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Abstract

Esterified cholesterol (EC) and triglycerides, contained within lipoproteins taken up by cells, are 

hydrolysed by lysosomal acid lipase (LAL) in the late endosomal/lysosomal (E/L) compartment. 

The resulting unesterified cholesterol (UC) is transported via Niemann-Pick type C2 and C1 into 

the cytosolic compartment where it enters a putative pool of metabolically active cholesterol that is 

utilized in accordance with cellular needs. Loss-of-function mutations in LIPA, the gene encoding 

LAL, result in dramatic increases in tissue concentrations of EC, a hallmark feature of Wolman 

Disease and Cholesteryl Ester Storage Disease (CESD). The lysosomal sequestration of EC causes 

cells to respond to a perceived deficit of sterol by increasing their rate of cholesterol synthesis, 

particularly in the liver. A similar compensatory response occurs with treatments that disrupt the 

enterohepatic movement of cholesterol or bile acids. Here we measured rates of cholesterol 

synthesis in vivo in the liver and small intestine of a mouse model for CESD given the cholesterol 

absorption inhibitor ezetimibe from weaning until early adulthood. Consistent with previous 

findings, this treatment significantly reduced the amount of EC sequestered in the liver (from 

132.43 ± 7.35 to 70.07 ± 6.04 mg/organ) and small intestine (from 2.78 ± 0.21 to 1.34 ± 0.09 mg/

organ) in the LAL-deficient mice even though their rates of hepatic and intestinal cholesterol 

synthesis were either comparable to, or exceeded those in matching untreated Lal−/− mice. These 

data reveal the role of intestinal cholesterol absorption in driving the expansion of tissue EC 

content and disease progression in LAL deficiency.
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1. Introduction

There is a vast literature defining the role that the liver and small intestine play in the 

regulation of whole-body cholesterol metabolism and the plasma lipoprotein composition 

[1–6]. Like most other organs, the liver and small intestine actively synthesize cholesterol 

although at rates that vary with multiple factors. This is especially true in the liver where the 

synthesis rate can fluctuate over an extraordinary range in response to shifts in dietary 

cholesterol intake or treatment with different classes of cholesterol-lowering agents, 

particularly statins, bile acid sequestrants and cholesterol absorption inhibitors [7–12]. 

Changes in cholesterol synthesis rates can also occur because of mutations in genes that 

encode enzymes at specific steps in the biosynthetic pathway [13], or that regulate the 

absorption, transport, degradation, storage and excretion of cholesterol [14–18]. Mutations 

in three particular genes, LIPA, NPC1 and NPC2, which together regulate cholesterol 

trafficking through the late endosomal/lysosomal compartment of every cell, have far 

reaching consequences in most organ systems. In the case of NPC2, and especially NPC1, 

mutations lead to multisystem disease including neurodegeneration, liver failure and 

pulmonary dysfunction [19]. Mutations in LIPA, the gene that encodes LAL, result in either 

Wolman disease (WD), or cholesteryl ester storage disease (CESD). Whereas WD is a 

severe, early onset illness caused by complete loss of LAL activity, CESD is a milder, later-

onset disease resulting from partial LAL deficiency [20–22].

In NPC1 or NPC2 deficiency, unesterified cholesterol (UC) becomes sequestered in the late 

endosomal/lysosomal compartment thus preventing its movement elsewhere in the cell for 

further utilization. Such entrapment of UC causes a perceived shortage of cholesterol in cells 

leading to a compensatory increase in cholesterol synthesis [14]. The same scenario is seen 

in LAL deficiency except that in this disorder it is esterified cholesterol (EC) that is 

sequestered in the E/L compartment [20–23]. Our studies in a mouse model for CESD 

showed a profound compensatory increase in hepatic cholesterol synthesis [23]. The greatly 

elevated rate per gram of liver, combined with the pronounced increase in liver mass, were 

largely responsible for driving the elevation in whole-body cholesterol synthesis in this 
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model even though increased synthesis in other organs, including the small intestine, 

contributed to this elevation.

Although an enzyme replacement therapy (ERT), Sebelipase alfa, is now available for 

treating LAL deficiency [24, 25], various classes of cholesterol-lowering agents have proven 

useful for managing the dyslipidemia often seen in CESD patients [26–28]. One of these is 

ezetimibe, a potent and selective inhibitor of intestinal sterol absorption that is widely used 

in combination with statins, or as a monotherapy, for dyslipidemia management in the 

general population [29, 30]. A more recent study demonstrated efficacy of ezetimibe 

monotherapy in children with heterozygous familial or nonfamilial hypercholesterolemia 

[31]. Ezetimibe is now an established therapy for sitosterolemia, a rare sterol storage disease 

[32]. It has also been shown to reduce biliary cholesterol saturation in humans and animal 

models [7, 8, 33]. Studies from multiple labs using various types of animal models for non-

alcoholic fatty liver disease (NAFLD) implied a therapeutic benefit of ezetimibe in this 

disorder [34–36]. However, a recent clinical trial in patients with non-alcoholic 

steatohepatitis (NASH) given ezetimibe did not find a reduction in liver fat content [37]. 

