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Background: Perilipin family proteins are important in determining the properties of lipid droplets (LDs).
Results: Perilipin 5-deficient mice lack detectable LDs, exhibit enhanced fatty acid oxidation, and suffer increased ROS pro-

duction in the heart.

Conclusion: Perilipin 5 protects the heart from oxidative burden by sequestering fatty acid from excessive oxidation.
Significance: These findings may help to increase understanding of the functions of non-adipose LDs.

Lipid droplets (LDs) are ubiquitous organelles storing neutral
lipids, including triacylglycerol (TAG) and cholesterol ester.
The properties of LDs vary greatly among tissues, and LD-bind-
ing proteins, the perilipin family in particular, play critical roles
in determining such diversity. Overaccumulation of TAG in LDs
of non-adipose tissues may cause lipotoxicity, leading to dis-
eases such as diabetes and cardiomyopathy. However, the phys-
iological significance of non-adipose LDs in a normal state is
poorly understood. To address this issue, we generated and
characterized mice deficient in perilipin 5 (Plin5), a member of
the perilipin family particularly abundant in the heart. The
mutant mice lacked detectable LDs, containing significantly less
TAG in the heart. Particulate structures containing another LD-
binding protein, Plin2, but negative for lipid staining, remained
in mutant mice hearts. LDs were recovered by perfusing the
heart with an inhibitor of lipase. Cultured cardiomyocytes from
Plin5-null mice more actively oxidized fatty acid than those of
wild-type mice. Production of reactive oxygen species was
increased in the mutant mice hearts, leading to a greater decline
in heart function with age. This was, however, reduced by the
administration of N-acetylcysteine, a precursor of an antioxi-
dant, glutathione. Thus, we conclude that Plin5 is essential for
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maintaining LDs at detectable sizes in the heart, by antagonizing
lipase(s). LDs in turn prevent excess reactive oxygen species pro-
duction by sequestering fatty acid from oxidation and hence
suppress oxidative burden to the heart.

Lipid droplets (LDs)* are cellular organelles storing neutral
lipids, including triacylglycerol (TAG) and cholesterol ester. LDs
are found in nearly all cell types, but their properties vary greatly
among tissues. White adipose tissue (WAT) has large unilocular
LDs that store an enormous amount of TAG in case of increased
energy demand. LDs of other tissues, however, are usually much
smaller. Their physiological significance is less well understood,
although a possible role is in sequestering fatty acid (FA) in a chem-
ically inert form, TAG, to circumvent the lipotoxicity of FA and its
derivatives (1). However, excess accumulation of TAG, and hence
aberrant development of LDs, often causes lipotoxicity, leading to
diseases such as diabetes and cardiomyopathy.

LDs carry a defined set of surface-binding proteins whose
compositions differ among cell types. The perilipin family, con-
ventionally called the PAT family, is a representative group of
LD-binding proteins composed of five members (2). The
recently proposed unified nomenclature (3) names them PLIN1
(the classic perilipin), PLIN2 (also named ADRP, ADFP, or adi-
pophilin), PLIN3 (Tip47, PP17, or M6PRBP), PLIN4 (S3-12),

“The abbreviations used are: LD, lipid droplet; TAG, triacylglycerol; WAT,
white adipose tissue; FA, fatty acid; BAT, brown adipose tissue; ATGL, adi-
pose triacylglycerol lipase; HSL, hormone-sensitive lipase; ROS, reactive
oxygen species; NAC, N-acetylcysteine; ORO, Oil Red O; BEL bromoenol
lactone; TBARS, thiobarbituric acid-reactive substance; LVID;d, left ventric-
ular end-diastolic dimension; LVID;s, left ventricular end-systolic dimen-
sion; FS, left ventricular fractional shortening; ASM, acid-soluble material.
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and PLIN5 (MLDP, OXPAT, LSDP5, or PAT1). These proteins
have related amino acid sequences, particularly in the amino-
terminal region called the PAT1 domain (2). Plinl (the mouse
homolog of human PLIN1) is highly abundant in WAT and
brown adipose tissue (BAT). Plin2 and Plin3 are expressed in
many cell types, whereas Plin4 is abundant in adipose tissue. In
contrast, we (4) showed that Plin5 is highly concentrated in the
heart, whereas other groups (5, 6) demonstrated that this pro-
tein is expressed in oxidative tissues, including the heart, BAT,
skeletal muscle, and the liver.

Plin1 is the best characterized member of the perilipin fam-
ily, playing a central function in both the storage and cate-
cholamine-dependent mobilization of TAG in WAT (7, 8).
Recent studies (9—-15) have presented an elaborate model for
the actions of Plinl involving adipose triacylglycerol lipase
(ATGL), comparative gene identification (CGI)-58 (also called
o,B-hydrolase domain-containing 5), a coactivator of ATGL,
and hormone-sensitive lipase (HSL) (for review see Ref. 16).
The functions of other perilipin family members are less well
understood, although the proteins were shown to protect TAG
from attack by lipases (17). Plin2~”~ mice are resistant to a high
fat diet-induced hepatosteatosis (18), and Plin3 compensates
for the defect of Plin2 in these mice (19).

Some 60-70% of the large energy demand of the heart for
contractile function is fulfilled by FA (20). Thus, the heart has
an extremely high capacity of lipid turnover and particularly
small LDs. We presumed that Plin5 has a critical role in deter-
mining the properties and functions of LDs in the heart, and
hence it is the key to understanding the physiological signifi-
cance of heart LDs. Accordingly, we generated and character-
ized Plin5 knock-out (Plin5 ") mice. To our surprise,
Plin5~"~ mice lacked detectable LDs in the heart, substantiat-
ing the essential role of Plin5 in maintaining heart LDs. These
mice suffered from an accelerated decline in heart contractile
function with age, probably due to increased production of
reactive oxygen species (ROS). We propose that LDs contribute
to suppressing oxidative stress in the heart by sequestering FA
from excessive oxidative metabolism.

