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Figure 2

Glucose and energy metabolism in FSP27-knockout mice. (A) Body weight of wild-type, FSP27 heterozygous knockout (+/-), and FSP27-KO
(~/-) mice maintained on a standard diet (SD) or fed a high-fat diet (HFD). Data are mean = SEM (n = 7-11). P < 0.05 versus corresponding
values for wild-type or FSP27 heterozygous knockout mice on the high-fat diet; *P < 0.05 versus corresponding value for FSP27 heterozygous
knockout mice on the high-fat diet. (B) Plasma glucose concentrations during an intraperitoneal glucose tolerance test (left panel) or an insulin
tolerance test (right panel) in 12-week-old wild-type and FSP27-KO (KO) mice, either maintained on a standard diet or fed a high-fat diet from
4 weeks of age. Data are mean + SEM (n = 11 for standard diet; n = 8 for high-fat diet.). P < 0.05, **P < 0.01 versus corresponding value for
wild-type animals on the standard diet; TP < 0.05, P < 0.01 versus corresponding value for wild-type animals on the high-fat diet. (C) Hyper-
insulinemic-euglycemic clamp analysis in 10- to 12-week-old wild-type and FSP27-KO mice fed a high-fat diet. GIR, glucose infusion rate; Rd,
rate of glucose disappearance; BHGP, basal hepatic glucose production; CHGP, hepatic glucose production during the clamp period. Data are
mean + SEM (n = 6). 5P < 0.05, **P < 0.01 versus corresponding value for wild type. (D and E) Whole-body oxygen consumption rate (VO2,
expressed in milliliters per minute per gram of body weight) during a 12-hour dark/12-hour light cycle in 12-week-old mice fed a standard diet
(n =3 for wild type; n = 5 for FSP27-KO) (D) or a high-fat diet (n = 6) (E) is shown in the left panels. The average values for the 24-hour period
are shown in the right panels. Data are mean + SEM. P < 0.05, #P < 0.01 versus wild type. (F and G) Average values of respiratory quotient

(VCO2/VO,) (F) and energy expenditure (G) for the 24-hour period in the experiments shown in D and E. Data are mean + SEM. *P < 0.05,
#P < 0.01 versus wild type.

Multilocular lipid droplet formation as well as enbanced mitochondrial
biogenesis and glucose and FFA oxidation in WAT of FSP27-KO mice.
To investigate the mechanism responsible for the increased oxy-
gen consumption and energy expenditure of FSP27-KO mice, we
examined adipose tissue of these animals, The amouncs of epididy-
mal and subcuraneous WAT, but not those of BAT, were reduced
in FSP27-KO mice compared with those in wild-type mice (Fig-
ure 3A). Furthermore, epididymal WAT of FSP27-KO mice was a
brownish color similar to that of BAT (Figure 3A). A high-far diet
increased the amouncs of epididymal and subcutaneous WAT to a
greater extent in wild-type mice than in FSP27-KO mice (Supple-
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mentral Figure 8). The weight and appearance of adipose tissue of
FSP27 heterozygous knockout mice were similar to those for wild-
type mice (data not shown). Both subcutaneous and epididymal
white adipocytes of FSP27-KO mice accumulated multilocular fat
droplets (Figure 3B and Supplemental Figure 9). The size of lipid
droplets in BAT of FSP27-KO mice also appeared to be increased
(Figure 3B and Supplemencal‘Figure 9). Transmission electron
microscopy confirmed that lipid droplets in subcutaneous white
adipocytes of FSP27-KO mice are multilocular and smaller than
those of wild-type mice (Figure 3C). It also revealed that the num-
ber of mitochondria per cell in WAT of FSP27-KO mice was twice
Volume 118 Number 8
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Characterization of adipose tissue in FSP27
0.4 knockout mice. (A) Comparison of interscapu-

lar brown fat pads (BAT) and epididymal white
0.3 fat pads (WAT) of 14-week-old wild-type and

FSP27-KO mice (left panel). Weights of epidid-
ymal WAT, subcutaneous WAT, and BAT iso-
lated from 14-week-old wild-type and FSP27-
KO mice (right panels). Data are mean + SEM
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that in wild-type mice, although the size of these organelles did
not differ between the 2 genotypes (Figure 3, C and D). In addition,
Southern blot analysis with a probe specific for the mitochondsrial
gene for subunit I of cytochrome c oxidase (COXI) showed that the
amount of mitochondrial DNA was increased in WAT of FSP27-
KO mice (Figure 3E). No difference in mitochondrial number or
size in BAT was apparent between FSP27-KO and wild-type mice
(Figure 3, C and D). These results thus showed that mitochondrial
biogenesis is substantially increased in WAT of FSP27-KO mice.
We next examined che abundance in adipose tissue of mRNAs
for nuclear respiratory factor 1 (NRFI) and mitochondrial tran-
scription factor A (mtTFA), both of which are transcription factors
that play an important role in mitochondrial biogenesis (17, 18).
RT-PCR analysis revealed that the amount of NRFI mRNA in WAT
was significantly increased in FSP27-KO mice, reaching a level
similar to that apparent in BAT of wild-type animals (Figure 4A).
The amount of mtTFA mRNA in WAT was also increased signifi-
cantly in FSP27-KO mice (Figure 4A). In addition, the amounts of
mRNAs for PPARY coactivator la (PGCla) and PGC1b, important
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microscopy. Scale bar: 20 um. (C) Transmis-
sion electron microscopy of subcutaneous
WAT and interscapular BAT from 6-week-old
wild-type and FSP27-KO mice. L, lipid droplet;
*, mitochondria. Scale bar: 500 nm. (D) Mito-
chondrial number (left panel) and size'(right
panel) in subcutaneous WAT, epididymal
WAT, and interscapular BAT determined from
electron micrographs similar to those in C.
Mitochondrial number is expressed per nucle-
us and was determined for 25 wild-type and
28 FSP27-KO cells for subcutaneous WAT,
33 cells for epididymal WAT, and 56 wild-type
and 64 FSP27-KO cells for BAT. Mitochondrial
diameter was measured with a scale of 25 nm
in 120 cells. Data are mean + SEM. 1P < 0.01
versus the corresponding value for wild type.
(E) Southern blot analysis of total cellular DNA
from BAT or WAT of 9-week-old wild-type or
FSP27-KO mice with probes specific for the
mitochondrial COX/ gene and the nuclear
3684 gene.

regulators of mitochondrial thermogenesis and biogenesis (19),
were significancly increased in WAT of FSP27-KO mice, but these
increased levels remained much smaller than those in BAT (Fig-
ure 4A). We also examined the abundance of mRNAs for acyl-CoA
dehydrogenases, which are important for fatty acid oxidation in
mitochondria. The amounts of mRNAs for very long-chain acyl-
CoA dehydrogenase (VLCAD), long-chain acyl-CoA dehydrogenase
(LCAD), and medium-chain acyl-CoA dehydrogenase (MCAD) were
increased in WAT of FSP27-KO mice (Figure 4B). Furthermore, the
amounts of mRNAs for COXI, COXII, and COXIV, all of which are
components of COX and important for electron transport in mito-
chondria, were substantially increased in WAT of FSP27-KO mice
(Figure 4C). However, the mRNA for uncoupling protein-1 (UCPI)
was almost undetectable in WAT of FSP27-KO mice in contrast to
its abundance in BAT (Figure 4C). These results thus suggested
that the increase in mitochondrial mass in WAT of FSP27-KO mice
is accompanied by an increase in FFA oxidation and subsequent
oxidative phosphorylation but not by increased uncoupling or
thermogenesis. To exclude a possible contribution of the liver and
Number 8
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Figure 4

Mitochondrion-related gene expression and metabolic rate in WAT of FSP27-knockout mice. (A and B) Quantitative RT-PCR analysis of the
expression of genes related to mitochondrial biogenesis (A) or to FFA oxidation (B) in WAT and BAT of 20-week-old wild-type and FSP27-KO
mice. Data were normalized by the amount of 3684 mRNA and expressed relative to the corresponding value for WAT of wild-type mice; data are
mean + SEM (n = 4). "P < 0.05, **P < 0.01, "**P < 0.001 versus the corresponding value for wild-type mice. (C) Northern blot analysis of MRNAs
for COXI, COXIl, COXIV, and UCP1 in WAT and BAT of 14-week-old wild-type and FSP27-KO mice. (D) Oxygen consumption by adipocytes
isolated from inguinal WAT (IWAT; left panel) or interscapular BAT (right panel) of wild-type and FSP27-KQ mice. Arrows indicate the addition
of the Bs-adrenergic agonist CL316,243 or vehicle (Ca?*- and Mg?*-free PBS). Data are mean + SEM of values from 4 independent experiments.
(E and F) Glucose (E) and oleic acid (F) oxidation in adipocytes isolated from epididymal WAT or interscapular BAT of wild-type and FSP27-
KO mice. Data are expressed relative to the corresponding value for WAT of wild-type mice and are mean + SEM of values from 4 WT or 3 KO
independent experiments. tP < 0.05, P < 0.01 versus the corresponding value for wild-type cells.

skeletal muscle to the increased oxygen consumption observed in
FSP27-KO mice, we examined the abundance of mRNAs for carni-
tine palmitoyltransferase-1 (CPTI) and acyl-CoA dehydrogenases
(VLCAD, LCAD, and MCAD) in these tissues by RT-PCR analysis
and found no significant differences between FSP27-KO and wild-
type mice (data not shown). In addition, there were no substantial
differences becween wild-type and FSP27-KO mice in the extent of
lipid droplet accumulation as revealed by staining of TAG with oil
red O in the liver or skeletal muscle (Supplemental Figure 10).
We also examined urinary catecholamines in FSP27-KO mice
in order to evaluate the extent of systemic sympathetic activation,
given that systemic B-adrenergic stimulation in mice and rats results
in fragmentation of large lipid storage droplets and induction of
mitochondrial biogenesis in WAT as well as upregulation of genes
involved in farry acid oxidation and mitochondrial electron trans-
port in this tissue (20, 21). However, we found no significant dif-
ferences in the amounts of urinary catecholamines (mean + SEM)
collected over a period of 72 hours between wild-type (n = 3) and
FSP27-KO (n =4) mice (adrenaline, 84.7 + 10.3 versus 73.5 = 6.5 ng,
respectively; noradrenaline, 1,275.6 = 36.1 versus 1,234.4 = 168.5
ng, respectively; dopamine, 2,966.3 = 212.3 versus 2,063.8 £ 299.4

The Journal of Clinical Investigation

heep://www jciorg

ng, respectively), suggesting that the changes in WAT of FSP27-KO
mice are not actributable to sympathetic -adrenergic stimulation.
To examine directly the possible role of FSP27 in mitochondrial
function in adipocytes, we first measured oxygen consumption of
such cells isolated from FSP27-KO and wild-type mice. Consistent
with the increased number of mitochondria in white adipocytes
of FSP27-KO mice, the basal oxygen consumption of these cells
was about twice that of cells from wild-type mice (Figure 4D).
However, the ;-adrenergic agonist CL316,243 did not substan-
tially increase oxygen consumption in white adipocytes of wild-
type or FSP27-KO mice (Figure 4D). In addition, the uncoupled
respiration ratio for white adipocytes in the basal state did not
differ between wild-type and FSP27-KO mice (Supplemental Fig-
ure 11), possibly reflecting the low abundance of UCPI mRNA
in white adipocytes of both genotypes (Figure 4C). These results
showed that mitochondrial function is upregulated in WAT of
FSP27-KO mice, suggesting that the increased energy expenditure
of these animals is attributable to increased mitochondrial bio-
genesis and function in WAT. In contrast to its lack of effect in
WAT, CL316,243 induced a marked increase in oxygen consump-
tion by adipocytes isolated from BAT of FSP27-KO or wild-type
Volume 118 Number 8
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Figure 5

