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Peroxisome proliferator-activated receptor y coactivator laa (PGC-1e) is an attractive candidate gene for
type 2 diabetes, as genes of the oxidative phosphorylation (OXPHOS) pathway are coordinatively downregu-
lated by reduced expression of PGC-1a in skeletal muscle and adipose tissue of patients with type 2 diabetes.
Here we demonstrate that transgenic mice with activated polyamine catabolism due to overexpression of
spermidine/spermine N'-acetyltransferase (SSAT) had reduced white adipose tissue (WAT) mass, high basal
metabolic rate, improved glucose tolerance, high insulin sensitivity, and enhanced expression of the OXPHOS
genes, coordinated by increased levels of PGC-1« and 5'-AMP-activated protein kinase (AMPK) in WAT. As
accelerated polyamine flux caused by SSAT overexpression depleted the ATP pool in adipocytes of SSAT mice
and N',N'!-diethylnorspermine-treated wild-type fetal fibroblasts, we propose that low ATP levels lead to the
induction of AMPK, which in turn activates PGC-1a in WAT of SSAT mice. Our hypothesis is supported by
the finding that the phenotype of SSAT mice was reversed when the accelerated polyamine flux was reduced by
the inhibition of polyamine biosynthesis in WAT. The involvement of polyamine catabolism in the regulation
of energy and glucose metabolism may offer a novel target for drug development for obesity and type 2 diabetes.

Type 2 diabetes is a growing epidemic worldwide. Defects in and it plays a critical role in the regulation of adaptive ther-
insulin secretion and insulin action are fundamental disorders mogenesis. Subsequent studies have demonstrated that
of this disease (30). Several mechanisms regulating insulin PGC-1a regulates mitochondrial biogenesis (49), uncoupling
secretion and insulin action have been identified, but none of (45, 56), fatty acid oxidation (61), OXPHOS (36), glucose

them is likely to explain completely the risk of type 2 diabetes. transport in muscle (35), hepatic gluconeogenesis (64)7 and
Previous studies have revealed novel mechanisms, distinct skeletal muscle fiber-type switching (44). PGC-la is highly
from the insulin signaling pathway, for type 2 diabetes. Mootha  expressed in brown adipose tissue (BAT), heart, and skeletal
et al. (36) identified a set of genes involved in oxidative phos-  myscle and moderately expressed in liver, but a low expression

phorylation (OXPHOS), the expression of which was coordi- Jeve] is found in WAT. The expression of PGC-1a is induced
nately decreased in human diabetic muscle. Similarly, Patti et by exercise through 5'-AMP-activated protein kinase (AMPK)
al. (40) found the downregulation of OXPHOS not only in and calcium (2), cytokines, and leptin (65). AMPK is a hetero-
igg;gjeusallsnvgg;ht}g ethzegelaslfltdeisesblgeii(;sgldt;l:g)g;cs);ief)rrze trimeric enzyme consisting of an « catalytic subunit and regu-
) ’ . lato and <y subunits (63). It is a major sensor of cellular
liferator-activated receptor (PPAR) vy coactivator T (PGC- enerrgyﬁstate :nduisuactiv(atezi by 1any str]ess that depletesuthe
la) expression was responsible for the downregulation of OX . e . : .
PHOS genes. In addition, the expression of PGC-Ta has been ATP/AMP ratio, e.g., oxidative stress, hypoxia, or nutrient depri-
shown to be downregulated in white adipose tissue (WAT) of Vzt.lon' Ott.her mEilucerts (;lflAMPK areS: ce;lglur;g cytlgkme;s,t.leptl%
insulin-resistant (15) and morbidly obese (50) subjects. adiponectmn, and catecholamines ( > ). Regulation o
PGC-1a was first identified as a coactivator of PPARy (45) AMPK activity involves allosteric activation by AMP and covalent
’ modification of threonine 172 in the a subunit by phosphorylation
catalyzed by upstream kinase LKB1 (23). The -y subunits play a
* Corresponding author. Mailing address: Department of Medicine, role in determining sensitivity to AMP (8), and of the a subunits,
University of Kuopio, P.O. Box 1777, FI-70211 Kuopio, Finland.  the o2 isoform is more sensitive to AMP (48). Once activated,
l(’@tl]?;lg:ﬁ358-l7-l72151. Fax: 358-17-173993. E-mail: Markku.Laakso AMPK stimulates pathways generating ATP (glucose and fatty
Lo acid oxidation) and inhibits pathways consuming ATP (triglycer-
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The naturally occurring polyamines putrescine, spermidine,
and spermine are implicated in the control of cellular growth
and differentiation (21). Spermidine and spermine have been
shown to mimic insulin action in glucose metabolism in iso-
lated rat adipocytes (33). In contrast, the role of putrescine in
glucose metabolism and insulin action has remained contro-
versial (33, 51). However, the putrescine/spermine pathway has
been shown to regulate mitochondrial respiratory chain activity
in tumor-bearing mice (60).

