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Abstract

In extrahepatic tissues lipoprotein lipase (LPL) hydrolyzes
triglycerides thereby generating FFA for tissue uptake and
metabolism. To study the effects of increased FFA uptake
in muscle tissue, transgenic mouse lines were generated with
a human LPL minigene driven by the promoter of the mus-
cle creatine kinase gene. In these mice human LPL was
expressed in skeletal muscle and cardiac muscle, but not in
other tissues. In proportion to the level of LPL overex-
pression, decreased plasma triglyceride levels, elevated FFA
uptake by muscle tissue, weight loss, and premature death
were observed in three independent transgenic mouse lines.
The animals developed a severe myopathy characterized by
muscle fiber degeneration, fiber atrophy, glycogen storage,
and extensive proliferation of mitochondria and peroxi-
somes. This degree of proliferation suggests that FFA play
an important role in the biogenesis of these organelles. Our
experiments indicate that LPL is rate limiting for the supply
of muscle tissue with triglyceride-derived FFA. Improper
regulation of muscle LPL can lead to major pathological
changes and may be important in the pathogenesis of some
human myopathies. Muscle-specific LPL transgenic mouse
lines will serve as a useful animal model for the investigation
of myopathies and the biogenesis of mitochondria and per-
oxisomes. (J. Clin. Invest. 1995. 96:976-986.) Key words:
lipoprotein lipase - free fatty acids - myopathy  mitochon-
dria « peroxisomes

Introduction

In all vertebrates lipoprotein lipase (LPL)' [E.C.3.1.1.34] is
responsible for the hydrolysis of triglycerides from triglyceride-
rich lipoproteins (chylomicrons and VLDL) thereby supplying
FFA for the subsequent uptake in extrahepatic tissues (1, 2).
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The human LPL gene is located on chromosome 8p22 (3). The
major sites of LPL expression and enzymatic activity are muscle
and adipose tissue. The enzyme is bound to the capillary endo-
thelium probably by interaction with heparan sulfate. Hydroly-
sis of triglycerides by LPL is a prerequisite for the uptake of
triglyceride-derived FFA by peripheral cells. Absence of the
enzyme activity, as observed in patients affected with type I
hyperlipoproteinemia, causes severe chylomicronemia and other
metabolic complications (4-6). After uptake, the intracellular
metabolism of FFA is quite different in various tissues. In mus-
cle FFA are mainly utilized for S-oxidation and energy produc-
tion. In adipose tissue FFA are reesterified and deposited as lipid
droplets for storage. In accordance with these distinct metabolic
functions, the regulation of extracellular triglyceride lipolysis by
LPL is different in adipose tissue and muscle (7). For example,
during fasting LPL activity is low in fat but high in muscle,
whereas during refeeding it is high in fat but decreased in mus-
cle. These tissue specific differences suggested a ‘‘gate keep-
ing’’ function for LPL, which carefully balances the partitioning
of triglyceride-derived FFA among different tissues (8).

Although the uptake mechanism of FFA into cells is still
obscure, we speculated that tissue specific overexpression of
LPL in muscle might represent an experimental model to in-
crease FFA in myocytes. This would allow the investigation of
the metabolic effects of FFA in muscle tissue. Therefore, human
LPL was specifically overexpressed in skeletal muscle and heart
muscle of transgenic mice and the physiological consequences
of this overexpression were studied with regard to lipid metabo-
lism as well as the intracellular effects of FFA. In addition to
a decrease in the plasma triglyceride levels of transgenic mice,
overexpression of human LPL in skeletal and cardiac muscle
caused a remarkable increase in the number of mitochondria and
peroxisomes in muscle fibers and the development of myopathy
which resulted in the premature death in all transgenic animals.
All these effects were correlated directly with the level of LPL
expression in muscle tissue. We hypothesize that dysfunctional
regulation of triglyceride hydrolysis and FFA uptake in muscle
might be important in the pathogenesis of some human myopa-
thies.

Methods

LPL-minigene construction. All cloning steps were performed according
to well-established protocols (9). A human LPL expression construction
was assembled from different partial LPL cDNA clones (10), a 1.3-kb
fragment of the human gene containing 39 bp of exon 3, the complete
intron 3 and 64 bp of exon 4. A 1093-bp DNA fragment containing
754 bp of the last exon, the polyadenylation signal, and 339 bp of gene
flanking region was added to the 3’ end. The LPL minigene was cloned
into pBluescript. To isolate the regulatory sequences of the mouse cre-



atine kinase gene (11), p3300MCKCAT (gift of Dr. R Hauschka, Uni-
versity of Washington, Seattle, WA) was cut with Pstl and BstEIL
These restriction cleavages yielded a DNA fragment of 3307 bp of 5'
flanking region. This fragment was subsequently cloned into pBluescript
and fused with the LPL construction. The complete LPL-minigene,
encompassing 8.5 kb of DNA, was prepared by cutting the plasmid with
Pstl and Kpnl, isolating the linear DNA fragment by electroelution, and
purifying it using a Elutip D column obtained from Schleicher &
Schuell, Inc. (Dassel, Germany).

Generation of transgenic mice. A linear piece of DNA encompassing
the complete LPL minigene was injected into the male pronucleus of
fertilized eggs from superovulated (C57B1/6J X CBA/J) F1 females
that had been mated to males of the same genetic background (12).
Microinjected eggs were transferred into the oviducts of surrogate fe-
males. Founder animals were bred to (C57B1/6]J X CBA/J)F1 animals
and three transgenic mouse lines were established: low expression line
(MCK-L), medium expression line (MCK-M), and high expression
line (MCK-H).