Localization of FSP27 to lipid droplets and its role in the pattern of lipid droplet accumulation in HW adipocytes. (A and B) Immunofluorescence
localization of FSP27 (A) and perilipin (B) in HW adipocytes by confocal laser microscopy. TAG was stained with Bodipy 493/503. (C) Immunoblot
analysis of FSP27, perilipin, and B-actin (control) in HW adipocytes 2 days after the introduction of FSP27 or perilipin siRNAs as indicated. (D)
Pattern of lipid droplet accumulation in HW adipocytes 2 days after siRNA introduction as in C. TAG was stained with Bodipy 493/503. (E) Glyc-
erol release of HW adipocytes during incubation for 4 or 8 hours, 2 days after introduction of siRNAs as in C. Data are mean + SEM (n = 6) and
are expressed relative to the value for control cells incubated for 4 hours. ‘P < 0.01 versus corresponding value for control siRNA; **P < 0.01
versus corrgsponding value for FSP27 or perilipin siRNA. (F) Glycerol release of HW adipocytes during incubation for 40 minutes with 10 uM
isoproterenol 2 days after introduction of siRNAs as in C. Data are mean + SEM (n = 5) and are expressed relative to the value for control cells.
“P <0.01 versus corresponding value for control siRNA; tP < 0.01 versus corresponding value for perilipin siRNA. (G) Isolated white adipocytes
of wild-type or FSP27-KO mice were incubated for 60 minutes in the absence (basal) or presence of 10 uM isoproterenol, after which concentra-
tions of FFAs (left panel) and glycerol (right panel) in the culture medium were measured. Data are mean = SEM (n = 5 WT or 4 KO for FFAs;
n = 4 for glycerol) and are expressed relative to the corresponding basal value for wild-type cells. $P < 0.05, P < 0.01 versus corresponding
value for wild type. (H) Serum FFA (left panel) and glycerol (right panel) concentrations in wild-type and FSP27-KO mice measured 20 minutes
after intraperitoneal injection of CL316,243 (0.1 mg/kg) or vehicle. Data are mean + SEM (m = 4 WT or 3 KO) and are expressed relative to the
corresponding basal value for wild-type mice. Original magnification, x630.
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Effects of FSP27 depletion for 4 days on gene expression in HW adipocytes. Quantitative RT-PCR analysis of the expression of genes whose
products are associated with lipid synthesis (A), lipolysis (B), lipid droplets (C), mitochondrial biogenesis (D), fatty acid oxidation (E), or oxida-
tive phosphorylation (F) in HW adipocytes 4 days after the introduction of FSP27 siRNA (KD). Data were normalized by the amount of 3684
mRNA and expressed relative to the corresponding value for control cells; they are mean + SEM from 4 independent experiments. Cont, control.

“P < 0.01 versus control.

mice (Figure 4D). However, both basal and CL316,243-stimulated
oxygen consumption were reduced by approximately 50% in brown
adipocytes of FSP27-KO mice compared with those apparent for
wild-type cells (Figure 4D). To examine further the role of FSP27
in mitochondrial function, we measured glucose and FFA oxida-
tion in isolated adipocytes. Glucose and oleic acid oxidation were
both increased in white adipocytes of FSP27-KO mice (Figure 4,
E and F), consistent with the notion that mitochondrial function
is upregulated in these cells. In contras, oleic acid oxidation was
decreased in brown adipocytes of FSP27-KO mice (Figure 4F). The
findings that oxygen consumption and FFA oxidation were both
decreased in brown adipocytes of FSP27-KO mice may be relac-
ed to the increased size of lipid droplets in BAT of these animals
(Figure 3B). Given that FSP27 was virtually undetectable in BAT
of wild-type mice (Figure 1D), these changes observed in BAT of
FSP27-KO mice may represent a compensatory response to the
increased energy expenditure in WAT.

Ablation of FSP27 results in formation of multiple small lipid droplets,
enhanced lipolysis, and depletion of TAG in HW adipocytes. Immuno-
fluorescence microscopy with antibodies to FSP27 revealed that
FSP27 was distributed in a ring around the lipid droplets of HW
adipocytes (Figure SA), suggesting that FSP27 localizes to the sur-
face of these droplets. We also examined the distribution of per-
ilipin, which is localized almost exclusively at che surface of lipid
droplets in fat cells and steroidogenic cells and which inhibits
lipolysis by blocking the access of lipases to the droplets (22-24).
Perilipin was also localized to the surface of lipid droplets in HW
adipocytes (Figure 5B), showing a dis;ribution pattern similar
to that of FSP27.

We next examined the effect of depletion of FSP27 by RNAi on
lipid droplet formation in HW adipocytes. [ntroduction of an
siRNA specific for FSP27 mRNA into differentiated HW adipo-
cytes resulted in the almost complete loss of FSP27 within 2 days
(Figure 5C). This depletion of FSP27 resulted in the formation of
numerous small lipid droplets in HW adipocytes, in contrast to
the fewer and larger lipid droplets observed in control cells (Fig-
ure 5D). Quantitarive analysis confirmed that depletion of FSP27
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in HW adipocytes for 2 days resulted in an increase in lipid drop-
let number and a decrease in the mean area of individual drop-
lets per cell (Supplemental Figure 12). Cells depleted of perilipin
(Figure 5C) still manifested large lipid droplets, although all lipid
droplets in such cells were generally smaller chan those in con-
trol cells (Figure SD). Cells depleted of both FSP27 and perilipin
(Figure 5C) exhibited a pattern of lipid droplet formation simi-
lar to that observed in cells depleted of FSP27 alone (Figure SD).
The incracellular TAG content of HW adipocytes was signifi-
cantly reduced 3 days after the introduction of FSP27 or perilipin
siRNAs, and the effects of the 2 siRNAs appeared to be additive
(Supplemental Figure 13). Measurement of glycerol released into
the medium during culture of cells under basal conditions for 4
or 8 hours revealed that the extent of lipolysis was significantly
increased in FSP27-depleted HW adipocytes compared with that
apparent in control adipocytes at both time points (Figure SE).
Consistent with previous observations (25, 26), depletion of per-
ilipin also increased the extent of basal lipolysis in HW adipo-
cytes (Figure SE). Depletion of both FSP27 and perilipin again
increased basal lipolysis to a greater extent than did that of either
protein alone. Examination of lipolysis in response to B-adrener-
gic stimulation revealed that depletion of FSP27 and perilipin also
potentiated isoproterenol-induced lipolysis in an approximately
additive manner (Figure SF). These resulcs suggested chat FSP27
is important for the formation of large lipid droplets and that the
loss of FSP27 promotes lipolysis and the consequent depletion
of intracellular TAG by a mechanism distinct from that by which
loss of perilipin induces this same effect.

To address further the function of FSP27 in lipolysis, we inves-
tigated the effect of FSP27 depletion on lipolysis both in isolated
mouse adipocytes and in mice. We evaluated lipolysis in isolated
adipocytes by measuring FFA and glycerol concentrations of the
culture medium. Basal lipolysis was increased in isolated white adi-
pocytes from FSP27-KO mice, although isoproterenol-stimulated
lipolysis was impaired in these cells compared with that in white
adipocytes from wild-type mice (Figure 5G). We next administered
CL316,243 to mice and measured the products of lipolysis, FFAs
Volume 118 Number 8
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and glycerol, in serum. Serum FFA and glycerol concentrations were
similar in wild-type and FSP27-KO mice under basal or CL316,243-
stimulated conditions (Figure SH). These results differed from
those previously obtained with perilipin-knockout mice, in which
lipolysis stimulated by a B-adrenergic agonist in vivo was decreased
compared with that in wild-type mice (25). The physiological role
of FSP27 in mice may thus differ from that of perilipin.

We next examined the effects of FSP27 ablation on gene expres-
sion in HW adipocytes at both 2 and 4 days after the introduction
of FSP27 siRNA. We confirmed that FSP27 remained almost com-
pletely depleted 4 days after siRNA introduction (data not shown).
As shown above, depletion of FSP27 for 2 days was sufficient to
induce multilocularization of lipid droplets (Figure SD) and to
increase lipolysis (Figure 5, E and F). RT-PCR analysis performed
2 days after introduction of siRNA revealed that the amounts of
mRNAs for diacylglycerol acyltransferase type 1 (DGATI), DGATZ,
and stearoyl-CoA desaturase 1 (SCD1), all of which participate in
lipid synchesis (27-31), did not differ berween FSP27-depleced
and control HW adipocytes (data not shown). In addition, the
amounts of mRNAs for hormone-sensitive lipase (HSL) and adi-
pose triglyceride lipase (ATGL), both of which contribute to TAG
hydrolysis in adipocytes (32), were not significantly different
between the FSP27-depleted and control cells (data not shown).
However, 4 days after the introduction of siRNA, the amounts of
these various mRNAs, with the exception of that of SCDI mRNA,
were all increased in the FSP27-depleted cells (Figure 6, A and B).
The abundance of mRNAs for perilipin, adipophilin, and TTP47, all
of which coat lipid droplets and are important in lipid metabolism
(7, 33), was not affected by depletion of FSP27 for 2 days (data
not shown), buc the amounts of perilipin and adipophilin mRNAs
were increased significantly after 4 days (Figure 6C). Finally, we
examined the expression of genes related to mitochondrial biogen-
esis or oxidative phosphorylation. Depletion of FSP27 for 2 days
did not affect che abundance of mRNAs for NRF1, mtTFA, PGCla,
PGClb, or the acyl-CoA dehydrogenases (VLCAD, LCAD, MCAD) in
HW adipocytes (data not shown). The abundance of COXII mRNA
was significantly increased (~1.87-fold; P < 0.008) by FSP27 deple-
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Figure 7
Formation of large lipid droplets induced by forced expres-
sion of FSP27 in COS cells. (A) Immunoblot analysis of
FSP27 and B-actin (loading control) in COS cells 2 days
after transfection with an expression plasmid encoding
both FSP27 and DsRed2 (pIRES2-DsRed2-FSP27). (B)
COS cells transfected with pIRES2-DsRed2-FSP27 as in
A were incubated with 400 uM oleic acid for 24 hours and
then stained with Bodipy 493/503 (for TAG). A merged
image of Bodipy 493/503 and DsRed?2 fluorescence is
shown. Arrowheads and arrows indicate cells positive
or negative for FSP27 expression, respectively. Original
magnification, x630. (C-E) Quantitation of mean droplet
. size (C), droplet number (D), and total lipid amount (E)
- per cell for COS cells treated as in B but also stained with
Hoechst 33258 (for nuclei). Total lipid amount was calcu-
lated as the product of the area and green fluorescence
density of each droplet per cell. Data are mean + SEM of
values from 1,502 and 444 cells negative or positive for
DsRed? fluorescence, respectively, and are \expressed
relative to the corresponding value for DsRed2-negative
cells. *P < 0.001 versus DsRed2-negative cells.

tion for 2 days, whereas that of COXIV mRNA was unaffected (data
not shown). However, depletion of FSP27 for 4 days resulted in
increases in the amounts of these various mRNAs, with the excep-
tion of those of PGCla and MCAD (Figure 6, D-F). These results
thus suggested that the increased expression of genes involved in
lipid metabolism, lipid coating, or mitochondrial biogenesis or
function is not the cause of multilocularization of lipid droplets
but may be the result of ic.