In this study, we investigated transgenic (Tg) mice overex-
pressing spermidine/spermine N'-acetyltransferase (SSAT)
(41). SSAT is the key enzyme in the catabolism of polyamines
as it is critically involved in the conversion of spermidine and
spermine back to putrescine (22). The activation of polyamine
catabolism leads to an accelerated flux of polyamines, an ac-
cumulation of putrescine, and a compensatory increase in the
biosynthesis of polyamines by ornithine decarboxylase (ODC)
due to the reduction of spermidine and/or spermine pools (22,
24). We show that SSAT mice have a reduced amount of WAT,
a low tissue accumulation of TGs, a high basal metabolic rate,
improved glucose tolerance, high insulin sensitivity, and over-
expression of the OXPHOS pathway coordinated by high ex-
pression of PGC-1a and AMPK in WAT. The latter changes
are not attributable to the hairless phenotype of SSAT mice, as
revealed by parallel studies on another hairless mouse strain
with an unrelated mutation. Our results support the notion
that metabolic changes in SSAT mice are related to acceler-
ated polyamine flux in adipocytes attributable to enhanced
polyamine catabolism and consumption of centrally important
metabolites, such as ATP.

MATERIALS AND METHODS

Animals. The generation of Tg Ukul65b (DBA/2 X BALB/c) mice overex-
pressing SSAT under an endogenous SSAT promoter has been described pre-
viously (41). Hairless (MF1 hr/hr) or normally haired (MF1 hr/+) HsdOla mice
were purchased from Harlan, United Kingdom. The animals were housed on
12-h light/dark cycle at 22 + 1°C unless otherwise stated and were fed a regular
laboratory chow. The study protocols were approved by the Animal Care and
Use Committee of the University of Kuopio and the provincial government.

Histology and cell sizing of adipocytes. Tissues were removed from 2.5- to
4-month-old female and male mice and fixed in 10% formaldehyde. Fixed sam-
ples were dehydrated and embedded in paraffin. Tissues were cut into 10-um
sections, mounted on slides, and stained with hematoxylin and eosin. Adipocytes
were isolated by collagenase digestion and mean cell size was determined as
described previously (52). Cell density and total cell number of perigonadal fat
pads were calculated according to methods previously described (28).

Analysis of body composition. Organ weights were determined for 4-week-old
or 4- to 6-month-old female and male mice. Lean body mass and fat mass of
6-month-old mice were determined using high-resolution magnetic resonance
imaging. For magnetic resonance imaging, the animals were sacrificed using 5%
halothane in N,0-O, and externally fixed to a custom-built animal holder. A
chemical-shift-selective three-dimensional gradient echo pulse sequence (time to
repetition, 100 ms; time to echo, 12 ms; field of view, 4 by 2.56 by 10 cm?® covered
with 400 by 128 by 128 points) was used to acquire whole-body-fat images at 4.7
T with a quadrature-type volume coil (length, 10 cm; diameter, 6 cm). Total fat
was estimated from images as previously described (17).

Tissue TG concentrations. TG concentrations in skeletal muscle, liver, and
heart were determined for 4-month-old, fed female SSAT and wild-type (Wt)
mice after KOH hydrolysis and saponification using a microfluorometric glycerol
assay method (26, 62).