DNA and RNA analysis. For Southern blotting 10 ug of tail tip DNA
was digested with Pvull, fractionated by agarose gel electrophoresis, and
blotted on nylon membranes. DNA corresponding to the human LPL
minigene was detected with a radiolabeled 1.2-kb NcoI-EcoRI fragment
from the human LPL cDNA. RNA isolation and blotting techniques
were performed as described previously (13). To differentiate human
LPL mRNA from the endogenous mouse mRNA a species-specific
DNA-probe containing a 1-kb EcoRI fragment from exon 10 of the
human LPL gene was used. This DNA probe specifically detected the
3’ untranslated region of the human LPL mRNA but did not cross react
with the mouse mRNA.

Lipolytic enzymes. Postheparin plasma was taken 5 min after bolus
injection of sodium heparin (100 U/kg) into the tail vein. The epididy-
mal fat pads and heart and thigh muscle specimens (100 mg each)
were surgically removed from the animals and put into ice-cold tubes
containing 1 ml of DME medium with 2% BSA and 2 U/ml heparin.
After mincing the tissue with scissors, it was incubated in medium for
1 h at 37°C. Enzyme activities of LPL in muscle tissue and adipose
tissue as well as LPL and hepatic triglyceride lipase activity in posthepa-
rin plasma of transgenic mice were assayed as described earlier (14).
The assay of postheparin plasma was performed in the presence or
absence of 1 M NaCl to estimate both the LPL and hepatic lipase
activities. LPL activity was calculated as the portion of total lipase
activity inhibited by 1 M NaCl. To differentiate between human and
mouse LPL activity in tissue extracts or postheparin plasma, the assay
mixtures were preincubated for 1 h at 4°C in the presence of or absence
of 0.1 ug mAb SD2 (kindly provided by Dr. J. D. Brunzell, University
of Washington, Seattle, WA) (15) or 10 yul polyclonal antiserum pre-
pared in our own laboratory (14). These antibodies both specifically
inhibit the human but not the mouse enzyme in LPL activity determina-
tions. After enzyme inhibition, activity measurements proceeded as de-
scribed above.

Plasma parameters. Control and transgenic animals were fed a regu-
lar mouse chow (4.5% fat, 21% protein). Mice were housed in plastic
cages and given free access to food and water. Blood was taken from
etherized mice after an overnight fasting period and plasma was immedi-
ately prepared. Total plasma cholesterol was determined by the CHOD-
PAP method (Greiner Diagnostica, Vienna, Austria). Triglycerides were
determined using an enzymatic kit from Sero-Merieux (Vienna, Aus-
tria). FFA, glucose, and ketone bodies ( 8-hydroxybutyrate) were mea-
sured enzymatically using kits obtained from Wako Chemicals (Neuss,
Germany), E. Merck (Darmstadt, Germany) and Sigma Chemical Co.
(St. Louis, MO), respectively. Plasma insulin was determined using a
human radioimmunoassay kit obtained from Pharmacia LKB Biotech-
nology Inc. (Upsala, Sweden). The protocols provided by the manufac-
turers were followed.

FFA determinations in muscle tissue specimens. Steady state FFA
concentrations in muscle tissue were determined by TLC/gas chroma-
tography analysis of nonesterified fatty acid methyl esters. Skeletal mus-
cle tissues of controls, MCK-L, MCK-M, and MCK-H were homoge-

nized in liquid nitrogen and transferred to preweighed pyrex tubes and
subsequently extracted in chloroform/methanol (2:1, vol/vol), con-
taining 0.2% acetic acid (16). The combined lipid extracts were dried
under a stream of nitrogen and redissolved in 1 ml of the same solvent
system. 500-u1 aliquots were transferred to teflon screw capped conical
glass tubes, spiked with 50 ug heptadecanoic acid as internal standard
for gas chromatography analysis, dried under nitrogen, redissolved in
50 pl CHCl;/methanol (2:1) containing 0.2% acetic acid and subjected
to TLC separation on silica gel 60 alumina plates as described (17).
During sample spotting a gentle stream of nitrogen was kept flowing
over the lower half of the plate to avoid inadvertent oxidation of polyun-
saturated fatty acids. The plates were developed in hexane/diethyl ether/
acetic acid (70:30:1, vol/vol) to separate nonesterified fatty acids from
other tissue lipids. Lipid bands were visualized by a short exposure to
iodine vapor. The band comigrating with the nonesterified fatty acid
standards (linoleic and arachidonic acid) was scraped off and subjected
to transesterification in 0.5 ml toluene and 1 ml BFs;/methanol (20%
BF;, 110°C, 90 min) (18). Fatty acid methyl esters were extracted in
250 p1 hexane and analyzed by gas-liquid chromatography on a Hewlett-
Packard 5890 gas chromatography (equipped with an autoinjector, split/
splitless injector, flame ionization detector and a 25 m X 0.32 mm X 0.3
pum Hewlett-Packard 20 M capillary column). Peaks were identified by
comparison with the retention times of known standards. Quantitation
was performed by peak area comparison with the internal standard
(heptadecanoic acid).

Body weight and body composition. Total body weight of MCK-L,
MCK-M, and MCK-H was measured weekly beginning 2 wk after birth.
The weight of the epididymal fat pad as a measure of white adipose
tissue mass was determined from 12 to 14 wk old mice. The average
food intake was estimated by measuring the gram consumption of food
weekly.

Magnetic resonance-analysis. For analysis by magnetic resonance
imaging the animals were killed with Nembutal before scanning to avoid
artifacts due to flow and movement. Imaging was performed at 1.5 T
on a whole body system (ACS II; Philips Electronic Instruments Co.,
Mahwah, NJ) using a circular shaped receive coil with a diameter of
11 cm. To reduce susceptibility artifacts due to tissue heterogeneities,
a three-dimensional spin echo sequence with a repetition time of 100
ms, an echo time of 26 ms, and an excitation angle of 145° was applied.
For excitation the circular polarized body coil was used. The investigated
volume consisted of 44 cross sections with a slice thickness of 1 mm
and a field-of-view of 120 X 60 mm. The scanning matrix of 256 X 128
mm led to an in plane resolution of 0.47 mm.