Although the mouse model for CESD that we acquired does not manifest elevated plasma 

total cholesterol levels, we used it for an exploratory study to determine whether the 

imposition of a chronic block of intestinal cholesterol absorption by ezetimibe from the time 

of weaning had any impact on liver mass and EC content by the time the mutants reached 

early adulthood [38]. The treated mutants showed a reduction in both their degree of 

hepatomegaly and the level of EC sequestration in the liver, along with a clear fall in plasma 

ALT activity. These decisive effects raised several questions, particularly as blocking 

cholesterol absorption with ezetimibe is known to lead to a dramatic compensatory increase 

in hepatic, intestinal and whole-body cholesterol synthesis in other types of animals models 

[7, 8] and humans [39].

The principal objective of these studies then was to use an established in vivo technique to 

determine what happens to the already elevated rates of cholesterol synthesis in the liver and 

small intestine in LAL-deficient mice when they have a sustained pharmacological block of 

their cholesterol absorption pathway. This was part of a broader goal of better understanding 

the interrelationship between intestinal and hepatic cholesterol metabolism in CESD, and of 

further exploring the potential use of ezetimibe as an adjunctive therapy for this rare 

disorder.

2. Materials and Methods

2.1 Animals and diets

Lal+/+ and Lal−/− mice were generated from heterozygous breeding stock, all on an FVB/N 

strain background. The litters were weaned at 21 days and genotyped before that age using 

an ear notch. Except for an initial experiment using different doses of ezetimibe, all studies 

were carried out in females only. The ground form a cereal-based, low-cholesterol rodent 

chow diet (No. 7001, Envigo:Teklad, Madison, WI) was used in all experiments. This 

formulation had an inherent cholesterol content of 0.02% (w/w) and a crude fat content of 

not less than 4% [38]. In our previously published experiments with ezetimibe treated Lal-

deficient mice, only males were studied, and the dose of ezetimibe was set at ~20 mg / day / 
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kg bw. This dose was determined on the basis of a food intake of approximately 160 g / day / 

kg bw that was measured in another project using young adult Ldlr−/− mice and their 

wildtype controls given the chow diet alone [7]. For the current studies we first investigated 

the impact of varying the dose of ezetimibe on liver mass and cholesterol content in Lal-

deficient mice. As shown in Table 1, a modest but significant reduction in the degree of 

hepatomegaly and hepatic total cholesterol concentration was seen at a dose of 5 mg / day / 

kg bw. A dose of 20 mg / day / kg bw was considerably more efficacious. Doubling this dose 

resulted in about the same degree of reduction in hepatic cholesterol content. Therefore, it 

was determined that 20 mg / day / kg bw would be used in the subsequent studies. In all 

experiments, the mice were housed in groups of 3 or 4 per cage, their food intake and stool 

output were monitored daily, and their body weights were measured at weekly intervals. The 

period of ezetimibe treatment was 28 to 30 days starting on the day of weaning. Hence, their 

age at the time of study was 49–51 days. The mice were provided their respective diets ad 

libitum and studied in the fed state towards the end of the dark phase of the lighting cycle. 

All experiments were approved by the Institutional Animal Care and Use Committee at the 

University of Texas Southwestern Medical Center.

2.2 Measurement of rate of cholesterol and fatty acid synthesis in the liver and small 
intestine, and of cholesterol synthesis in the whole animal

These rates were measured in vivo using [3H]water as detailed elsewhere [15, 40]. Custom 

generated [3H]water at a concentration of 5 Ci/ml (PerkinElmer Life Sciences) was 

subsequently diluted in sterile sodium chloride solution (0.9% w/v) to ~200 mCi/ml. One h 

after the mice were administered ~40 mCi of [3H]water (~0.2ml) intraperitoneally, the liver 

and whole small intestine were removed, rinsed, blotted, and weighed. They were then 

saponified and the labeled sterols extracted and quantitated as described [40]. The rate of 

cholesterol synthesis in each organ was calculated as nmol of water incorporated into 

sterols / h / g wet weight of tissue (nmol/h/g). In one study, the residual carcass was digested 

and its labeled sterols isolated. The combined [3H]sterol contents of the liver, small intestine 

and carcass yielded a measure of whole-animal sterol synthesis (nmol/h). The rate of hepatic 

and intestinal fatty acid synthesis was determined with the same tissue extracts used for 

isolation of the tritiated sterols [15]. These rates were expressed in the same way as those for 

cholesterol synthesis in these organs (nmol/h/g).