Polyamine metabolites and SSAT activity. Polyamines from 3-month-old fe-
male SSAT and Wt mice were determined by using high-performance liquid
chromatography (20). SSAT activity was assayed as described previously (3).
SSAT activity and polyamine concentrations were normalized for DNA amount
assayed by modified Burton’s method (14).
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Laboratory determinations. Laboratory parameters for young (4-week-old)
male or adult (4-month-old) female SSAT, MF1, or Wt mice were determined
before and/or after 12 to 18 h of fasting. Plasma or serum samples were taken
from the saphenous or tail vein. Blood levels of serum-free fatty acids (FFAs)
were measured using a TG detection kit (WAKO, Osaka, Japan), and plasma TG
levels were measured colorimetrically using a Microlab 200 analyzer (Merck,
Darmstadt, Germany). Plasma glucose was determined microfluorometrically
(39), and plasma insulin was measured using a rat insulin enzyme-linked immu-
nosorbent assay kit (Crystal Chem, Inc., Chicago, IL), with mouse insulin as a
standard. Serum B-hydroxybutyrate was determined enzymatically using a Hita-
chi 717 analyzer. Glycerol levels were determined using a microfluorometric
glycerol assay (62). Plasma leptin levels were analyzed using a mouse enzyme-
linked immunosorbent assay kit for leptin (Crystal Chem, Inc., Chicago, IL).

Indirect calorimetry. The basal metabolic rate was measured by indirect calorim-
etry using a four-chamber open-flow respirometer. Animals were individually
housed in specially built chambers which were constructed of acrylic (Plexiglas)
tubes and resided in a darkened climatic cabinet, with an airflow of 300 ml/min
(standard temperature, pressure, and dry gas) regulated by mass-flow control-
lers). A sample (75 ml/min) of dried outlet air was pumped into O, and CO,
analyzers (Servomex 1440; Servomex, United Kingdom), and each animal was
measured for 5 min during each 20-min measurement cycle. The measurements
were performed using 4-month-old female and male SSAT and Wt mice after
12 h of fasting, except the determination of basal metabolic rate before and after
hair loss, for which we used 2.5-week-old and 13-week-old mice without or with
4 h of fasting. All measurements were done at thermoneutrality (32.5°C). Oxygen
consumption (VO,) and carbon dioxide production (}'CO,) (ml/min) were cal-
culated using the equations appropriate for the measurement where only water
is removed before analysis (34). The respiratory quotient (RQ) was calculated as
J’CO,/VO, in resting and active states.

Body temperature and activity. The core body temperatures and activities of
SSAT and Wt mice were monitored telemetrically using intraperitoneally im-
planted body temperature transmitter devices (19).

Fatty acid oxidation in adipocytes and liver. Adipocytes were isolated from
perigonadal fat pads by a modification of Rodbell’s method (47). One milliliter
of the diluted adipocyte suspension was incubated with 0.5 pCi ['*CJpalmitate
(57 n.Ci/pmol; Amersham Biosciences, United Kingdom) bound to 50 mg fatty
acid-free albumin (Sigma, St. Louis, MO) for 30 min in test tubes at 37°C with
gentle shaking. Liberated *CO, was trapped into folded filter paper containing
0.5 M Solvable (Packard Instrument Company, Inc.). At the end of the incuba-
tion period, '*CO, produced by the adipocytes was released by injection of 0.5 ml
of 10% trichloroacetic acid into the test tubes. After 15-min incubations at 37°C,
each folded filter paper containing the absorbed '“CO, was quickly transferred
into a scintillation vial with 3 ml of scintillation fluid for B-counting. Values were
normalized for DNA amount assayed by modified Burton’s method (14).

After 12 h of fasting, mitochondria were isolated from liver tissues of 6-month-
old male Tg and Wt mice as previously described (38). The incubations were
carried out with 0.5 to 1.2 mg/ml of mitochondrial protein at 30°C. B-Oxidation
of palmitoylcarnitine was monitored as the rate of ferricyanide reduction, as
described previously (37).

Glucose and insulin tolerance tests. A glucose tolerance test was performed
on nonanesthetized, 3- to 4-month-old female SSAT and Wt mice after 12 to 13 h
of fasting. After intraperitoneal injections of 2 mg D-glucose/g of body weight,
blood samples were taken from the tail vein at time points of 0, 15, 30, 60, and
120 min. In the insulin tolerance test, 12- to 13-h-fasted, nonanesthetized, 3- to
4-month-old female SSAT and Wt mice were subjected to intraperitoneal injec-
tions of 0.25 mU/g insulin (Actrapid; Novo Nordisk, Denmark) or 0.15 mU/g
insulin and 0.4 mg/g p-glucose. Blood samples were drawn from the tail vein at
time points of 0, 20, 40, and 80 min.