EXPERIMENTAL PROCEDURES

Mice—Plin5~"~ mice were produced by using the standard
gene disruption procedure (Fig. 14). The Plin5~’~ mice were
backcrossed to the C57BL/6] strain (CLEA Japan, Inc.) for four
generations. Plin5S™’" and PlinS~’~ mice were obtained by
mating respective homozygous parents. Mice were housed
under standard conditions at 24—26 °C with a 12:12 h light/
dark cycle and given free access to standard chow (CLEA Japan,
Inc.) and water. For some experiments, mice were fasted over-
night by food deprivation. For the treatment with N-acetylcys-
teine (NAC), the chemical was dissolved in water at 1.88 mg/ml
and given to the mice instead of water. The treatment was con-
tinued from 16 to 18 weeks of age to the day of experiment at
30-32 weeks of age, replacing the solution every 2-3 days.
Assuming that mice 30 g in body weight drink 8 ml of water per
day on average (21), this dose would correspond to 500 mg of
NAC/kg/day. All procedures were performed in accordance
with the guidelines established by University of Hyogo for the
care and use of experimental animals.
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Histological Analyses—Tissues were fixed with 10% forma-
lin/PBS, incubated with 10% sucrose/PBS, and then with 20%
sucrose/PBS, each overnight at 4 °C. The tissues were embed-
ded in O.C.T. compound (Tissue-Tek) and sectioned 10 um
thick in a cryostat (Leica CM3050S-I1I). Sections were air-dried
and stored at —80 °C until used. After removal of the O.C.T.
compound by washing with water, sections were stained for
lipid with 0.18% Oil Red O (ORO) in 60% isopropyl alcohol.
Sections were washed with 60% isopropyl alcohol, counter-
stained with hematoxylin, and subjected to microscopic
analysis.

Immunofluorescence Staining—Cryosections as prepared
above were freed from the O.C.T. compound and permeabi-
lized with methanol for 20 min at —20 °C. After washing with
PBS three times for 5 min each at room temperature, sections
were blocked with 2% BSA/PBS for 1 h at room temperature.
Sections were then incubated with primary antibodies to Plin5
(raised in rabbit (4)) and Plin2 (raised in guinea pig) and diluted
1000-fold in 2% BSA/PBS overnight at 4 °C. Secondary antibod-
ies, Alexa 488- and 594-conjugated anti-guinea pig and rabbit
IgG (Molecular Probes), respectively, were used at a 500-fold
dilution in 2% BSA/PBS for 1 h at room temperature. For dou-
ble staining of Plin5 and lipid, permeabilization with methanol
was omitted to avoid a loss of lipid. Because of freezing and
thawing of the cryosections, antibodies were allowed to access
intracellular compartments, although the fluorescence signals
were inevitably weaker than those obtained by usual permeabi-
lization. Sections were first stained for Plin5 and then with 100
uM Bodipy 493/503 (Molecular Probes). Samples were exam-
ined in a confocal laser microscope (Zeiss LSM510).

Electron Microscopy—Dissected tissues were prefixed with
2% glutaraldehyde/PBS at 4 °C. After being washed with PBS,
tissues were fixed with 2% osmium tetroxide/PBS for 2 h at4 °C.
Specimens were embedded in Quetol-812 (Nissin EM), and
then sectioned and observed in a JEM-1200EX (JEOL).

Biochemical Analyses—Lipids were extracted from tissues
according to a standard procedure (22). TAG and FA levels
were measured using triglyceride E-test (WAKO) and nonest-
erified fatty acid C-test (WAKO), respectively. Protein was
determined with a protein assay kit (Bio-Rad), using BSA as a
standard.

Immunoblot Analysis—Protein extracts were prepared from
tissues by using lysis buffer (20 mm Tris-HCI (pH 7.5), 1% Tri-
ton X-100, 150 mm NaCl, 10 mm NaF, 1 mm sodium pyrophos-
phate, 1 mm sodium orthovanadate, protease inhibitor mixture
(Roche Applied Science), and 1 mm EDTA). Protein concentra-
tions were quantified, and the extracts were subjected to
immunoblotting.

RT-PCR—Total RNA was prepared from cardiac ventricles
using QIAzol reagent (Qiagen) and reverse-transcribed. Target
genes were amplified with a SYBR qPCR kit (KAPA Biosystems)
and quantified using an ABI PRISM7000 (Applied Biosystems).

Subcellular Fractionation—The hearts from fed and fasted
wild-type and Plin5~”~ mice were homogenized in 500 ul of 20
mM Hepes-NaOH (pH 7.4) containing protease inhibitor mix-
ture (Roche Applied Science), using a Potter-Elvehjem homog-
enizer. After the removal of nuclei and cell debris by centrifu-
gation at 700 X g for 10 min, 300 wl of the postnuclear
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supernatant was mixed with an equal volume of 60% sucrose
and placed below a 5-ml 0-30% (w/v) sucrose gradient in a
centrifuge tube. Samples were centrifuged for 6 h at a maximal
gravity of 140,000 X gat 4 °Cin a swinging bucket rotor, S52ST,
in a Hitachi CS100GXL ultracentrifuge. Samples were collected
into 24 consecutive portions of 230 ul each from the top and
combined into eight fractions by mixing three consecutive por-
tions for subsequent analyses. Because a substantial amount of
pellet was obtained at the bottom, it was resuspended in 230 ul
of 30% sucrose, 10 mm Hepes-NaOH (pH 7.4), and numbered as
fraction 9. For immunoblotting, a one-third volume of fraction
9 relative to those of fractions 1-8 was loaded onto gels. In
another centrifugal experiment, 0-51.2% (w/v) sucrose gradi-
ent was employed.

