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Abstract

Lipoprotein lipase (LPL), the rate-limiting enzyme in tri-
glyceride hydrolysis, is normally not expressed in the liver
of adult humans and animals. However, liver LPL is found
in the perinatal period, and in adults it can be induced by
cytokines. To study the metabolic consequences of liver LPL
expression, transgenic mice producing human LPL specifi-
cally in the liver were generated and crossed onto the LPL
knockout (LPL0) background. LPL expression exclusively
in liver rescued LPL0O mice from neonatal death. The mice
developed a severe cachexia during high fat suckling, but
caught up in weight after switching to a chow diet. At 18 h
of age, compared with LPLO mice, liver-only LPL-express-
ing mice had equally elevated triglycerides (10,700 vs.
14,800 mg/dl, P = NS), increased plasma ketones (4.3 vs.
1.7 mg/dl, P < 0.05) and glucose (28 vs. 15 mg/dl, P < 0.05),
and excessive amounts of intracellular liver lipid droplets.
Adult mice expressing LPL exclusively in liver had slower
VLDL turnover than wild-type mice, but greater VLDL
mass clearance, increased VLDL triglyceride production,
and three- to fourfold more plasma ketones. In summary, it
appears that liver LPL shunts circulating triglycerides to
the liver, which results in a futile cycle of enhanced VLDL
production and increased ketone production, and subse-
quently spares glucose. This may be important to sustain
brain and muscle function at times of metabolic stress with
limited glucose availability. (J. Clin. Invest. 1998. 102:893—
901.) Key words: triglycerides « fatty acids « ketone bodies «
energy metabolism « glucose

Introduction

Lipoprotein lipase (LPL)! is the rate-limiting enzyme for hy-
drolysis of lipoprotein triglyceride. Through hydrolysis of tri-
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glycerides in chylomicrons and large VLDL, LPL controls the
uptake of fatty acids into tissues. In addition, based on in vitro
studies, it has been postulated that LPL has nonenzymatic
functions, including bridging between LDL or VLDL and cell
surface and matrix proteoglycans, and is a ligand for the LDL
receptor-related protein family (for reviews see references 1
and 2).

In adult animals, LPL is made in many tissues in the body,
with adipose tissue and muscle accounting for most LPL pro-
duction. LPL is normally not made in adult liver; however,
LPL is expressed in the liver of newborn animals. Liver LPL
activity rapidly declines during the first few weeks of life, while
the initially low LPL in most peripheral tissues rises to adult
levels (3-6). The physiological reason for LPL expression in
the liver during the perinatal period is unknown.

As a response to infection or cancer, dramatic changes in
lipid and energy metabolism are seen. Most pronounced are
hypertriglyceridemia in combination with increased VLDL
production and increased adipose tissue lipolysis, and weight
loss (cachexia). In these situations, adipose tissue LPL de-
creases as a result of cytokine action (for reviews see refer-
ences 7 and 8), while liver LPL expression can be induced in
adult animals by cytokines. After a single dose of TNF, LPL
mRNA and activity was found in livers of several rodent spe-
cies (9-11). In addition, a markedly increased liver LPL activ-
ity has been shown in mice after tumor implantation (12).
However, the importance of hepatic and peripheral LPL for
developing this metabolic phenotype is not fully understood.

To explore the metabolic role of liver LPL, we created
transgenic mice expressing a human LPL (hLPL) minigene
driven by a liver-specific expression element in the apo A-I gene
promoter. This transgene bred onto the LPL knockout (LPLO)
background rescued the neonatal lethal phenotype of the LPL-
deficient mice. Compared with wild-type mice, mice express-
ing LPL only in liver had increased liver lipid droplets, VLDL
production, and plasma ketone body levels. Therefore, we pos-
tulate that liver LPL expression at times of metabolic stress,
such as the perinatal period and during cachexia, shunts circu-
lating triglyceride to the liver to provide more energy for liver-
specific functions such as VLDL and ketone body production.

Methods

Construction of apo A-I-LPL minigene and generation of transgenic
mice. A fragment of the human A-I gene promoter, previously
shown to control liver-specific expression (13), was cloned upstream
of an hLPL minigene (14). This apo A-I promoter-LPL minigene
construct (A-I-LPL) was excised from the plasmid and microinjected
as described (13).

Breeding of mice expressing LPL only in liver. Founder animals
were crossed with wild-type (CBA/J X C57Bl/6L) F, mice (The Jack-
son Laboratory, Bar Harbor, ME), and then with heterozygote LPL
knockout mice (LPL1, 15). Pups heterozygous for both LPL defi-
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ciency and the A-I-LPL transgene (LPL1/A-I-LPL) were crossed
with LPL1 mice. The following genotypes resulted from this cross: 1/8
wild-type (LPL2), 1/8 wild-type plus liver LPL expression (LPL2/A-1-
LPL),1/4 LPL1, 1/4 LPL1/A-I-LPL, 1/8 LPLO, 1/8 LPL knockout plus
liver LPL (LPLO/A-I-LPL). Littermate controls were used for all ex-
periments.

Genotyping of induced mutant mice. Genotypes were determined
from tail tip DNA by double PCR analysis as reported recently. To
determine the genotype at the LPL locus, a 3-primer PCR was used.
The A-I-LPL transgene was detected using a PCR for the hLPL mini-
gene (16).