Affymetrix analysis. Total RNA from perigonadal WAT of fed, 4-month-old
female mice was isolated using an RNeasy mini kit (QIAGEN, Germany). The
acidic guanidinium thiocyanate method (10) was used for RNA isolation from
skeletal muscle and liver. Within a genotype, equal quantities of total RNA were
pooled from skeletal muscle and liver or WAT from four or three mice, respec-
tively. A hybridization mixture containing 15 ug of biotinylated cRNA was
prepared according to the protocols provided by Affymetrix. Ten micrograms of
biotinylated cRNA was hybridized to a mouse Affymetrix MG-U74A-v2 chip
(Affymetrix, Santa Clara, CA), representing ~6,000 sequences of mouse Uni-
gene that have been characterized functionally and ~6,000 sequences of ex-
pressed sequence tag clusters. The chips were washed and scanned according to
the Affymetrix standard protocols. Signal intensities were quantitated using Af-
fymetrix Microarray Suite 5.0. Global scaling was used to standardize signal
intensities across the individual arrays. Gene expression changes in different
tissues were evaluated by comparing individual arrays (two Wt and two Tg) to
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each other with Affymetrix Microarray Suite 5.0 (total of four comparisons per
tissue). A change in P value for each probe set reported by Affymetrix Microarray
Suite 5.0 was scored as follows: 0.0000 = P = 0.0025 was equivalent to a score
of +10 for upregulated genes or —10 for downregulated genes and 0.0025 < P =
0.030 was equivalent to a score of +5 for upregulated genes or —5 for down-
regulated genes. Signal changes (n-fold) as log, ratios were averaged, and scores
were summed. GenMAPP (11) and MAPPFinder (12) were used to identify gene
expression changes in the context of the biological pathways and gene ontology.
The analysis was performed using two criteria: average change (n-fold) as log,
ratio (=0.4 for upregulated genes and =—0.4 for downregulated genes) and
score (=20 for upregulated genes and =—20 for downregulated genes). Z scores,
which provide values for ranking the gene ontology terms, were calculated as
described previously (12). A positive Z score indicates that there are more genes
meeting the criterion in a gene ontology term than would be expected by random
chance.

Electron microscopy. Tissue pieces from 7-month-old female SSAT and Wt
mice were fixed with 2.5% glutaraldehyde and 0.1 M sodium cacodylate, pH 7.4,
overnight. Postfixation was done by incubating 1% OsO, in 0.1 M sodium
cacodylate, pH 7.4, for 2 h. After ethanol dehydration, the samples were em-
bedded in LX-112 resin (Ladd Research Industries, Burlington, VT). Ultrathin
sections (wm) were obtained with a Reichert-Jung Ultracut E ultramicrotome
(Reichert-Jung, Buffalo, NY) and were contrasted with uranyl acetate and lead
citrate before examination with a JEOL JEM 1200EX transmission electron
microscope (JEOL, Ltd., Tokyo, Japan).

mtDNA analysis. Mitochondrial DNA (mtDNA) was quantitated by measur-
ing the ratio of a mitochondrial gene (16S RNA) to a nuclear gene (HKII, intron
9) by quantitative real-time PCR (RT-PCR). DNA was isolated from WAT of
6-month-old female SSAT and Wt mice by use of proteinase K and phenol-
chloroform—isoamyl alcohol extraction. Quantitative RT-PCRs were performed
using 0.5 ng of DNA as the template, gene-specific primers and probe, and
TaqMan reagents from Applied Biosystems with an ABI PRISM 7700 instru-
ment (Applied Biosystems, Foster City, CA). Running conditions were 2 min at
50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. Primers
and probes were designed using an assay-by-design system (Applied Biosystems,
Foster City, CA). Primer sets are available from the authors upon request.

Quantitative RT-PCR. To verify our Affymetrix results, total RNA from peri-
gonadal WAT of 4-week-old or 4-month-old female mice was isolated using an
RNeasy lipid tissue minikit (QIAGEN, Germany). Total RNA was treated
with DNase I (Promega, Madison, WI) and purified using an RNeasy mini kit
(QIAGEN, Germany). The absence of genomic DNA in the RNA samples was
verified by a lack of PCR amplification with primers recognizing numerous
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) pseudogenes. Total
RNA was transcribed to cDNA by use of a high-capacity cDNA archive kit
(Applied Biosystems, Foster City, CA). Quantitative RT-PCRs were performed
using 12 ng (RNA equivalents) of cDNA as a template, gene-specific primers and
probe, and TaqgMan reagents from Applied Biosystems with ABI PRISM 7700
and 7000 instruments (Applied Biosystems, Foster City, CA). Running condi-
tions were 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min
at 60°C. Primers and probes were designed using an assay-by-design system
(Applied Biosystems, Foster City, CA). Data were normalized to B-actin mRNA
expression. Primer sets are available from the authors upon request.