2.3 Quantitation of total, unesterified and esterified cholesterol in tissue and plasma, and 
of plasma ALT activity

After exsanguination, the liver and entire small intestine were removed, rinsed, blotted and 

weighed. Depending on the planned measurements, aliquots of liver, and the whole small 

intestine were placed in chloroform:methanol (2:1 v/v) for determination of the tissue 

concentrations (mg/g) of esterified (EC) and unesterified cholesterol (UC) using a 

combination of column and gas chromatography as described [41]. When only a direct 

measure of the total cholesterol (TC) concentration was required, an aliquot of liver tissue or 

plasma was digested directly in alcoholic KOH. All cholesterol quantitation was done using 

gas chromatography with pure stigmastanol as the internal standard [40]. Plasma total 

cholesterol concentrations were expressed as mg/dl. For the liver and small intestine, the 

total cholesterol concentration was expressed as mg/g tissue. To obtain whole-organ 
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cholesterol content (mg/organ), the total cholesterol concentration was multiplied by the 

respective whole organ weight. The measurement of whole-animal cholesterol content 

required digestion and extraction of the residual carcass, which included those regions of the 

gastrointestinal tract separate from the small intestine. Those regions were excised, rinsed, 

and then added back to the remaining residual carcass, which after weighing, was digested 

in alcoholic KOH on a steambath. The carcass extract was filtered through gauze sponges 

into a 100-ml volumetric flask. Aliquots of this extract were subsequently used for 

measurement of total cholesterol concentration (mg/g). Multiplication of this value by the 

mass of the carcass provided a measure of its entire cholesterol content. Summation of the 

cholesterol contents for the liver, small intestine and carcass yielded the whole-body 

cholesterol content (mg/animal). Hepatic and intestinal triglyceride concentrations were 

determined using a combination of column chromatography and an enzymatic-colorimetric 

assay [42]. Plasma alanine aminotransferase (ALT) activities (units/L) were measured by a 

commercial laboratory.

2.4 Relative mRNA expression analysis

Aliquots of liver and the mucosal scrapings from the entire length of the small intestine were 

quickly frozen in liquid nitrogen. mRNA levels were measured by real-time qPCR using an 

ABI Prism 7900 Sequence Detection System. The primer sequences used to measure the 

mRNA levels for genes of specific interest are given in earlier publications [23, 41, 43]. All 

analyses were determined by the comparative cycle number at threshold method with 

cyclophilin as the internal control [44]. The mRNA levels were normalized to cyclophilin 

and values for each Lal−/− mouse on no treatment, and for each Lal+/+ and Lal−/− mouse on 

ezetimibe, were then expressed relative to that obtained for untreated Lal+/+ mice, which in 

each case was arbitrarily set at 1.0.

2.5 Analysis of data

Values are mean ± SEM for the specified number of animals. GraphPad Prism 6.02 software 

(GraphPad, San Diego, CA) was used to perform all statistical analyses. Differences 

between mean values were tested for statistical significance (p < 0.05) by a two-way analysis 

of variance (ANOVA) with genotype and treatment as variables.

3. Results

3.1 Degree of hepatomegaly in Lal−/− mice was reduced by ezetimibe treatment

The data in Fig.1A show ezetimibe had no impact on the body weights of mice of either 

genotype. Although hepatomegaly persisted in the treated Lal−/− mice, it was nevertheless 

significantly reduced compared to that seen in matching untreated mutants (Fig.1B). In 

contrast to that of the liver, the mass of the small intestine increased only moderately in the 

Lal−/− mice (Fig.1C). There was a marginal contraction (p > 0.05) in intestinal weight in the 

treated mutants.
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3.2 Ezetimibe markedly increased hepatic and whole-animal cholesterol synthesis in the in 
Lal+/+ mice but not their Lal−/− counterparts

The cholesterol synthesis rates in Fig.2 are for the liver and small intestine, and are 

presented per gram of tissue (Fig.2A and 2D) as well as on a whole-organ basis (Fig.2B and 

2E). This was done partly to better define the impact that changing rates of synthesis in the 

small intestine, and liver particularly, had on synthesis in the animal as a whole (Fig.3). In 

the mutants, the rate of synthesis in the liver was greatly elevated and remained so with 

ezetimibe treatment (Fig.2A and 2B). Although not statistically significant, the rate of 

synthesis per gram of liver in the treated mutants was marginally higher than in their 

untreated Lal−/− littermates (Fig.2A). This was partially offset by their reduced liver mass 

(Fig.1B). Hence, whole-liver synthesis rates in the untreated and treated Lal-deficient mice 

were virtually identical (Fig.2B). In contrast, in the treated Lal+/+ mice, the rate of hepatic 

cholesterol synthesis, expressed either per gram (Fig.2A) or per organ (Fig.2B), increased 

~7-fold compared to that in Lal+/+ mice on the chow diet only. A different pattern of 

response was seen for the small intestine in both the wildtype and mutant mice. Here, the 

rate of cholesterol synthesis, expressed either per gram (Fig.2D) or per whole organ (Fig.

2E), was significantly higher in both the Lal+/+ and Lal−/− mice given ezetimibe compared to 

their matching controls fed the basal diet alone.