RNA analysis for tissue-specific expression of the transgene. To-
tal cellular RNA was extracted from frozen tissues (17) and reverse
transcribed into cDNA using a Gene Amp RNA PCR kit (Perkin-
Elmer, Norwalk, CT). RT-PCR on total RNA was performed with
two different specific upstream primers (5'-CCTCAAGGGAAA-
GCTGCCCAC-3' for hLPL and 5'-CCGAGGAATTCTGCGCCC-
TGTAAC-3' for mouse LPL [mLPL]) together with the same down-
stream primer (5'-GTTACCGTCCAGCCATGGATCACCA-3")
resulting in 415 and 421 bp PCR products, respectively (18). The con-
ditions for both reactions were 30 cycles of 93°C/1 min, 65°C/1 min,
and 72°C/2 min. Reaction products were resolved by gel electro-
phoresis with ethidium bromide staining.

Plasma LPL activity. LPL activity was determined in each mouse
line using post-heparin plasma (PHP) from age-matched male mice
(8-10 wk old). Fasting mice received a tail vein injection of 100 U/kg
heparin (Elkins-Sinns, Cherry Hill, NJ). Blood was obtained by retro-
orbital bleeding 5 min later and plasma was frozen at —70°C. PHP (10
wl) was assayed using a glycerol-based assay with human serum as the
source of apo CII (19). This assay measured both LPL and hepatic li-
pase—mediated lipolysis of triglyceride. An mAb for hLPL (20) and a
chicken polyclonal anti-LPL antiserum that inhibited mLPL were
used alone and in combination to estimate the amount of hLPL and
mLPL. Activity expressed as micromoles of FFA per hour per millili-
ter of PHP was determined by comparison with a standard source of
hLPL of known activity. PHP from previously described mice ex-
pressing hLPL in the muscle (14) was used as a control.

Growth curves and body mass composition. Littermates from five
LPL1 X LPL1/A-I-LPL(L) matings were weighed daily in the morn-
ing until weaning at age 21 d and then weekly on chow diet. Body
mass composition was analyzed by dehydration and lipid extraction
as described (21).

Histological analysis. 18-h-old pups were killed by barbiturate in-
jection. A piece of liver was removed, and both the whole carcass and
the piece of liver were fixed in neutral phosphate-buffered 10% form-
aldehyde solution. For lipid staining, the right half of the formalin-
fixed carcasses and 4-pm-thick cryocut liver sections were stained
with oil red-O and hematoxylin and eosin. The remaining half carcass
and liver were embedded in paraffin wax by conventional techniques.
5-wm-thick paraffin sections were stained with hematoxylin and
eosin. An additional liver sample was post-fixed in 3% cacodylate-
buffered glutaraldehyde (pH 7.3) for 4 h, post-fixed with 1% OsO, in
sodium cacodylate, dehydrated, and embedded in Agar 100 for azur-
methylene (L)-blue stained semi-thin sections.

Lipid determination in liver tissue. After anesthesia, blood was
removed from the left ventricle, and mice were perfused with 0.9%
NacCl solution. Livers were excised, weighed, and frozen. Total lipids
were extracted from organs (22). Liver triglycerides were quantified
using TLC and ester determination (23). Total and free cholesterol
were measured using a Perkin-Elmer gas-liquid chromatograph with
coprostinol as a standard as described (24).

Lipid, lipoprotein, ketone body, and glucose analysis. Mice were
fed a chow diet (4.5% wt/wt fat). Blood was collected from 18-h-old
pups by cardiac puncture. From adult mice, blood samples were
taken by retroorbital puncture after 8 h of daytime fasting. Plasma
triglyceride, cholesterol, ketone bodies, and glucose were determined
using commercial kits, which were adapted for 96-well microtiter
plates (Sigma Chemical Co., St. Louis, MO; #334, #352, #310, and
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#315, respectively). Lipoprotein separation was performed by gel fil-
tration chromatography of 200 pl pooled plasma on two serial Super-
ose 6 columns (FPLC; Pharmacia, Uppsala, Sweden). Fractions of 0.3
ml were analyzed for cholesterol and triglyceride. In addition, plasma
samples from individual mice were analyzed by sequential ultracen-
trifugation (25).

VLDL turnover study. In vivo labeling of VLDL with radioactive
triglycerides was performed using 500 p.Ci [1-'*C]palmitic acid (Am-
ersham, Arlington Heights, IL) as described (26). In addition, VLDL
was labeled with [1,2(n)-*H]cholesteryl oleyl ether (Amersham) as
follows: VLDL from 10 mice was isolated by ultracentrifugation, and
5 pg purified CETP (provided by Dr. A. Tall, Columbia University)
was added. The mixture was added to 500 wCi dried [*H]cholesteryl
oleyl ether and rocked overnight at 37°C. Labeled VLDL was iso-
lated with a Sephadex G-50 column (Pharmacia). Anesthetized male
mice were injected with 10° dpm ["C]triglyceride and 10° dpm
[*H]cholesterol oleyl ether-labeled VLDL into their femoral vein.
The rate of disappearance of labeled VLDL was determined by mea-
suring the remaining radioactivity in 10 pl total plasma drawn 2, 5, 10,
20, 30, 45, and 60 min after injection. Data were analyzed for individ-
ual animals using a two-pool model, and the fractional catabolic rate
(FCR) was calculated.