Forced expression of FSP27 promotes formation of large lipid droplets in
COS cells. To confirm the function of FSP27 in WAT, we transfected
COS cells, which do not express endogenous FSP27, with a vector
cthat encodes both FSP27 and the fluorescence marker DsRed2.
The expression of FSP27 in the transfected cells was confirmed by
immunoblot analysis (Figure 7A). Control COS cells accumulated
multiple small lipid droplets in the cytoplasm during culture for
24 hours in the presence of 400 uM oleate. In contrast, COS cells
expressing FSP27, which were identified by monitoring the fluo-
rescence of DsRed2, accumulated large lipid droplets (Figure 7B).
Quantitative analysis revealed that the mean area of individual
droplets per cell was significantly increased (Figure 7C), whereas
the droplet number per cell was significantly decreased (Figure
7D) in cells expressing FSP27 compared with that in control cells.
In addition, the rotal amount of lipid per cell was significantly
increased in cells expressing FSP27 (Figure 7E). These results thus
indicated cthat FSP27 promotes the formation of large lipid drop-
lets and, consequently, increases cellular lipid content.

Discussion
Obesity is a disorder of energy balance, in which excess energy
accumulates in WAT in the form of TAG. In white adipocytes, TAG
is stored in large, often solitary cytoplasmic organelles, known as
lipid droplets. These droplets are composed of a core of TAG sur-
rounded by a phospholipid monolayer, in which numerous pro-
teins are embedded (5). To understand the pathogenesis of obe-
sity, it is therefore essential to characterize the mechanism of lipid
droplet formation and its regulation. We have now shown that
FSP27 is expressed at the protein level mainly in WAT, is associ-
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ated wich the large unilocular lipid droplets of white adipocyres,
and is indispensable for the formation or maintenance of these
droplets. In concrast to WAT, BAT accumulates small multilocu-
lar lipid droplets, likely because FSP27 is almost undetectable in
this tissue, even though its mRNA is present in amounts similar
to those in WAT.

Mammalian lipid droplecs are associated with a specific set of pro-
teins that are members of the PAT (perilipin-ADRP-TIP47) domain
family, which include perilipin, ADRP (or adipophilin), TIP47,
and $3-12 (7, 8). Loss of perilipin results in constitutive lipolysis
in adipocytes under basal condirtions (25, 26). We also found chac
perilipin depletion increased lipolysis in HW adipocytes, but this
effect was not accompanied by a pronounced change in the pattern
of lipid droplet accumulation in contrast to the multiloculariza-
tion of lipid droplets induced in these cells by depletion of FSP27.
These results suggest that the lipolysis induced in HW adipocytes
by depletion of FSP27 is mediated by a mechanism distinct from
that by which perilipin depletion elicits this effect. The change in
the pattern of lipid droplet accumulation induced by loss of FSP27
suggests that the accompanying increase in lipolysis may resulc
from the multilocularization of large lipid droplets. Such multi-
locularization thus increases the total surface area of lipid droplets
in a cell and thereby likely increases the access of lipases to stored
lipid. Thus, multilocularization of lipid droplets can be the cause
of the increased lipolytic rate in WAT lacking FSP27. Conversely,
unilocular lipid droplets are thought to impede lipolysis by min-
imizing the accessibility of stored lipid to lipases and thereby to
be important for efficient TAG storage in WAT. Acute and robust
lipolysis of mulrilocular lipid droplets may be necessary for the
efficient supply of FFAs to mitochondria in energy-consuming tis-
sues such as BAT. Indeed, che small lipid droplets of BAT are sur-
rounded by a large number of mitochondria, which are responsible
for the uncoupled respiration of FFAs derived from lipid droplets
(34). The pattern of intracellular lipid formation may therefore be
closely related to the metabolic characteristics of cells.

ESP27-KO mice show a lean phenotype, increased metabolic rate,
and resistance to diet-induced obesity. These characteristics likely
result from the decreased TAG storage function, the increased
mitochondrial biogenesis, and the increased energy expenditure in
WAT of these animals. Depletion of FSP27 in HW adipocytes for 2
days resulted in the formation of multiple small lipid droplets and
enhanced lipolysis, without an increase in the expression of genes
involved in lipid metabolism or mitochondrial biogenesis or func-
tion. However, depletion of FSP27 for 4 days led to upregulation of
the expression of such genes. These results suggest that the primary
event induced by FSP27 depletion may indeed be the mulcilocu-
larization of lipid droplets and the consequent increase in lipoly-
sis. The increased mitochondrial biogenesis observed in WAT of
FSP27-KO mice hence may be secondary to the increased lipolysis.
The increased availability of FFAs and their metabolites may stim-
ulate members of the PPAR family in WAT of FSP27-KO mice and
thereby induce the secondary mitochondrial biogenesis. Indeed,
several FFAs have been shown to stimulate PPARa and PPARS
(33). In addition, activation of PPARa and PPARY has been shown
to increase mitochondrial copy number as well as the expression
of UCP-1, MCAD, and CPT-1 (36). Activation of PPARJ in adipose
tissue also induces expression of genes required for FFA oxidation
and energy expenditure (37). The increase in intracellular lipolysis
in adipocytes can thus lead to increased mitochondrial biogenests
and FFA oxidation.
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Perilipin-knockout mice are characterized by constitutive
lipolysis. They have reduced adipose mass and are also resistanc
to diet-induced obesity (25, 26). These phenotypes are similar
to those of FSP27-KO mice. The most prominent difference
between these 2 mouse lines is the pattern of lipid droplet for-
mation in WAT. The multilocular pattern of lipid droplet for-
mation observed in WAT of FSP27-KO mice is thus not appar-
ent in perilipin-knockout mice (23, 26). In addition, increased
mitochondrial biogenesis was not apparent in WAT of the perili-
pin-knockout mice, at least not in histological analysis. Furcher-
more, perilipin-knockout mice show a tendency to develop insu-
lin resistance (26, 38), despite increased B-oxidation in skelecal
muscle, heart, and WAT (38, 39), that is thought to be an adap-
tive response to consume the FFAs generated by the increased
rate of lipolysis in WAT. In contrast, FSP27-KO mice showed
improved glucose tolerance and insulin sensitivity, without an
apparent increase in B-oxidation in the liver or skeletal muscle.
These results suggest that the FFAs generated by the increased
lipolysis in WAT of FSP27-KO mice are efficiently oxidized by
the increased number of mitochondria in WAT itself, without
the need for compensation by the liver or skeletal muscle. The
multilocular pattern of lipid droplet accumulation in WAT of
FSP27-KO mice likely facilitates the efficient cransfer of FFAs to
the abundant neighboring mitochondria. These data suggest the
mechanism by which increased lipolysis in WAT does not resulc
in insulin resistance in FSP27-KO mice.

FSP27 belongs to the CIDE (cell death-inducing DFF45-like
effector) family of proteins, which show sequence similarity to
the NH,-terminal region of the proapoptotic DNA fragmentation
factor 40 (DFF40) and its inhibitor DFF45 (40). This family also
includes CIDE-A and CIDE-B in addition to FSP27 (40). CIDE-A
is expressed specifically in BAT in mice, and its deficiency in these
animals results in resistance to diet-induced obesity as well as in
upregulation of thermogenesis and metabolic rate through release
of direct suppression of UCP-1 activity (41). CIDE-B is expressed
predominantly in liver, and CIDE-B-knockout mice are resistant
to diet-induced obesity and liver steartosis (42). FSP27 and CIDE-A
may therefore play regulatory roles in mice for lipid storage in
WAT and energy expenditure in BAT, respectively. [n humans,
however, CIDEA mRNA is present in WAT, and a low level of
CIDEA gene expression in adipose tissue was associated with sev-
eral features of metabolic syndrome (43). In addicion, there are
several similarities between human CIDE-A and mouse FSP27.
Culture of human primary adipocytes with TNF-a thus resulted
in a decrease in the amount of CIDEA mRNA, and depletion of
CIDE-A from these cells by RNAi induced an increase in lipolysis
(43). The human ortholog of mouse FSP27 has been identified,
but the characreristics of this protein, including its expression in
adipose tissue, were not examined (44). During the preparation
of this manuscript, FSP27 was shown to enhance TAG storage in
culcured cells (11). Furcher studies are necessary to characterize
the functions of CIDE family proteins, especially in humans.

In summary, we have shown that FSP27 plays a physiologically
important role in efficient energy storage in WAT, by promorting
the formarion of unilocular lipid droplets in this tissue. Such regu-
lation of lipid droplet formation by FSP27 has pronounced effects
on energy metabolism of the whole body. Our dara suggest that
alteration of the pattern of lipid droplet accumulation in white
adipocytes by modulation of FSP27 function is a potential thera-
peutic strategy for treatment of obesity and its related disorders.
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Methods

Oligonucleotide microarray analysis. Total RNA was prepared from 3T3-L1
cells that had been induced to differentiate into adipocytes as previously
described (12) and then infected for 48 hours with an adenovirus encod-
ing PPARY-AC (12) or a control adenovirus at an MOI of 60 PFU per cell.
RT, second-strand cDNA synthesis, and production of biotin-labeled
cRNA were performed with 10 ug of toral RNA as che initial template. The
labeled cRNA was purified, fragmented, and subjected to hybridization
with GeneChip mouse microarrays (Mul1K; Affymetrix). After washing
and staining, the arrays were scanned with a Hewlett Packard confocal laser
scanner and visualized with Affymecrix GeneChip 3.1 software. The data
were analyzed with GeneChip Analysis Suite software version 4.0 (Affyme-
trix), and the fold differences in hybridization intensity between the two
3T3-L1 adipocyte samples were determined.

Generation of FSP27-knockout mice. We isolated Fsp27 genomic clones from
the female mouse 129s6/SvEVTAC Taconic BAC Library (Children’s Hos-
pital Oakland Research Institute, Oakland, California, USA) and prepared
a targeting construct in which the Fsp27 sequence between Apal and Xhol
sites, including the first and second exons, was replaced with the neomy-
cin resistance gene (Supplemental Figure 5A). The targeting plasmid was
linearized with NotI and introduced by electroporation into EB3/5 embry-
onic stem cells. Cell clones resistant to G418 and gancyclovir were isolated,
and genomic DNA was extracted from these cells, digested with EcoRV,
and subjected to Southern blot analysis in order to confirm homologous
recombination (Supplemental Figure 5B). Two lLines of chimeric mice were
obrained by injection of cells from these clones into C57BL/6N blastocysts.
Crossing of the chimeric mice with C57BL/6] mice yielded offspring that
harbored the disrupred Fsp27 allele in the germ line. FSP27-KO mice were
obrained by breeding of heterozygotes. Immunoblot analysis did not derect
ESP27 in WAT of FSP27-KO mice and revealed that the amount of this
protein was reduced by approximately 50% in WAT of FSP27 heterozygous-
knockout mice (Supplemental Figure 5C). For the experiments in the pres-
ent study, we used male mice that had been backcrossed to the C57BL/6]
background for more than 6 generations. Mice were maintained under a
12-hour light/12-hour dark cycle and had free access to food and water. In
experiments examining the effects of a high-fat diet, mice were fed chow
in which fat constituted 56% of calories (Oriental Yeast), beginning at
4 weeks of age. Mice were obrained from Japan SLC. Experimental proto-
cols with mice were performed in accordance with the guidelines of the and
with approval of the animal ethics committee of Kobe University Graduate
School of Medicine.

