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Lysosomal acid lipase-deficient mice:
depletion of white and brown fat, severe
hepatosplenomegaly, and shortened life span
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Abstract Lysosomal acid lipase (LAL) is essential for the
hydrolysis of triglycerides (TG) and cholesteryl esters (CE)
in lysosomes. A mouse model created by gene targeting pro-
duces no LAL mRNA, protein, or enzyme activity. The
lal—/— mice appear normal at birth, survive into adult-
hood, and are fertile. Massive storage of TG and CE is ob-
served in adult liver, adrenal glands, and small intestine.
The age-dependent tissue and gross progression in this
mouse model are detailed here. Although lal—/ — mice can
be bred to give homozygous litters, they die at ages of 7 to 8
months. The lal—/ — mice develop enlargement of a single
mesenteric lymph node that is full of stored lipids. At 6-8
months of age, the lal—/ — mice have completely absent in-
guinal, interscapular, and retroperitoneal white adipose tis-
sue. In addition, brown adipose tissue is progressively lost.
The plasma free fatty acid levels are significantly higher in
lal—/ — mice than age-matched lal+/+ mice, and plasma
insulin levels were more elevated upon glucose challenge.
Energy intake was also higher in lal—/— male mice, al-
though age-matched body weights were not significantly
altered from age-matched lal+/+ mice. Early in the disease
course, hepatocytes are the main storage cell in the liver; by
3-8 months, the lipid-stored Kupffer cells progressively fill
the liver.il The involvement of macrophages throughout
the body of lal—/— mice provide evidence for a critical
nonappreciated role of LAL in cellular cholesterol and
fatty acid metabolism, adipocyte differentiation, and fat
mobilization.—Du, H., M. Heur, M. Duanmu, G. A.
Grabowski, D. Y. Hui, D. P. Witte, and J. Mishra. Lysosomal
acid lipase-deficient mice: depletion of white and brown fat,
severe hepatosplenomegaly, and shortened life span. J.
Lipid Res. 2001. 42: 489-500.
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Lysosomal acid lipase (LAL; EC 3.1.1.13) is the enzyme
that hydrolyzes cholesteryl esters (CE) and triglycerides
(TG) that are delivered to lysosomes via the low density
lipoprotein (LDL) receptor, LDL receptorrelated pro-

tein, or other proteins and receptor(s) (1-4). The prod-
ucts of LAL hydrolysis including cholesterol, di- and
monoacylglycerides, and free fatty acids are transported to
the cytoplasm for re-esterification, storage, membrane
biogenesis, steroid hormone production, bile acid synthe-
sis, or energy provision. Cholesterol egress from the lyso-
somes increases the cytoplasmic cholesterol pool and
triggers important regulatory steps: I) suppression of 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase activity, the rate-limiting step in cholesterol syntheses;
2) down-regulation of LDL receptors and HMG-CoA re-
ductase mediated by the sterol regulated transcription fac-
tors, sterol regulatory element binding protein (SREBP)-1
and SREBP-2, which leads to a decreased delivery of lipo-
protein-bound CE into the lysosomal compartment; and
3) activation of acyl CoA:cholesterol acyltransferase lead-
ing to intracytoplasmic resynthesis of CE. These findings
indicate a central role for LAL in the homeostasis of cellu-
lar cholesterol and fatty acids.

Deficiency of LAL is associated with two phenotypes in
humans: Wolman disease (WD) and CE storage disease
(CESD). WD is a severe infantile-onset phenotype result-
ing in death usually in the first year of life. These patients
have massive storage of CE and TG in liver and small intes-
tine, and become cachectic from malabsorption (5).
CESD, a milder later-onset variant, is characterized by pre-
dominant CE deposition in many visceral tissues, al-