VLDL production study. Anesthetized male mice were injected
intravenously with 500 mg/kg of Triton WR 1339 (Sigma) using a
15% (wt/vol) solution. After 15 min, 100 n.Ci [2-*H]glycerol (Amer-
sham) was injected intravenously. Animals were bled from the retro-
orbital plexus 15, 30, 60, and 90 min after [*H]glycerol injection. Total
lipids were extracted from serum samples and the radioactivity was
measured (26). The triglyceride production rate was calculated as the
increase of radioactivity in the lipid extract between 15 and 30 min.
To calculate the absolute triglyceride production, plasma triglyceride
levels were measured before and 45 min after Triton injection.

Statistical analysis. Results are given as mean*SD. Statistical sig-
nificance was tested using two-tailed Student’s ¢ test if not otherwise
stated. In certain cases, ANOVA with a Newman-Keuls post-test for
multiple comparisons was used. Statistical analysis was made using
the computer program Prism (GraphPad Software, San Diego, CA).

Results

Generation of transgenic mice. Transgenic mice were gener-
ated with an hLPL-minigene driven by a liver-specific frag-
ment of the apo A-I gene promoter. Two of eight transgenic
mice born after microinjection were used to develop lines.
Transgene-positive males of both lines were used for further
breeding with wild-type and LPL1 mice.

To verify transgene expression, PHP was obtained from
wild-type mice and both A-I-LPL transgenic lines, and ana-
lyzed for hLPL, mLPL, and hepatic lipase activities. As shown
in Table I, wild-type mice had an insignificant amount of hLPL
activity, whereas the two A-I-LPL transgenic lines had 1.7+0.9
and 3.8+1.7 pmol released FFA/ml/h of hLPL activity, respec-
tively. No significant differences were found between the wild-
type mice and any of the transgenic lines in mLPL or hepatic
lipase activity. The A-I-LPL transgenic line with lower PHP
hLPL activity was designated low (L), and the other high (H)
eXpressor.

To verify the tissue-specific pattern of transgene expres-
sion, tissues from both lines of A-I-LPL mice were examined
by RT-PCR analysis for the presence of hLPL and mLPL
mRNA. As shown in Fig. 1, both A-I-LPL transgenic lines ex-
pressed hLPL mRNA only in liver, with the signal of the L line
slightly weaker than the H line. hLPL mRNA was absent from
all other organs examined. As expected, mLPL mRNA was
absent from liver but present in heart, skeletal muscle, adipose



Table I. hLPL, mLPL, and Hepatic Lipase (HL) Activities in
PHP (umol Released FFA per ml and h) from Wild-Type
(LPL2), Low and High Liver LPL-expressing Lines
(LPL2/A-I-LPL[L] and LPL2/A-I-LPL[H])

Genotype n hLPL mLPL HL
umol/ml/h umol/ml/h umol/ml/h
LPL2 4 0.42%0.39 6.30=1.26 11.77£1.38
LPL2/A-I-LPL(L) 4 1.66+0.89 8.70=1.10 11.60+1.54
LPL2/A-I-LPL(H) 7 3.80*1.65 8.21+3.18 11.02+2.50
P ANOVA < 0.005* NS NS

*Newman-Keuls post-test: P = NS for LPL2 vs. LPL2/A-I-LPL(L);
P < 0.01 for LPL2 vs. LPL2/A-I-LPL(H); P < 0.05 for LPL2/A-I-
LPL(L) vs. LPL2/A-I-LPL(H).

tissue, and kidney. These studies established that the A-I-LPL
transgenic mice express hLPL exclusively in liver.

Breeding and survival. The low and the high liver LPL-
expressing lines were bred with LPL1 mice and the LPL1/A-I-
LPL offspring were again crossed with LPL1 mice. The ex-
pected numbers of mice with the different genotypes (LPL2,
LPL2/A-I-LPL, LPL1, LPL1/A-I-LPL, LPLO, and LPLO/A-I-
LPL) were found in newborn pups (data not shown). As antic-
ipated, all LPLO mice died within 24 h (15). Survival of the
LPLO/A-I-LPL mice varied depending on the transgenic line
and the litter size. From 11 matings of LPL1 females with
LPL1/A-I-LPL(L) males, 92 pups were born containing 11
LPLO/A-I-LPL(L) mice. Out of these, one LPLO/A-I-LPL(L)
died within 24 h, six died between days 5 and 12 of age. Four
mice (36%) lived longer than 4 mo. The survival in this line
was greatly improved by combining litters, i.e., placing two or
more litters of the same age in one cage and removing one
mother. In the monitored litters, 14 out of 17 LPLO0/A-I-
LPL(L) mice (> 80%) survived the suckling period. In the
high expressing line, all LPLO/A-I-LPL(H) pups died between
days 5 and 14 of life (average time to death was 8.7=4.2 d).
Therefore, the A-I-LPL transgene prevented the neonatal
death of LPLO mice in both lines. Some LPLO/A-I-LPL mice
died within the second week of life. This included all LPL0/A-
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Figure 1. Organ distribution of hLPL and mLPL expression. RT-
PCR with total RNA from various organs was performed using prim-
ers specific for hLPL and mLPL mRNA. In the livers of the high (H)
and low (L) A-I-LPL-expressing lines only hLPL mRNA was found.
The intensity of these bands corresponded to the differences in PHP
hLPL activities. No other examined organ contained hLPL mRNA.
mLPL mRNA showed the expected tissue distribution. Liver (Li),
spleen (Sp), skeletal muscle (Mu), lung (Lu), kidney (Ki), duodenum
(Du), colon (Co), heart (He), brain (Br), adipose tissue (AT).