Inhibition of ATGL and Related Lipases in the Heart—Mice
fasted overnight were perfused with 10 ml of 50 uM bromoenol
lactone (BEL) in saline for 6 min. The heart was then immedi-
ately isolated and analyzed. For the visualization of LDs, Nile
Red staining was performed with frozen sections. In vitro lipase
assay was performed as described (23).

Isolation of Cardiomyocytes—Ventricular myocytes were
obtained as described previously (24). Briefly, ventricular tis-
sues isolated 1.5-3 days after birth were cut into small pieces
and digested to produce single cells with an enzyme solution
(3:1 mixture of 1 mg/ml collagenase and 0.25% trypsin in PBS).
The cells obtained were seeded into collagen-coated 35-mm
dishes and incubated in 2 ml of Dulbecco’s modified Eagle’s
medium (DMEM), 10% fetal bovine serum. After incubation
overnight, attached cells were subjected to an FA oxidation
assay.

FA Oxidation Assay—In each experiment, cardiomyocytes
obtained from 3 to 4 mice were seeded into six 35-mm dishes
and incubated overnight, as described above. Cells were cul-
tured for a further 2 days in DMEM, 10% fetal bovine serum
supplemented with 200 um oleic acid conjugated with BSA to
allow most cells to start spontaneous beating. Cells were then
treated with 1 ml of preincubation medium (DMEM, 200 um
oleic acid) with or without 40 uM etomoxir (three dishes each)
for 1 h. Subsequently, cells were incubated in 1 ml of the assay
medium (DMEM, 20 mm Hepes-NaOH (pH 7.4) containing 4
M [1-1*C]palmitic acid conjugated with a-cyclodextrin), sup-
plemented with or without 40 um etomoxir for 1 h. During this
procedure, each 35-mm dish was uncovered and put in a cov-
ered 10-cm dish containing a piece of filter paper soaked in 1 N
NaOH to trap radioactive CO,, (“1st filter paper”). After incu-
bation, the culture supernatants were transferred to test tubes,
and the cells were dissolved in 300 ul of cell lysis buffer (25 mm
Tris-HCI (pH 7.5), 1 mm EDTA, 0.1% Triton X-100). Protein
concentrations of the cell lysates were quantified for 50-pul ali-
quots. One hundred microliters of 10% BSA followed by 150 ul
of 3 M perchloric acid were added to the remaining cell lysates,
which were then mixed and centrifuged. The supernatants con-
tained intracellular acid-soluble materials (ASM), representing
active metabolic intermediates. The pellet was extracted with
chloroform/methanol (2:1), and the organic layer was collected
(intracellular acid-insoluble fraction, representing cellular lip-
ids). The culture supernatants were also mixed with BSA and
perchloric acid and left for 30 min at room temperature, during
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which time the tubes were covered with parafilm attached with
NaOH-soaked filter paper to trap CO, forced out from the cul-
ture supernatants (“2nd filter paper”). The mixtures were then
centrifuged and separated into acid-soluble (extracellular
ASM, representing dead-end metabolites such as acetic acid)
and acid-insoluble (extracellular acid-insoluble fraction,
mostly representing unincorporated FA) fractions, as described
above. The filter paper and soluble and insoluble fractions were
subjected to scintillation counting. B-Oxidation activity was
assessed by the radioactivity of CO, (sum of radioactivities of
1st and 2nd filter papers), intracellular as well as extracellular
ASM, with the first two representing metabolites en route to
complete oxidation in mitochondria. Incorporation of FA was
evaluated from the sum of the radioactivity of CO,, intracellular
and extracellular ASM, and the intracellular acid-insoluble
fraction. Values obtained for three culture dishes were averaged
and used as a result of a single experiment.

Measurements of Blood Parameters—Blood glucose levels
were determined by Glutest sensor (SKK). Serum ketone bodies
were determined with a 8-hydroxybutyrate assay kit (Cayman).
Insulin was quantified using an insulin ELISA kit (Shibayagi).

Food Intake, Respiration, and Locomotion—Mice were put in
cages individually and allowed to access food and water ad libi-
tum during the experiment. Food intake was measured for 10
days, and average intake per day was calculated. The respiratory
gas analysis was performed with an Arco-2000 (Arco System),
as described previously (25). Locomotor activity was measured
with a 14-channel DAS system (Neuroscience).

Thiobarbituric Acid-reactive Substance (TBARS) Assay—
Heart tissue samples were homogenized in lysis buffer as
described above. Protein concentrations were quantified, and
the extracts were subjected to a TBARS analysis, according to a
published procedure (26), with slight modifications.

Echocardiography—For age-matched mice under 1.5% iso-
flurane anesthesia, heart rate and rhythm were monitored using
4-limb-lead electrocardiography (TMH150, Visual Sonics).
Left ventricular contractile forces were quantified by transtho-
racic echocardiography using Vevo2100 (Visual Sonics). The
percentage of left ventricular fractional shortening (FS) was cal-
culated as follows: ((LVID;d — LVID;s)/LVID;d) X 100, where
LVID;d and LVID;s indicate left ventricular end-diastolic and
end-systolic dimensions, respectively. When the animals were
also subjected to a TBARS assay, the hearts were excised several
days after the echocardiographic measurement.

