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Carnitine is necessary to maintain the phenotype and
function of brown adipose tissue

Kiyokazu Ozaki, Tomoya Sano, Naho Tsuji, Tetsuro Matsuura and Isao Narama

The juvenile visceral steatosis (JVS) mouse is a mutant strain with an inherited systemic carnitine deficiency.

Mice of this strain show clinical signs attributable to impaired heat production and disturbed energy production.
Brown adipose tissue (BAT) is the primary site of non-shivering thermogenesis in the presence of uncoupling
protein-1 (UCP-1) in rodents and humans, especially in infants. To investigate the possible cause of impaired heat
production in BAT, we studied the morphological features, carnitine concentration, and UCP-1 production of BAT
in JVS mice. The effect of carnitine administration on these parameters was also examined. JVS mice aged 5 or
10 days (60 each) and age-matched control mice were used in this study, along with 10-day-old JVS mice treated
subcutaneously with L-carnitine once a day between postpartum days 5 and 10. JVS mice showed lower body
temperatures and lower concentrations of carnitine in BAT. Morphologically, BAT cells in JVS mice contained large
lipid vacuoles and small mitochondria, similar to those present in white adipose tissue cells. In addition, UCP-1
MRNA and protein expression levels were significantly reduced in JVS as compared with control mice. Carnitine
treatment resulted in significant increases in body temperature and carnitine concentrations in BAT, together
with the recovery of normal morphological features. UCP-1 mRNA and protein expression levels were also
significantly increased. These findings strongly suggest that carnitine is essential for maintaining the function and

morphology of BAT.
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Brown adipose tissue (BAT) is the primary site of non-shi-
vering thermogenesis. Heat production is carried out in the
presence of uncoupling protein-1 (UCP-1)." UCP-1 localizes
to the mitochondrial inner membrane and uncouples proton
entry from ATP synthesis."” Previous studies have reported
that decreased expression of UCP-1 caused by various condi-
tions such as fasting, deletion of the UCP-1 gene, and obesity
(eg, ob/ob and db/db mice) induces a low body temperature
resulting from the impaired thermogenesis in BAT.>™®
Carnitine has been widely distributed in various tissues
and organs throughout the body, including BAT, and it has
an essential role in the transfer of long-chain fatty acids into
the mitochondria for f-oxidation.” When a carnitine defi-
ciency develops, long-chain fatty acids are not available for
f-oxidation and energy production, thereby causing excessive
lipid accumulation in skeletal muscle, heart, and liver and
ultimately, leading to cardiac myopathy and hepatome-
galy.”'® The juvenile visceral steatosis (JVS) mouse is a

mutant animal model of systemic carnitine deficiency caused
by mutation of the OCTN2 gene, which encodes a plasma
membrane carnitine transporter.'’ The JVS phenotype is
inherited in an autosomal recessive manner and is char-
acterized by growth retardation, fatty liver, hypoglycemia,
hyperammonemia, and cardiac hypertrophy.'*™*® Carnitine
administration improves the characteristic symptoms of JVS
mice.">'”'®2° Moribund JVS mice display continuous shi-
vering, which is attributable to a decrease in heat production
and an enhanced sensitivity to cold."

In a previous study, we demonstrated that the morphology
of BAT in JVS mice resembles that of white adipose tissue
(WAT), in which the adipocytes contain large fat droplets.
This finding suggests that the tissue is in a hypoactive state.'*

In the present study, we examined the morphological
features of BAT and UCP-1 production in the BAT cells
of JVS mice to elucidate the changes caused by carnitine
deficiency and the effects of carnitine administration.
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MATERIALS AND METHODS

Animals

JVS mice (jvs/jvs) were originally identified as mutant mice
in the C3H. OH strain background with a yellowish dis-
coloration of the liver.'® The jvs locus was mapped to mouse
chromosome 11 by linkage analysis.’ The jvs gene was
introduced into C57BL/6 mice using a backcross breeding
system to obtain JVS mice with good viability and fertility.
The JVS mutant line was maintained by mating heterozygous
mutants (jvs/+ ) under specific pathogen-free conditions. A
JVS mouse can be distinguished from heterozygous ( 4 /jvs)
or wild type (+/4) littermates by its swollen, yellowish
liver, which can be visualized through the abdominal wall 5
days after birth. Heterozygous mutants were further dis-
criminated from wild type (+/+) animals using micro-
satellite marker analysis.”' The mice used in the present study
were housed in an air-conditioned animal room, and suckled
by mother mice during experimental period. Mother mice
were fed a standard laboratory diet, and supplied water
ad libitum. Sixty male JVS and sixty male control mice were
used. Animal subjects consisted of 5- or 10-day-old JVS mice,
10-day-old JVS mice treated with carnitine and age-matched
isogenic wild type mice as controls. Animals in the carnitine
treatment group were subcutaneously injected with 1 mg of
L-carnitine-HCI (Sigma, St Louis, MO, USA) once a day
from postpartum days 5-10. On postpartum day 10, rectal
body temperatures were measured using a thermistor (Takara
Thermistor Instruments, Yokohama, Japan). All the proce-
dures used for animal handling and experimental treatments
were in accordance with the Guidelines for the Care and Use
of Laboratory Animals from the Committee for Animal
Experiments of Setsunan University and the Japanese
Association for Laboratory Animal Science.