Microscopy and cytochemistry. Immediately after decapitation fresh
muscle specimens from the upper and lower foreleg and hindleg were
prepared for light microscopical, histochemical, and ultrastructural anal-
yses. For electronmicroscopy samples of the skeletal muscles, nervus
ischiadicus, and myocardium were fixed in 4% phosphate-buffered glu-
taraldehyde (pH 7.2) for 4 h, postfixed with 1% OsO, in sodium caco-
dylate buffer, dehydrated, and finally embedded in Epon 812. After
screening toluidine blue—stained semi-thin sections by light microscopy,
ultrathin sections were cut with an OmU4 Ultracut ultramicrotome
(Reichert Jung, Vienna, Austria), stained with uranyl acetate and lead
citrate, and examined with an EM 400 electron microscope (Philips
Electronic Instruments Co.) at 80 kV. For histochemical investigations
unfixed muscle specimens were frozen in 5-methylbutan (E. Merck)
which was precooled in liquid nitrogen, and stored at —20°C until 4-
um cryocut sections were stained with haematoxylin and eosin, myosin
adenosine triphosphatase (ATPase after preincubation at pH 4.2, 4.6,
and 9.4 for classifying fiber types), NADH tetrazolium reductase
(NADH-TR, staining mitochondria, but also interfibrillary sarcoplas-
matic tubules and reticulum), Gomori-trichrome (mitochondrial stain),
and oil red-O (lipid staining) techniques. In addition to formalin-fixed
(neutral phosphate-buffered 10% formaldehyde solution) specimens of
the muscles and samples from other organs (e.g., the whole brain in
frontal slices, the whole heart in transverse sections, lungs, liver, gastro-
intestinal tract, spleen, kidney, adrenal gland, and urogenital tract) were
embedded in paraffin wax by conventional techniques and investigated
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in haematoxylin and eosin-, Masson-trichrome, and periodic acid Schiff
(PAS) —stained sections. Cytochemical staining for intracellular catalase
activity using diaminobenzidine for the visualization of peroxisomes
was performed as described by Roels et al. (19). The enzymatic activity
of the mitochondrial marker enzyme succinate dehydrogenase was per-
formed according to Peters et al. (20). Catalase activity, as a marker
for peroxisomes was measured as described by Pennington (21).

Results

Generation of transgenic mice. An LPL minigene was con-
structed containing the full-length human LPL c¢cDNA (10) in-
cluding the 5’ untranslated sequence, the complete coding re-
gion, the 3’ untranslated sequence, and 339 bp of 3’ flanking
region (Fig. 1 A). The coding region of this construction was
interrupted by a single intron (intron 3 of the human LPL gene)
as the presence of at least one intron has been demonstrated to
increase the level of expression of transgenes (22). The com-
plete minigene was fused with a 3.3-kb piece of DNA containing
the promoter region of the mouse muscle creatine kinase gene
(kindly provided by Dr. S. D. Hauschka, University of Wash-
ington, Seattle, WA ). This promoter has been successfully used
in the highly tissue-specific overexpression of a reporter gene
in skeletal muscle and heart muscle of transgenic mice (11).
LPL-transgenic mice were generated as previously described
(8). Three transgenic mice were obtained as founders resulting
in three independent lines (MCK-L, MCK-M, and MCK-H).

Transgene integration and expression. Semiquantitative
Southern blotting (Fig. 1 B) revealed that MCK-L had three
copies of the LPL minigene integrated in its genome. MCK-M
contained 10 copies and MCK-H integrated an estimated num-
ber of 20 copies per genome. LPL gene expression was mea-
sured by mRNA and enzyme activity levels. Using a species-
specific probe, human LPL mRNA of the expected size (3.6
kb) was found in skeletal muscle and cardiac muscle of mice
from all transgenic lines (Fig. 1 C). The least amount of this
transcript was detected in MCK-L, followed by MCK-M. MCK-
H expressed the highest amount of human LPL-mRNA in mus-
cle tissue. No human LPL. mRNA was detected in adipose tissue
or any other tissue except muscle, verifying the highly tissue-
specific properties of the muscle creatine kinase promoter. As
expected, no human LPL mRNA signal was detected in non-
transgenic control mice indicating the specificity of the DNA
probe.