Statistical Analysis—All data are shown as means = S.E. Data
were analyzed with Student’s ¢ test, and differences with p <
0.05 were considered statistically significant. The correlation
between heart parameters and TBARS values was assessed by a
regression analysis.

RESULTS

Generation of Plin5-deficient Mice—Plin5~’~ mice were
generated (Fig. 1, A and B), and the absence of Plin5 mRNA and
protein in tissues of mutant mice was confirmed (Fig. 1, C and
D). Expression of Plin4, a close neighbor of Plin5 in the genome,
was not affected (Fig. 1C). Intercrossing of Plin5*”~ mice pro-
vided Plin5~"~ offspring at a Mendelian ratio. Deletion of Plin5
caused no abnormality in either cumulative body weight or
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FIGURE 1. Generation of Plin5 knock-out mice. A, structures of wild-type
and null Plin5 alleles. B, confirmation of Plin5 disruption by Southern blotting
with genomic DNA prepared from the tail. Arrows indicate wild-type (WT) and
knock-out (KO) bands corresponding to the fragments depicted in A. C, RT-
PCR to reveal the absence of Plin5 mRNA in the hearts of Plin5~/~ mice. Plin4
mRNA was expressed at the normal level. D, confirmation of the absence of
Plin5 protein in the hearts of Plin5~/~ mice. The graph on the right shows the
Plin5/GAPDH ratios of mice of the three genotypes. ND, not detectable; ***,
p < 0.001.

body length (data not shown). Weights of tissues, including the
heart, were not significantly different between the two geno-
types of mice at 16 -20 weeks of age (data not shown). Thus,
Plin5 deficiency does not cause apparent defects in growth and
development. Further experiments were performed with male
mice of age 16 —20 weeks, unless otherwise noted.

Absence of LDs in the Hearts of Plin5~”~ Mice—Based on the
particularly abundant expression of Plin5 in the heart (4), we
expected its deficiency to affect the properties of LDs most
prominently in the heart. Accordingly, we first stained the heart
sections of wild-type and Plin5~ "~ mice with ORO (Fig. 24). In
wild-type mice, small LDs were observed in a limited number of
heart cells in the fed state. LDs were markedly augmented upon
fasting as reported previously (27), due to increased delivery of
FA from WAT. Surprisingly, no LDs were detected in the hearts
of Plin5~’~ mice by ORO staining either in the fed or fasted
state. By electron microscopy, LDs were not observed in the
hearts of fasted Plin5~”~ mice (Fig. 2B). We also measured the
content of TAG and FA in the heart. Consistent with the appar-
ent absence of LDs, the TAG content in the hearts of Plin5~"~
mice was lower than that in control mice (Fig. 34, panel a), in
both fed and fasted animals. The FA level was also lower in the
hearts of PlinS /" mice than that of wild-type mice (Fig. 3B,
panel a).

Lipid and LD Contents of Other Tissues—Effect of Plin5 abla-
tion on the contents of TAG and FA was also examined for
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other tissues. In soleus muscle, TAG content tended to be
slightly lower in Plin5~"~ mice than in control mice in the fed
state, but it was not significantly different between them in the
fasted state (Fig. 3A, panel b). FA content was not significantly
different either between the two genotypes, although it was
severely reduced by fasting (Fig. 3B, panel b). Upon ORO stain-
ing, LDs were detected in a small number of myotubes in both
genotypes, when the mice were fasted (Fig. 2C). Their size and
abundance were slightly greater in the wild-type mice. In the
liver, levels of both TAG (Fig. 34, panel c¢) and FA (Fig. 3B, panel
c) were lower in Plin5~~ mice than wild-type mice when the
animals were fed. In contrast, contents of TAG and FA were
higher in Plin5~"~ mice than wild-type mice when they were
fasted. Thus, under fasting conditions, where Plin5 expression
is abundant in the liver (4), the effect of Plin5 ablation on lipid
accumulation was apparently opposite that in the heart. In
BAT, TAG content was significantly lower for Plin5~'~ mice
than wild-type mice when they were fed (Fig. 34, panel d). This
difference was not observed when mice were fasted, due to the
severe reduction in TAG that occurred only in wild-type mice.
No difference was observed in the tolerance to cold exposure
between the two genotypes (data not shown), despite the differ-
ent TAG content in the fed state. Inguinal WAT contained
indistinguishable levels of TAG in both genotypes of mice,
although they were significantly decreased by fasting (Fig. 34,
panel e). Liver, BAT, and WAT contained abundant or large
LDs in both genotypes (data not shown). Thus, the effect of
Plin5 ablation was most prominently revealed as apparent lack
of LDs only in the heart.

Blood Parameters and Other Systemic Effects of Plin5
Ablation—Blood nonesterified fatty acid levels were 1.4-fold
higher in Plin5~”~ mice than in wild-type mice in the fasted
state (data not shown). This result, although the underlying
mechanism is not clear, suggests that the absence of detectable
LDs in the hearts of Plin5~’~ mice is not due to decreased
delivery of FA to the heart. No difference was noted between
the two genotypes in blood concentrations of glucose, TAG,
ketone body, and insulin (data not shown).