Abbreviations: BAT, brown adipose tissue; CE, cholesteryl ester;
CESD, cholesteryl ester storage disease; FPLC, fast phase liquid chro-
matography; GFAP, glial fibrillary acidic protein; HMG-CoA, 3-hydroxy-
3-methylglutaryl coenzyme A; LAL, lysosomal acid lipase; LDL, low
density lipoprotein; ORO, oil red O; PBS, phosphate-buffered saline;
TG, triglycerides; VLDL, very low density lipoprotein; WAT, white adi-
pose tissue; WD, Wolman disease
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though hepatomegaly may be the only clinical manifesta-
tion. CESD patients can survive beyond middle age (5).
The mouse and human enzymes are encoded by ~3.2-
kb and ~2.5-kb ¢cDNA with 75% identity and 95% similar-
ity of the deduced amino acid sequences (6, 7). The hu-
man and mouse LAL genes encompass 10 exons spanning
37 and 47.7 kb of genomic DNA with the same exon/
intron organization (8, 9). The human LAL gene was
mapped to chromosome 10q23.2-23.3 (10). The expres-
sion patterns of mouse LAL mRNA and protein are in a
similar distribution to the tissue involvement in WD; that
is, high-level expression was found in liver parenchymal
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cells and Kupffer cells, splenic macrophages, epithelial
cells of the small intestine, the two inner layers of the ad-
renal cortex (zona fasciculata and zona reticularis), and
renal tubular epithelial cells (6). The expression of mouse
LAL in heart and skeletal muscle cells was low.

We used gene targeting by homologous recombination
to develop a mouse model that mimics WD and CESD
(11). The initial characterization of lal—/— mice demon-
strated no LAL mRNA, protein, or enzyme activity. The
lal—/— mice appear normal at birth and survive into
adulthood. However, massive accumulations of TG and
CE in liver, spleen, and small intestine were found.
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Fig. 1. Photographs of 6-month lal+/+ (left) and lal—/— (mid-
dle and right) littermate mice. A: A ventral view illustrates the en-
larged fatty liver and absence of white adipose tissue (WAT) in a
knockout mouse (middle) compared with the wild-type mouse
(left). A unique large lymph node was observed only in elder-
affected mice (right, indicated by arrow). B: A dorsal view illustrates
the lack of brown adipose tissue (BAT) in the knockout mouse
(right) compared with lal+/+ (left) and lal+/— (middle) mice. C:
Gross appearance of liver, spleen, and kidney from 6-month lal+/+
(left), lal+/— (middle), and lal—/— (right) mice. D: Gross appear-
ance of intestines from 6-month mice with lal+/+, lal+/—, and
lal—/— genotypes. The arrow indicates the direction of duodenum
to jejunum. E: Comparison of age-dependent hepatosplenomegaly.
Average of five mice in each genotype and age group was pre-
sented. Li, liver; Sp, spleen; K, kidney; Ly, lymph node.
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In this article, the progressivity of tissue and gross in-
volvement of lal—/— mice is presented. A paucity of white
adipose tissue (WAT) and brown adipose tissue (BAT) was
present in lal—/— mice early in life, but these two forms
of TG depots virtually disappeared by 6—8 months. This
was concomitant with progressive Kupffer cell CE and TG
storage. In addition, the physiological consequence of lost
WAT and BAT in lal—/— mice was shown as similar to
lipoatrophic diabetes. This progression phenotype in
lal—/— mice provides evidence for critical roles of LAL
in cellular lipid metabolism, adipocyte differentiation,
and fat mobilization.

METHODS

Animals

Care and treatment practices of mice were in accordance with
institutional guidelines, and all procedures were in accordance
with JACUC-approved protocols at the Children’s Hospital Re-
search Foundation. The lal—/— mice originated from mixed ge-
netic backgrounds of 129Sv and CF-1. Mice were housed in mi-
croisolation, under 12-h dark/light cycles. Water and food
(regular chow diet) were available ad libitum. The mice were
genotyped by polymerase chain reaction-based screening of tail

DNA (11).

Plasma lipids

Blood was collected from the inferior vena cava of all over-
night-fasting mice after they were anesthetized with the triple
sedative (Ketamine, Acepromazine, and Xylazine). Plasma was
collected by centrifugation of blood at 5,000 g (10 min, 4°C) and
stored (4°C and —20°C). Plasma free cholesterol, total choles-
terol, TG, and free fatty acid concentrations were determined by
colorimetric kit assays (COD-PAP kit for free cholesterol and
ACS-ACOD kit for free fatty acid were from Wako Chemicals,
Kyoto, Japan; Triglycerides/GB kit and Cholesterol/HP kit were
from Boehringer).