The dominating role of the liver in determining the rate of whole-body cholesterol synthesis, 

especially in the Lal−/− mice, is illustrated in Fig.3. In untreated Lal−/− mice, the liver 

accounted for ~71% of all sterol synthesis in the animal, and on ezetimibe, this figure was 

~64%. This slightly lower contribution simply reflected the fact that whole-liver mass was 

reduced in the treated mutants (Fig.1B). In the untreated Lal+/+ mice, only ~18% of 

synthesis in the entire animal occurred in the liver but this fraction increased to ~45% with 

ezetimibe. The proportion of whole-body synthesis attributable to the small intestine is not 

depicted in Fig.3. Despite intestinal synthesis in the Lal+/+ mice being increased from 547 

± 69 to 1639 ± 66 nmol/h/organ with ezetimibe (Fig.2B), its contribution to whole-animal 

synthesis remained at 25%, the same as in the untreated Lal+/+ mice. This occurred because 

the increase in hepatic synthesis in the treated wildtypes (from 393 ± 55 to 2867 ± 304 

nmol/h/organ) (Fig.2B) was so pronounced that it masked the accelerated rate of synthesis in 

their small intestine. Such overshadowing of the intestinal contribution was even more overt 

in the Lal−/− mice. This is clearly illustrated by comparing the intestinal synthesis rates in 

Fig. 2E with those for the liver in Fig. 2B. In the chow-fed Lal−/− mice, the fraction of 

whole-body synthesis contributed by the small intestine was just ~9%. This increased to 

only ~14% in the treated Lal−/− mice, even though their rate of intestinal synthesis, either 

per gram of tissue (Fig.2D) or per whole organ (Fig.2E), was appreciably enhanced with 

ezetimibe.

In contrast to the data for cholesterol synthesis, there were no significant genotypic or 

treatment-related changes in the rate of fatty acid synthesis in either the liver (Fig.2C) or 

small intestine (Fig.2F). For all four experimental groups, the rate of fatty acid synthesis in 

the liver markedly exceeded that in the intestine. There was a non-significant (p > 0.05) 

trend towards higher rates of hepatic fatty acid synthesis in both the Lal+/+ and Lal−/− mice 

given ezetimibe (Fig.2C).
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3.3 Ezetimibe markedly reduced the hepatic and intestinal esterified cholesterol pools in 
the Lal−/− mice, leading to a contraction of their whole-body cholesterol content, along 
with a marked fall in plasma ALT activity

In the livers of the Lal−/− mice given ezetimibe, the concentration of esterified cholesterol 

(EC) fell to 37.2 mg/g from 55.6 ± 2.4 mg/g in the mutants on chow only (Fig.4A). When 

this fall in EC concentration was combined with the reduction in liver mass, their whole-

liver EC content was half of that in the untreated Lal−/− mice (Fig.4B). This response was 

very similar to that observed in our initial publication on ezetimibe treatment in male Lal−/− 

mice [38]. Although not discernable in Fig.4A or 4B, EC accounted for only about 18% of 

the total cholesterol in the livers of the Lal+/+ mice, irrespective of treatment. In the small 

intestine of the Lal−/− mice, the EC concentration (Fig.4C) and content (Fig.4D) were 

markedly elevated, although not to the degree seen in the liver. However, with ezetimibe 

treatment, the intestinal concentration of EC in the mutants fell to 1.2 mg/g from 2.4 mg/g in 

their chow-fed counterparts. Together, these data showed that, by starting the Lal−/− mice on 

ezetimibe from weaning, there was a decisive blunting of the amount of EC sequestered in 

these organs at early adulthood. The same effect was not seen with tissue triglyceride levels. 

Although the data are not illustrated, in the Lal−/− mice on ezetimibe vs. chow only, the 

hepatic triglyceride concentrations equaled 14.8 ± 1.0 and 15.8 ± 0.9 mg/g, respectively. In 

their matching Lal+/+ controls, the hepatic triglyceride concentrations averaged 6 to 7 mg/g 

in both treated and untreated groups. For the Lal−/− mice on ezetimibe vs chow only, the 

intestinal triglyceride concentration was 16.4 ± 1.0 mg/g and 16.6 ± 1.4 mg/g, respectively. 

In their matching Lal+/+ controls, the intestinal triglyceride concentrations averaged 8 to 9 

mg/g in both the treated and untreated groups.

In LAL deficiency there is a marked rise in the EC content of many extrahepatic organs, not 

just the small intestine [20, 23]. Therefore, the significant reduction in whole-body 

cholesterol content in the ezetimibe-treated mutants (Fig.5A) raised the question of how 

much of this fall reflected a diminution of the EC content of organs other than the liver and 

small intestine. From the data in Fig.4A and 4B, it can be calculated that the reduction in 

whole-liver and whole-small intestine cholesterol content in the Lal−/− mice on ezetimibe 

together accounted for 92.4% of the contraction in whole-body cholesterol content (Fig.5A). 