The enzyme activities of endogenous mouse LPL and hu-
man LPL were analyzed in skeletal muscle, heart, and adipose
tissue in all transgenic mouse lines as well as control mice
(Table I). Heparin releasable LPL activity in skeletal muscle
exhibited a highly significant 5.5-fold increase of LPL activity
in MCK-L, an 8.1-fold increase in MCK-M, and a 24.4-fold
increase in MCK-H animals compared to the levels in control
mice. A similar result, although less pronounced was obtained
for heparin-releasable LPL activities in cardiac muscle, which
was found to be increased by 20% in MCK-L, 55% in MCK-
M and 221% in MCK-H over the endogenous mouse LPL activ-
ity. To differentiate the human from mouse LPL activity, a
polyclonal antiserum or the monoclonal antibody 5D2 (a gift
of Dr. J. Brunzell, University of Washington, Seattle, WA)
directed against human LPL was used for the specific inhibition
of the human enzyme (14, 15). These antibodies do not inhibit
mouse LPL. Inhibition experiments revealed that the additional
LPL activity found in muscle tissue of transgenic animals was
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Figure 1. (A) The LPL-minigene DNA construction used for microin-
jection. The minigene was assembled from a human LPL cDNA (open
box), the human LPL gene (filled box), and the promoter sequences of
the mouse creatine kinase gene (hatched box) by conventional cloning
techniques. The translational start codon (ATG), stop codon (TGA),
and the polyadenylation signal (poly A-signal) of the LPL minigene are
indicated. (B) DNA analysis. Integration of the human LPL minigene
in three transgenic mouse lines stemming from three independent
founder mice. The presence and the amount of integrated copies of the
minigene into the genome of the mouse was determined by Southern
blotting analysis of 10 ug of tail tip DNA. The presence of a 1.6-kb
band (labeled on the right) indicated the integration of the LPL mini-
gene. The highest copy number was detected in MCK-H animals (20
copies) followed by MCK-M (10 copies), and MCK-L animals (3
copies). Nontransgenic mice (mouse) as well as human control DNA
(human) provided no specific signal of the appropriate size. (C) mRNA
analysis. Expression of human LPL mRNA was measured in skeletal
muscle, heart muscle, and adipose tissue of three transgenic mouse lines
and control animals by Northern blotting analyses. To differentiate hu-
man LPL mRNA from the endogenous mouse mRNA a species specific
DNA-probe containing a 1-kb EcoRI fragment from exon 10 of the
human LPL gene was utilized. This DNA probe specifically detected
the 3’ untranslated region of the human LPL mRNA but did not cross-
react with the mouse LPL mRNA. Human LPL mRNA was detected
in skeletal muscle and heart muscle but not in adipose tissue of all
transgenic mouse lines (MCK-L, MCK-M, and MCK-H). LPL mRNA
size was similar to human adipose tissue LPL mRNA (human). No
specific signal was observed in muscle or adipose tissue of control mice
(c-mouse).

completely attributable to the expression of human LPL. In
adipose tissue no human LPL activity was detected in addition
to the endogenous mouse LPL activity. Expression of human
LPL in transgenic mice did not influence the endogenous mouse



Table 1. Enzyme Activities of LPL and HL in Tissues and Postheparin Plasma of Transgenic Mouse Lines and Control Mice

Lipolytic enzymes

LPL activity in tissue (uM FFA/gram per h) n = 15

Lipolytic activity in plasma
(uM FFA/ml perh) n = 6

Copy number Skeletal muscle Cardiac muscle Adipose tissue LPL HL
Controls — 1.48+0.53 8.35+1.93 1.28+0.45 15.55+3.70 6.20+1.58
MCK-L 3 8.20+1.10* 10.05%+1.05 0.93+0.55 23.28+5.43¢ 4.33+2.08
MCK-M 10 11.98+1.58* 12.95+2.40¢ 1.60+0.33 29.10+3.80% 5.68+1.13
MCK-H 20 36.08+6.30* 26.80+9.08* 2.15+0.90 34.30+2.25% 4.73+1.38

* P < 0.0001; *P < 0.001; *P < 0.01. All values represent means*SD. Age of animals at the time of analysis: 8—12 wk.

LPL activity, since inhibition of human LPL in tissue extracts
of transgenic mice resulted in comparable enzyme activities as
found in control mice. As a consequence of the expression of
human LPL in muscle tissue, human LPL activity was also
detectable in mouse post heparin plasma (Table I). A gene
dose-dependent increase was found in the transgenic lines in
good agreement with the results obtained for LPL activities in
muscle tissue. The activity of hepatic triglyceride lipase in the
postheparin plasma of transgenic mice was not affected by the
expression of human LPL.

Metabolic effects of LPL overexpression in muscle. Table
II summarizes the results obtained from the analyses of lipids
and plasma parameters in the transgenic lines and control mice.
All mice had access to standard laboratory chow (4.5% fat,
21% protein) and were fasted overnight before blood drawing.
Plasma triglyceride levels were lowered in proportion to the
level of LPL expression (44.2% in MCK-L, 56.5% in MCK-
M, and 61.1% in MCK-H at 2-3 mo of age) in transgenic
animals compared to controls. Low plasma triglyceride levels
were observed over the life span of the animals and was due
to a decrease in plasma VLDL. Plasma cholesterol was not
significantly different in transgenic mice versus control mice.

Fasting glucose and insulin levels were not significantly
different in transgenic compared to control mice, indicating
normal glucose metabolism (Table II). Increased lipolysis in
skeletal and heart muscle did not cause increased FFA levels
in the plasma of transgenic animals. Additionally, liver-derived

ketone bodies (3-hydroxybutyrate) was also indistinguishable
between transgenic and control animals (Table II). This sug-
gested that the majority of FFA was directly taken up by muscle
tissue without entering the plasma pool. To demonstrate postli-
polytic uptake of FFA in muscle tissue, steady state FFA con-
centrations were measured as fatty acid methyl ester derivatives
in tissue specimens of the thigh muscles of transgenic and con-
trol animals (Table II). Compared to control animals, steady
state FFA concentrations were unchanged in muscle tissue of
MCK-L, but increased in MCK-M animals (2.6-fold) and
MCK-H animals (4.3-fold).