Putrescine injections. Six-month-old, fed female Wt mice (CD2F1) received
intraperitoneally 500 mg putrescine dihydrochloride/kg of body weight (Sigma,
St. Louis, MO) twice, with a 1-h interval. Two hours before first injection of
putrescine, one half of the animals were intraperitoneally pretreated with 25
mg/kg aminoguanidine dihydrochloride (AG) (Sigma, St. Louis, MO). Wt mice
with or without AG (Sigma, St. Louis, MO) injections were used as controls. The
animals were sacrificed 2 h after the first putrescine dihydrochloride injection,
and tissue samples were collected for polyamine and quantitative RT-PCR
analyses.

Differentiation of 3T3-L1 cells into adipocytes. 3T3-L1 cells (CL-173) were
purchased from the American Type Culture Collection (ATCC, Manassas, VA).
The cells were cultured in BioWhittaker Dulbecco’s modified Eagle’s medium
(DMEM) (Camprex Bio Science, Walkersville, MD) containing 4.5 g/liter glu-
cose, 10% fetal bovine serum (FBS) (HyClone Laboratories, Inc., Logan, UT),
and 50 U/50 wg/ml BioWhittaker PEN-STREP solution (Cambrex Bio Science,
Walkersville, MD). 3T3-L1 cells were differentiated into adipocytes according to
the method of Student et al. (57).

Glucose uptake measurement. Prior to the determination of 2-deoxyglucose
uptake, 3T3-L1 adipocytes were treated for 16 h with (i) 1 mM putrescine
dihydrochloride (Sigma, St. Louis, MO) supplemented with or without 1 mM AG
(Sigma, St. Louis, MO), (ii) 1 mM AG, or (iii) vehicle in culture medium
containing 0.1% FBS (HyClone Laboratories, Inc., Logan, UT) and 50 pg/ml
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PEN-STREP in DMEM (Camprex Bio Science, Walkersville, MD). The cells
were stimulated with insulin for 15 min at 37°C and then exposed to a mixture of
2-deoxy-[1-*H]-glucose (Amersham Biosciences, Ltd., United Kingdom) and
2-deoxyglucose (Sigma, St. Louis, MO) at final concentrations of 1 pnCi/ml and
200 wM, respectively. Cells were lysed with 0.2 M NaOH, and the *H activity was
measured using a liquid scintillation counter (MicroBeta PLUS; Wallac, Turku,
Finland). The protein concentration was determined using a BCA protein assay
reagent kit (Pierce, Rockford, IL).

Immunohistochemical staining of macrophages. Nine-month-old female
SSAT and Wt mice were sacrificed and perfused with phosphate-buffered saline
and 4% paraformaldehyde. Perigonadal and inguinal fat pads were collected and
further fixed in 4% paraformaldehyde, embedded in paraffin, and processed for
histology. Immunohistochemical staining for macrophages on serial 6-um sec-
tions was performed, as described previously (32), by use of an anti-mouse
macrophage antibody (mMQ AIA31240, 1:6,500; Accurate Chemical & Scien-
tific Corp., NY) followed by a biotinylated secondary antibody (1:200 dilution)
and an avidin-biotin complex (Vectastain ABC-AP kit; Vector Laboratories,
CA). For each animal, five high-power fields at X200 magnification from each of
three different sections of both perigonadal and inguinal fat pads were analyzed
using image analysis software (AnalySIS; Soft Imaging System Gmbh, Miinster,
Germany). The number of macrophages was represented as the mean density of
positive cells per measured adipose area (expressed as mm?).