Plasma glucose and insulin determination

Nonfasting mice were bled through retro-orbital plexus be-
fore glucose load, and then glucose (3 g/kg) was injected intra-
peritoneally. Plasma samples were collected again 30 min post-
glucose injection. Plasma glucose was determined using glucose
HK kit (Sigma), and plasma insulin was determined using rat in-
sulin radioimmunoassay kit (Linco Research).

Lipoprotein analyses

Plasma samples (200 pl) were subjected to fast phase liquid
chromatography (FPLC) gel filtration on two Superose 6 HR
columns (Pharmacia Biotech Inc.) as described (12). Each frac-
tion (0.5 ml) was collected, and cholesterol concentrations were
determined (Cholesterol/HP kit from Boehringer).

Histological analyses

Light microscopic examinations of most organs were con-
ducted after the sections were stained with hematoxylin/eosin
(paraffin-embedded) or oil red O (ORO; frozen sections). For
electron microscopic analysis, liver tissue samples were fixed in
3% gluteraldehyde in cacodylate buffer, postfixed in 1% osmic
acid, and embedded in LX resin (Ladd Research Industries, Bur-
lington, VT); ultra-thin sections stained with lead uranyl acetate
were examined with a Zeiss EM912 electron microscopy.

Immunohistochemical staining

Antibodies used in this study were rat anti-bovine serum al-
bumin (anti-BSA; Cal Biochem), goat anti-mouse Desmin and
goat anti-mouse glial fibrillary acidic protein (GFAP, Santa
Cruz), and rat anti-mouse F4/80 (Serotec). Immunohisto-
chemical staining with paraffin-embedded liver sections was
performed with all antibodies, except for F4/80. For immuno-
histochemical staining of F4/80, a fixative with 2% paraformal-
dehyde, lysine, and periodate was used as described (13). Post-
fixative procedures are identical for all antibody staining. The
primary antibody was incubated at 4°C overnight using the di-
lution as suggested by the manufacturer. The sections were
then washed with PBS (three times, 5 min/wash), incubated
with Biotin-conjugated secondary antibody (1:100 dilution) for
30 min at room temperature, and washed with PBS (5 min).
The secondary antibody was either goat anti-rat IgG or donkey
anti-goat IgG (Vector). The signal was detected using
VECTASTAIN ABC kit (Vector) and counterstained with Nu-
clear Fast Red.

Tissue lipid analyses

Total lipids were extracted from liver, spleen, and small intes-
tine by the Folch method (11, 14). TG concentrations were
quantified as described (15). Total tissue cholesterol concentra-
tions were measured using o-phthalaldehyde (16).

RESULTS

Progressive hepatosplenomegaly

With age, lal—/— mice showed progressive hepatospleno-
megaly. The average liver weight of age-matched lal—/—
mice compared with wild-type mice was ~1.2-fold at 1.5
months (n = 5), ~4.1-fold at 5 months (n = 5), and ~6.2-
fold at 7.5-8 months (n = 7; Fig. 1A, C, and E). These
values represent, respectively, 8.2%, 22.4%, and 35.1% of
body weight (BW; Table 1). The liver weights of hetero-
zygous mice were comparable to those of wild-type mice
(Table 1). Splenomegaly in lal—/— mice was first observed
at the age of 3 months (data not shown), with progression
to 4.4-fold greater than that of age-matched wild-type mice
by 8 months (Table 1). The heterozygous mice did not
show splenomegaly. The kidney in la/—/— mice was of

TABLE 1. Progressive hepatosplenomegaly

Liver Weight/Body Weight(%)

Spleen Weight/Body Weight (%)

Genotype 1.5 months 5 months 8 months 1.5 months 5 months 8 months

lal+/+ (n = 5) 64 *12 48 =05 5.0* 0.6 0.47 £ 0.03 0.38 = 0.05 0.47 = 0.03
lal+/— (n = 5) 6.2+ 0.5 54 1.1 49 £ 1.1 0.51 £ 0.01 0.43 = 0.12 0.44 = 0.07
lal—/— (n=17) 8.2 x 0.5 224 21 35.1 £2.3 0.81 = 0.19 0.87 = 0.09 2.06 = 0.46
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normal weight, but was noticeably paler than those from
lal+/+ and lal+/— mice (Fig. 1C).