Total Carnitine Assay

Fifteen male JVS and 15 male control mice were deeply an-
esthetized and perfused with physiological saline at the age of
5 or 10 days. Tissue samples containing BAT were excised,
and 10 mg of BAT was immersed in 100 ul of homogenization
buffer solution (0.25mM sucrose, 3mM Tris—HCI, 0.1 mM
EDTA, pH 7.4) and then homogenized. The homogenate was
centrifuged at 25000 g for 30 min, the pellet was discarded,
and the supernatant was placed in a fresh tube and filtered
through a 0.45-um filter (Milex HV, Millipore, Billerica, MA,
USA). The filtrate was centrifuged in a Millipore Microcon
centrifugal filter (YM-10, 10000 MW, Millipore) for 10 min
at 12000g. The filtrate was assayed for total carnitine
(including acylcarnitine and free carnitine) using the enzy-
matic cycling method (Total carnitine ‘Kainos, Kainos
Laboratories, Tokyo, Iapam).22

Light and Electron Microscopy

BAT samples for examination by light microscopy were fixed
in 10% phosphate-buffered formalin (pH 7.4), processed into
wax blocks, sectioned (4 um thick) and stained with hema-
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toxylin and eosin. Tissue fragments of BAT for electron
microscopy were fixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4. After fixation, the tissue samples
were post-fixed in 1% osmium tetroxide solution (pH 7.4)
and processed into epoxy resin. Ultra-thin sections were cut
and stained with uranyl acetate and lead citrate and examined
under an electron microscope (JEM 1200EX, JEOL, Tokyo,
Japan).

Immunohistochemical Analysis

Anti-UCP-1 rabbit polyclonal antibody (1:500, Abcam,
Cambridge, UK) served as a primary antibody for immuno-
histochemical analysis. All the slides were rinsed with 0.05 M
Tris-buffered saline (TBS, pH 7.6) containing 0.01% Tween
20, treated with 1% hydrogen peroxide and rinsed again
with TBS plus Tween 20. The slides were incubated in
bovine serum for 5min and then with primary antibody
overnight at 4 °C. The slides were subsequently rinsed with
TBS plus Tween 20, treated for 30 min at room temperature
with N-Histofine mouse MAX PO (Nichirei, Tokyo, Japan),
rinsed with TBS plus Tween 20, incubated in diamino-
benzidine solution containing 0.01% hydrogen peroxide for
the peroxidase coloring reaction, and counterstained with
Mayer’s hematoxylin.

Western Blot Analysis

Each tissue sample (five individual samples per group) was
homogenized in 10 volumes of lysis buffer (10 mM Tris—HClI,
pH 74, 1mM EDTA, 2mM NazVO,, 1mM phenyl-
methylsulfonyl fluoride, and 10 pug/ml aprotinin) for 30s
using a polytron apparatus. After centrifugation at 1500 g for
5 min, the fat cake was discarded, and the infranant fraction
(fat-free extract) was used for western blot analysis of UCP-1
levels. Briefly, the fat-free extract (10 ug protein) was solu-
bilized, subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to a nitrocellulose filter.
After the filter was blocked with 1% bovine serum albumin,
it was incubated with anti-UCP-1 rabbit polyclonal antibody
(1:8000). The filter was subsequently rinsed with TBS plus
Tween 20, treated for 60 min at room temperature with
N-Histofine mouse MAX PO (1:50, Nichirei) and rinsed with
TBS plus Tween 20. The immunocomplex was detected
by enhanced chemiluminescence detection (ECL, GE
HealthcareUK, Buckinghamshire, UK).