The liver itself accounted for 89.8%. Consistent with these findings was the decisive fall in 

plasma ALT activity, an indicator of liver injury, in the mutants on ezetimibe (Fig.5B).

The plasma total cholesterol concentration data (Fig.5C) warrant particular comment. In 

contrast to the marked dyslipidemia frequently seen in CESD patients [26–28], LAL-

deficient mice, depending considerably on their strain background, do not develop elevated 

plasma total cholesterol concentrations although there may be a shift in their lipoprotein 

composition [20, 38]. In the present study there was no genotypic difference in the plasma 

cholesterol levels either on the basal diet alone or containing ezetimibe (Fig. 5C). However, 

for mice of both genotypes, there was a modest reduction in the cholesterol concentrations 

with ezetimibe although this was statistically significant (p < 0.05) for only the Lal+/+ mice.
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3.4 Hepatic and intestinal relative mRNA expression levels for key genes in the cholesterol 
biosynthetic pathway reflected changes found in sterol synthesis rates in vivo

The mRNA levels for Lipa confirmed the marked diminution in the expression of this gene 

in the livers (Fig.6A) and small intestines (Fig.7A) of the knockout mice. In the case of the 

liver, the mRNA levels for Hmgcr (Fig.6B) and Hmgcs (Fig.6C) faithfully reflected the 

cholesterol synthesis rates expressed per g of tissue (Fig.2A). There are dozens of enzymes 

in the cholesterol biosynthetic pathway, with changes in the mRNA expression levels for 

both Hmgcr and Hmgcs being invariably considered the best indicators of shifts in the 

activity of this pathway [7, 17, 58]. For Srebp2 (Fig. 6D), the genotypic and treatment-

related shifts in the mRNA expression level broadly paralleled those in the synthesis rates. In 

the case of the mRNA level for Fas in the liver (Fig.6E), there were no clear changes as a 

function of either genotype or treatment which was also true of the fatty acid synthesis rates 

(Fig.2C). Hepatic mRNA levels for Ldlr (Fig.6F) were unchanged across all groups. The 

mRNA levels for integrin alpha X (CD11c) (Fig.6G) and tumor necrosis factor alpha (Tnfα) 

(Fig.6H) were significantly lower in the treated mutants. The data in Fig. 7 show that the 

changes in the mRNA expression levels for genes like Hmgcr (Fig.7B) and Srebp2 (Fig.7C) 

in the small intestine were more subdued than was the case for the liver (Fig.6B and 6D, 

respectively). When compared to the genotypic and treatment-related changes in intestinal 

cholesterol synthesis rates (Fig.2D), the shifts in the expression levels of Hmgcr and Srebp2 
were more synchronous with treatment than with genotype. For Fas expression in the 

intestine (Fig.7D), there were some trends (p > 0.05) relating to ezetimibe treatment in both 

the Lal+/+ and Lal−/− mice that paralleled the shifts in their rates of fatty acid synthesis (Fig.

2F). In the case of Npc1l1 (Fig.7E), no significant changes were detected whereas for Ldlr 
expression (Fig.7F) there was a significant (p < 0.05) increase with ezetimibe treatment for 

both the Lal+/+ and Lal−/− mice.

4. Discussion

The discovery and development of ezetimibe by Dr. Harry R. Davis Jr. and his colleagues 

represents the culmination of decades of research driven by a widely held belief that 

pharmacological control of intestinal cholesterol absorption was an important component of 

developing more efficacious strategies for treating dyslipidemia and lowering cardiovascular 

disease risk in the general population. Subsequent research conducted by this group of 

investigators into the mechanism of action of ezetimibe led to the discovery of the intestinal 

sterol transporter Niemann-Pick C1 Like 1 (NPC1L1), and the demonstration that this 

protein was the target of ezetimibe [45]. This publication contains a full schematic 

explanation of the sites and mechanism of action of ezetimibe in changing the enterohepatic 

flux of cholesterol. By binding to NPC1L1 primarily in jejunal enterocytes, ezetimibe 

inhibits the absorption of not only cholesterol, but also phytosterols and other non-

cholesterol sterols. This latter effect has led ezetimibe to become the choice of treatment for 

sitosterolemia, a rare disease characterized by the retention of large amounts of non-

cholesterol sterols in the plasma and tissues because of mutations in the genes that encode 

the production of ABCG5 and ABCG8, both of which facilitate the efflux of such sterols 

back into the intestinal lumen or the bile [46, 47]. The true prevalence of sitosterolemia is 

unknown but a 2008 publication noted a figure of 80–100 cases worldwide [48].
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WD and CESD are also rare disorders although the prevalence of LAL deficiency is believed 

to be higher than figures suggest because patients are undiagnosed or misdiagnosed [26, 28, 

49]. Improved detection rates, especially at earlier ages, and the availability of an ERT 

should potentially lessen the incidence of premature vascular disease in patients with 

diminished LAL function. There may, however, remain a subset of CESD patients who still 

require some form of adjunctive therapy for optimizing management of their dyslipidemia. 