Enlargement of the mesenteric lymph node
in lal—/ — mice

At 2 months, lal—/— mice developed an enlarged me-
senteric lymph node (Fig. 1A). Histologic analyses showed
a lymphoid and macrophage character (Fig. 2A) with a
weight of 0.98 = 0.5 g (n = 13) at 8 months. The enlarge-
ment of the lymph node was due to lipid storage in mac-
rophages rather than lymphocyte proliferation. The larg-
est node was 2.5 g. This mesenteric lymph node was not
present in lal+/+ and lal+/— mice at the gross level.

Absence of WAT and BAT in lal—/ — at 6 months

The lal—/— mice completely lacked inguinal, inter-
scapular, and retroperitoneal WAT at 6 months (Fig. 1A
and B). A small amount of epididymal fat was present, but
this was much less than that of age-matched wild-type
mice. Also, lal—/— mice at 6 months did not have BAT in
gross level (Fig. 1B), although the BAT was presented at 1
month in lal—/— mice (data not shown). Because BAT is
critical for nonshivering thermogenesis in small mammals
and younger large mammals (17), nonstressed and
stressed (4°C for 12 h) core body temperature was evalu-
ated in age-matched lal+/+ and lal—/— mice. No signifi-
cant difference was found (data not shown). To investi-
gate the etiology of the lack of WAT, skin samples were
isolated from corresponding areas of age-matched lal+/+
and lal—/— mice. Subcutaneous WAT was present in
lal—/— mice at 1.5 months, but with a significantly de-
creased number of adipocytes. Subcutaneous WAT was
greatly diminished at 5 months, and was undetectable at 8
months (Fig. 2, skin). The subcutaneous adipocyte size
was similar in lal+/+ and lal—/— mice at 1.5 months
(data not shown).

Histologic analyses

Hepatocytes had significant vacuolation and neutral
lipid storage at 1.5 months. By light microscopy with in-
creasing age, the percentage of storage cells that were
hepatocytes decreased (Fig. 2, liver) and ~40% of ORO-
positive cells were nonhepatocytes by 5 months and ~85%
by 8 months (data not shown). These resembled hyper-
trophic and hyperplastic Kupffer cells (see below).

To positively identify the cell type responsible for the
massive lipid accumulation in lal—/— mice at 5 to 8
months, immunofluorescence staining with anti-BSA,
which cross-reacts with mouse albumin, was performed.
Hepatocytes stained positive for BSA, whereas the major
lipid storage cells did not (Fig. 3A). Antibodies recogniz-
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Fig. 3. Lipid storage cells in lal—/— mouse liver are nonhepato-
cytes. A: Immunofluoresecence staining of mouse albumin in liver
section of 5-month lal—/— mouse. B and C: Immunohistochemical
staining of macrophages specific antigen (F4/80) in liver section of
lal—/— mice at 1 month (B) and 5 months (C). The arrows indi-
cate the positive staining of F4/80, which is much weaker in 5-
month lal—/— liver owing to lipid storage and probably expansion
of cellular membrane.