Food intake did not differ significantly between wild-type
and Plin5~"~ mice (Fig. 4A). PlinS~’~ mice consumed 7% more
oxygen than wild-type mice during the dark period (Fig. 4B).
The respiratory quotient was similar between Plin5 /" and
wild-type mice during either light or dark (Fig. 4C). The loco-
motor activity of Plin5~’~ mice was higher than that of wild-
type mice during the dark phase (Fig. 4D), being consistent with
increased respiration. As shown in Fig. 9, fatty acid oxidation is
enhanced in the hearts of Plin5~”~ mice. This would yield more
ATP in the hearts, hence apparently being consistent with the
increased locomotor activity. The mechanism of behavioral
change caused by the ablation of Plin5 needs to be addressed.

Intracellular Distribution of TAG and LD-binding Proteins in
the Heart—Based on the marked effect of Plin5 ablation on
heart LDs, we focused our further study on this organ. As
shown in Fig. 34, panel a, a substantial amount of TAG was
contained in the hearts of Plin5~~ mice, despite the apparent
lack of LDs. We asked where the remaining TAG was located in
the heart cells, by subcellular fractionation employing sucrose-
density gradient centrifugation. In wild-type samples, TAG was
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FIGURE 2. Absence of LDs in the hearts of Plin5~/~ mice. A, ORO staining of heart cryosections of wild-type (panels a, b, e, and f) and Plin5~~ (panels c, d, g,
and h) mice in the fed (panels a-d) and fasted (panels e- h) states. Panels a, c, e, and g, low magnification (bar, 25 um). Panels b, d, f, and h, high magnification
(bar, 10 wm). No LD was observed even by close inspection of the sections of Plin5~/~ mice in either state. In wild-type mice, out of 20 randomly selected
microscopic fields (each 86.4 X 60.5 um), four in the fed state and all in the fasted state contained detectable LDs. The number of LDs in a field was 18.7 == 11.0
inthe fed mice and 966 + 409 in the fasted mice, respectively (p = 4.3 X 10~ °). The sizes of LDs were 0.22 + 0.04 um in the fed and 0.64 = 0.11 um in the fasted
states, respectively (p = 2.3 X 10~ 7). B, representative electron microscopic images of the hearts of wild-type and Plin5~/~ mice fasted overnight. Left panels,
low magnification (bar, 10 um), and right panels, high magnification (bar, 2 um). Note that LDs are observed as white ovals only in wild-type mice. C, ORO
staining of soleus muscle cryosections. Panels a and b, wild-type, and panels cand d, Plin5~/~ mice, both fasted overnight. Panels a and ¢, low magnification. Bar,

100 wm. Panels b and d, high magnification of the area enclosed by a rectangle. Bar, 25 um.

mostly recovered in the upper fraction under fasted conditions
and also to a considerable extent under fed conditions (Fig. 54).
However, TAG was undetectable in the upper fraction in the
hearts of Plin5~"~ mice under both fed and fasted conditions,
being consistent with the apparent lack of LDs. Instead, TAG
was only found in the lower fractions, most abundantly in the
pellet (fraction 9) in Plin5S~"~ mice. Even for wild-type mice, a
substantial amount of TAG was recovered in the lower frac-
tions, the pellet in particular, when they were fed.

In wild-type mice, although Plin5 was detectable in the upper
fraction, it was found to a much larger extent in the lower frac-
tions, particularly the pellet (Fig. 5B). Conversely, Plin2 was
abundant in the upper fraction in the fasted state but was
mostly recovered in the lower fractions particularly just above
the pellet (fraction 8) in the fed state. Thus, the distribution of
these two proteins was different in that Plin5 was less abundant
in the upper fraction, although pelleted to a larger extent, as
compared with Plin2. In Plin5~"~ mice, Plin2 was recovered
only in the lower fractions irrespective of feeding conditions.
Proteins (Fig. 5C) as well as organellar and cytosolic markers
(Fig. 5D) were also abundant in the lower fractions, with most
concentrated just above the pellet (fraction 8). Actin was pel-
leted under the same conditions to a significant extent. These
results suggest that TAG as well as perilipin proteins are mostly
contained in denser structures, in the hearts of Plin5™"~ mice
and fed wild-type mice. These structures are probably different
from major organelles such as mitochondria and endoplasmic
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reticulum, based on the different distribution in sucrose
gradient.

To further characterize the TAG-containing dense struc-
tures, we performed another centrifugal experiment with a
wider range of sucrose gradient. In both fed wild-type and
Plin5~"" mice, TAG was distributed in the fractions in a den-
sity range of 1.18 —1.22 (Fig. 5E), overlapping with the distribu-
tion of mitochondria and, to a lesser extent, endoplasmic retic-
ulum (Fig. 5F). Plin5 and Plin2 were found in these fractions and
also less dense fractions where endoplasmic reticulum was
abundant. This result suggests that TAG is contained in struc-
tures with defined densities in the hearts of fed wild-type and
Plin5~’~ mice, although these structures were not separated
from other organelles in this centrifugal condition.