Real-Time RT-PCR

Total RNA was extracted from BAT using the RNeasy Mini
Kit (QIAGEN, Hilden, Germany) and stored at —80°C.
Adipose RNA was reverse-transcribed using the First-Strand
cDNA Synthesis Kit (GE Healthcare UK) to generate cDNA.
The cDNA was then subjected to quantitative real-time PCR
(10 ng per reaction) carried out with TagMan Universal PCR
Master Mix (Life Technologies, Carlsbad, CA, USA) using the
7300 Real-Time PCR System (Life Technologies) with pre-
developed TagMan probe/primer combinations for UCP-1
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(Mm00494069_m1) and glyceraldehyde-3-phosphate dehy-
drogenase (Mm99999915_gl) optimized by the manu-
facturer. Threshold cycle numbers were transformed
using the Ct and relative value method as described by the
manufacturer and were expressed relative to glyceraldehyde-
3-phosphate dehydrogenase, which was used as a house-
keeping gene.

Data Analysis

Data are presented as mean values  1s.d. One-way ANOVA
with Tukey’s multiple comparisons test was used to de-
termine significant differences. When the calculated P-value
was <0.05, the difference was considered statistically signi-
ficant. Statistical analyses were performed using the StatMate
III program (ATMS, Tokyo, Japan).

RESULTS

Clinical Signs, Body Weight, and Body Temperature
Clinically, 5-day-old JVS mice were almost indistinguishable
from control mice. Ten-day-old JVS mice displayed growth
retardation and significantly lower body weights as compared
with controls (Table 1). In contrast, 10-day-old JVS mice
treated with carnitine appeared normal by clinical observa-
tion and gained body weight comparably to control mice.

Table 1 Body weight and body temperature of control and JVS
mice

Body weight (g) Body temperature (°C)

Mean s.d. Mean s.d.
5-day-old
Control 3.36 0.39 ND
VS 292 045 ND
10-day-old
Control 5.23 0.40 34.88 0.57
WS 433 0.44%° 32.00 1.54°P
JVS+carnitine 553 0.54 35.15 0.61

2P<0.01 vs 10-day-old control mice.
bP<0.01 vs 10-day-old JVS mice with carnitine treatment.
P<0.05 vs 10-day-old control mice.

The rectal body temperatures of 10-day-old JVS mice were
significantly lower than those of control animals (Table 1).
However, carnitine treatment resulted in a significant rise in
body temperature to the level observed in control mice. The
total carnitine concentration was significantly reduced in the
BAT of 10-day-old JVS mice as compared with controls
(Figure 1). Carnitine treatment induced a significant eleva-
tion of the BAT carnitine concentration to levels detected in
control mice.

Light and Electron Microscopy

BAT from 5- and 10-day-old control mice showed typical
features characterized by normal brown adipose cells con-
taining many small multilocular lipid droplets and centrally
located, round nuclei with weakly eosinophilic cytoplasm
(Figures 2a and c). The BAT of 5-day-old JVS mice was
composed of adipose cells containing larger lipid droplets
than those of control mice, but these samples also contained
many small droplets (Figure 2b). In the BAT of 10-day-old
JVS mice, almost all cells included large, unilocular lipid
droplets and only a few small lipid droplets (Figure 2d). The
nuclei were elongated and located eccentrically. These cell
features were similar to those of WAT. Carnitine treatment
caused a decrease in the number of large lipid droplets in
brown adipocytes (Figure 2e). The morphological features of
each brown adipocyte were similar to those of adipocytes
from control animals (Figure 2e). Ultrastructurally, brown
adipocytes from 5-day-old JVS mice and control mice con-
tained numerous mitochondria with densely packed cristae

5 days
control JVS

10 days 10 days
control JVS

10 days
JVS+carnitine

5 days

Figure 1 Total carnitine concentration in BAT. Significant differences
between groups are indicated. *P<0.01.

Figure 2 Light and electron micrographs of BAT in control and JVS mice. BAT from 5- and 10-day-old control mice shows features typical of BAT
containing small multilocular lipid droplets (a, c). Brown adipose cells from 5-day-old JVS mice contain large multilocular lipid droplets in addition to
small multilocular droplets (b). An increased number of enlarged unilocular lipid droplets and a decreased number of small lipid droplets are observed in
the BAT from 10-day-old JVS mice (d). Carnitine treatment decreases the number of large lipid droplets (e). Electron microscopy shows that 5-day-old
JVS and control mice have numerous large, polyhedral mitochondria with densely packed cristae (f and g). The mitochondria of 10-day-old JVS mice
are small and round with loosely packed cristae (i). Carnitine treatment results in a normal mitochondrial shape (j). Immunohistochemically, positive
UCP-1 staining of samples from 5- and 10-day-old JVS mice is reduced in comparison to controls (k, I and n). Carnitine treatment results in an increase
in positive staining to levels similar to those of controls (m and o). (a-e) HE, (f-j) uranyl acetate and lead citrate, and (k-0) UCP-1 immunohistochemistry.