Fig. 2. Histology of age-dependent lipid storage in liver and small intestine and age-dependent WAT disappearance. Hematoxylin/eosin
(H&E) staining of paraffin-embedded sections from liver, small intestine, and skin from the back of an 8-month lal+/+ mouse, and 1.5-
month, 5-month, and 8-month lal—/— mice as indicated. Notice that the lipids are mainly stored in hepatocytes in younger mice (1.5
months) and then in nonhepatocytes at the age of 5 and 8 months. The lipid accumulation in lamina propria is more significant at 5 months
in the lal—/— mouse. At 8 months, the villi are swollen and full of lipid. Notice that the subcutaneous WAT are present in the younger lal—/—
mouse, decrease significantly at 5 months, and completely disappear at 8 months. H&E staining of the enlarged lymph node (A), spleen (B),
lung (C), and oil red O (ORO) staining of choroid plexus (D) from a 6-month la/—/— mouse.
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Fig. 4. Histologic comparison of BAT and WAT in lal+/+ and lal—/— mice at age 1.5 months and 4 months. H&E staining of paraffin-
embedded sections of BAT and WAT from lal+/+ and lal—/— mice at 1.5 months and 4 months. Original amplification: 200X, except BAT

from lal—/— at 4 months, at bottom: 400X.

ing macrophage-specific markers (anti-mouse Mac-1 or
anti-mouse F4/80) and Ito cell markers (anti-desmin or
anti-GFAP) were used to identify the nature of the storage
cells. The lipid storage cells are negative for desmin,
GFAP, and Mac-1 (data not shown) and positive for F4/80

(Fig. 3B and C). The intensity of F4/80 staining in lipid
storage cells was much lower in liver at 5 months than that
in the Kupffer cells of 1.5-month lal—/— mice (Fig. 3B
and C). These results suggest that, owing to the excessive
storage of lipids and increased cell volume, the expression

Fig. 5. Hepatocytes and Kupffer cells are proliferating in liver of lal—/— mice. Inmunohistochemical staining of proliferating cell nuclear
antigen in liver (A and C) and small intestine (B and D) sections. A and B are from lal+/+ mice, and C and D are from lal—/— mice. The

arrows indicate positive staining of Kupffer cells.
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of macrophage-specific makers might be diluted (due to
increased surface area) or altered in these cells.

Histologically, BAT in lal—/— mice at 1.5 months was
similar to that of age-matched lal+/+ mice. In compari-
son, WAT in lal—/— mice at 1.5 months was significantly
diminished, and the adipocytes had considerable size het-
erogeneity compared with that of age-matched lal+/+
(Fig. 4). By 4 months, lal—/— mice had undetectable
WAT. BAT in lal—/— mice at 4 months histologically re-
sembled WAT (Fig. 4), with increased lipid droplet size in
the cells. This result suggested a decrease of uncoupling
proteins (UCP) in BAT of these lal—/— mice (23).

With increasing age, the small intestine became more
discolored in a proximal to distal progression, with the
duodenum being yellow and the jejunum being cream
white (Fig. 1D). Histological analyses showed progressive
lipid storage in lamina propria of intestinal villi in cells
that were proliferated macrophages (see below). The
amount of lipid stored in the small intestine was progres-
sive with age (Fig. 2, intestine). At 6 months, the spleen
had the accumulation of lipid storage cells (Fig. 2B). Ad-
ditional tissues with lipid storage cells in the older lal—/—
mice included macrophages in the lung (Fig. 2C) and the
epithelial cells of the choroid plexus (Fig. 2D).

Proliferation of hepatocytes and Kupffer
cells in lal—/ — mice

To determine whether the lipid-stored Kupffer cells are
accumulated due to recruitment from the circulation or

proliferation in situ, immunohistochemical staining with
antibody against proliferating cell nuclear antigen (PCNA)
was performed with liver sections from lal+/+ and lal—/—

mice at 5 months. Basal columnar cells in crypts of small
intestine are the stem cells for villous and crypt epithelium.
Cell division in basal column cells in crypts was confirmed
by positive staining of PCNA (Fig. 5B and C). PCNA stain-
ing in liver section of lal+/+ was negative (Fig. 5A). Both
hepatocytes and Kupffer cells (arrow in Fig. 5C) stained
positively with PCNA in liver section of lal—/— mice (Fig.
5C). The lipid storage cells in the small intestine of lal—/—
mice were also positive for PCNA staining (Fig. 5D). These
results suggest that the storage cells in liver and small in-
testine were proliferating macrophages.

