a reduction in F4/80 gene expression in the
HFHS group. No differences in chemotactic factor genes
(Mcp-1, Saa3) were observed among any of the obese
groups (Fig. 3G, H), although expression of the pro-
inflammatory cytokine 7Tnfa, was reduced by ezetimibe
(Fig. 3I) in the HFHS+C group. These data suggest that
ezetimibe had no major overall beneficial effects on adipose
tissue inflammation.

Ezetimibe decreases hepatic lipid content in obese
Ldlr "~ mice fed added cholesterol

We next evaluated the effects of ezetimibe on liver fat
accumulation in diet-induced obesity. Significant hepato-
megaly developed in mice that were fed HFHS diets
(Table 1). Ezetimibe decreased liver weights in the mice
that received added cholesterol in the diet (Table 1). As
shown earlier, ALT levels were increased significantly in
mice fed HFHS+C, and ezetimibe resulted in a 50% reduc-
tion in levels (Fig. 4A). Similar effects were not observed in
the HFHS-only group with ezetimibe. Hepatic triglyceride
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accumulation that occurred with both HFHS diets was
normalized with ezetimibe in both HFHS diets, but this re-
duction was only significantly different in the group that
received added cholesterol (P< 0.05, Fig. 4A). Hepatic cho-
lesterol content also was decreased with ezetimibe adminis-
tration in the HFHS+C group (P< 0.05, Fig. 4B). Ezetimibe
reduced expression of the inflammatory gene SAA1/2 only
in the HFHS+C animals (Fig. 4D). No changes were ob-
served in macrophage or cytokine gene expression in any of
the groups. Increased fecal excretion of cholesterol (P <
0.05 versus HFHS+C) and triglyceride (P < 0.05 versus
HFHS+C) was observed only in obese mice that received
ezetimibe and added dietary cholesterol (Fig. 4E, F).

Ezetimibe dramatically reduces atherosclerosis in obese

Ldlr /" mice fed added cholesterol

To assess atherosclerosis, we first measured aortic ath-
erosclerotic lesion area using the en face technique. As
anticipated, a significant increase in atherosclerosis was
observed on HFHS diet and was amplified in the HFHS+C
group (P < 0.0001, two-way ANOVA). Ezetimibe reduced
atherosclerosis by a striking 85% in the HFHS+C group
only (P < 0.001 versus HFHS+C, Fig. 5A), suggesting that
the drug was highly effective in reducing aortic atheroscle-
rosis in the presence of dietary cholesterol. A similar pat-
tern was also observed in the aortic root lesion area,
which was significantly reduced in mice fed HFHS+C with
ezetimibe (P < 0.001 versus HFHS+C, Fig. 5B). Aortic root
Oil Red-O staining revealed relatively lipid-poor lesions
with ezetimibe treatment only in the HFHS+C group
(Fig. 5C, E). Immunohistochemistry of aortic root lesions
showed increased macrophage Mac2-stained areas within
lesions in the HFHS+C group with a marked 90% reduc-
tion in Mac2 staining in the HFHS+C group that received
ezetimibe, suggesting reduced lesion macrophage content
(Fig. 5D, E). Lesion area correlated strongly with plasma
cholesterol (r = 0.58, P < 0.001) and triglyceride levels
(r=10.61, P<0.001) in the obese animals fed high-fat diets
with or without ezetimibe.

DISCUSSION

The major finding in this study was that inhibition of
intestinal cholesterol absorption using ezetimibe led to
a marked reduction in the extent of atherosclerosis in
Ldl’~ mice fed a diabetogenic diet rich in saturated fat
and sucrose with a moderate amount of added cholesterol.
Such diabetogenic diets, when fed to Ldlr’~ mice, result
in the development of many features of the metabolic syn-
drome, which are exacerbated by the addition of dietary
cholesterol (6). The reduction in atherosclerosis seen in
the present study occurred without major changes in adi-
pose tissue inflammation or insulin sensitivity. The pro-
found effect on atherosclerosis was confined to mice that
received a moderate amount of cholesterol added to their
diets and was not observed in mice fed the same diet with-
out added cholesterol.