Isolation of total RNA, northern blot analysis, and quantitation of mitochondrial
DNA. Total RNA was extracted from various tissues and cells wich the use
of an RNeasy kit (QIAGEN) or the TRIzoL reagent (Invitrogen), and por-
tions (10 ug) of the isolared RNA were subjected to northern blot analysis.
Probes were prepared by RT-PCR from total RNA extracted from 3T3-L1
adipocytes (for FSP27 and 36B4) or from mouse BAT (for COXI, COXII,
COXIV, and UCP-1). The probes were labeled with 32P with che use of a
Rediprime IT Random-Primer Labeling system (GE Healthcare). Autoradio-
grams of blots were visualized with a BAS2500 image analyzer (Fuji Film).
Measurement of mitochondrial DNA was performed as described previ-
ously (45). In brief, cDNA probes for COXI and 36B4 genes were generated
by RT-PCR from rotal RNA extracted from mouse BAT and were labeled
with 2P with the use of a Rediprime Random-Primer Labeling kit. Total
DNA was extracted from mouse epididyma{l WAT or BAT, and portions
(10 ug) of the DNA were digested with EcoRV and BglII. The resulting
DNA fragments were fractionated by electrophoresis on a 0.7% agarose
gel and then transferred overnight to a nylon membrane (HyBond N+; GE
Healthcare). The membrane was incubated for 30 minutes at 65°C with
Rapid-Hyb Hybridization buffer (GE Healthcare), subjected to hybridiza-
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tion with the radioactive probes overnight at 65°C, and then washed at
65°C twice for 30 minurtes with 0.1x SSC containing 0.1% SDS. Autoradio-
grams of blots were visualized with a BAS2500 image analyzer.

Preparation of HB2 and HW cells and measurement of glycerol release and cellular
TAG.HB2 and HW cells were prepared from interscapular BAT and epidid-
ymal WAT, respectively, of p53 homozygous knockout mice as described
previously (16). The cells were maintained in DMEM (Sigma-Aldrich)
supplemented with 10% FBS (JRH Biosciences), streptomycin (50 ug/ml),
and penicillin (50 U/ml). At confluence, fresh medium supplemented wich
0.5 mM 3-isobucyl- 1-methylxanchine and 1 nM dexamethasone was added
to the cells for induction of adipocyre differentiation. After 2 days, the
medium was changed to DMEM supplemented with 50 nM triiodothyro-
nine and insulin (10 ug/ml) and was refreshed every 2 days. The amount
of glycerol released into culture medium by HW cells was determined with
the use of a colorimetric assay (Sigma-Aldrich). The TAG content of isopro-
panol extracts prepared from HW cells grown in 12-well plates was deter-
mined with an acetyl acetone-based colorimetric assay kit (Wako)

Quantitative RT-PCR. Complementary DNA synchesized from total
RNA was analyzed in a Sequence Detector (model 7900; PE Applied Bio-
systems) with specific primers and SYBR Green PCR Master reagents
(Perkin Elmer Life Sciences). The relative abundance of mRNAs was cal-
culared with 36B4 mRNA as the invariant control. The primers (sense and
antisense, respectively) were as follows: FSP27, 5'-CTGGAGGAAGATG-
GCACAATCGTG-3' and 5'-CAGCCAATAAAGTCCTGAGGGTTCA-3;
mtTFA, 5'-AGTTCCCACGCTGGTAGTGT-3' and 5'-GCGCACATCTC-
GACCC-3'; NRFI, 5'-CAGCAACCCTGATGGCACCGTGTCG-3" and
5"-GGCCTCTGATGCTTGCGTCGTCTGG-3"; PGCla, 5'-GGAGCTG-
GATGGCTTGGGACAT-3' and 5"-TTCGCAGGCTCATTGTTGTACT-
GGT-3"; PGCl1b, 5'-GGCTCTTCCGCTCACA-3’ and 5'-ACCTGGCAG-
TAGTCGTGGTC-3'; CPT1, 5'-GCTGCTTCCCCTCACAAGTTCC-3' and
5"-GCTTTGGCTGCCTGTGTCAGTATGC-3'; VLCAD, 5'-GAATGACCCT-
GCCAAGAACGA-3' and 5'-ATGCCCACAATCTCTGCCAAG-3'; LCAD,
5-GGACTCCGGTTCTGCTTCCA-3' and 5" TGCAATCGGGTACTCCCA-
CA-3'; MCAD, 5'-CAACACTCGAAAGCGGCTCA-3' and 5'-ACTTGC-
GGGCAGTTGCTTG-3'; DGATI, 5'-ACCGCGAGTTCTACA-3' and
5'-AGGGGAACGCTCACTAGGTA-3'; DGAT2, 5'-GCGCTACTTCCGAGA-
CTACTTT-3' and 5-GCACAGGCATCCGGAAGTTACC-3'; SCDI, 5'-TCT-
CAGAAACACACGCCGACC-3' and 5-AGGCCGGGCTTGTAGTACCTC-3;
HSL, 5" TGTGGCACAGACCTCTAAAT-3' and 5'-GGCATATCCGCTCTC-
3'; ATGL, 5'-GGAGACCAAGTGGAACATCTCA-3' and 5'-AATAATGTT-
GGCACCTGCTTCA-3'; perilipin, 5" TGCTGGATGGAGACCTC-3' and
5"-ACCGGCTCCATGCTCCA-3'; adipophilin, 5'-AAGCATCGGCTAC-
GACGACAC-3' and 5'-GGACAGTCTGGCATGTAGTCTGGA-3"; TIP47,
5"-AGGACTTTGCAACTGCTGCTGA-3'" and 5'-AGGACTTTGCAACT-
GCTGCTGA-3'; COXII, 5'-GCCGACTAAATCAAGCAACAG-3’ and
5" TCTAGGACAATGGGCATAAAGCTATTAA-3'; COXIV, 5'-AGCCATTTC-
TACTTCGGTGTG-3' and 5'-GCAGACAGCATCGTGACAT-3'; and 36B4,
5'-GAGGAATCAGATGAGGATATGGGA-3' and 5'-AAGCAGGCTGA-
CTTGGTTGC-3".

Measurement of metabolic parameters. Plasma insulin concentration was mea-
sured with an insulin assay kit (Morinaga Institute of Biological Science).
FFA and TAG concentrations in serum were measured with NEFA-C and
Triglyceride E tests (Wako), respectively. Serum adiponectin and leptin levels
were measured wich ELISA kits from Otsuka Pharmaceutical and R&D Sys-
tems, respectively. Liver lipids were extracted from tissue homogenates with
1isopropanol, and the TAG content was determined with a Triglyceride E
test. For intraperitoneal glucose tolerance tests, mice were deprived of food
for 16 to 18 hours and then injected with glucose (2 g per kilogram of body
mass). For intraperitoneal insulin tolerance tests, mice were injected with
human regular insulin (0.75 U/kg; Eli Lilly). Blood samples were collected
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before and after injections, and plasma glucose concentration was mea-
sured with a Glutestsensor (Sanwa Chemical). Food intake was measured by
weighing the food given at che beginning and that remaining ac the end of
each day for 1 week. For catecholamine measurements, urine was collected
in bottles containing HCl and subjected to HPLC.

Hyperinsulinemic-euglycemic clamp analysis was performed as described
(46), wich minor modifications. In brief, 5-7 days before the clamp, mice
were anesthetized by intraperitoneal injection of sodium pentobarbital
(80-100 mg/kg) and a catheter was inserted into the right internal jugular
vein for infusion. The analysis was performed under nonstressful condi-
tions with conscious mice that had been deprived of food overnight for
4 hours. [3-*H]Glucose (NEN Life Science) was infused for 2 hours ata rate
of 0.05 uCi/min before initiation of the clamp, and a blood sample was
collected at the end of this period to estimate basal glucose turnover. After
a bolus injection of [3-H]glucose (10 uCi) and the onset of subsequent
continuous infusion of [3-*H]glucose (0.1 uCi/min), a hyperinsulinemic-
euglycemic clamp was applied for 120 minutes with continuous infusion
of insulin at a rate of 2.5 mU/kg per minute. Plasma glucose concentra-
tion was monitored every 10 minutes, and 30% glucose was infused at a
variable rate to maintain plasma glucose at basal concentrations. Blood
samples were collected 80, 90, 100, 110, and 120 minutes after the onset of
the clamp for determination of the plasma concentrations of [3-*H]glucose
and H,0. The rates of glucose disposal and hepatic glucose production
were calculated as described (47).

Measurement of body temperature, locomotor activity, and oxygen consumption
in mice. Mice were housed individually at 22° to 23°C in transparent plas-
tic cages (31 x 20 x 13 cm) placed in a light-controlled (12-hour light/
12-hour dark cycle; fluorescent light, 200-300 lux) monitoring chamber
(40 x 33 x 33 cm) that was equipped with a radioreceiver of a telemetry
system (RPC-1; Data Sciences International) for retrieval of body tempera-
ture (48). A temperature probe (TA10TA-F20; Data Sciences [nternartional)
was introduced into the abdominal cavity of mice anesthetized with a
mixture of halothane and O; (Fluothane; Takeda; 3%-4% for induction
and 1% for maintenance). After recovery for more than 10 days, the mice
were monitored for body temperature every 1 hour for 3 days. Locomotor
activity was detected by passive (pyroelectric) infrared sensors (FA-05 F5B;
Omron). Data were collected and analyzed with the use of a Chronobiol-
ogy kit (Stanford Software Systems) (49). Oxygen consumption of mice in
the fed condition was measured with an indirect calorimetric system every
6.5 minutes for 24 hours at 28°C as described previously (50). In brief,
room air was pumped through an acrylic metabolic chamber, and the
expired gas was filtered through thin cotron, dried, and subjected to gas
analysis with an Alco System model RL-600 inscrument. Energy expendi-
ture was calculated as the product of the calorific value of oxygen (3.815 +
[1.232 x respiratory quotient]) and the volume of O; consumed.