Ultrastructure of storage cells

To evaluate the intracellular location of the lipid stored
in cells, electronic microscopic analyses were performed.
Although some lipid droplets were free in cytoplasm, the
majority of lipid was present within unit membrane vesi-
cles, that is, lysosomes (Fig. 6B). CE crystals were also ob-
served in the cytoplasm of storage cells (Fig. 6A).

Plasma lipid profiles

Plasma was collected and the lipid profiles were analyzed
by FPLC fractionation and ORO staining after agarose gel
electrophoresis of plasma. The lal—/— mice showed an in-
creased level of LDL cholesterol by FPLC fractionation
(Fig. 7) and the presence of B-migrating lipoproteins in
agarose gels (insert of Fig. 7). A lower than normal high
density lipoprotein (HDL) level was evident on FPLC mi-
gration profiles, and the lal—/— mice HDL had a faster
mobility than that from normal mice by agarose electro-
phoresis. The total cholesterol levels in plasma of lal+/+
and lal—/— mice were not significantly different (7).

SEH

Fig. 6. Electronic microscopic analysis of subcellular localization of lipid storage from 6-month la/—/— mouse liver. The original magnifi-
cations are (A) 1250X and (B) 31,500X. The arrow indicates the accumulation of cholesterol crystal.
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Fig. 7. Analysis of serum lipoproteins in lal+/+ and lal—/—
mice. A total of 200 pl of mouse serum from lal+/+ (closed circle)
or lal—/— (open circle) mice was applied to 2 fast protein liquid
chromatography (FPLC) Superose 6 columns connected in series.
Fractions (0.5 ml) were collected by elution with PBS containing
1 mM ethylenediaminetetraacetic acid. Cholesterol content in each
fraction was analyzed with an enzymatic assay kit. The insert shows
the agarose gel electrophoretic patterns of serum lipoproteins from
lal—/— (lanes 1 and 4) and lal+/+ (lanes 2 and 3) mice. The
FPLC elution profile and electrophoretic mobility of standard very
low density lipoprotein (VLDL), low density lipoprotein (LDL),
and high density lipoproteins (HDL) were included for comparison.

Tissue lipid storage

CE and TG amounts in tissues progressively increased
with age. Compared with age-matched lal+/+, lal—/—
livers showed increases of CE 14.7-fold at 1.5 months,
18.7-fold at 5 months, and 42.5-fold at 8 months (Fig. 8A).
In spleen, these ratios were 3-fold at 1.5 months, 15.6-fold
at 5 months, and 26.8-fold at 8 months (Fig. 8B). For total
TG, lal—/— livers had increases of 4.9-fold at 1.5 months
and 10-fold at 5 and 8 months (Fig. 8C). The lal—/—
splenic TG increased from 3.1-fold at 1.5 months to 7.3-
fold at 5 months and to 14.2-fold at 8 months (Fig. 8D).
The lal—/— intestine stored more TG than cholesterol
(compare Fig. 8E and F). The cholesterol and TG storage
in intestine also showed age-dependent progression (Fig.
8E and F).

Energy intake and insulin resistance

Wild-type and lal—/— male mice had similar average
BW (Fig. 9A). Interestingly, both male and female lal—/—
mice had significant higher food intake compared with
age-matched and BW-mated lal+/+ mice (Fig. 9B). To
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understand the etiology of fat transfer out from adipose
tissue, the plasma nonesterified fatty acid (NEFA) and TG
levels were measured from age-matched lal+/+ and
lal—/— mice after overnight fasting. The plasma NEFA
levels in lal—/— mice were significantly higher than lal+/+
mice at both 2 and 4 months of age (Fig. 10A). The plasma
TG levels were not significantly different between lal+/+
and lal—/— mice (Fig. 10B).

Because most of the fatless mouse models developed an
insulin-resistant phenotype, the plasma glucose and insu-
lin levels were determined before and after a glucose load
in lal—/— mice. The plasma glucose levels were lower in
lal—/— mice before glucose load and showed no signifi-
cant difference from lal+/+ mice after glucose load (Fig.
10C). However, the plasma insulin level was 6.7-fold
higher in lal—/— than that in lal+/+ mice after glucose
load for 30 min (Fig. 10D). This result indicated that
lal—/— mice have significant insulin resistance.