Obesity, both diet-induced and genetic, leads to the
accumulation of macrophages in adipose tissue (2, 17),
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particularly visceral fat (6). Adipose tissue macrophage ac-
cumulation is in turn associated with insulin resistance
(18-21), which has been thought to be a major contribu-
tor to the development of atherosclerosis (22, 23). Various
cytokines produced by adipose tissue macrophages have
been postulated to inhibit insulin action and lead to insu-
lin resistance (19, 24). We previously have shown that the
addition of 0.15% cholesterol to the diet results in worsen-
ing of many of the features of the metabolic syndrome in
this mouse model (6). We therefore hypothesized that in-
hibition of dietary cholesterol absorption would lead to a
reduction in adipose tissue macrophage accumulation,
insulin resistance, and subsequently, atherosclerosis. We
chose to test this hypothesis by using the widely available
intestinal cholesterol absorption inhibitor ezetimibe in
Ldlr”’" mice fed high-fat, high-sucrose diets with or with-
out added cholesterol. We had anticipated that inhibition
of dietary cholesterol absorption would be accompanied
by a reduction in macrophage accumulation in adipose
tissue, as we previously had shown that the addition of cho-
lesterol to the diet exacerbated macrophage accumulation
in adipose depots (6). However, adipose inflammatory
gene expression and glucose tolerance did not improve in
the mice that received ezetimibe. Consistent with our orig-
inal hypothesis, the administration of ezetimibe did indeed
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lead to improvement in circulating inflammatory protein
markers SAA and SAP, especially against a background of
added cholesterol, and a dramatic reduction in atheroscle-
rosis in this group only, but this result was unrelated to
changes in adipose tissue inflammation or insulin resis-
tance. The lack of effect of adipose tissue inflammation
that we observed was similar to our findings in TLR4-
deficient mice on a LDLR-deficient background, in which
we observed changes in atherosclerosis related to lipids
and lipoproteins, without changes in adipose tissue inflam-
mation (25). The absence of significant changes in adipose
tissue suggests that the effect of ezetimibe in improving li-
poprotein profiles is a critical factor in decreasing athero-
sclerosis rather than decreasing adipose tissue inflammation
or insulin resistance in this mouse model. Thus, based on
our results, it is unclear whether inhibition of intestinal
cholesterol absorption, both exogenous and endogenous,
plays a role in obesity-associated adipose inflammation
and insulin resistance.

However, we observed a blunting of weight gain with
ezetimibe only in the mice on the high-fat, high-sucrose
diet with added cholesterol. Similar findings have been
observed by others. Reduced absorption of saturated fatty
acids and resistance to diet-induced obesity and diabetes
was seen in both ezetimibe-treated and NPC1L1-deficient
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mice (26). Others also have observed an improvement in
insulin sensitivity with ezetimibe in mice (27), which is dif-
ferent from our observations, especially considering the
fact the mice on the diet that contained added cholesterol
had reduced weight gain. Blunting of weight gain with
ezetimibe has been reported in mice on a high-fat diet but
to a lesser extent than blunting of weight gain with a very
high dose of atorvastatin (28). Although the cause for this
observation is unknown, fat malabsorption may be a con-
tributing factor (26), as suggested by the increase in fecal
lipid content. We speculate that the efficiency of fatty acid
absorption by the intestine is determined by its solubiliza-
tion in mixed micelles. Thus, in the setting of cholesterol
added to the diet, ezetimibe-induced cholesterol malab-
sorption may have created cholesterol-saturated micelles,
which were less effective in solubilizing the more hydro-
phobic saturated fatty acids. This in turn could have im-
paired their absorption and attenuated weight gain. An
additional beneficial effect of ezetimibe may be secondary
to increased energy expenditure, as mice that received di-
etary cholesterol and the drug gained significantly less
weight despite equivalent or slightly increased caloric
intake per gram body weight. Reasons for this effect of

HFHS

HFHS+C

ezetimibe are unclear, and further studies are required to
investigate the effect of ezetimibe on body weight and en-
ergy expenditure.

Addition of cholesterol to the high-fat, high-sucrose diet
resulted in hypercholesterolemia of roughly equal magni-
tude to that seen in mice fed the diet without added cho-
lesterol. Plasma triglyceride levels were higher in the mice
with cholesterol added to their diets. This difference was
the result of accumulation of lipoproteins in the VLDL/
IDL density range. Ezetimibe led to modest reduction of
LDL in mice fed the high-fat, high-sucrose diet without
added cholesterol. This group had an increase in athero-
sclerosis, and ezetimibe did not significantly decrease ath-
erosclerotic lesion area. Although this may be related to
statistical power, a likely explanation is that lesion burden
in these animals was not as profound to cause a significant
change as in the mice that received added cholesterol in
the diet. In the presence of added dietary cholesterol, a
reduction in both LDL and particularly VLDL/IDL was
observed with ezetimibe treatment. Atherosclerosis was re-
duced by ezetimibe only in this group of animals, which
strongly suggests that the reduction in these triglyceride-
rich lipoproteins played an important role in determining
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the extent of atherosclerotic lesions, especially as lesion
size showed a strongly positive correlation with plasma
triglyceride levels. Ezetimibe has previously been shown
to reduce atherosclerosis in apoE-deficient mice, in
which it also led to a marked reduction of VLDL/IDL-
like particles (11, 29), which are the main lipoproteins
that accumulate in that mouse model. HDL also increased
in the apoE-deficient mice with ezetimibe treatment (11,
29), an effect that was not observed in the Ldly™’" mice in
our study.