[mmunoblot analysis. Total cell lysates were prepared with a lysis buffer
conraining 25 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Tri-
ton X-100, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium
vanadate, and 1 mM PMSF. Tissue homogenartes prepared in the same lysis
buffer were rotated for 1 hour at 4°C, in the additional presence of 0.2%
sarkosyl and 10% glycerol before analysis. Protain samples were subjected to
immunoblot analysis with antibodies to FSP27, perilipin (Sigma-Aldrich),
UCP-1 (51), COXIV (Molecular Probes), a-tubulin (Sigma-Aldrich), or
B-actin (Sigma-Aldrich). Immune complexes were detected with HRP-
conjugated secondary antibodies and enhanced chemiluminescence
reagents (GE Healthcare). The polyclonal antibodies to FSP27 were gener-
ated by injection of rabbits with a synthetic pepride (CTEEEQPAKSSLL)
corresponding to the COOH-terminal portion of mouse FSP27 or with
a glutathione-S-transferase fusion protein of mouse FSP27 (amino acid
residues 45-127) that was expressed in and purified from Esherichia coli.
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The antibodies generated in response to the fusion protein were purified
by affinity chromatography with Hi-Trap NHS-activated columns (GE
Healthcare) coupled with glutathione-S-transferase or the fusion procein.

Microscopic analyses. For light microscopy, the tissue was fixed wich forma-
lin, embedded in paraffin, sectioned at a thickness of 6 um, and mounted
on glass slides by standard procedures. The sections were stained with
hemartoxylin-eosin. For electron microscopy, tissue was fixed for at least
4 hours at 4°C with 2.5% gluraraldehyde in 0.1 M sodium cacodylare buf-
fer and then cut into pieces of approximately 1 mm?. The tissue fragments
were then fixed with 1% osmium tetroxide in 0.2 M sodium cacodylate buf-
fer, washed in the buffer alone, dehydrated with a series of alcohol solu-
tions, and embedded in resin. After polymerization of the resin at 60°C
for 48 hours, sections were cut with a microtome and observed with an
electron microscope (JEM-1200EX; JEOL) (52).

For oil red O staining, cells were fixed for 1 hour at room temperature
with 10% formalin in PBS, washed 3 times with distilled water, and then
stained for 1 hour wich filtered 0.5% oil red O in 60% isopropanol. After
washing 3 times wich distilled water, the cells were examined with a light
microscope. For immunofluorescence microscopy, cells were washed twice
with PBS, fixed for 20 minutes at room temperature with 4% formaldehyde
in PBS, washed 3 times with PBS, permeabilized with 0.2% Triton X-100
for 5 minutes, and washed an additional 3 times with PBS. They were then
incubated for 60 minutes wich 2% BSA in PBS, before exposure for 60 min-
utes at room temperature to rabbit polyclonal antibodies to FSP27 or to
perilipin (Sigma-Aldrich). The cells were washed 3 times with PBS and then
incubated for 1 hour with Alexa Fluor 555-conjugated goar antibodies to
rabbit IgG (Molecular Probes) as well as with Bodipy 493/503 (Molecular
Probes) for staining of neucral lipid. Cover slips were applied to the slides
with Fluoro Guard Ancifade Reagent (Bio-Rad), and the cells were examined
with a laser-scanning microscope (LSMS PASCAL, version 3; Carl Zeiss).

Measurement of oxygen consumption in isolated adipocytes. Mice were anesthe-
tized with ether and perfused, first with Ca?'- and Mg?*-free PBS containing
| mM EDTA and heparin sodium (10 U/ml) and then with Krebs-Ringer
bicarbonate HEPES buffer (KRBH, pH 7.4) containing collagenase (1 mg/ml),
through a cannula inserted in an open-chest procedure into the left ven-
tricle, with draining from the right atrium. BAT and inguinal WAT were
then rapidly removed and placed in PBS. After the removal of extraneous
tissue, the remaining adipose tissue was minced, and WAT or BAT from
3 mice was combined, transferred to an incubator, and incubarted with
slow shaking at 37°C in KRBH containing fatty acid-free BSA (10 mg/ml),
2.5 mM glucose, and collagenase (1 mg/ml). BAT was incubated for 30
minutes, wich additional shaking by hand every 5 minuces, after which
the mixture was passed through a 200-mm nylon filrer and cencrifuged ac
200 g for 1 minute at room temperature. The floating adipocytes were col-
lected. The pieces of BAT remaining on the nylon filter were incubated for
an additional 30 minutes wich the collagenase solution, and the released
cells were collected and combined with the initial batch. The pieces of WAT
were incubated for 1 hour, and the released cells were collected as for BAT.
All adipocytes were washed 3 times with KRBH to eliminate collagenase
and were counted with a Thoma’s hemacytometer. The cells were diluced
to a density of 1 x 105 to 5 x 105 cells/ml for BAT and 2 x 10% to 15 x 10
cells/ml for WAT with KRBH containing fatty acid-free BSA (40 mg/ml)
and 2.7 mM glucose. The cell suspensions were maintained for 1 hour at
room temperature before analysis. ) }

Oxygen consumption by the isolared adipocytes was measured with a
Clark-style oxygen electrode (782 2-Channel Oxygen System, version 1.0;
Strathkelvin Inscruments). The cell suspension (200 ul) was added to
a magnetically stirred chamber set with a thermostat to 37°C and was
adjusted o a final volume of 1 ml with KRBH containing fatcy acid-free
BSA (40 mg/ml) and 2.7 mM glucose. The chamber was closed, and the
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cells were incubated for 5 minutes to determine the basal respiracory rare.
CL316,243 (Sigma-Aldrich) was then injected to give a final concentration
of 100 nM wich a Hamilton syringe through a small hole in the cover of
the chamber. Alternatively, after measurement of basal oxygen consump-
tion rate, oligomycin, a specific inhibitor of mitochondrial ATP synthase,
was added to a concentration of 0.1 mg/ml for measurement of respiration
devoted to ATP production. Cyanide, an inhibitor of the mitochondrial
respiratory chain, was next added at a concentration of 3 mM to estimate
respiration associated with proton leak. Uncoupled respiration was calcu-
lated by subtracting the oxygen consumption devoted to ATP production
from toral mitochondrial oxygen consumption.

Measurement of glucose and FFA oxidation in isolated adipocytes. Glucose and
FFA oxidation were measured as described previously (53), with some mod-
ifications. In brief, for measurement of glucose oxidation, isolated adipo-
cytes (2 x 105 cells) were incubated in a polypropylene tube with | ml of
KRBH (pH 7.4) containing 2 mM glucose, 2% BSA, and 0.5 uCi of [1-1*C]-
D-glucose (52 mCi/mmol). For measurement of FFA oxidation, isolated
adipocytes (2 x 10° cells) were washed twice with KRBH containing 2% BSA
and were then incubated with 1 ml of the same solution containing 0.4 mM
oleic acid and 1.0 uCi of [1-!“C]oleic acid (53 mCi/mmol). The cells were
incubated for 3 hours at 37°C, after which 0.5 ml of 4 M H,SO, was added
to the tube, and the generated '*CO; was trapped by filter paper treated
with hyamine hydroxide and measured by scintillation spectrometry.

Depletion of FSP27 or perilipin in HW adipocytes. Five days after the onset of
induction of differentiation, HW adipocytes were washed twice with PBS,
detached from the culture dish by exposure to 0.25% trypsin and colla-
genase (0.5 mg/ml) in PBS, and resuspended in PBS. The cells (~3 x 106)
were then mixed with siRNA duplexes and subjected to electroporation
with a Bio-Rad Gene Pulser II system at a setting of 0.18 kV and 0.975 uF.
The FSP27 siRNA was targeted to the mRNA sequence 5'-GCACAAUC-
GUGGAGACAGAAGAAUA-3'. The perilipin siRNA was obtained from
[nvitrogen. Immediately after electroporation, the cells were mixed with
fresh DMEM supplemented wich 10% FBS, and 10 minutes later they were
seeded onto culcure plates. They were subjected to assays at the indicated
times (see the legends for Figures S and 6) after electroporation.

Forced expression of FSP27 in COS cells and cultured adipocytes. The coding
sequence of mouse FSP27 was subcloned into the pIRES2-DsRed2 vec-
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Hypoxia-ischemia (HI) brain injury is a major cause of neuronal cell death especially apoptosis in the
perinatal period. This study was designated to examine the effect of hydrogen therapy on apoptosis in
an established neonatal HI rat pup model. Seven-day-old rat pups were subjected to left common carotid
artery ligation and then 90 min hypoxia (8% oxygen at 37 °C). Immediately after Hl insult, pups were placed
into a chamber filled with 2% H, for 30 min, 60 min, or 120 min, respectively. 24 h after 2% H, therapy,
the pups were decapitated and brain injury was assessed by 2,3,5-triphenyltetrazoliumchloride (TTC),
Nissl, and TUNEL staining, as well as caspase-3, caspase-12 activities in the cortex and hippocampus. H;
treatment in a duration-dependent manner significantly reduced the number of positive TUNEL cells and
suppressed caspase-3 and -12 activities. These results indicated H, administration after HI appeared to

provide brain protection via inhibition of neuronal apoptosis.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Hypoxia-ischemia (HI) insult is a relatively frequent occurrence
in the perinatal period and can lead to neuron death [17]. In
the complex factors involved in the neuronal death, reactive oxy-
gen species (ROS) or reactive nitrogen species (RNS) such as the
hydroxyl radical (*OH), superoxide anion (O3~), hydrogen diox-
ide (H,0,), nitric oxide (NO), peroxynitrite (ONOO~), appear to
play a critical role. The brain has potent defenses including dietary
free-radical scavengers (ascorbate, a-tocopherol), the endogenous
tripeptide glutathione, and enzymatic antioxidants against ROS.
Although increased expression of these enzymes can occur in
response to ischemia (6], endogenous antioxidant capacity can be
overwhelmed after HI insult, leading to increased ROS concentra-
tions. Excessive ROS can result in DNA fragment, lipid peroxidation,
and inactivation of protein (9] leading to apoptosis or necrosis
depending on the severity of oxidative stress. Among the ROS, OH
and ONOO~ are much more reactive and react indiscriminately with
nucleic acids, lipids and proteins. Neuron membranes are rich in
polyunsaturated fatty acids, and neonatal brain is more susceptible
to oxidative damage [8]. There is not known detoxification system
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for *OH and ONOO~; therefore, scavenging *OH and ONOO~ is a
critical antioxidant process [15].

HI injury to the brain has been shown to result in rapid cell
death with features of both acute necrosis and delayed apoptotic
cell death [11,13]. Apoptosis is a programmed cell death that is
characterized by specific ultrastructural changes that include cell
shrinkage, nuclear condensation and DNA fragmentation. At the
molecular level, apoptosis is activated by the aspartate-specific
cysteineprotease (caspase) cascade, including caspase-12 and -3.
Caspase-12 is localized to the ER and specifically activated by ER
stress, and caspase-3 is considered to be the most important of
the executioner caspases and is activated by any of the initiator
caspases (4].

Hydrogen gas has been used in medical applications to prevent
decompression sickness (DCS) in deep divers for safety profiles
[5]. Recently, Ohsawa et al. found that molecular hydrogen can
selectively reduce *OH and ONOO~ in cell-free systems and exert
a therapeutic antioxidant activity, in a rat middle cerebral artery
occlusion model [14]. But the mechanism involved in the protec-
tive effects of H; therapy was unclear. [n this study, we examined
whether H, therapy offers neuroprotection by reducing Hl-induced
caspase-dependent apoptosis.Seven-day-old Sprague-Dawley rat
pups were randomly assigned to the following five groups: (1)
control group (no carotid ligation, hypoxia) (n=20), (2) HI group
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Fig. 1. TTC staining of damaged brains and infarct ratic. (A) Representative samples of TTC-stained coronal sections were derived from 8-day-old neonatal rats after H;
therapy. Marked cerebral infarction was observed in the HI group. (B) Infarct ratio of each group. The infarct ratio was 10.4% in Hl group, 6.77% in Hz 1, 6.24% in H;2 and 1.04%
in H,3 group. The results indicated that H, therapy decreased the volume of infarction, especially in H23 group.