DISCUSSION

This study provides insights into the progressive pheno-
type of lal—/— mice and establishes complete LAL defi-
ciency as primarily a macrophage disease. Absence of LAL
produces significant changes in fatty acid mobilization,
adipocyte differentiation, insulin sensitivity, and in the
shift of lipid storage from hepatocytes to Kupffer cells.
The progressive phenotypic involvement shows major ef-
fects on body energy metabolism and indicates that the
liver macrophages are directly involved in overall choles-
terol and TG metabolism.

A unique characteristic of the lal—/— mouse is the hy-
pertrophy and hyperplasia of macrophages. This was par-
ticularly evident in the liver with engorged Kupffer cell ac-
cumulation. This was also identified in the LAL-deficient
rat and in human patients with WD or CESD (5, 18).
These findings contrast with other lysosomal storage dis-
eases (e.g., Gaucher disease and {-glucuronidase defi-
ciency). In those diseases, only hypertrophy and accumu-
lation of substrate-filled macrophages were shown (19).
Another interesting aspect of this mouse lal—/— model is
the initial (1.5 months) lipid storage in hepatocytes with a
switch to predominantly Kupffer cell storage by 5-8
months. This shift in storage cell type was accompanied by
hypertrophy and hyperplasia of Kupffer cells. Immunohis-
tochemical staining of liver sections with anti-PCNA anti-
body showed positivity of hepatocytes and Kupffer cells of
lal—/— mice at 5 months (Fig. 4). Wild-type mice were
negative with this stain, indicating lack of significant cell
division. Preliminary studies with mRNA from lal+/+ and
lal—/ — livers showed increased levels of monocyte colony
stimulation factor (M-CSF) in [lal—/— mice at 1 and 6
months (20). The increased expression of M-CSF could be
a key factor for Kupffer cell proliferation in lal—/— liver
because it is a major factor for monocyte to macrophage
differentiation and proliferation (21, 22).

Fatty livers occur in other genetically modified mice
[e.g., in transgenic mice with overexpression of the domi-
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Fig. 8. Comparison of the tissue lipid at different ages. A: Total cholesterol per liver of lal+/+ and lal—/— mice at different ages. B: Total
cholesterol per spleen of lal+/+ and lal—/— mice at different ages. C: Total triglycerides (TG) per liver of lal+/+ and lal—/— mice at dif-
ferent ages. D: Total TG per spleen of lal+/+ and lal—/— mice at different ages. E: Cholesterol concentration in small intestine of lal+/+
and lal—/— mice at different ages. F: TG concentration in small intestine of lal+/+ and lal—/— mice at different ages. The increase fold of
lipid between lal+/+ and lal—/— at each age group is shown. The Pvalue refers to average tissue lipid amount between lal+/+ and lal—/—
at each age group.