We next examined the distribution of perilipin proteins in
the heart cells by immunofluorescence microscopy. Plin5 and
Plin2 coexisted in particulate structures in the hearts of wild-
type mice (Fig. 6, A-D), consistent with previous observations
(5, 28). Relative abundance of these proteins on individual par-
ticles was not necessarily constant, as judged by the different
color tones of particles in merged views (Fig. 6, C and D). Even
for fed mice, Plin5 and Plin2 extensively coexisted in particulate
structures in most heart cells (Fig. 6A4), although most of these
particulates appeared significantly smaller than those in fasting
mice (Fig. 6B). The abundance of these structures in fed mice
was in contrast to the limited occurrence of LDs in a small
population of cells revealed by ORO staining (Fig. 24). For fast-
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FIGURE 3. TAG and FA contents in the tissues of fed and fasted wild-type
and Plin5~’~ mice. A, TAG content in the heart (panel a), soleus muscle (panel
b), liver (panel c), BAT (panel d), and inguinal WAT (panel e) (n = 5-8 per
group). B, free FA content in the heart (panel a), soleus muscle (panel b), and
liver (panel c) (n = 5-8 per group). Open bars, wild-type mice, and filled bars,
Plin5~/~ mice. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ###, p < 0.001; ##,p <
0.01; #, p < 0.05, against fed animals of the same genotypes.

ing wild-type mice, many of the particulates positive for Plin5
and Plin2 exhibited ring-shaped images typical of LDs (Fig. 6D).
These structures were also positive for lipid staining with
Bodipy (132 of 147 Plin5-positive particles being Bodipy-posi-
tive) (Fig. 6F). For fed wild-type mice, however, the particles
were rarely ring-shaped (Fig. 6C) and mostly devoid of lipid
staining (only 8 of 132 Plin5-positive particles being Bodipy-
positive) (Fig. 6E). We obtained similar immunostaining pat-
terns with another lot of anti-Plin5 antibody (data not shown).
These results suggest that most of the particles carrying Plin5
and Plin2 in the hearts of fed wild-type mice represent very
small LDs with low lipid contents. They are hardly detectable in
conventional microscopy, because they are not stained with
ORO. In the hearts of Plin5~”~ mice, no LDs were detected by
Bodipy staining (Fig. 6, G and H), but, interestingly, Plin2 still
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FIGURE 4. Energy metabolism of Plin5~/~ mice. A, food intake. Mice were
housed individually for 10 days, and food intake per day was measured (n =
10 per group). B, oxygen consumption. C, respiratory quotient (n = 6 per
group). D, locomotion of Plin5~’~ mice. Dot-plot demonstrates the time
course of locomotor activity during 2 days. Each dot is the mean of locomo-
tion of six mice. The graph on the right represents the total counts of locomo-
tion during the experiment. *, p < 0.05.

exhibited punctate staining irrespective of feeding conditions
(Fig. 6, I and ).

We examined the effect of Plin5 ablation on the expression of
other perilipin proteins and lipases. Among them, Plin2 protein
expression in the heart was significantly decreased upon Plin5
ablation (Fig. 7A). However, expression of Plin2 mRNA was not
significantly affected by Plin5 ablation (Fig. 7B), indicating the
involvement of a post-transcriptional event in the decrease of
Plin2 protein. Previous studies found Plin2 protein to be
degraded by proteasomes under conditions where Plin2 was
not stabilized by binding to LDs or lipids (29, 30). Thus, it is
conceivable that Plin2 does not compensate for the ablation of
Plin5 in supporting LDs to be detectable but is rather degraded
to a large extent in the hearts of Plin5 /" mice. However, as
suggested by immunofluorescence microscopy (Fig. 6, I and J),
the remaining Plin2 was still located on particulate structures,
even though LDs were undetectable by electron microscopy or
lipid staining. mRNA expression of Plin3, ATGL, and HSL was
slightly affected by Plin5 ablation (Fig. 7B), but their protein
amounts did not differ between the two genotypes (Fig. 7A).

Plin5 Maintains LDs by Restricting Lipase(s)—Perilipin fam-
ily proteins have generally been suggested to protect LDs from
attack by lipases (17). Hence, we supposed that the apparent
lack of LDs in the hearts of Plin5~”~ mice is due to the loss of
this function. To examine this notion, we tried to inhibit
lipase(s), particularly ATGL, a major lipase of the heart, in the
intact organ. For this purpose, the hearts of Plin5~"~ mice were
briefly perfused with BEL, a potent inhibitor of the iPLA, family
of phospholipases/lipases, including ATGL (31). This treat-
ment effectively eliminated the BEL-sensitive lipase activities in
the heart in both genotypes of mice, as confirmed by an in vitro
lipase assay (Fig. 84). Importantly, the ratio of lipase activity
remaining after the treatment in wild-type mice (70%) was
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comparable with the ratio of remaining heart lipase activity in
ATGL-KO mice (23). Interestingly, the BEL-sensitive lipase
activity was significantly lower in the hearts of Plin5~"~ mice
than that of wild-type mice, despite the similar ATGL protein
level in both genotypes of mice (Fig. 7A). After BEL perfusion,
LDs were observed in the hearts of Plin5~/~ mice as abundantly
as in wild-type mice (Fig. 8B8). The amount of Plin2 relative to
that of an internal control, GAPDH, was also recovered by the
perfusion, to a level close to that in wild-type mice (Fig. 8C).
Moreover, the TAG content in the hearts of Plin5~’~ mice was
increased by the treatment, reaching a level indistinguishable
from that of wild-type mice without the inhibitor (Fig. 8D).

23858 JOURNAL OF BIOLOGICAL CHEMISTRY

Thus, detectable LDs as well as lipid accumulation was recov-
ered by inhibiting ATGL and related lipases in the hearts of
Plin5~"" mice. This result indicates that Plin5 maintains LDs in
the heart by blocking the actions of ATGL and possibly other
lipase(s).