(carotid ligation and hypoxia) (n=60), (3) HI+Hz1 group (30 min
2% H, therapy) (n=60), (4) Hl +H;2 group (60 min 2% H; therapy)
(n=60), (5) HI+H;33 group (120min 2% H; therapy) (n=60). Each
group was composed of pups from each litter to obtain parity within
the groups. The Animal and Ethics Review Committee at the Second
Military Medical University evaluated and approved the protocol
used in this study.

The model used in this study was based on the Rice-Vannucci
model [17]. Pups were housed with the dam under a 12:12 h light-
dark cycle, with food and water available ad libitum throughout
the studies. These neonatal rats were anesthetized by inhalation
with diethyl ether. The rats were kept at a temperature of 37°C
as the left common carotid artery was exposed and ligated with
5-0 surgical sutures. After operation, the pups were returned to
the holding container. Anesthesia and surgery time averaged 5 min
per pup. Surgery was completed for an entire little, and the pups
were allowed to recover with their dams for 1 h (for rehydration via
nursing). Then they were placed in a jar perfused with a humidified
gas mixture (8% oxygen balanced nitrogen) for 90 min. Both the
jar and mixture were kept at 37 °C to maintain a constant thermal
environment. All surviving pups were returned to their dams after
hypoxia exposure.
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The pups were placed into chamber (2% hydrogen; 1.0 atmo-
sphere absolute, ATA) for 30 min, 60 min or 120 min immediately
after HI insult. The chamber was flushed with mixed gases for
5min to replace the air in the chamber. Continuous temperature
monitoring was executed to avoid temperature changes. Fresh gas
ventilation was maintained throughout treatments.

24 h after 2% H; therapy, the pups were decapitated and the
left brain hemispheric volumes were measured. Briefly, the brains
were quickly removed after decapitation and placed in cold saline
for 5min, cut at 2-mm intervals from the frontal pole into 5
coronal sections. After incubated in 1% 2,3,5-triphenyltetrazolium
chloride (TTC) for 8 min at 37°C, the brain slices were fixed in
4% formalin for 24 h. The volumes of each of the sections were
summed by an image analysis system (Image], a public domain
image analysis program, developed at the Natianal Institutes of
Health). The percentage of infarction (infarct ratio) was calcu-
lated by dividing the infarct volume by the total volume of the
slices.

For Nissl staining, the 4-pwm sections were hydrated in 1% tolu-
idine blue at 50 “C for 20 min. After rinsing with double distilled
water, they were dehydrated and mounted with permount. The
cortex and the CA1 area of hippocampus from each animal were



J. Cai et al. / Neuroscience Letters 441 (2008) 167-172

@)  control

TN 2

(B)

169

cell counting

control

M cortex
[ hippocampus
L B ]
* L
w*
*
*
1 A 1 A J
Hi H,1 H,2 H3

Fig. 2. Nissl staining of damaged cortex (A1-E2) and hippocampus (A3-E4) and cell counting. (A) Nissl staining. Cortex and hippocampus in each group after H; therapy are
shown at two different magnifications (A1-E1, A3-E3: x 10, A2-E2, A4-E4: x40). More neuronal loss and dead cells appeared in the HI group after injury. In CA1 sector of
control and H; 3 group, the cell outline was clear and the structure was compact. Cells were big and have abundant cytoplasm and Niss! body. In HI group, cells arranged
sparsely and the cell outline was fuzzy. The cells with eumorphism were significantly reduced. (B) Cell counting. The number of Niss! staining cells in cortex and hippocampus

of H group was lower than that of H; 1, H;2 (P<0.05) and H,3 groups (P<0.01).

captured and Imaging-Pro-Plus (LEIKA DMLB) was used to perform
quantitative analysis of cell numbers.

TUNEL staining was performed on paraffin-embedded sections
by using the in situ cell death detection kit (Roche). According to
standard protocols, the sections were dewaxed and rehydrated by
heating the slides at 60 °C. Then these sections were incubated in
a 20 pg/ml proteinase K working solution for 15 min at room tem-
perature. The slides were rinsed three times with PBS before they
were incubated in TUNEL reaction mixture for 1h at 37 -C. Dried
area around sample and added Converter-AP on samples for 1h
at 37°C. After rinsing with PBS (5 min, three times), sections were
colourated in dark with nitroblue tetrazolium (NBT) and 5-bromo-
4-chloro-3-indolylphosphate (BCIP).
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Six visual fields (0.6 mm?) of the cerebral cortex and CA1 were
photographed in each section. The number of staining cells in each
field was counted at higher magnification (x40). The data were
represented as the number of cells per high-power field.

Brain samples from'the cortex and hippocampus were taken
from the impaired hemispheres of neonatal rats at 24h after
H, administration. The activities of caspase-3 and -12 were
measured with caspase-3/CPP32 Fluorometric Assay Kit and
caspase-12/CPP32 Fluorometric Assay Kit (BIOVISION Research
Products 980 Linda Vista Avenue, Mountain View, CA 94043 USA).

Briefly, brain samples were homogenized in ice-cold cell lysis
buffer and kept at 4 -C for 1 h. Brain homogenate was centrifuged
(Eppendorf, 5810R) at 12,000 x g for 15 minat4 -C. The supernatant
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Fig. 3. TUNEL staining of damaged cortex (A1-E2) and hippocampus (A3-E4) and TUNEL-positive cell counting. (A) TUNEL staining. Cortex and hippocampus in each group
after H; administration are shown at two different magnifications (A1-E1, A3-E3: x 10, A2-E2, A4-E4: x40). The TUNEL-positive material was localized in the nuclei of the
neurons. In samples collected from the HI group, the damaged cells were characterized by a round and shrunken morphology. The processes disappeared and the neuronal
body became rounded with strong TUNEL staining in the nucleus. An occasional TUNEL-positive cell was found in control and H;3 group. (B) Cell counting. The cortex and
hippocampus of HI group had a higher proportion of TUNEL-positive cells than that of H; 1, H22 (P<0.05) and H,3 groups (P<0.01). H, therapy reduced the number of

TUNEL-positive cells, and prevented neurons from apoptosis after HI.

was removed and stored at —80 °C until use. Protein content was
measured by using the Enhanced BCA Protein Assay Kit. 20-200 g
cell lysates were incubated in a 96-well plate with 2 x Reaction
Buffer (50 wl). The reaction was started by adding 1 mM DEVD-APC
substrate (5 wl). After incubation in the dark at 37 *C, the plate was
read in a fluorometer equipped with a 400-nm excitation filter and
505-nm emission filter.

All quantitative data are expressed as mean=S.D. The sig-
nificance of differences between means was verified by ANOVA
followed by Tukey test. For analyzing the results of cell count-
ing, a non-parametric Kruskal-Wallis ANOVA was used followed
by Dunn’s test. P<0.05 was considered significant.
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Fig. 1 shows representative photographs of TTC-stained sec-
tions from rat pups in each group, at 24 h after 2% H, therapy. The
infarct ratio in HI group (10.4%) was markedly higher than that in
H, 1 group (6.77%, 30 min 2% H; ), H,2 group (6.24%, 60 min 2% Hy)
and H,3 group (1.04%, 120 min 2% H,). The results indicated that
H, therapy dramatically decreased the volume of infarction, espe-
cially in H,3 group. However, there was not significantly different
in infarct ratio between Hy 1 group and H;2 group.

Fig. 2 shows representative samples of Niss! staining from the
cerebral cortex and hippocampus of pups at 24 h after 2% H; ther-
apy. Extensive neuronal changes in the cortex and CA1 sector of
the hippocampus were noticed with features of considerable dark,
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Fig. 4. The activities of caspase-3 (A) and -12 (B) in the impaired cortex and hippocampus. After H; therapy, the activities of caspase-3 and -12 were dramatically reduced
after Hl insult. The activity of caspase-12 in H;3 group was lower than that in control group, while the activity of caspase-3 in H;3 group was higher than that in control
group. A single administration of 2% H; reduced apotosis after Hl insult via suppressing the activities of caspase-3 and -12.

pyknotic neurons in HI group (B1-4). More Nissl-stained cells
(E1-4) were observed in H, 3 group than that in HI group (P<0.01).

Fig. 3 shows that TUNEL-positive cells were significantly
increased in cortex and hippocampus of HI group (B1, B3). 120 min
2% H, therapy markedly reduced the number of TUNEL-positive
cells (E1, E3). At higher magnification, the nuclei of cells were
clearly stained in both hippocampus and cortex (B2, B4, E2, E4).
A few TUNEL-positive cells were identified in samples from normal
control pups (A1-4). And there was no difference in cell counting
between H;1 and H;2 group.

The activities of caspase-3 and -12 were measured at 24 h after
HI insult as shown in Fig. 4. The activity of caspase-3 was 1.17 £ 0.23
in cortex and 0.9 +0.06 in hippocampus in HI group. 120 min 2%
Hz administration significantly reduced the activity of caspase-3 in
the cortex (0.117 £ 0.02) and hippocampus (0.09 £ 0.16) (P < 0.01 vs.
HI). Similarly, higher caspase-12 activity was obtained in cortex and
hippocampus in HI group which was reduced by 2% H, treatment
(P<0.01 vs. Hy3).

In this study, 2% H, administration immediately after HI insult
significantly reduced the infarct ratio, in a duration-dependent
manner. This result is consistent with the observation by Ohsawa
et al. [14] in adult focal ischemia. The protective effects of H, on
HI brain injury seem related to its anti-apoptotic actions because
hydrogen increased the number of survival neurons, decreased the
number of apoptotic cells, and reduced the activities of caspase-3
and -12. These observations indicate a single and short term 2% H,
administration may have clinical potentials in the management of
HI brain injury in neonates. We are not aware that hydrogen was
used previously as a therapy either in animal models of neonatal
brain injury or in clinical practice.

The brain consumes a large quantity of oxygen, making it par-
ticularly susceptible to oxidative stress [10]. Oxidative stress is a
major contributor to ischemic brain injury especially in neonatal
brain [2]. An excellent antioxidant for clinical intervention should
be easily available, permeable into cytoplasm or nucleus, and with-
out toxicity. Hydrogen is one of the most plentiful gases in the
universe. The two most common methods for producing hydro-
gen are steam reforming and electrolysis (water splitting). It has
been established that some algae and bacteria produce hydrogen
(3]. Hydrogen molecule is electronically neutral and is expected to
easily penetrate the cellular and intracellular membranes. It is oxi-
dized into water in the body which is not harmful to cells. Hydrogen
does not disturb metabolic oxidation-reduction reactions nor does
itdisrupt ROS involved in cell signaling [ 14]. As a physiological inert
gas, hydrogen is less narcotic than nitrogen, and nitrogen easily
develops bubbles than hydrogen in the decompression [1]. There-
fore, H, has been used for deep diving for the above mentioned
safety consideration.