Effects on body weight and body composition. The increased
flux of FFA into skeletal muscle tissue through LPL overex-
pression had a pronounced effect on body weight and body
composition in transgenic animals. Fig. 2 displays the time
course of body weight gain over the first 3 mo of life for all
transgenic lines. LPL-transgenic mice exhibited reduced body
weight depending on the level of LPL expression in muscle
tissue. Animals with higher LPL expression gained less weight
than animals with lower LPL expression. The lowest expressing
line MCK-L did not exhibit slow weight gain during the initial
12 wk after birth. However, between 12 and 18 mo of age these
animals lost weight and died prematurely. MCK-M, the medium
expressing line, gained weight slower than control mice. After
8 wk of age the animals reached only 90% of the weight of
control animals and, in contrast to control mice, did not gain
any further weight. At 10 to 12 wk of age, the animals started

Table II. Summary of Biochemical Data from Plasma and Muscle Tissues of Three Transgenic Mouse Lines and Control Mice

Serum analysis Skeletal muscle
Triglycerides Cholesterol Glucose Insulin Ketone bodies FFA FFA
mg/d] mg/dl mM/liter pm/liter mM/liter mM/liter mg/mg wet tissue
Controls 79.9+17.3 63.8+10.5 4.75+1.0 18.1+8.6 1.38+0.60 1.11+0.21 0.16+0.05
n =20 n=20 n=20 n==6 n==6 n=16 n=7
MCK-L 44.6+13.8* 64.2+10.2 4.60+0.82 25.7x79 1.04+0.23 1.44+0.29¢ 0.20+0.08
n =20 n=20 n=15 n==6 n==6 n=14 n=4
MCK-M 34.8+3.9% 61.3+15.7 4.77+1.32 19.3+5.7 1.41+0.53 0.78+0.15* 0.41+0.26
n =20 n=20 n=19 n==6 n=17 n=11 n=4
MCK-H 31.1+x2.9* 52.9+79 4.13+0.86 15.7+8.6 1.58+0.82 1.25+0.21 0.70+0.21*
n =20 n=20 n=717 n=3 n=4 n=717 n=>5

* P < 0.0001; *P < 0.01; All values represent means*SD. Age of animals at the time of analysis: 8—12 wk.

Myopathy in Lipoprotein Lipase Transgenic Mice ~ 979



Growth curve

30- —e— Controls
—a— MCK-L
—eo— MCK-M
25] —o— MCK-H
C)
o 20
£
K=y
2 15]
10
5

0 2 4 6 8 10 12 14
Age (weeks)

Figure 2. Growth curves of three transgenic mouse lines (MCK-L, MCK-

M, and MCK-H) compared to control mice. Total body weight (grams)

of 20 animals of each group (MCK-L, MCK-M, and MCK-H) was

determined every 7 d beginning 2 wk after birth for a time course of
12 wk. Values are presented as means+SD.

slowly to lose weight and died prematurely at the age of 8—12
mo. In MCK-H, the highest expressing line, the growth curve
was most obviously changed compared to control mice. During
the first 2 mo after birth these animals gained only 75% of the
weight of control mice. After this time point MCK-H animals
started to lose weight rapidly. 10 wk after birth they attained
only 43% of the body weight of age matched control mice. This
wasting process resulted in death of the animals between 10
and 12 weeks after birth. The observed weight loss in transgenic
animals was probably not due to decreased food intake, since
food consumption per body weight was similar in all lines over
a period of 3 wk (not shown).

To analyze body composition with regard to muscle versus
adipose tissue mass, transgenic and control mice were subjected
to representative T1-weighted magnetic resonance image analy-
ses (23). Fig. 3 exhibits a longitudinal section of a 5-mo-old
control animal, a 5-mo-old MCK-M animal, and an 8-wk-old
MCK-H animal. MCK-L animals at 5 mo of age were phenotyp-
ically normal. In MCK-M animals a moderate loss of muscle
tissue as well as adipose tissue was observed (Fig. 3). 2-mo-
old MCK-H animals exhibited a massive loss of muscle mass
as well as the virtually complete disappearance of adipose tissue
(Fig. 3), which accounted for the overall weight loss in these
animals. The loss of adipose tissue was also confirmed by mac-
roscopic pathological examination of five animals which
showed that the epididymal fat pads were scarcely detectable.

Effects on muscle morphology. The ‘‘lipolysis induced’’
loss of muscle mass in transgenic mice was morphologically
investigated by light microscopy, histochemical procedures, and
electron microscopy of skeletal and heart muscle tissue in two
male and two female animals of each line 8 wk after birth. Since
the MCK-L and MCK-M animals did not show any pathologic
changes within 8 wk, animals were also examined 5 mo post
partum. R

Light microscopically (Fig. 4), skeletal muscle samples
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Figure 3. Nuclear magnetic resonance analyses of control and transgenic
animals. Representative T1-weight MR-images from control animals
(A), MCK-M (B), and MCK-H (C). Within these T1-weighted spin
echo images the adipose tissue appears bright in contrast to remaining
tissues. Out of 44 cross sections with a thickness of 1 mm a single
section is displayed. Field of view: 120 X 60 mm.

from 5-mo-old MCK-L animals were found to be identical com-
pared to control animals (a and d). Similarly, samples from
MCK-M animals exhibited no obvious myopathic changes at
this age (b and e). In PAS-stained sections only a few fibers
exhibited a low degree of glycogen storage in subsarcolemmic
position. In contrast, in MCK-H animals a severe myopathy
with fiber degeneration, fiber atrophy, lymphocytic, and mesen-
chymal reaction was already detectable within 2 mo of age (¢
and f). Large amounts of PAS-positive material was found
suggesting massive glycogen storage (c). No positive reaction
was obtained in histochemical staining with oil red-O indicating
the absence of neutral lipid accumulation. Additionally, MCK-



Figure 4. Light microscopy of skeletal muscle specimens. Morphological examination by light microscopy of periodic acid Schiff (PAS) —stained
transverse (a, b, and c) and longitudinal (d, e, and f) sections of skeletal muscle specimens from control animals (5 mo of age) and LPL-transgenic
mice, MCK-M (5 mo of age), and MCK-H (2 mo of age). Compared to control animals (a and d) MCK-M mostly presented normal skeletal
muscles (b and e) at 5 mo of age. In only a few muscle fibers local glycogen storage was detected (e, arrow). In contrast, even at 2 mo of age
severe myopathy was found in the MCK-H animals (¢ and f). This myopathy was characterized by excessive glycogen storage in muscle fibers
(stained intensively red by PAS reaction in ¢ and f), muscle fiber degeneration, atrophy, lymphocytic, and mesenchymal reaction. Additionally,
many centralized nuclei forming nuclear chains (f, arrows), which resemble myotubes, were detected in longitudinal sections of muscle fibers. a,
b, ¢ X1650 (original negative X440 and d, e, f X1,125 (original negative X300).