Bars: a-e: 20 um, f-j: 500 nm, and k-o: 100 um.

706

Laboratory Investigation | Volume 91 May 2011 | www.laboratoryinvestigation.org


http://www.laboratoryinvestigation.org

brown adipocytes

Role of carn

K Ozaki et al

5 days control

5 days jvs

£
=
8
1’
>
©
o
o
o]

10 day jvs

10 days

jvs+carnitine

707

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 91 May 2011


http://www.laboratoryinvestigation.org

Role of carnitine in brown adipocytes
K Ozaki et al

Figure 3 Electron micrograph of a brown adipose cell from a 10-day-old
JVS mouse without carnitine treatment. The mitochondria are extremely
large and display electron-dense filaments (arrows) and myelin-like
structures (arrowheads) in the matrix. The sample was stained with uranyl
acetate and lead citrate. Bar: 500 nm.

(Figures 2f and g). These features corresponded to the eosi-
nophilic cytoplasm detected by light microscopy and are
characteristic of BAT. In contrast, most of the mitochondria
of 10-day-old JVS mice were reduced in size, with a rounded
morphology and loosely packed cristae (Figure 2i). These
mitochondria were severely miniaturized, especially in cells
containing large lipid droplets similar to those found in white
adipocytes. However, giant mitochondria were infrequently
observed and contained electron-dense filaments and myelin-
like structures in the matrix (Figure 3). These giant mi-
tochondria could not be detected in control mice. In the
carnitine-treated animals, the mitochondria displayed a
shape similar to those of control mice (Figure 2j).

Immunohistochemistry, Western Blotting, and
Real-Time PCR for UCP-1

Immunohistochemically, UCP-1 positivity in samples from
5- and 10-day-old JVS mice was reduced in comparison to
controls (Figures 2k, | and n). Carnitine treatment resulted in
an increase in positivity to levels similar to those of the
control (Figures 2m and o). UCP-1 protein expression levels
in 5- and 10-day-old JVS mice showed marked decreases
compared with those in 5- and 10-day-old controls by wes-
tern blotting (Figure 4a). Carnitine induced a remarkable
increase in UCP-1 protein expression (Figure 4a). UCP-1
mRNA levels in 5- and 10-day-old JVS mice were sig-
nificantly decreased compared with those in 5- and 10-day-
old controls (Figure 4b). Carnitine treatment caused a
significant increase in UCP-1 mRNA expression to levels
equivalent to those detected in 5- and 10-day-old control
mice (Figure 4b).
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Figure 4 (a) Western blotting analysis of UCP-1 protein expression in the
five groups. Compared with controls, 5- and 10-day-old JVS mice show
markedly decreased expression of UCP-1. Carnitine treatment increases
UCP-1 protein expression. (b) Real-time RT-PCR determination of UCP-1
mRNA levels in the five groups. Compared with those of 5- and 10-day-old
control mice, UCP-1 mRNA levels in 5- and 10-day-old JVS mice are
significantly decreased. Carnitine treatment significantly increases UCP-1
mRNA expression to levels similar to those found in 5- and 10-day-old
control mice. Significant differences between groups are indicated.
*P<0.01.