nant positive fragment of N-terminal SREBP-1a (a.a 1-460) ] tively) (23). In comparison, only cholesterol accumulated
(23), in LXRa knockout mice (24), and in the tetraploid- (~8.5-fold) in liver (~9.5% BW at 3 months of age) of
rescued PPARYy knockout mice (25). TG and cholesterol LXRa knockout mice compared with age-matched wild-
accumulate in the liver (~12% BW) of SREBP-1a460 type mice when on a cholesterol challenge diet (24). The
transgenic mice (14.6-fold and 5.5-fold excess, respec- lal—/— mice had more massive liver enlargement (35.1%
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Fig. 10. Plasma nonesterified fatty acid (NEFA), TG, glucose, and insulin levels. Overnight fasting plasma samples were obtained and
NEFA (A), and TG (B) were determined with commercially available kits (n = 5 for both lal+/+ and lal—/— at both 2- and 4-month age
groups). Nonfasting plasma samples were collected before and after glucose loading (3 g/kg by ip injection) for 30 min. Plasma glucose lev-
els (C) were determined by commerically available kit, and plasma insulin levels (D) were determined by rat insulin radioimmunoassay kit
(Linco; n = 8).
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BW at 8 months) and larger accumulations of TG and
cholesterol (Fig. 8A and C). The common characteristic
of these fatty liver mice is a disruption of cholesterol and
fatty acid homeostasis. SREBP-1a, LXRa, and PPARy are
transcription factors (26, 27). SREBP-1 regulates expres-
sion of multiple enzymes and proteins in the cholesterol
and fatty acid synthetic pathways and in cholesterol up-
take (26, 27). LXRa binds oxysterols and up-regulates
cholesterol 7 a-hydroxylase (Cyp7a), the rate-limiting en-
zyme in bile acid synthesis (28). PPARYy is critical to adi-
pose tissue differentiation. Interestingly, activation of
these three transcription factors is dependent on intracel-
lular cholesterol levels (for SREBP-1), oxysterols (for
LXRa), or metabolites of fatty acids (for PPARy) (29, 30).
LAL is a critical enzyme for the release of these ligands
from lysosome, which may explain the greater severity of
phenotype in lal—/— mice compared with mice having
disruption or overexpression of lipid metabolism-related
transcription factors. These data also suggest a prominent
role for LAL in cholesterol and fatty acid homeostasis rela-
tive to other cellular lipases.

The plasma cholesterol and TG levels in lal—/— mice
are normal. This is in agreement with plasma lipid levels
in WD, although CESD patients appear to have hypercho-
lesterolemia (5). Variable increases in very low density
lipoprotein (VLDL) cholesterol, as we detected in lal—/—
mice, also are present in human CESD (5). The plasma
lipid levels in lal—/— mice indicated that LAL might not
play any major role in the plasma lipid homeostasis.

The loss of WAT and BAT in the lal—/— mice was unex-
pected. Age-dependent depletion of WAT in lal—/— mice
also differs from other obesity-resistant transgenic mouse
models in that the WAT were not totally depleted and the
size of adipocytes was smaller than that of the wild-type
control. Obesity-resistant transgenic mice include those
with transgenes expressed under the control of the adipo-
cyte lipid-binding protein (aP2) promoter of mitochon-
dria UCP-1 (31) and Bl-adrenergic receptor (32). Genetic
leanness resulted from several other knockouts in mice,
including C/EBPa—/—, a basic leucine zipper transcrip-
tion factor a (33); GLUT4—/—, an insulin-sensitive glu-
cose transporter (34); and RIIB—/—, the regulatory sub-
unit isoform IIf of cAMP-dependent protein kinase A
(35). More recently, two other fatless mice resulted from
transgenic expression of the dominant active form of
SREBP-1c or dominantnegative form of C/EBPa (called
A-ZIP/F-1) under control of the aP2 enhancer/promoter.
Both SREBP-1 and C/EBPa are key transcriptional factors
that control the differentiation of WAT. The histology of
these transgenic mice showed hepatocellular lipid accu-
mulation, a mixture of mature and immature WAT adipo-
cytes that varied widely, and BAT resembling WAT, lacking
expression of UPC-1 (23). Size heterogeneity of adipo-
cytes in WAT of lal—/— (1.5 months) and WAT-like cells
in BAT of lal—/— mice (4 months) resemble the histo-
logic observations in A-ZIP/F-1 mice, although the fatty
liver is much more severe in lal—/— mice (22.4% of BW
at 5 months) compared with age-matched A-ZIP/F1 mice
(9.51% of BW at 5 months). Unlike A-ZIP/F1 mice, lal—/—

mice are only slightly insulin resistant, and they are not
diabetic. On the basis of the elevated plasma NEFA and
increased expression of CD36 mRNA (H. Du et al., un-
published observations), it would be interesting to see
whether double knockout of lal—/— and CD36—/— will
reduce the fat mobilization and fatty liver in lal—/— mice.
Availability of this lal—/— mouse model will allow us to
further study the mechanism and the connection of adi-
pose tissue differentiation and fat mobilization. il
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