H samples exhibited an increased number of nuclei in a central
position resembling myotubes (f).

Electronmicroscopically (Fig. 5), skeletal muscle samples
from MCK-L animals were morphologically identical to control
animals (a and d) at 5 mo of age. In contrast, MCK-M samples
at this stage exhibited a most obvious increase in the number
of mitochondria in the subsarcolemmic, perinuclear, and inter-
myofibrillar position of muscle fibers (b and ¢). Only very
moderately increased glycogen deposition was found in vesicles
or diffusely dispersed in the sarcoplasma of MCK-M samples.
In skeletal muscle specimens of MCK-H animals the number
of vital mitochondria was only moderately increased, but many
residual mitochondria which had undergone cystic degenerative
changes were detected between membranous degenerative ma-

terial (¢ and f). In contrast to MCK-M, massive glycogen
storage was observed in MCK-H samples in the sarcoplasma.
These granules were partly dispersed between myofibrills and
partly surrounded by membranes. Glycogen deposits were also
detected in nuclear inclusions which were surrounded by invagi-
nations of nuclear membranes (c). In summary these morpho-
logical studies show that the onset and degree of myopathic
changes in skeletal muscle tissue was strongly correlated to the
degree of LPL overexpression in all transgenic lines.

Cross sections of the heart were also investigated by light
and electron microscopy. In MCK-M, and to a higher degree
in MCK-H, an increased number of mitochondria was found in
myocytes. However, only slight to moderate myopathic changes
could be observed (not shown). LPL overexpression in.
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Figure 5. Electron microscopy of skeletal muscle specimens. Electronmicroscopical analysis of skeletal muscle specimens from control animals (5
mo of age) and LPL-transgenic mice, MCK-M (5 mo of age), and MCK-H (2 mo of age). Compared to controls (a and d), increased numbers
of mitochondria were detected in subsarcolemmic perinuclear (») and intermyofibrillar (e) positions in MCK-M. Severe myopathy was found in

MCK-H, characterized by excessive perinuclear (c) and intermyofibrillar (f) glycogen storage with nuclear invagination (c) and degeneration of

myofibrills (f). Uranyl acetate and lead citrate. Bars represent 1 um.

transgenic mice had no effect on the morphology of all other
organs analyzed including liver, spleen, kidney, adrenal glands,
brain, lungs, and gastrointestinal as well as urogenital tracts.
Effects on the biogenesis of mitochondria and peroxisomes.
As described in the preceeding section, increased LPL expres-
sion in skeletal muscle caused a drastic increase in the number
of mitochondria in muscle cells of MCK-M animals. This in-
crease was detected by electron microscopy, but also in tolu-
idine blue—stained semithin sections and by histochemistry with
NADH-tetrazolium-reductase and Gomori trichrome stainings
(24, 25). As judged from morphologic examinations, a five- to
eightfold increase in the number of mitochondria was estimated
in MCK-M animals compared to control animals. This morpho-
logic finding was also confirmed by biochemical analyses of
succinate dehydrogenase activity, a marker enzyme of mito-
chondria, which was found to be increased two- to threefold in
skeletal muscle samples of MCK-M mice (Table IIT). The de-
gree of mitochondrial proliferation was consistently more pro-
nounced in morphological examinations compared to the en-
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zyme assay. As judged from electron microscopy, the number
of mitochondria in muscle samples from MCK-H animals, the
line with highest LPL expression, was found to be only slightly
increased compared to control animals, but much lower than in
skeletal muscle of MCK-M animals. This difference was not
found in the activity of the mitochondrial marker enzyme succi-
nate dehydrogenase, which was identical in muscle specimens
from MCK-M and MCK-H animals (Table III).

The effects of muscle-specific overexpression of LPL on
peroxisome proliferation was investigated by electron micros-
copy and by determining the activity of catalase, a peroxisomal
marker enzyme. The number of peroxisomes was extremely
low in skeletal muscle specimens of control animals. There
were only one or fewer peroxisomes per microscopic field (Fig.
6 A). In contrast, specimens from MCK-M (b) animals and
MCK-H (c) animals had between four and six peroxisomes per
microscopic field, indicating a striking increase in the number
of peroxisomes (Fig. 6 b and c). Catalase activity was increased
fourfold in skeletal muscle of MCK-L animals and eightfold in



Table I1I. Summary of Morphological Analyses of Muscle Tissue and Biochemical Assays of Mitochondrial and Peroxisomal Marker
Enzymes in Muscle Specimens of Transgenic Mouse Lines and Control Mice

SDH activity Catalase activity Glycogen
Light microscopy Mitochondriopathy [mU/mg protein] Peroxisomes [mU/mg protein] storage

Controls Normal Normal 5.0 Normal 1.8 Normal
MCK-L (5 mo)* Normal ) Normal 5.4 ¥ 7.4 Normal
MCK-M (5 mo)* Minimal changes § 114 § 14.1 *
MCK-H (2 mo)* Severe myopathy ¥ 113 § 13.6 §

Fiber degeneration

Central nuclei

* Age of animals at the time of analysis; * moderately increased; * strongly increased; SDH, succinate-dehydrogenase; enzyme activities represent

the means of two independent experiments.

both MCK-M and MCK-H animals, confirming the morphologi-
cal results (Table III). The observation that catalase activity
was similar in MCK-M and MCK-H animals, suggests that
there is some upper limit to the peroxisome induction by muscle
LPL expression. Catalase activity in the liver of transgenic ani-
mals was not increased compared to normal mouse liver indicat-
ing that the increase in peroxisomes was muscle specific (not
shown).