I-LPL(H) mice and most of the LPLO/A-I-LPL(L) mice from
small litter sizes. Low liver LPL expression and big litters were
able to significantly increase survival.

Growth curves and body composition. The body weight of
all genotypes was observed during suckling and after weaning
onto chow diet. No significant differences were observed
between LPL2, LPL2/A-I-LPL(L), LPL1, and LPL1/A-I-
LPL(L). LPL2 and LPLO/A-I-LPL(L) looked the same at
birth, but by 3 d the LPL0O/A-I-LPL(L) had failed to gain as
much weight as the wild-type (Fig. 2, LPL2: 2.4+0.14 g; LPL0/
A-I-LPL(L): 2.1%0.12 g, P < 0.05). The differences were most
evident just before weaning (21 d: LPL2: 12.2+1.02 g, LPL0/
A-I-LPL(L): 8.7x0.9 g, P < 0.005). At this time, body mass
composition analysis revealed a lower percentage of fat in the
LPLO/A-I-LPL(L) (5.6+0.2% fat) compared with control
LPL2 (6.5+0.6%, P < 0.05), whereas body water and lean
body mass were not different. On a chow diet (4.5% calories
from fat), LPLO/A-I-LPL(L) mice caught up in weight. By 2-3
mo of age, the LPLO/A-I-LPL(L) and the wild-type mice were
indistinguishable by weight (70 d: LPL2: 25.9+1.3 g, LPL0/A-
I-LPL(L): 24.4+2.3 g, P = NS). Therefore, the high carbohy-
drate chow diet corrected the growth retardation seen during
intake of the high-fat suckling diet.

Liver histology and lipid content. Pathologic examination
was performed at 18 h of age in mice of various genotypes.
LPL2, LPL2/A-I-LPL(L), LPLO, and LPLO/A-I-LPL(L) mice
did not differ in gross pathology. LPL2 and LPL2/A-I-LPL(L)
mice had normal liver architecture with some intracellular lipid
vacuoles (hematoxylin and eosin: Fig. 3, A and B; oil red-O:
Fig. 3, I and J). LPLO mice had normal liver architecture, but
intracellular lipid vacuoles were very small or absent with
mainly extracellular lipid (Fig. 3, C and K). LPL0/A-I-LPL(L)
mice also had normal liver architecture, but hepatocytes were
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Figure 2. Growth curve of mice expressing LPL exclusively in the
liver. Five mice per genotype were weighed in the morning daily be-
fore and weekly after weaning at day 21. LPL2 (filled circles), LPL0O/
A-I-LPL(L) (open squares). *P < 0.05 at 3 d; ***P < 0.005 at 21 d.
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Figure 3. Liver histology of 18-h-old mice. Liver-only LPL expressors (LPLO/A-I-LPL[L]) had massive intracellular lipid storage in the liver at
18 h of life (D, H, and L), whereas LPL knockout mice had no intracellular lipids in the liver (C, G, and K). There was no obvious difference be-
tween LPL2 (A, E, and I) and LPL2/A-I-LPL(L) (B, F, and J). (A-D) Routine staining (hematoxylin and eosin, 56X enlarged); (E-H) semi-thin
sections (azur-methylene-blue, 280X). (/-L) Lipids (oil red-O, 280X). (Black arrows) Intracellular lipid droplets; (white arrows) extracellular,

intravascular lipids.

filled with lipid vacuoles (Fig. 3, D and L). These lipid vacu-
oles are also seen as the green and white circular structures in
the azur-methylene-blue semi-thin sections (Fig. 3, E-H).
These data suggested that liver LPL expression does not dra-
matically alter liver lipid storage on the LPL2 background, but
causes a massive liver lipid influx and storage in LPLO/A-I-
LPL(L) mice, which is completely absent in LPLO animals.

At 7 d of age, the livers of LPLO/A-I-LPL(L) mice were
yellow and slightly bigger than those of control mice. Micro-
scopic examination showed LPLO/A-I-LPL(L) hepatocytes
around the central vein completely filled with vacuoles, with
some intact cells remaining in the periphery of the liver lobule.
There were no gross or histological differences between livers
from LPL2, LPL2/A-I-LPL(L), LPL1, and LPL1/A-I-LPL(L)
mice. At the same age, liver triglycerides were not markedly
different between LPL2 and LPL2/A-I-LPL(L) mice, but were
greatly increased in LPLO/A-I-LPL(L) mice (average LPL2:
16.8 [n = 2] vs. LPLO/A-I-LPL(L): 117 [n = 2] pmol/g wet
liver). These differences were less pronounced in adult animals
(average LPL2: 11.5 [n = 2] vs. LPLO/A-I-LPL(L): 21.5 [n = 2]
pmol/g wet liver); LPL2/A-I-LPL(L) livers were again not dif-
ferent from LPL2. Interestingly, free cholesterol and choles-
terol ester were not increased in livers of LPLO/A-I-LPL(L)
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mice (data not shown). Therefore, the liver triglyceride in-
crease was greater in young LPLO/A-I-LPL(L) mice on the
high fat suckling diet than in chow fed adult LPLO/A-I-LPL(L)
mice.