Inflammatory markers, such as C-reactive protein and
SAA, are increased in human subjects with the metabolic
syndrome (30, 31). We previously have observed increases
in SAA in obese mice fed high-fat or diabetogenic diets (6,
12). In the present study, ezetimibe improved levels of
circulating SAA in both groups of obese mice. Fatty liver
and nonalcoholic steatohepatitis (NASH) also are com-
mon features of the metabolic syndrome in humans
(32). Changes resembling fatty liver and NASH also have
been observed in several mouse models (33-35), includ-
ing Ldlr”’" mice fed the diabetogenic diets used in this
study (14). Moreover, the addition of cholesterol led to
a worsening of features of NASH in Ldl’"" mice fed a
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high-fat, high-sucrose diet (14). In the current study, liver
weight was reduced with ezetimibe administration, and
liver triglyceride content was decreased to levels seen in
chow-fed animals. Interestingly, hepatic cholesterol con-
centration also was reduced as a result of ezetimibe ad-
ministration. Several other studies also have shown a
reduction of liver fat in several mouse models of fatty
liver, including diet-induced obesity (36) and db/db
mice (37). This effect appears to be exacerbated when
ezetimibe is combined with acarbose (38). Further evi-
dence for cholesterol absorption playing a role in fatty
liver disease is provided by the observation that liver fat
is markedly reduced in mice deficient in NPCIL1 (39),
which plays a critical role in the absorption of choles-
terol from the gut.

How these findings in mice relate to the use of intestinal
cholesterol absorption inhibitors, such as ezetimibe, or
possibly other mechanisms for blocking intestinal choles-
terol absorption in humans is speculative. Although the
dramatic effect of ezetimibe on triglyceride levels due to a
reduction in levels of VLDL/IDL has not been reported in
human subjects receiving ezetimibe treatment, a few small
clinical studies have evaluated effects of ezetimibe on
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plasma triglycerides and VLDL/IDL levels. In subjects with
primary hypercholesterolemia, ezetimibe monotherapy
decreased LDL-C concentrations and resulted in increased
catabolism of VLDL, IDL, and LDL apoB particles (40,
41). Short-term ezetimibe treatment decreased plasma
triglycerides, postprandial triglyceride excursion, and en-
dothelial function in healthy individuals (42). Similar re-
sults have been observed in type 2 diabetes (43). Another
possible mechanism for the reduction in triglycerides is
the potential effect of ezetimibe on VLDL secretion rate,
which is suggested by the reduction in hepatic triglycer-
ide levels that we observed in the added cholesterol
group. However, existing human studies do not show a
consistent effect of ezetimibe on VLDL secretion (40,
41). Coupled with weight loss, ezetimibe did not further
decrease VLDL secretion rate (44). Our observation that
atherosclerosis was only reduced in mice with elevations
of VLDL/IDL strongly suggests that the effect of ezetimibe
on these lipoprotein fractions was a major factor in
the reduction of atherosclerosis seen in that group of
mice. Long-term studies on the effect of ezetimibe on the

cardiovascular disease events in humans are awaited with
interest; a large ongoing clinical trial will hopefully pro-
vide definitive information (45). Studies in humans have
not reported a consistent effect of ezetimibe on body
weight or insulin resistance. However, a recent study
demonstrated that ezetimibe therapy significantly im-
proved nonalcoholic fatty liver disease (NAFLD)-related
metabolic parameters, including visceral fat area, fasting
insulin, homeostasis model assessment of insulin resis-
tance, triglycerides, total cholesterol, and LDL choles-
terol in newly diagnosed patients with biopsy-proven
NAFLD (46). Ezetimibe plus weight loss resulted in a
greater reduction in liver triglycerides and inflammatory
markers than weight loss alone (44). Thus, consistent
with findings in our mouse model, strategies to inhibit
cholesterol absorption, such as the use of ezetimibe,
might be a novel way to lower hepatic triglycerides, espe-
cially if combined with weight loss.

The authors would like to acknowledge Kevin Weitz for
technical assistance.
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