Discussion

Overexpression of human LPL in skeletal and cardiac muscle
of transgenic mice resulted in major alterations of the lipid and
energy metabolism of the animals. The increase in lipolytic
activity was much more pronounced in skeletal muscle than in
heart muscle. Increased lipolysis by LPL resulted in increased
intracellular FFA levels. This was associated with weight loss
and premature death. The animals developed a severe myopathy
characterized by the proliferation of mitochondria and peroxi-
somes, glycogen storage, lymphocyte infiltration, fiber atrophy,
fiber degeneration, and centralized nuclei. These various find-

ings were solely dependent on the level and duration of LPL
overexpression in muscle tissue.

In the plasma compartment increased LPL activity in muscle
caused a dose-dependent reduction of the triglyceride concentra-
tions, which was mainly due to a reduction of VLDL. Unexpect-
edly, the plasma concentration of FFA were not increased with
increased LPL activity in transgenic mice. Low plasma FFA
concentrations and, presumably, FFA transport rates to the liver
were also reflected by the unchanged plasma ketone body con-
centrations in transgenic animals. This suggests that the majority
of FFA are directly taken up by muscle tissue without entering
the plasma pool. In fact, intracellular FFA concentrations were
found to be increased in skeletal muscle tissue of transgenic
mice in proportion to the level of LPL overexpression. It has
been suggested that the cellular uptake of FFA is facilitated by
two types of mechanisms, lateral movement of FFA over the
cell membrane followed by the direct cellular uptake (26), or
specific FFA transport protein-mediated uptake (27, 28). Sev-
eral candidate proteins have been identified from different tis-
sues in the past including a 40-kD protein and the fatty acid
transporter protein (29—-32). To date, however, characterization

Figure 6. Peroxisome-specific staining in skeletal muscle specimens. Electron microscopy of skeletal muscle specimens after cytochemical staining
for catalase activity using diaminobenzidine. Displayed pictures represent noncontrasted sections. In only a few microscopic fields a single peroxisome
(arrows) was visualized in control animals (a). In MCK-M (b) animals and MCK-H (c) animals between four and six peroxisomes were observed

in each microscopic field. Bar represents 1 pm.
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of these proteins remains incomplete and a detailed understand-
ing of FFA transport through the plasma membrane has not
been achieved. Our study suggests that FFA transport through
the endothelial cell layer and the sarcolemmic membrane does
not represent an important regulatory step because LPL-driven
FFA uptake can increase intracellular FFA levels to the extent
that severe myopathy and premature death results. The increase
of intracellular FFA levels without an increase in plasma levels
suggests that triglyceride hydrolysis and FFA uptake are tightly
coupled in muscle. Consequently, the increased formation of
FFA albumin complexes and their transport to the liver does
not occur. Our results indicate that LPL represents the rate-
limiting step in the cellular uptake of triglyceride-derived FFA
fulfilling a ‘‘gate keeping function’’ in muscle tissue.

The increased flux of FFA into skeletal muscle tissue
through LPL overexpression had a pronounced effect on body
weight and body composition in transgenic animals. The ani-
mals suffered from retarded growth and weight loss due to the
loss of muscle mass as well as adipose tissue mass. We presume
that the excessive supply of FFA in muscle tissue caused a
muscle disorder which led to the premature death of the animals.
The average life span was strictly correlated with the level of
LPL overexpression in muscle tissue. Morphological examina-
tions (summarized in Table IIT) revealed that the transgenic
animals suffered from a condition similar to certain myopathies
observed in humans. All other organs besides muscle were unaf-
fected. The early stage of the myopathy was mainly character-
ized by increased numbers of mitochondria and peroxisomes.
In many respects this condition resembles human mitochondri-
opathy in its morphological appearance (33). After prolonged
periods of time or when high levels of LPL were expressed in
muscle tissue, mitochondriopathy developed into myopathy
with severe degeneration of muscle fibers and large deposits of
glycogen. Fiber degeneration and the appearance of large num-
bers of macrophages as a sign of progressive myopathy were
accompanied by chronic inflammatory infiltration of the endo-
mysium. Morphologically these phenomena closely resemble
progressive or dystrophic human myopathies (24, 25). Long
chains of centralized nuclei within a high percentage of muscle
fibers in this myopathy mimicks the human centronuclear (myo-
tubular) myopathy (34-36). However, nuclei in a centralized
position are somewhat nonspecific and are found in several
myopathies including neurogenic muscle disease (24, 25). Gly-
cogen storage in the sarcoplasma of the animals is most likely
caused by the mitochondriopathy with secondary glycogen stor-
age as is also observed in humans (24). Excessive glycogen
storage, as found in transgenic mice with the highest levels of
LPL expression, is observed in patients with different forms of
glycogen storage disease. These patients can develop cardiomy-
opathy as well as severe myopathy of the respiratory system
leading to death from cardio—respiratory insufficiency (25).
We assume that the increased uptake of FFA caused by overex-
pression of LPL in skeletal and cardiac muscle leads to a similar
pathological picture and eventually results in the death of these
animals. Cardiac failure as the primary cause of death is unlikely
because cardiac weight was found to be unchanged. Therefore,
respiratory insufficiency appears to be the most likely cause of
death in MCK animals.