Plasma lipids and lipoproteins. As shown in Table II, com-
pared with adult wild-type mice (LPL2), transgenic mice ex-
pressing hLPL in the liver on the LPL2 background had re-
duced triglycerides with an 8 and 19% decrease in L and H
expressor mice, respectively. Compared with adult heterozy-
gous LPL knockout mice (LPL1), transgenic mice expressing
hLPL in the liver on the LPL1 background had an even
greater triglyceride reduction, 11% for L and 28% for H lines.
Adult homozygous LPL knockout mice rescued by the hLPL
low expressor transgene still had markedly elevated triglycer-
ide levels (3,310999 mg/dl). Gel filtration chromatography of
lipoproteins revealed that the transgene on the LPL2 back-
ground lowered VLDL triglyceride, and on the LPLO back-
ground resulted in a lipoprotein pattern characterized by ex-
tremely elevated VLDL triglycerides and cholesterol, and
reduced HDL cholesterol.

Plasma lipids were also measured at 18 h of age on the high
fat suckling diet. As shown in Table III, the hLPL low expres-
sor transgene lowered triglyceride levels on the LPL2, LPL1,



Table I1. Triglyceride and Cholesterol Levels of Adult Mice of
the Low (L) and High (H) Liver LPL-expressing Lines on the
Wild-Type (LPL2), Heterozygote LPL Knockout (LPLI) and
LPL Knockout (LPL0) Background

n  Triglycerides  Cholesterol
mg/dl mg/dl
LPL2 background
LPL2* 22 86.3*6.86 92.6*x11.1
LPL2/A-I-LPL(L) 10 79.0+x132 87.6*x17.9
LPL2/A-I-LPL(H) 11 69.6+x13.1 89.1x17.2
P ANOVA < 0.001* NS
LPL1 background
LPL1* 24 142x21.1 78.6x15.5
LPL1/A-I-LPL(L) 12 127*+148 67.5%17.7
LPL1/A-I-LPL(H) 13 102%26.3 70.5+16.0
P ANOVA < 0.0001* NS
LPLO/A-I-LPL (L) 6 3310£999.4 287%79.0
P LPL2 vs. LPLO/A-I-LPL(L), ¢ test < 0.0001 < 0.0001

fNewman-Keuls post-test: P = NS for LPL2 vs. LPL2/A-I-LPL(L); P <
0.001 for LPL2 vs. LPL2/A-I-LPL(H); P < 0.05 for LPL2/A-I-LPL(L)
vs. LPL2/A-I-LPL(H); SNewman-Keuls post-test: P < 0.05 for LPL1 vs.
LPL1/A-I-LPL(L); P < 0.001 for LPL1 vs. LPL1/A-I-LPL(H); P < 0.01
for LPL2/A-I-LPL(L) vs. LPL2/A-I-LPL(H). *Littermate controls were
used. Controls from low and high expressing lines were not significantly
different and the groups were pooled.

and LPLO backgrounds. On the LPL2 and LPL1 backgrounds
the percent decrease in triglycerides caused by the transgene at
18 h of age was even greater than in adult mice. At 18 h of age
on the LPLO background, the transgene lowered triglyceride
levels, but these still remained markedly elevated.

VLDL turnover and production. To define how liver LPL
expression altered VLDL metabolism in the mice, several met-
abolic studies were done. Double-labeling of VLDL with
[“C]palmitic acid and [*H]cholesteryl oleyl ether enabled us to
observe the hydrolysis of VLDL triglycerides as well as the
fate of nonhydrolyzable core lipids that served as a marker for
VLDL particle turnover. The results shown in Fig. 4, A and B,
include computer-generated curves using a two-pool exponen-
tial decay model. For the FCR calculation, the 2-60-min

Table I11. Triglyceride Levels of 18-h-old Pups

Genotype n Triglycerides
mg/dl

LPL2 13 126.2£29.6
LPL2/A-I-LPL(L) 10 97.0+22.9

P LPL2 vs. LPL2/A-I-LPL(L), t test < 0.05
LPL1 17 398+179
LPL1/A-I-LPL(L) 20 217109

PLPL1vs. LPLT/A-I-LPL(L), t test < 0.001
LPLO 9 147884199
LPLO/A-I-LPL(L) 8 10675+4273

P LPLO vs. LPLO/A-I-LPL(L), t test NS

plasma radioactivity data were used except for the triglyceride
decay in LPL2 and LPL2/A-I-LPL(L) animals. For the latter,
only 2-30-min data were used since thereafter > 90% of the
injected label had been cleared.