DISCUSSION
The results of the present study show that carnitine is an
essential compound for maintaining the cell structure typical
of BAT and for generating heat in the presence of UCP-1.
The excessive accumulation of lipid droplets in the BAT of
carnitine-deficient JVS mice may be caused by a decreased
utilization of long-chain fatty acids. Therefore, lipid droplets
dramatically decrease in size, and histopathological and
ultramicroscopic features are completely recovered by
L-carnitine treatment. This hypothesis is also supported by
the results showing that UCP-1 mRNA and protein expres-
sion, carnitine concentrations, and body temperature were
also restored along with normal cell structure. Therefore, it is
clear that carnitine also restores thermogenic activity in BAT.
The carnitine concentration in the BAT of JVS mice was
also dramatically elevated by L-carnitine administration.
Plasmalemmal carnitine uptake is known to depend on car-
nitine transporters. Organic cation transporter 2 (OCTN2)
has been shown to transport carnitine with high-affinity and
is strongly expressed in the kidney, skeletal muscle, heart, and
placenta, but not in the liver.”>** Mutation of the OCTN2
gene in humans causes primary systemic carnitine defi-
ciency.'! JVS mice also carry an OCTN2 gene mutation'"*
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and display a severe carnitine deficiency and the accumula-
tion of lipid droplets in various cells (hepatocytes, renal
tubular epithelial cells, cardiac myocytes, and striated myo-
cytes)."*"*!7 L-carnitine administration increases the carni-
tine concentration and eliminates the accumulation of lipids
in the liver, heart, and skeletal muscle of JVS mice.'>*17:2¢
However, tissue carnitine levels in the heart, liver, and skeletal
muscle are significantly lower than those in controls, even
after L-carnitine administration.”® According to these pre-
vious reports, the effects of L-carnitine administration seem
to differ among various organs. Differences in the effects on
target organs are attributable to the primary levels of OCTN2
expression, because L-carnitine treatment causes only a slight
elevation of the carnitine concentration in the heart, where
OCTN?2 is highly expressed, whereas a prominent increase in
the concentration of carnitine is detected in the liver, where
OCTN?2 is poorly expressed.”® Further evidence is provided
by the finding that the reduction of lipid accumulation in the
liver is more prominent than that in the heart and skeletal
muscle.'”” The significant increase in the carnitine con-
centration and the dramatic improvement of the morphology
of BAT after L-carnitine treatment suggest that BAT is capable
of taking up carnitine without relying on OCTN2 as well as
similar results are observed for the liver. In the liver, there
were two additional low-affinity carnitine transporters,
OCTNI1 and ATB® . Carnitine can be transported by these
transporters without OCTN2 in the liver.””?° Therefore, BAT
may be able to take up carnitine using other transporter
except OCTN2.

Enlarged lipid vacuoles in BAT have been detected in an-
imals that are fasted, have undergone denervation of the
sympathetic nerves, are obese (db/db), or carry a knockout
mutation in UCP-1, dopamine f-hydroxylase, or hormone-
sensitive lipase (HSL).*®*** The morphological transition
from BAT to WAT-like tissue has been thought to reflect
impaired thermogenesis in the BAT, because fasting, dener-
vated, obese (db/db), UCP-1 knockout, and dopamine f-
hydroxylase knockout animals display low body temperatures
and/or increased cold sensitivity.*®"*** In contrast to these
animals, HSL knockout mice are sensitive to cold and
maintain a normal body temperature despite possessing si-
milar changes in their BAT.”®** Therefore, an enlargement of
lipid vacuoles in BAT has been shown to be independent of
cold sensitivity. However, the results of the present study
strongly suggest that enlarged lipid droplets in BAT reflect an
impaired function or a loss of function of BAT, because the
low body temperatures and BAT phenotypes were completely
recovered following L-carnitine administration.

The shape of the mitochondria in the BAT of JVS mice was
also similar to that of mitochondria in WAT, and the struc-
tural changes were suggestive of an accompanying low body
temperature and decreased expression of UCP-1. In addition,
electron-dense filaments and myelin-like structures in the
mitochondrial matrix that indicate cell injury were occa-
sionally detected in JVS mice.” L-carnitine administration
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maintained the shape of mitochondria, reflecting the func-
tion of the organelles. These data indicate that carnitine
affects the phenotype of mitochondria in BAT. As a result of
fasting, denervation of the sympathetic nerves or UCP-1
knockout, cristae within the mitochondria became less den-
sely packed. However, these changes were very mild, and the
typical shape of the mitochondria in BAT was maintained
in these mice.”®*' In contrast, the mitochondria in obese
(db/db) mice display changes similar to those observed in
carnitine-deficient JVS mice in the present s‘[u<11y.8’33’34 The
changes observed in obese mice are hypothesized to be
mediated by sympathetic nerve hypoactivity.”>** On the
other hand, catecholamine metabolism is accelerated in JVS
mice, and carnitine administration improved the phenotype
and thermogenesis of JVS mice.’® These results suggest that
the mitochondrial changes were influenced greatly by carni-
tine deficiency but were relatively less affected by sympathetic
nerve activity.

Cold sensitivity has also been reported in mouse model of
fatty acid oxidation deficiency.”” > These mice showed
normal body temperature at 24°C, but at 4°C, showed
profound cold intolerance. Thus, impaired fatty acid oxida-
tion resulted in cold intolerance. However, BAT of these mice
had full UCP-1 activity and normal morphology. JVS mouse
showed cold intolerance at 24 °C, impaired UCP-1 activity
and abnormal morphology. Therefore, our data indicate that
JVS mouse did not have only impaired fatty acid oxidation,
but also impaired activation of UCP-1.

In conclusion, the present study indicates that carnitine is
an essential compound for maintaining the phenotype and
function of BAT and that BAT is capable of taking up car-
nitine independently of the OCTN2 carnitine transporter.
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