In the literature on this subject, two case reports were found that focus on the use of 

ezetimibe, one as a monotherapy, the other in combination with lovastatin [50, 51]. Both 

involved patients in the second decade of life. Ezetimibe monotherapy improved the plasma 

lipid composition and reduced liver transaminase activities [51]. In the patient that had been 

on long-term lovastatin treatment, the co-administration of ezetimibe resulted in a further 

16% reduction in the plasma LDL-cholesterol level [50]. Although, as noted earlier, the 

Lal−/− mice (FVB background) used in the present studies did not manifest elevated plasma 

total cholesterol concentrations, these were reduced in the mutants given ezetimibe but not 

to quite the same extent as seen in their Lal+/+ controls on treatment (Fig.5C).

The pathophysiological significance of the findings from the present studies resides partly in 

the fact that, like the CESD mouse model, patients with this disorder manifest accelerated 

rates of cholesterol synthesis which are believed to occur mainly in the liver [52, 53]. 

Presumably, intestinal cholesterol synthesis rates also rise with LAL deficiency in humans. 

The present findings for the small intestine in the LAL-deficient mouse, off and on 

ezetimibe therapy, are of particular importance given that changes in intestinal cholesterol 

handling invariably have a major downstream impact on cholesterol balance across the liver 

[1, 4, 6]. Several major points concerning the quantitative and qualitative differences in how 

ezetimibe affected cholesterol metabolism in the small intestines and livers of the mutant 

mice and their wild-type controls warrant discussion. In making these comparisons, the 

differences in the cellular make-up of these two organs in both the healthy and Lal-deficient 

animal have to be taken into account. One fundamental difference is that, while there is 

continual turnover of the absorptive cells in healthy intestinal mucosa [54], this is not the 

case with hepatocytes which represent the major cell type in normal liver tissue. Another 

consideration relates to the cholesterol esterifying enzymes in both organs. Enterocytes 

express SOAT2 activity whereas SOAT1 is localized to other cell types in the epithelium 

[55]. There is not complete agreement on which esterifying enzyme dominates in 

hepatocytes although the balance of evidence suggests that it is SOAT2 [55–57], while 

Kupffer cells express SOAT1 [57].

The first point of discussion has to do with the dramatic reduction in intestinal EC content in 

the mutants on treatment (Fig.4D). This was the product of a sharp fall in the EC 

concentration combined with a modest contraction in intestinal weight. At the dose of 

ezetimibe used, the absorption of cholesterol was probably almost fully blocked [7]. This 

would explain the compensatory increase in intestinal cholesterol synthesis, irrespective of 

genotype (Fig.2D and 2E). The intestinal mRNA data for the Ldlr (Fig.7F) imply there may 

have also been an increase in the uptake of LDL-cholesterol in the mutants but not nearly as 

much as was seen in their matching treated Lal+/+ controls. A marked increase in intestinal 

Ldlr has been described in ezetimibe-treated C57BL/6 mice maintained on a rodent chow 

diet [58]. Irrespective of whether this occurred in the treated Lal mutants, the perceived 
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cellular cholesterol deficit caused by the sequestration of EC in the E/L compartment would 

have happened concurrently with the real cholesterol deficit arising from an essentially 

complete ezetimibe-mediated block of luminal cholesterol entering the absorptive cells. 

Despite the resulting compensatory increase in cholesterol synthesis, chylomicrons produced 

in the intestine of the treated mutants conceivably had a diminished EC content. If this did 

occur then it would have had a favorable impact in the livers of these mice because of a 

reduction in the amount of chylomicron remnant EC becoming sequestered in the E/L 

compartment following receptor-mediated uptake of these particles [59, 60]. The data in Fig 

4A and 4B are consistent with this being the case.

While the reduction in hepatic EC content in the treated mutants is likely is attributable to an 

upstream effect of ezetimibe in the small intestine, the mechanism(s) accounting for the 

sharp fall in intestinal EC content are less clear. One possibility is that, in addition to a 

diminished rate of intestinal SOAT2-mediated esterification, EC formation by SOAT1 in 

other cell types within the mucosa of the treated mutants may have slowed. With the 

generally improved health of these mice, there may also have been a reduced level of 

infiltration of intestinal tissue by EC-laden macrophages originating from other organ 

systems.