On the wild-type background, VLDL triglyceride hydroly-
sis was significantly faster than whole particle uptake as shown
by VLDL cholesteryl ether. Liver LPL tended to increase the
FCR for both labels, but these differences were not significant
(VLDL triglyceride: 7.6+3.7 and 9.5%5.1 pools/h; VLDL cho-
lesterol ether: 0.74%0.02 and 0.96+0.13 pools/h). The total
mass clearance from plasma (FCR multiplied by the pool size,
Fig. 4, C and D) for VLDL triglycerides was 7.0£3.7 (LPL2)
and 7.3+2.8 mg/h (LPL2/A-I-LPL[L]) and for VLDL choles-
terol esters 0.069+0.025 and 0.077£0.04 mg/h. LPLO/A-I-
LPL(L) animals had a significantly slower FCR for both sub-
strates compared with LPL2 mice (VLDL triglycerides:
0.3620.04 pools/h, P < 0.01; VLDL cholesteryl ether 0.51+0.05
pools/h, P < 0.001). However, due to the high plasma lipid lev-
els in LPLO/A-I-LPL(L), the mass clearance from plasma was
markedly increased (VLDL triglycerides: 14.0+2.4 mg/h, P <
0.05, Fig. 4 C; VLDL cholesterol esters 1.2+0.1 mg/h, P <
0.0001, Fig. 4 D). Unlike LPL2 animals, LPLO/A-I-LPL(L)
showed a faster turnover for VLDL cholesteryl ether than for
VLDL triglycerides.

These VLDL mass clearance data suggested that VLDL
production rates were increased in LPLO/A-I-LPL(L) mice. To
confirm this, VLDL production rates were estimated using
triglyceride determination before and after Triton injection as
well as in vivo VLDL-triglyceride labeling with [*H]glycerol.
As shown in Fig. 5 A, the triglyceride increase 45 min after Tri-
ton injection was significantly greater in LPLO/A-I-LPL(L)
mice (LPL2: 63%22 mg/dl, LPL2/A-I-LPL(L): 96+16 mg/dl,
P= NS, LPLO/A-I-LPL(L): 1,557%230 mg/dl, P < 0.0001 vs.
LPL2). The [*H]glycerol labeling confirmed a greater VLDL
production rate in LPLO/A-I-LPL(L) (slope 15 to 30 min:
LPL2: 14+2.7, LPL2/A-I-LPL(L): 17£7.1, P = NS, LPL0/A-I-
LPL(L): 34=3.1, P < 0.0005). Therefore, compared with LPL2
and LPL2/A-I-LPL(L) mice, the A-I-LPL transgene in LPL0/
A-I-LPL(L) mice mediated a higher mass clearance of VLDL
triglyceride and whole VLDL particles into the liver. As a re-
sult of this, the VLDL production rate was dramatically in-
creased in LPLO/A-I-LPL(L) animals.

Ketone bodies and plasma glucose. To test whether greater
uptake of triglyceride by the liver would alter the plasma con-
centrations of other energy sources, ketones and glucose were
measured. At 18 h of age, both LPL2/A-I-LPL(L) and LPL0/
A-I-LPL(L) had almost threefold higher ketones than LPL2
and LPLO mice, respectively (Fig. 6 A: LPL2: 1.4+1.1 mg/dl;
LPL2/A-I-LPL(L) 3.8=1.8, P < 0.05 vs. LPL2; LPLO: 1.7%2.5;
LPLO/A-I-LPL(L): 4.3%2.0, P < 0.05 vs. LPLO). Fasted adult
LPLO/A-I-LPL(L) mice also had three- to fourfold more
plasma ketone bodies (LPL2: 2.8+1.1 mg/dl; LPL2/A-I-
LPL(L): 2.7+1.0, P = NS vs. LPL2; LPLO/A-I-LPL(L):
9.5+2.6, P < 0.01 vs. LPL2). At 18 h of age, LPL2 and L2/A-I-
LPL(L) had glucose levels of 85+17 and 82+16 mg/dl, respec-
tively. At the same age, glucose levels were only 15+8.5 mg/dl
in LPLO pups, whereas LPLO/A-I-LPL(L) pups had signifi-
cantly higher glucose, 28+7.6 mg/dl (P < 0.05 vs. LPLO, Fig. 6
B). Therefore, both adult and neonatal LPLO/A-I-LPL(L)
mice had markedly elevated ketone body levels. The severe
neonatal hypoglycemia found in the LPL0O mice was somewhat
alleviated by the A-I-LPL transgene.
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Discussion

A mouse was created expressing LPL exclusively in the liver
using an hLPL minigene driven by a fragment of the apo A-I
gene promoter that directs liver-specific expression. The trans-
gene was shown to be metabolically active by demonstrating in
two transgenic lines that the degree of reduction of plasma
triglycerides was proportional to the level of transgene expres-
sion, and that the transgene on the LPL knockout background
was able to rescue the neonatal lethality of that genotype.