Plin5 Deficiency Promotes Fatty Acid Oxidation in
Cardiomyocytes—We next asked how FA is managed in the
hearts of Plin5~ " mice, where it is poorly sequestered as TAG.
To address this issue, FA oxidation was monitored with cul-
tured cardiomyocytes. For convenience, hearts from mice
1.5-3 days after birth, in which Plin5 and FA oxidation enzymes
were fully expressed (Fig. 94), were used. Expression of those
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mice under fed (/) and fasted (J) conditions. Bar, 5 um.

proteins and lipases was largely retained during the culture (Fig.
9B). In Plin5~’" cells, the radioactivity of palmitic acid was
significantly better incorporated into CO,, (Fig. 9C). Production
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of intracellular ASM (Fig. 9D), which represent active metabo-
lites such as acetyl-CoA and tricarboxylic acid cycle intermedi-
ates (32), was also increased in Plin5~”~ cells. However, radio-
activity in extracellular ASM, probably representing products
excluded from active metabolism, was not changed by deletion
of Plin5 (Fig. 9E). Etomoxir is a specific inhibitor of carnitine
O-palmitoyltransferase type 1, an enzyme required for the
translocation of fatty acyl-CoA into mitochondria. This agent
significantly, albeit partially, inhibited the production of radio-
active CO, and intracellular ASM (Fig. 9, C and D). It was
reported that in the mice intraperitoneally injected with eto-
moxir, CPT1 activity was decreased only by 40% in the heart
and nearly completely in the liver and skeletal muscle (33),
although the reason was not defined. Thus, it is conceivable that
mitochondria make a major contribution to FA oxidation in
this experimental setting, although the contribution of peroxi-
somal FA oxidation activity would not be neglected. Total
incorporation of FA was not different between Plin5 "~ and
wild-type cells (Fig. 9F). Thus, impaired TAG accumulation in
the hearts of Plin5~/~ mice is not due to decreased uptake of
FA. Taken together, these results suggest that FA is rapidly
oxidized in mitochondria in the hearts of Plin5~"~ mice, rather
than being retained as TAG.

Plin5 Deficiency Increases Oxidative Stress to the Heart—En-
hanced fatty acid oxidation may lead to increased production of
ROS (34), a mediator of lipotoxicity. Accordingly, we estimated
ROS production in the hearts of wild-type and Plin5~ " mice
by measuring the content of lipid peroxide, a product of peroxi-
dative action by ROS. The level of lipid peroxide was signifi-
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cantly higher in the hearts of Plin5 /" mice than that of wild-
type mice at both 16 —20 and 30 —38 weeks of age, although the
values increased with age in both genotypes (Fig. 104). NAC is
a precursor of glutathione, a substrate for glutathione peroxi-
dase, and is often used to alleviate oxidative stress (35). The
mice were continuously given this agent from 16 to 18 weeks to
the day of experiment at 30 —32 weeks of age. By this treatment,
the heart content of lipid peroxide was lowered in PlinS "~
mice to a level close to that of younger wild-type mice. This
result indicates that NAC indeed counteracted the increased
action of ROS in the hearts of PlinS ™/~ mice in this experimen-
tal setting.

The increase in oxidative stress may affect the contractile
function of the hearts of Plin5~”~ mice. This possibility was
examined by echocardiography, using mice 1618 and 30-38
weeks old (Fig. 10B). End-diastolic dimension (LVID;d) and
end-systolic dimension (LVID;s) were enlarged, and FS was
reduced in the aged Plin5~"~ mice but not in wild-type mice
(Fig. 10C). These values returned to normal in the aged
Plin5~’" mice on treatment with NAC from 16 to 18 to 30 -32
weeks. In the regression analysis for the aged mice, lipid perox-
idelevels in the hearts of individual animals correlated well with
LVID;d and LVID;s and moderately with FS (Fig. 10D). The
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correlation between FS and the lipid peroxide level was appar-
ently lower, because FS was derived from LVID;d and LVID;s by
calculation, which unavoidably expands variations. Hence,
ablation of Plin5 leads to further weakening of heart function
with age, and the cumulative effects of increased oxidative
stress are likely to contribute to this.

DISCUSSION

One of the most striking observations from Plin5~ "~ mice is
that Plin5~”" mice lacked detectable LDs only in the heart.
Consistent with the apparent lack of LDs, the hearts of Plin5 ™"~
mice contained significantly less TAG and FA, as compared
with that of wild-type mice. LDs were recovered upon brief
perfusion of the heart with an inhibitor of ATGL and related
lipases. This result indicates that Plin5 antagonizes lipase
actions, consistent with observations that perilipin family
members, including Plin5, protect TAG from attack by lipases
(5, 6, 17). Several recent reports (28, 36) suggested that Plin5
serves as a platform for the interaction of ATGL with CGI-58
on the LD surface, thus facilitating lipolysis. Another group
reported that Plin5 interacts with ATGL and inhibits the enzy-
matic activity (37). Data from this study suggest that the func-
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of wild-type mice before and after birth. VLCAD, very long-chain acyl-CoA dehydrogenase, and MCAD, medium-chain acyl-CoA dehydrogenase. B, expression
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tion of Plin5 in the heart is to impede, rather than assist,
lipolysis.