Ohsawa et al. found that molecular hydrogen can selectively
reduce *OH and ONOO- in vitro and exert a therapeutic antioxidant

activity in a rat middle cerebral artery occlusion model [14]. *"OH
and ONOO- are the strongest oxidants and react indiscriminately
with nucleic acids, lipids and proteins resulting in DNA fragment,
lipid peroxidation, and inactivation of protein. 0~ and H,0, are
detoxified by antioxidant defense enzymes, superoxide dismutase,
and peroxidase or glutathione-peroxidase, respectively; however,
no enzyme detoxifies *OH and ONOO~. Therefore, the ability of
hydrogen to reduce or eliminate *OH and ONOO~ may be respon-
sible for the neuroprotective effect especially anti-apoptotic effect
observed in this study.

The reason we studied the activity of caspase-12 is that
procaspase-12 is predominantly localized at the endoplasmic retic-
ulum (ER) and is specifically activated by disturbances to ER
homeostasis such as ER stress and mobilization of intracellular
calcium ion store [12]. Studies have shown that the change of
Ca?* influx, efflux, release from intracellular Ca2* stores and Ca2*
buffering contribute to the Hi-induced Ca?* ion disturbances [ 18].
Elevated intracellular calcium may activate calpain, a noncaspase
protease, and induce the translocation of calpain from the cytosol to
the membrane [16] where it may cleave procaspase-12 resulting in
caspase-12 activation. Then caspase-12 activated caspase-3 which
leads to apoptosis [7]. Hydrogen application reduced the activities
of caspase-12 and -3 in this study. Apparently hydrogen therapy by
quenching free-radicals may inhibit a variety of pathways that lead
to caspase-3 activation which may involve caspase-12 and -9.

Hydrogen's neuroprotective effect is time dependent in this
study. While the infarct volume was not significantly different
between H;1 group (30 min hydrogen) and H;2 group (60 min
hydrogen), much less infarction was observed in the Hy3 group
(120 min hydrogen). Similar morphological observations was
obtained in Nissl staining that more Nissl positive cells were
observed in H;3 group than that in HI group. In TUNEL staining,
again, 120 min 2% H; therapy markedly reduced the number of
TUNEL-positive cells, while there was no difference in cell counting
between H;1 and H;2 group. Finally, only 120 min 2% H, adminis-
tration significantly reduced the activity of caspase-3 and -12.

We conclude that given the easiness of administrating of hydro-
gen and the safety of 2% hydrogen, hydrogen may be a good
candidate in the management of HI brain injury as a safe and effec-
tive antioxidant with minimal side effects.
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Age-Dependent Neurodegeneration Accompanying Memory
Loss in Transgenic Mice Defective in Mitochondrial
Aldehyde Dehydrogenase 2 Activity
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Oxidative stress may underlie age-dependent memory loss and cognitive decline. Toxic aldehydes, including 4-hydroxy-2-nonenal
(HNE), an end product of lipid peroxides, are known to accumulate in the brain in neurodegenerative disease. We have previously shown
that mitochondrial aldehyde dehydrogenase 2 (ALDH2) detoxifies HNE by oxidizing its aldehyde group. To investigate the role of such
toxic aldehydes, we produced transgenic mice, which expressed adominant-negative form of ALDH2 in the brain. The mice had decreased
ability to detoxify HNE in their cortical neurons and accelerated accumulation of HNE in the brain. Consequently, their lifespan was
shortened and age-dependent neurodegeneration and hyperphosphorylation of tau were observed. Object recognition and Morris water
maze tests revealed that the onset of cognitive impairment correlated with the degeneration, which was further accelerated by APOE
(apolipoprotein E) knock-out; therefore, the accumulation of toxic aldehydes is by itself critical in the progression of neurodegenerative

disease, which could be suppressed by ALDH2.

Key words: ALDH2; HNE; memory loss; mitochondria; oxidative stress; transgenic mice

Introduction

A decline in cognitive function is associated with aging, mainly as
a result of oxidative stress in the brain (Mattson, 2004). Reactive
oxygen species (ROS), strong oxidizing molecules including hy-
droxyl radicals, modify proteins, nucleic acids, and polyunsatu-
rated fatty acids of the lipid membrane, and injure cells. Lipid
peroxidation leads to the formation of highly reactive a,B-
unsaturated aldehydes, primarily malondialdehyde and
4-hydroxy-2-nonenal (HNE) (Schneider et al., 2001). In partic-
ular, HNE is a strong electrophile and has the ability to readily
adduct and damage proteins (Uchida, 2003). The accumulation
of HNE-adducted proteins in pyramidal neurons has been ob-
served in the brains of patients with Alzheimer’s disease (AD) and
Parkinson’s disease (Yoritaka et al., 1996; Lovell et al., 1997;
Montine et al., 1997; Sayre et al., 1997). HNE application in vitro
mimics the pathological changes noted in AD, including modifi-
cation of tau (Takeda et al., 2000; Liu et al., 2005) and -amyloid
(Murray et al., 2007), inhibition of the glucose transporter (Re-
agan et al,, 2000), and microtubular disruption (Gadoni et al.,
1993), and eventually leads to cell déath (Mark et al., 1997).
HNE is adducted with glutathione via glutathione
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S-transferase (Xie et al., 1998), oxidized by aldehyde dehydroge-
nase (ALDH) to form 4-hydroxy-2-noneoate (Tjalkens et al.,
1999), or reduced by aldo-keto reductase, alcohol dehydrogenase
(ADH) or amyloid B-peptide-binding ADH (ABAD) to form
1,4-dihydroxynonene (Srivastava et al., 1998; Murakami et al.,
2008). These multiple pathways are used to detoxify HNE in cells
(Siems and Grune, 2003). We found previously that mitochon-
drial ALDH2-deficient neuronal cells exhibited increased vulner-
ability to HNE (Ohsawa et al., 2003a). The cells accumulated
HNE and showed decreased resistance to oxidative insult, sug-
gesting that ALDH2 functions as a protector against oxidative
stress by oxidizing HNE. However, ALDH2 is well known to
oxidize acetaldehyde produced from ethanol into acetate (Higu-
chi et al,, 2004). A mutant allele, ALDH2*2, has a single point
mutation (G—A) in exon 12 of the active ALDH2* gene and is
confined to Asians. This mutation results in a substitution of
glutamate 487 to lysine (E487K), acting in a dominant-negative
manner (Bosron and Li, 1986). Individuals with the ALDH2*2
allele exhibit the alcohol-flushing syndrome attributable to an
elevated blood acetaldehyde level.

We reported previously that a' molecular epidemiological
analysis revealed a higher concentration of lipid peroxides
(LPOs) in the sera of ALDH2-deficient females than in those
carrying an active ALDH2 (Ohsawa et al., 2003b), and that
ALDH2 deficiency is a risk factor for late-onset AD, synergisti-
cally acting with the &4 allele of the apolipoprotein E gene
(APOE-g4) (Kamino etal., 2000). This finding was recently con-
firmed by studies in China and Korea (Jo etal., 2007; Wang et al.,
2008). To verify the role of ALDH2-deficiency in age-associated
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neurodegenerative diseases, we examined physiological changes,
and learning and memory impairments by using transgenic (Tg)
mice expressing ALDH2*2 in the brain. Here, we show that
ALDH2-deficient mice present with age-dependent signs of neu-
rodegeneration such as loss of pyramidal cells, activation of glial
cells, and prominent deficits in cognition.

Materials and Methods

Transgenic mice. To generate Tg mice that express ALDH22, a transgene
containing a mouse version of ALDH2*2 under the control of the human
elongation factor-la (EFla) promoter was constructed. A DNA frag-
ment containing ALDH2*2 in plasmid pBluescript SK (Ohsawa et al,,
2003a) was digested with Xbal and inserted into the Xbalssite of plasmid
pEF1-BOS (Mizushima and Nagata, 1990). The 4.2 kb ApaLI-Pvul frag-
ment of EFla promoter-ALDH2*2 derived from the resultant plasmid
was purified and dissolved in TE buffer at a concentration of 3 pg/ml. Tg
mice were produced in accordance with a standard procedure. In brief,
the DNA fragment was microinjected into 800 fertilized eggs taken from
superovulated C57BL/6 females. The injected eggs were surgically trans-
ferred to the oviducts of C57BL/6 pseudopregnant females to produce
male chimeric mice. Sixteen mice carrying the transgene were selected by
PCR of tail DNA with primers 5'-NNTCTAGAGCCACCATGGCT-
CAGGGCGCCCATA and 5'-GAAGGGTTGACGGTGGGAAATGTT.
F, heterozygous animals were backcrossed to C57BL/6 mice for more
than five generations, and homozygous mice (ALDH2*2 7Y were fi-
nally obtained. Next, three independent lines (DAL101, DAL102, and
DALI103) were selected according to the expression of ALDH2*2 in the
brain determined by the following method. Poly(A) ~ RNA was extracted
from the brain and mismatch reverse transcription (RT)-PCR was per-
formed with ALDH2-specific primers 5 -AGATGTCAGGGAGTGG-
CAGG (see Fig. 1, primer A) and 5 -GTGGCACTTTGACAGTAA-
CCGTCTTAACGT (see Fig. 1, primer B). The amplified cDNA fragment
was incubated with Acll and subjected to PAGE. Two digested fragments
(54 and 30 bp) were derived from exogenous ALDH2*2, whereas the
fragment not digested with Acll (84 bp) was from endogenous ALDH2.
To quantify the expression of ALDH2 and ALDH2*2 transcripts in each
region of the brain, their cDNA was qualified by ABI7700 with real-time
RT-PCR primers and probe 5'-ACCTGTCCCAAGCTCTGCAG, 5’-
GGAGACTGGGCCCCAAAC, and 5'-CTGGCACTGTGTGGATC-
AACTGCTACG for endogenous ALDH2, and 35'-AAAACC-
CAACAAGATATACTGAGAAAAAC, 5'-GACCTGATACTCTCA-
AGGGTCCC, and 5'-CACTGTCTAGAGTGAGGGTCCCCACCTG for
exogenous ALDH2*2. DAL101 was further mated with ApoE '~ mice
(purchased from Taconic Farms) and offspring carrying the genotype
ALDH2*2""*|ApoE ™'~ were obtained.

All mice were kept on a 12 h light/dark cycle with ad libitum access to
food and water. The studies were approved by the Animal Care and Use
Comnmittee of Nippon Medical School. All experiments were performed
by examiners blinded to the genotypes or treatments of the mice.