A second discussion point centers on the question of why the expected compensatory 

increase in cholesterol synthesis with ezetimibe occurred in the small intestine of both the 

Lal+/+ and Lal−/− mice and in the livers of the wild types, but not in the livers of the mutants 

(Fig.2A and 2B). There is not a firm explanation for this but it may be that without full 

restoration of LAL function, the rate of cholesterol synthesis in those livers would continue 

to be maximally stimulated in response to the perceived cellular cholesterol deficit. The 

additional stimulus ordinarily coming from the reduced delivery of intestinal cholesterol to 

the liver would thus fail to have the same impact on hepatic sterol synthesis rates that it does 

in the livers of the treated Lal+/+ mice. Alternatively, the rate seen in the livers of the treated 

Lal−/− mice could reflect stimulation from both the prevailing level of EC sequestration and 

reduced chylomicron cholesterol delivery to the liver. Irrespective of which of these 

scenarios is correct, they raise the intriguing question of what happens to the liver 

cholesterol synthesis rate in CESD patients after an extended period of ERT. This could 

probably be explored using the techniques described here in LAL knockout mice given long-

term ERT [61]. Irrespective of what the answers are to these questions, what matters more is 

that ezetimibe treatment in a CESD mouse model, when started long before maturity, clearly 

improved the health of the liver as judged by a decisive fall in the degree of hepatomegaly 

(Fig. 1B), a marked decrease in plasma ALT activity (Fig 5B), and clear reductions in the 

hepatic mRNA levels for CD11c (Fig.6G) and Tnfα (Fig.6H). The sharp decline in the level 

of hepatic EC entrapment in this model is also the main factor accounting for the significant 

contraction in the size of the whole-body cholesterol pool (Fig.5A).

The third point warranting discussion is the lack of effect of ezetimibe on the elevated 

hepatic and intestinal triglyceride levels in the Lal−/− mice. This is in contrast to the 

significant reductions in the triglyceride content of the liver and small intestine in Lal−/− 

mice given ERT [61]. In that investigation, the effect was much more pronounced in the 

liver. The lack of influence of ezetimibe on hepatic and intestinal triglyceride content in the 
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present study was not unexpected given this agent selectively blocks the uptake of sterols, 

not fat in general [45]. This finding does however imply it is the entrapment of EC, more 

than that of triglyceride, that drives disease progression in LAL deficiency. The results of 

our earlier studies with Lal−/− mice treated with a low dose of a SOAT-2 selective inhibitor 

(PRD125) from the time of weaning are consistent with this interpretation [62].

A final point to be made concerns the potential relevance of the present findings to the quest 

for optimizing the management of CESD. With the advent of an effective ERT, and the 

presumption of an increased detection of individuals with this disorder, an expanding 

literature on this topic might be anticipated. One of the most searching questions 

surrounding the actions of ERT in hydrolyzing the vast pool of sequestered EC throughout 

the body, particularly in the liver, is the fate of all the UC that is generated once it exits the 

E/L compartment. Depending largely on the rate of its release relative to the operating 

capacity of the various pathways that this UC is channeled into, it is conceivable that there 

will be a transient, if not sustained increase in biliary cholesterol saturation. There is also the 

possibility that some of this UC will undergo re-esterification and subsequently become 

incorporated into nascent very low density lipoproteins. The most likely scenario however is 

an increased rate of delivery of the UC via the bile into the intestinal lumen where an 

unknown fraction of it will be reabsorbed and returned to the liver in chylomicron remnants. 

Clearly, in this instance, the co-administration of ezetimibe would be an effective strategy 

for preventing this from happening and maximizing the benefit of the ERT. Alternatively, a 

case could be made for blunting re-esterification of this surplus UC within the liver using the 

new generation of selective SOAT2 inhibitors [63]. All the resources are available for 

exploring these clinically relevant questions.
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ALT alanine aminotransferase

bw body weight

CESD cholesteryl ester storage disease

EC esterified cholesterol

E/L endosomal/lysosomal

ERT enzyme replacement therapy

Fas fatty acid synthase

Hmgcr hydroxymethylglutaryl coenzyme A reductase

Hmgcs hydroxymethylglutaryl coenzyme A synthase
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LAL lysosomal acid lipase

Lipa gene that encodes LAL

Ldlr low-density lipoprotein receptor

Npc1l1 Niemann-Pick C1-Like 1

Srebp2 sterol regulatory element-binding protein 2

UC unesterified cholesterol

Soat sterol O-acyltransferase

VLDL very low density lipoprotein
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Fig. 1. 
Body, liver and small intestine weights in Lal+/+ and Lal−/− mice given ezetimibe in their 

diet from 21 to 50 days of age. All mice were females fed a basal chow diet either alone or 

containing ezetimibe at a level of 0.0125% w/w which corresponded to an approximate dose 

of 20 mg/ day/ kg bw. These mice were then used mainly for the measurement of either the 

rate of cholesterol synthesis in the liver, small intestine and whole body, or for other 

parameters including the concentration of esterified and unesterified cholesterol in the liver 

and small intestine. Values are the mean ± SEM of data from 10 untreated mice of each 
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genotype, and 11 of each genotype given ezetimibe. Different letters (a-c) denote 

statistically significant (p<0.05) differences as determined by 2-way ANOVA with genotype 

and treatment as variables.
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Fig. 2. 
Rates of hepatic and intestinal cholesterol and fatty acid synthesis in Lal+/+ and Lal−/− mice 

given ezetimibe in their diet from 21 to 50 days of age. As described in Materials and 