The fact that LPLO/A-I-LPL(L) mice survived without a
dramatic decrease in triglyceride levels compared with neona-
tal LPLO mice was somewhat unexpected. Neonatal death in
LPLO mice and another mutant mouse deficient in LPL activ-
ity, the cld mouse, had been thought to be due to extremely
high triglyceride levels causing pulmonary capillary obstruc-
tion and microinfarcts of other organs (15, 27, 28). The survival
of the LPLO/A-I-LPL(L) mice suggests an alternative explana-
tion. Newborn animals require a source of energy for the cen-
tral nervous system, heart, and respiratory muscles. This is
supplied mainly by dietary glucose and lipid, since glycogen
stores, tissue fat deposits, and muscle mass are all minimal in
the newborn period. In the suckling mouse the main dietary
energy source is fat, 70% of calorie intake, only 7.5% of calo-
ries are from carbohydrate (29), compared with 55% from fat
and 39% from carbohydrates in human milk (30). Mice with
complete LPL deficiency cannot take up dietary fatty acids
from plasma triglyceride in peripheral tissues (15, 21), so these
animals require dietary glucose as their main energy source.
Therefore, glucose scarcity may contribute to the neonatal
death of LPL-deficient mice.

This hypothesis is supported by the low glucose levels
found in newborn LPLO mice. LPLO/A-I-LPL(L) mice have
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circles and filled squares) and in LPL2/A-I-LPL(L)
(open circles and open squares) mice. (B) VLDL turn-
over in liver-only LPL-expressing mice (LPLO/A-I-
LPL[L]). Computer-generated slopes are shown using
a two-pool model. The 2-min radioactivity was set
100% for each curve. The FCR for both labels was sig-
nificantly less in LPLO/A-I-LPL(L) compared with
LPL2. (C) VLDL triglyceride mass clearance, (D)
VLDL cholesterol ester mass clearance. The mass up-
take in LPLO/A-I-LPL(L) was markedly increased
compared with LPL2 due to their high VLDL plasma
pool. FLPL2/A-I-LPL mice had a nonsignificant trend
towards faster turnover and higher mass uptake com-
pared with LPL2 for both labels. *P < 0.05; ***P <
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another source of energy which is the utilization of dietary fat
by the liver for ketone body production. Ketone bodies can be
used by brain and muscle and could relieve the metabolic bur-
den imposed by relative glucose scarcity in newborn LPL-defi-
cient mice. Newborn LPLO/A-I-LPL(L) pups have markedly
higher ketone body levels than wild-type animals, whereas
LPLO mice have not. In human newborns, there is a similar in-
crease in plasma ketones to 5-10 mg/dl, which can be pre-
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Figure 5. VLDL triglyceride production rate. (A) Triglyceride con-
centration was determined before and 45 min after Triton WR 1339
injection. (B) 15 min after Triton injection, [*H]glycerol was injected
and radioactivity in plasma lipids was determined at different time
points. LPL2 (filled circles), LPL2/A-1-LPL(L) (open circles), LPLO/
A-I-LPL(L) (open squares). In both experiments, LPL0O/A-I-LPL(L)
showed a markedly higher VLDL production rate. *P < 0.05; ***P <
0.0005; both vs. LPL2.
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Figure 6. Plasma ketone and glucose levels in 18-h-old mice. (A)
Both LPL2/A-I-LPL(L) and LPLO/A-I-LPL(L) had significantly
higher ketones than LPL2 and LPLO0 mice. (B) The severe neonatal
hypoglycemia found in the LPLO mice was somewhat alleviated by
the A-I-LPL(L) transgene. (A) *P < 0.05 vs. LPL2 and LPLO, respec-
tively. (B) *P < 0.05 vs. LPLO; **#P < 0.0001 vs. LPL2.

vented by glucose infusion or feeding (31). Therefore, in the
LPLO/A-1-LPL pups it is likely that ketone body utilization in
peripheral organs led to a glucose saving effect resulting in the
observed significantly higher plasma glucose levels in newborn
LPLO/A-I-LPL(L) compared with LPLO mice. Thus, the lack
of energy for crucial metabolic processes in brain and muscle
may be another explanation for the neonatal death of LPL-
deficient mice, and the formation of ketone bodies by the
liver-only LPL expressors may allow their survival.

In the neonatal period the most profound pathological dif-
ference between LPLO and LPLO/A-I-LPL(L) mice was the
presence of large amounts of hepatocellular lipid droplets in
the liver LPL-expressing lines. In the LPL-deficient state, lipo-
protein triglyceride was not taken up by the liver, and no liver
lipid droplets were found. This strongly suggests that in this sit-
uation liver LPL is a gatekeeper for the entry of lipoprotein
triglyceride into liver, as it is into peripheral tissues of normal
animals. Thus, by routing triglyceride to the liver, the physio-
logical LPL expression in livers of normal neonatal animals
may optimize energy metabolism during this period of relative
peripheral LPL deficiency and limited energy substrate avail-
ability.

Although LPLO/A-I-LPL mice survived the neonatal pe-
riod, many of them died between ages 1 and 2 wk. Surprisingly,
especially the animals with the greater hLPL expression,
LPLO/A-I-LPL(H), did not survive to adulthood. These data

and the greater survival of mice that were suckled in larger lit-
ters suggested that the demise in the second week of life was
the result of a different process than the neonatal death of
LPLO mice. Perhaps hepatocellular lipid accumulation was
greater in the A-I-LPL(H) line and resulted in severe hepatic
dysfunction.