Primary culture of neurons. Primary cultures of cortical neurons were
prepared from 17 d mouse embryos by the method described previously
(Ohsawa et al., 2007). In brief, neocortical tissue was cleaned of menin-
ges, minced, and treated with trypsin. After mechanical dissociation by
pipetting, cells were resuspended in DMEM (Invitrogen) supplemented
with insulin (5 wg/ml), transferrin (5 ug/ml), putrescine (100 um), sele-
nium (5 ng/ml), and penicillin-streptomycin, and then plated onto poly-
L-lysine-coated plates at a density of 5 X 10* cells/cm > After 3 d of the
culture, we used neurons for analysis of cell viability. For preparing hip-
pocampal cells, hippocampus of 17 d mouse embryo was cleaned of
meninges, minced, and treated with protease mixture (SUMILON). Af-
ter mechanical dissociation by pipetting, we resuspended cells in nerve
cell culture medium (SUMILON), and then plated onto poly-L-lysine-
coated plates at a density of 5 X 10* cells/cm?, changed one-half of the
medium once every 2 d, and then used neurons at day | and day 9 for
analysis of neurite outgrowth and cell viability, respectively. Neuronal
identity was confirmed by immunostaining with the neuron marker anti-
TUJ-1 (Covance) and/or anti-MAP2 (Sigma-Aldrich) and astrocyte
marker anti-glial fibrillary acidic protein (GFAP) (Thermolmmunon)
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antibodies. After incubation with BODIPY FL goat anti-mouse [gG (In-
vitrogen), cells were imaged by confocal scanning microscopy (Olym-
pus) using excitation and emission filters of 488 and 510 nm, respec-
tively. Preparations containing >90% neurons were used for
experiments. Apoptosis was detected by DNA strand breaks using termi-
nal deoxynucleotidyl transferase-mediated biotinylated UTP nick end-
labeling (TUNEL) according to the procedure of the manufacturers
(MBL).

Preliminary observation and neurological reflexes. Mice were first ob-
served in their home cages for general activity and levels of aggression.
Each mouse was then observed in a bare cage for general health, presence
of whiskers, and appearance of fur. Mice were challenged to evaluate
reflex responses including eye blink, ear twitch, whisker touch, and right-
ing reflexes (Miyakawa et al., 2001).

Open-field test. Locomotor activity was measured using an open-field
apparatus (45 X 45 X 65 cm) (Kim et al., 2006). Animals were placed in
the center of the apparatus in standard indoor-lighting conditions and
total distance traveled for 10 min was recorded. Between sessions, the
apparatus was wiped clean with 70% ethanol.

Wire hanging test. The neuromuscular strength was tested by the wire
hanging test (Hamann et al., 2003). In brief, mice were placed on a wire
netting, which was lightly shaken, causing the mouse to grip the wire.
After a 5 s cutoff time, the wire netting was turned upside down (180°)
and the latency to fall was recorded for the maximum time.

Immunohistochemistry. The brain was removed and left one was kept
at —80°C for biochemical assay. The right brain was further fixed for4 h
at room temperature by using 4% paraformaldehyde in PBS and subse-
quently cryoprotected with 30% sucrose in PBS. Frozen brain was sec-
tioned at 8 wm thickness using a cryostat (Leica), mounted on slides, and
air-dried. To stain sections with antibodies against NeuN (clone A60;
Millipore), GFAP, and phospho-Tau (clone AT8; Pierce), the M.O.M. kit
(Vector Laboratories) was used by the method according to the manu-
facturer. For double staining with anti-NeuN, antimonoclonal antibody
and rabbit anti-GFAP polyclonal antibody (Abcam), we used Texas Red
goat anti-mouse IgG (Invitrogen) and BODIPY FL goat anti-rabbit [gG
(Invitrogen) as secondary antibodies and visualized signals with a laser-
scanning confocal microscope.

Immunoblot analysis. The left hippocampus was dissected and
Dounce-homogenized in cold lysate buffer {10 mm Tris, pH 7.4, 320 mm
sucrose, 1% Triton X-100, 1% CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate), 0.025% NaN;, | mm EDTA, 1
mum EGTA, 50 mM sodium fluoride, 2 mm sodium orthovanadate, and
protease inhibitor Complete tablets EDTA-free (Roche)] and stored at
—80°C. Protein concentration was determined with the BCA protein
assay kit (Pierce). Equal amounts of protein (100 ug) were separated on
10-20% polyacrylamide gels (Daiichi), transferred onto PolyScreen
transfer membranes (PerkinElmer), and incubated in blocking buffer
consisting of TBS (10 mum Tris, pH 7.6, and 150 mm NaCl) with 5%
bovine serum albumin. For immunodetection of specific bands on the
blots, Can Get Signal immunoreaction enhancer solution (Toyobo) was
used by the method according to the manufacturer. Blots were incubated
with primary antibodies to tau phospho-Ser-202/205 (AT-8; 1:500;
Pierce), pan-tau (TAU-5; 1:1000; Millipore), p35 and p25 C terminus
(C-19; 1:200; Santa Cruz), and cyclin-dependent kinase 5 (Cdk3) (C-8;
1:100; Santa Cruz) and further incubated with alkaline phosphatase-
conjugated secondary antibodies (1:10,000; Cappel). Signals were visu-
alized with AttoPhos substrate (Roche). Blots were stripped with strip-
ping buffer (62.5 mu Tris, pH 6.8, 100 mm 2-mercaptoethanol, 2% SDS)
and reprobed with antibody to B-actin (1:10,000; Sigma-Aldrich) to
normalizing the amounts of loaded proteins.

HNE concentration. Concentration of HNE in the brain was deter-
mined using a colorimetric assay kit (HAE-5386; OXIS International)
according to the manufacturer’s instructions. The protein concentration
of each sample was measured using a BCA protein assay reagent (Pierce).

Visual object recognition test. The visual object recognition test (vORT)
was used to test recognition memory (Wang et al., 2004). Mice were first
habituated in a 25 X 40 cm cage for 6 h before training. During 10 min of
training, two plastic blocks with different shapes and colors were pre-
sented. Object recognition was scored by the number of approaches to
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and/or sniffs of the object and was reported as percentage preference
(recognition index). One day after training, one of the conditioned
blocks was replaced with a novel object to test for memory retention, and
recognition index was scored during 5 min of testing.

Water maze test. The apparatus used for water maze tasks was a circular
pool (1.5 m diameter) painted white and filled with water maintained at
25°C, and rendered opaque by the addition of nontoxic white paint. The
maze is located in a room containing several simple visual, extramaze
cues. Mice were trained in the morning to swim to a 10-cm-diameter
circular clear acryl resin platform submerged 1 cm beneath the surface of
the water and invisible to the mice while swimming. Mice were moni-
tored by a camera mounted above the pool, and all trials were stored on
PC for subsequent analysis. In each trial, the mouse was placed and
released into the pool at one of four designated start points in a pseudo-
random order and allowed to find and escape to the submerged platform
and remain there for 20 s. If a mouse failed to find the platform within
60 s, it was guided carefully to the platform and allowed to remain there
for 20 s. After this, each mouse was dried gently with a towel and placed
into a holding cage for 30 min until the start of next trial. Mice were given
four trials a day for 5 d. Retention of the spatial training was assessed 1 h
after the last training trial. A single probe trial consisted of a 60 s free swim
in the pool without the platform. Mice were placed and released at the
location opposite the site where the platform had been located and the
time spent in each quadrant was recorded. Finally, after the probe trial, a
visible platform was placed in the training quadrant 1 cm above the
surface of the water. As in the place-learning task, the escape latencies
were measured during at least four trials per session except that the test
was conducted in a single day.

Statistical analysis. We performed statistical analyses using StatView
software (SAS Institute) by applying an unpaired two-tailed Student’s ¢
test and ANOVA followed by Fisher’s exact test for single and multiple
comparisons, respectively. To calculate survival curves, the Kaplan—
Meier method was used and the survival periods were compared with the
log rank test (Mantel-Cox) for univariate analysis. We performed exper-
iments for quantification in a blinded manner.

Results

Expression of ALDH2*2 in the brain and vulnerability of
ALDH2*2-expressing neurons to HNE

The mouse version of the dominant-negative form of ALDH2
(ALDH2*2) was introduced under an EF1a promoter (Fig. 14),
which constitutively expresses genes in most tissues
(Wakabayashi-Ito and Nagata, 1994). Because the expression ex-
tent depends on the location inserted, we paid attention to the
expression of ALDH2*2 in the brain and selected three indepen-
dent transgenic founders (DAL101, DAL102, and DAL103) and
confirmed expression of ALDH2*2 by RT-PCR in the brain (Fig.
1B). One founder (DAL101), which expressed the highest
amount of ALDH2*2, was maintained as homozygotes and
mainly used for additional experiments. The amount of exoge-
nous ALDH2*2 transcripts relative to endogenous ALDH2 tran-
scripts was higher in the olfactory bulb, cortex, hippocampus,
and midbrain in DAL101 (Fig. 1C).

To evaluate the effect of ALDH2*2 in neurons, we exam-
ined the ability of HNE detoxification and found that expo-
sure to HNE resulted in a more rapid decrease of viable cells in
the ALDH2*2-expressing neurons. At first, hippocampal neu-
rons were prepared from embryonic 17 d DAL101. Moderate
neuritogenesis was seen after 1 d in culture. Then, cells were
treated with HNE and incubated for an additional 1 d. Immu-
nostaining with anti-MAP2 antibody showed that neurite
length of neurons prepared from DAL101 was shorter than
that from non-Tg control (CTL) mice (C57BL/6) (Fig. 24, B).
After 9 d in culture, when a mature synaptic network was
established, the hippocampal neurons were treated with HNE
and further incubated for 1 d. Immunostaining with anti-
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Figure 1.  Generation of DAL mice. 4, Schematic drawing of the transfected ONA fragment.
DAL mice were generated by the injection of 4.2 kb Apal|-Pvul fragment inta fertilized eggs. 8,
RT-PCR analysis revealed that three transgenic founders expressed exagenous ALDH2*2 in the
brain. For PCR, primers shown in A were used (see Materials and Methods). The obtained PCR
fragments (N) were digested with Acll (D). Two short fragments (54 and 30 bp) were derived
from exogenous ALDH2*2, whereas the nondigested fragment was from endogenous ALOH2.
*Nonspecific bands. €, In the brain of DAL101, real-time RT-PCR analysis revealed more exog-
enous ALDH2*2 transcripts relative to endogenous ALDH2 transcripts in the olfactory bulb,
cortex, hippacampus, and midbrain. Data are mean = SEM (n = 4).

MAP? antibody revealed that the MAP2-positive neurites de-
rived from DAL101 mice were decreased by the treatment with
3 uM HNE (Fig. 2C,D). Additionally, apoptosis was more in-
duced by the treatment with HNE in neurons derived from
DALI101 mice (Fig. 2 E, F). Furthermore, cortical neurons were
prepared from embryonic 17 d DAL101 and cultured for 3 d.
Twenty-four hours after treatment with 1 um HNE, 77.1% of
ALDH2*2-expressing neurons were injured and detached
from the dish, whereas control neurons prepared from CTL
mice were attached and showed normal morphology with
neuron-specific TUJ-1-positive neurites (Fig. 2G). The sensi-
tivity of ALDH2*2-expressing neurons to HNE was dose-
dependent (Fig. 2H). At that time, a higher amount of HNE
was accumulated in ALDH2*2-expressing neurons (Fig. 21),
indicating that the metabolism ability of exogenous HNE de-
creased. These findings clearly show that the decline of
ALDH2 activity makes neurons less resistant to HNE.

Accumulation of HNE in the brain is accelerated and lifespan
is shortened

To clarify the relationship of ALDH2*2-expressing neurons with
HNE, we measured HNE in the brain and found that a higher
amount of HNE was accumulated in the brain of old DAL mice