Methods, these mice received on i.p. injection of [3H]water and were anesthetized and 

exsanguinated 1 h later. The liver, small intestine and remaining carcass were taken for the 

measurement of [3H]sterol content. For the liver and small intestine, the content of [3H]fatty 

acids was also determined. The cholesterol synthesis rates represent the nmol of water 

incorporated into digitonin-precipitable sterols per gram wet weight of tissue (A and D), or 
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per whole organ (B and E) per h. The rates of hepatic and intestinal fatty acid synthesis (C 

and F, respectively) are expressed per gram wet weight of tissue per h. Values are the mean ± 

SEM of data from 4 mice of each genotype fed the basal diet alone, and 5 Lal+/+ and 5 

Lal−/− mice given ezetimibe. Different letters (a-c) denote statistically significant (p<0.05) 

differences as determined by 2-way ANOVA with genotype and treatment as variables.
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Fig. 3. 
Contribution of the liver to whole-animal cholesterol synthesis in Lal+/+ and Lal−/− mice 

given ezetimibe in their diet from 21 to 50 days. These data were derived from the mice used 

in the study described in Fig. 2. In addition to the liver and whole small intestine, the 

remaining carcass for each mouse was used also to determine the [3H]sterol content. These 

data were then used to calculate the rate of whole animal cholesterol synthesis (nmol of 

water incorporated into sterols per h) and the proportion of synthesis that occurred in the 

liver. For the rates of whole-animal synthesis, the values are the mean ± SEM of data from 4 
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mice of each genotype fed the basal diet alone, and 5 mice of each genotype given 

ezetimibe. Different letters (a-c) denote statistically significant (p<0.05) differences as 

determined by 2-way ANOVA with genotype and treatment as variables.
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Fig. 4. 
Proportion of hepatic and intestinal cholesterol present in esterified form in Lal+/+ and Lal−/− 

mice given ezetimibe in their diet from 21 to 50 days. Those mice described in the legend 

for Fig. 1 that were not used for cholesterol synthesis measurements were used for 

determining several parameters including the proportion of hepatic and intestinal cholesterol 

present in esterified form as illustrated above. The concentrations of unesterified and 

esterified cholesterol were determined in aliquots of liver and the entire small intestine as 

described in Materials and Methods. The data were expressed in two ways. The total 
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cholesterol concentrations (mg/ g wet weight of tissue) and the fraction of the total present 

in esterified form for the liver and small intestine are shown in A and C, respectively. The 

whole organ cholesterol contents and the proportion of each that was esterified in the liver 

and small intestine are illustrated in B and D, respectively. Values are the mean ± SEM of 

data from 6 mice in each group. Different letters (a-c) denote statistically significant 

(p<0.05) differences in the total cholesterol (ie esterified plus unesterified) concentrations (A 

and C) and contents (B and D) as determined by 2-way ANOVA with genotype and 

treatment as variables.
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Fig. 5. 
Whole-body cholesterol content, plasma ALT activity, and plasma cholesterol concentration 

in Lal+/+ and Lal−/− mice given ezetimibe in their diet from 21 to 50 days of age. These 

parameters were determined in the same groups of mice used for the measurement of hepatic 

and intestinal esterified and unesterified cholesterol concentrations. The details of how each 

parameter was measured are given in Materials and Methods. Values are the mean ± SEM of 

data from 6 mice in each group. Different letters (a-c) denote statistically significant 
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(p<0.05) differences as determined by 2-way ANOVA with genotype and treatment as 

variables.
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Fig. 6. 
Relative expression level for various genes in the livers of Lal+/+ and Lal−/− mice given 

ezetimibe in their diet from 21 to 50 days of age. These analyses were performed using 

aliquots of the same liver taken for the measurement of esterified and unesterified 

cholesterol concentrations (Fig. 4A, 4B). The mRNA levels were normalized to cyclophilin, 

and the values for each mouse were then expressed relative to those obtained for their 

matching Lal+/+ controls, which, in each case, were arbitrarily set at 1.0. Values are the 

mean ± SEM of data from 6 mice in each group. Different letters (a-c) denote statistically 
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significant (p<0.05) differences as determined by 2-way ANOVA with genotype and 

treatment as variables.

Chuang et al. Page 27

Biochem Pharmacol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Relative expression level for various genes in the small intestines of Lal+/+ and Lal−/− mice 

given ezetimibe in their diet from 21 to 50 days of age. As described in Materials and 

Methods, these measurements were made using the mucosal scraping from the entire length 

of the small intestine. The mRNA levels were normalized and expressed in the same way as 

for the liver in Fig. 6. Values are the mean ± SEM of data from 4 mice in each group. 
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Different letters (a-c) denote statistically significant (p<0.05) differences as determined by 

2-way ANOVA with genotype and treatment as variables.
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