The constellation of myopathic changes observed in
transgenic mice provokes the speculation that disturbed regula-
tion of extracellular lipolysis or increased uptake of FFA might
also be causally involved in the pathogenesis of human myopa-
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thies. The molecular defects of many established human myopa-
thies are unknown. However, several metabolic defects have
been characterized that affect FFA catabolism and cause the
development of myopathies and mitochondriopathies. These in-
clude the deficiencies of carnitine, carnitine palmitoyl trans-
ferase I and II, and short, medium, and long chain acyl CoA
dehydrogenases. Additionally, disturbances of carbohydrate
metabolism and defects in oxidative phosphorylation are associ-
ated with the development of certain myopathies. None of these
defects completely match the pathology of lipolysis-induced
myopathy as observed in MCK mice. For example, defects
in FFA transport through the mitochondrial membrane and (-
oxidation are generally causing the accumulation of neutral lipid
droplets (37), which is not observed in MCK mouse lines.
Disturbances in muscular carbohydrate metabolism such as de-
ficiencies in acid maltase, debranching enzyme, or phosphoryl-
ase cause glycogen storage, similarly to that which is observed
in LPL transgenic mice, but effects on the number of mitochon-
dria and peroxisomes have not been observed. Therefore, exces-
sive uptake of FFA through the muscle-specific overexpression
of LPL might represent a novel pathogenetic mechanism for
myopathy.

Overexpression of LPL and an excess supply of FFA caused
a large increase in the number of peroxisomes and the activity
of the peroxisomal marker enzyme catalase in the skeletal mus-
cle. This is in accordance with earlier observations that FFA
can cause peroxisome proliferation in rodents, although most
studies were limited to observations in the rodent liver and
cultivated liver cells (38, 39). Saturated, unsaturated, and poly-
unsaturated FFA can activate the peroxisome proliferator—acti-
vated receptor (PPAR) by interacting with a PPAR retinoid X
receptor dimer and thereby induce peroxisome proliferation
(40-42). Preliminary results with skeletal muscle tissue from
MCK-M animals exhibited an induction of the PPAR-activated
gene of acyl CoA oxidase on the mRNA and protein levels
compared to controls (manuscript in preparation). This might
indicate the involvement of PPAR in the biogenesis of peroxi-
somes in the transgenic mouse model.

The extent of peroxisomal induction in the skeletal muscle
of transgenic mice is remarkable and larger than in any other
experimental system studied so far. Our results support the view
that FFA as such can act as peroxisome proliferators in vivo.
Interestingly, the induction of peroxisome proliferation is an
early event as it is seen in mice with the lowest level of LPL
expression (MCK-L) at a time when no other morphological
changes are detectable. This suggests that peroxisome prolifera-
tion preceeds mitochondrial proliferation and might represent a
first response of muscle cells to the increased supply of FFA.
Indirect evidence that peroxisome proliferation might occur in
connection with myopathy is provided by studies in rats and
humans treated with clofibrate (43-45). This hypolipidemic
drug, a well-established hepatic peroxisome proliferator, can
induce myopathy. Unfortunately, to our knowledge, no studies
have directly addressed the question of whether fibrates can
induce peroxisome proliferation in muscle. .

The observation of the induction of the biosynthesis of mito-
chondria in LPL transgenic mice is interesting, because it is the
first direct in vivo observation of a role of FFA in the formation
of these cell organelles. At this point we do not know if the
newly formed mitochondria are structurally intact and metaboli-
cally functional. Morphologically, however, they appear nor-
mal. It is tempting to speculate that the induction of proliferation



of mitochondria by FFA follows a similar mechanism as for
peroxisomes, possibly also involving nuclear receptors. At this
point it is not known if the induction of peroxisomal and mito-
chondrial proliferation is a general intracellular effect of FFA
or of a certain species of FFA. A suggestion that specifically
unsaturated FFA might play a special role in the proliferation
of mitochondria comes from observations in yeast, showing
that KD115, an unsaturated FFA auxotroph of Saccharomyces
cerevisiae, developed structural and functional defects in mito-
chondria in the absence of unsaturated FFA (46). Additionally
it was demonstrated that the OLE1 gene in yeast encoding a
fatty acid desaturase, is essential for the movement and the
inheritance of mitochondria (47). Our experiments support the
concept that FFA represent signal-transducing molecules (48—
50) and suggest an important role for FFA in the biogenesis of
mitochondria in mammals.

Transgenic animals overexpressing human LPL have been
generated and characterized in several previous studies (51—
53). Our results are in agreement with the effect of LPL overex-
pression on plasma triglyceride levels. However, the observed
dramatic effects on body weight, body composition, muscle
morphology, and metabolism have not been reported in the
previous studies. This could be explained by the different sites
and levels of LPL expression in the different transgenic mouse
models. In contrast to our approach of tissue-specific LPL over-
expression, all other studies used tissue nonspecific expression
systems. Under these conditions relatively low levels of LPL
expression were detected in many tissues of the body. Therefore,
the partitioning of FFA among essentially all tissues in the body
and the low level of muscle lipolysis may have precluded seeing
the myopathic effects observed in our study. In one report (53),
a high perinatal mortality was reported presumably caused by
the tissue nonspecific overexpression of the LPL gene under
the control of a metallothionein promoter. These observations
were not made in our system of muscle-specific LPL overex-
pression.

In conclusion our results indicate that LPL represents the
rate-limiting step for the cellular uptake of triglyceride-derived
FFA. FFA transport through the endothelial cell layer and the
sarcolemmic membrane apparently does not have such a regula-
tory function. Excessive FFA uptake in muscle by increased
LPL activity can cause major pathologic changes including the
proliferation of mitochondria and peroxisomes and the develop-
ment of a lipolysis-induced myopathy.
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