LDs were observed in other tissues, including skeletal mus-
cle, the liver, BAT, and WAT of Plin5~”~ mice. The content of
TAG was decreased in the liver and BAT of fed Plin5~/~ mice,
as compared with wild-type mice. Interestingly, in the fasted
state, the liver of Plin5S~/~ mice contained more TAG and FA
than that of wild-type mice, in contrast to the case of the heart.
These results suggest that roles of Plin5 as well as LDs may
differ, depending on the functions of individual cell and tissue
types. It is also possible that the unique combinations of Plin5
with other LD proteins, including the perilipin family members,
confer tissue-specific function. Plin5 is more protective than
Plin2, another major perilipin protein in the heart, according to
previous observations (37, 38). We also confirmed it by an
experiment in which we expressed Plin5 or Plin2, with or with-
out ATGL, in cultured cells (data not shown). The protective
function of Plin5 in the heart is not substituted for by other
proteins, including Plin2, probably due to highly active lipid
metabolism. In fact, the resting metabolic rate on a fat-free
mass basis is much higher in the heart than in most other
organs, including skeletal muscle and the liver (39). Moreover,
60-70% of energy is supplied by FA in the heart (20). Thus, at
least under sedentary conditions, lipid metabolism is more
moderate in tissues other than the heart. Hence, other proteins
may effectively compensate for a deficiency of Plin5 to maintain
detectable LDs in those tissues.

In this study, the occurrence of very small LDs in the hearts of
fed wild-type mice was suggested by immunofluorescence
microscopy and subcellular fractionation. These structures
seem to be under the limit of detection with ORO or Bodipy,
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because of their small size and low lipid content. They would
not float, but rather sediment, upon centrifugation under the
usual conditions for LD isolation, due to their higher protein to
lipid ratio. A precedent of dense protein-lipid complex is
plasma high density lipoprotein. Its density ranges 1.063—1.210
(40), overlapping the density 1.09-1.10 at the bottom in the
present fractionation experiment (Fig. 5, A and B). We con-
firmed that they are indeed structures with defined densities by
a centrifugal experiment employing a wider range of sucrose
gradients (Fig. 5, E and F).

Plin5 and Plin2 did not seem to coat LDs evenly in immuno-
fluorescence microscopy of the heart. In subcellular fraction-
ation, Plin5 tended to be less concentrated in the upper frac-
tions, and more abundant in the lower fractions, particularly
the pellet, as compared with Plin2. Thus, Plin5 seems to be
more abundant in smaller LDs as compared with Plin2. Occur-
rence of immature LDs abundant in Plin5 in cultured cells as
well as the heart and liver was reported very recently (41). Thus,
it is conceivable that Plin5 is particularly important for protect-
ing very small LDs that have larger relative surface areas from
lipase attack. Involvement of Plin5 in the interaction between
LDs and mitochondria was shown recently (42). In this cell
fractionation study, the distribution of Plin5 partially over-
lapped that of mitochondria, possibly being consistent with the
report.

In the hearts of Plin5~’~ mice, Plin2 exhibited a punctate
distribution in immunofluorescence microscopy. Moreover,
TAG was mostly recovered, and Plin2 was also to a large extent
recovered in the pellet by subcellular fractionation (Fig. 5, A and
B). Thus, it is conceivable that, Plin2-coated minute LDs still
occur in the hearts of Plin5~ /" mice, despite the apparent lack
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FIGURE 10. Plin5 deficiency enhances oxidative burden in the heart, caus-
ing a functional decline. A, evaluation of ROS generation by TBARS assay.
Malondialdehyde (MDA) was quantified colorimetrically to monitor lipid per-
oxidation. Measurements were performed on the hearts from mice at 16-18
weeks (n = 9),30-38 weeks (n = 10), and mice continuously treated with NAC
from 16 to 18 weeks of age to the day of the experiment at 30-32 weeks of
age (n = 5 for wild-type and 4 for Plin5~/~ mice, respectively). B, representa-
tive images of echocardiography in age-matched mice (16-18 or 30-38
weeks old). Long and short vertical lines indicate LVID;d and LVID;s, respec-
tively. C, values of LVID;d (top panel), LVID;s (middle panel), and FS (bottom
panel) were evaluated from images of echocardiography, at heart rates of
440-450 beats/min. n = 6 for both genotypes at 16-18 weeks, 23 and 16 for
wild-type and Plin5~/~ mice at 30-38 weeks, respectively, and 5 and 4 for
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of LDs. They are under the limit of detection by usual micro-
scopic techniques, due to their small sizes. They are largely, but
probably not completely, depleted of TAG due to the absence of
Plin5. Hence, most, if not all, of TAG remaining in the hearts of
Plin5~’~ mice is conceivably accommodated in those minute
LDs. TAG may also be retained in part in other cellular com-
partments such as mitochondria and endoplasmic reticulum, as
suggested by a classical study (43). A recent finding also showed
that TAG is even an intrinsic component of an enzyme com-
plex, cytochrome c oxidase (44).
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The Plin5™"~ mice allow one to evaluate the physiological
significance of LDs in the heart. The generation of ROS was
significantly promoted in the hearts of PlinS~’~ mice, as
assessed by the elevated level of lipid peroxide. This is consist-
ent with the enhanced mitochondrial oxidation of FA in
Plin5~"" mice; FADH, generated during the 8-oxidation of FA
promotes the production of ROS, by reversing the electron flow
from mitochondrial complex II to complex I, a major site of
ROS production (34). It is widely recognized that ROS induce
cardiac hypertrophy and cardiomyocyte dysfunction through
oxidative damage and/or aberrant redox signaling (45). In
echocardiography, Plin5~"~ mice exhibited a greater decrease
in heart function at older ages, as compared with wild-type
mice. Continuous NAC treatment negated this, as well as low-
ered the level of lipid peroxide. Moreover, the heart parameters
significantly correlated with lipid peroxide levels on an individ-
ual basis. Based on these results, we propose that an important
function of Plin5 in the heart is to suppress excess ROS produc-
tion by sequestering FA in TAG, thus reducing FA oxidation in
mitochondria. This function is crucial for protecting the heart
from eventual functional decline.
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