If energy deficiency leads to neurological or respiratory
dysfunction in LPLO mice, why do humans with complete LPL
deficiency survive? Since most humans with LPL deficiency
have inactive rather than absent LPL protein, it is possible that
the inactive forms of LPL allow some triglyceride uptake into
tissue. However, there are other more likely explanations for
the survival of LPL-deficient humans. First, carbohydrates
provide a much greater percentage of total calories in human
milk than they do in mice (40 vs. 7.5%). Therefore, infants
with LPL deficiency may ingest enough carbohydrate to pro-
vide for their basic metabolic requirements. Second, unlike in
mice where hepatic lipase is predominantly found in the circu-
lating blood, the human enzyme remains in the liver (32),
where it may function as a secondary mechanism for liver lipid
uptake.

Liver-only expression of LPL markedly altered the metab-
olism of VLDL. Metabolic studies showed that liver LPL on
the knockout background led to a greatly increased mass
clearance of triglyceride and nonhydrolyzable core lipid com-
pared with wild-type mice. These lipids are taken up by the
liver, as also evidenced by histologically found liver lipid drop-
lets in these animals. Most likely as a direct response to the in-
creased liver lipid uptake, the triglyceride production rate was
greatly increased in the LPLO/A-I-LPL(L) mice. Despite this,
the mouse livers may have been unable to synthesize and se-
crete enough lipoproteins to keep up with the remarkably in-
creased lipid influx and they stored part of this as lipid drop-
lets.

In LPL2 and LPL2/A-I-LPL(L) mice, triglyceride was re-
moved much more rapidly from plasma than core cholesteryl
ether. Most likely this was because peripheral LPL hydrolyzed
VLDL triglycerides quickly and the newly liberated FFA were
rapidly taken up by the adjacent tissues. The slower lipid re-
moval in the LPLO/A-I-LPL(L) mice was in accord with the
lower total body LPL activity, as shown by PHP activities. Sur-
prisingly, the cholesteryl ether label disappeared from the cir-
culation at a faster rate than did the triglyceride. Our expecta-
tion was that in these animals both labels would be removed at
an equal rate or with a faster removal of hydrolyzable triglyc-
eride, depending on whether LPL-mediated whole particle up-
take or hydrolysis was the predominant mechanism. One rea-
son for this may be that some radioactive surface lipids could
have been shed during hydrolysis and not taken up by the
liver. Alternatively, labeled fatty acids from triglyceride might
be rapidly resecreted by the liver in newly assembled lipopro-
teins. Since VLDL production was markedly increased in the
LPLO0/A-I-LPL(L) mice, we favor this last option.

In adult LPLO/A-I-LPL(L) mice, adipose development oc-
curred and the tissue attained relatively normal size. However,
during the suckling period these mice gained less weight and
had less body lipid mass. After switching to a high-carbohy-
drate chow diet, they gained weight and caught up to their lit-
termates. A role for LPL in the development of adipose tissue
and regulation of its size had been postulated more than 20 yr
ago (33). By producing mice selectively expressing LPL in spe-
cific tissues, LPL’s actions and alternative pathways involved
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in adipocyte triglyceride accumulation have been defined.
When LPLO mice were crossed with animals expressing mod-
erate amounts of LPL in muscle, the hypertriglyceridemia was
corrected and the animals had normal life span (16). Adipose
tissue development appeared normal; however, fatty acid anal-
ysis showed that glucose rather than circulating triglyceride
fatty acids was used for fat storage in this tissue (21). Since
triglyceride cannot be taken up by LPL-deficient tissues, adi-
pose development in the LPLO/A-I-LPL(L) mice may require
sufficient carbohydrate intake for conversion to fat stores. Pre-
sumably this did not occur during high fat suckling.

The mice expressing only liver LPL have hypertriglyceri-
demia, increased liver VLDL production, increased plasma
ketones, and cachexia during high fat suckling. This metabolic
pattern is similar to that seen during the host response to infec-
tion or cancer. Hypertriglyceridemia develops very fast after
sepsis induction (8). This may result from activation of hor-
mone-sensitive lipase leading to more liver fatty acid uptake,
increased de novo fatty acid production, or the combination of
decreased peripheral and increased liver LPL. Data docu-
menting the time course of liver LPL expression in acute in-
flammatory conditions are not available. In chronic cachexia,
however, a pattern of LPL expression similar to that in our
model exists and could contribute to the abnormal lipid me-
tabolism.

In summary, the mouse model created mimics lipid metab-
olism during both the neonatal period and, in part, cytokine-
induced cachexia. We hypothesize that, like the LPLO/A-I-
LPL mice, in these metabolic situations fat-derived calories
are shunted to the liver. This prevents disposal of energy for
peripheral storage and oxidation. It also allows the generation
of ketone bodies, which can be used as energy by peripheral
tissues like brain and muscle instead of glucose. This may be
required for survival during these metabolic situations because
of insufficient carbohydrate availability. In addition, the tri-
glyceride shift leads to the secretion of the newly acquired tri-
glyceride, as was found in our liver-only LPL expressors as
well as in TNF-induced cachectic mice. This futile cycle of
LPL-mediated uptake and secretion of VLDL by the liver al-
lows for greater ketone body production, and may have other
beneficial effects during the host response to infection or can-
cer. During periods of normal food intake and metabolism,
liver LPL may lead to metabolic inefficiency. Perhaps this is
why it is suppressed in the normal adult animal.
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