GO treatment. 3T3-L1 adipocytes were treated with 0, 5, or 10 mU/ml of
glucose oxidase (GO) (Sigma, St. Louis, MO) for 16 h in culture medium
containing 0.1% FBS (HyClone Laboratories, Inc., Logan, UT) and 50 pg/ml
PEN-STREP in DMEM (Camprex Bio Science, Walkersville, MD). Total RNA
was extracted by TRIzol (Invitrogen, Ltd., United Kingdom) and reverse tran-
scribed into cDNA by use of M-MuLV reverse transcriptase (MBI Fermentas,
Vilnius, Lithuania). Quantitative RT-PCR analyses were performed as described
above.

Western blot analysis. Perigonadal WAT was homogenized in buffer contain-
ing 50 mM Tris-HCI, pH 7.6, 0.15 M NaCl, 1% Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride in dimethyl sulfoxide, 10 mM Na;VO,, 100 mM NaF, 10
mM Na,P,0-, and protease inhibitor cocktail (Roche Applied Science, Switzer-
land) or 25 mM Tris, pH 7.4, 0.1 mM EDTA, Halt phosphatase inhibitor cocktail
(Pierce, Rockford, IL), and protease inhibitor cocktail (Roche Applied Science,
Switzerland). Ten to 50 wg of protein from WAT or 8 ug of protein from BAT
(used as a positive control) was boiled for 5 min, subjected to sodium dodecyl
(lauryl) sulfate-polyacrylamide gel electrophoresis, and transferred onto nitro-
cellulose membranes. Membranes were blocked overnight with 5% nonfat dry
milk in phosphate-buffered saline containing 0.1% Tween or 1% bovine serum
albumin. Blots were probed with a 1/1,000 dilution of an antibody detecting the
carboxyl terminus of PGC-1a (Chemicon International, Inc., Temecula, CA), the
phosphorylated o« subunit of AMPK (Cell Signaling Technology, Inc., Danvers,
MA), dually phosphorylated p38 mitogen-activated protein kinase (MAPK)
(Cell Signaling Technology, Inc., Danvers, MA), or actin (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA). This was followed by incubation with an appro-
priate horseradish peroxidase-conjugated secondary antibody. Antibody-bound
protein was detected using a Western lighting chemiluminescence reagent plus
detection kit (Perkin Elmer, Boston, MA) or an Immobilon Western chemilu-
minescent horseradish peroxidase substrate (Millipore, Billerica, MA).

ATP measurement. Adipocytes were isolated from fed, 4-month-old female
SSAT and Wt mice as described above. ATP content was measured using an
ATPlite one-step kit (Perkin Elmer, Boston, MA), and the results were normal-
ized for double-stranded DNA amount analyzed using a Quant-iT PicoGreen kit
(Molecular Probes, Inc., OR).

DFMO treatment. SSAT and Wt mice were weight matched for either 2-di-
fluoromethylornithine (DFMO) or normal tap water treatment after weaning (4
to 5 weeks old), when SSAT mice start to lose their hair. DFMO (a gift from Ilex
Oncology, Inc., TX), 0.5%, was given in the drinking water ad libitum for 2, 4, or
5 weeks. Upon termination of the experiment, the animals were sacrificed after
4 h or 12 h of fasting and tissues were taken for ATP measurement or polyamine
and quantitative RT-PCR analyses, respectively. All analyses were performed as
described above except that isolated total RNA was treated with a DNA-free kit
(Ambion, Inc., Austin, TX).

Nutrient deprivation in fetal fibroblasts. Isolation of primary fibroblasts from
Wt fetuses was performed as previously described (1), with slight modifications.
Prior to experimentation, cells were cultured in DMEM with glutamine (no.
52100-039; Gibco, United Kingdom) supplemented with 2 mM L-glutamine, 10%
FBS (Gibco, United Kingdom), and 50 pg/ml gentamicin. Cells were maintained
at 37°C in 95% air and 5% carbon dioxide in 100-mm plates. For the nutrient
deprivation experiment, cells were transferred to six-well plates and incubated in
glucose- and sodium pyruvate-free DMEM with glutamine (no. 11966; Gibco,
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FIG. 1. Weight development and characteristics of body composition and WAT in SSAT mice. (A) Female and male SSAT and Wt mice were
weighed, and the data were collected using 1- or 2-week intervals. Data are means = SEM from 13 to 26 mice. *, P < 0.05; #*, P < 0.01; #*x*,
P < 0.001. (B) Body compositions of SSAT and Wt mice were determined by magnetic resonance imaging. Skin weight was obtained after
dissection of skin. All values are means = SEM from three mice per group. *, P < 0.05; **, P < 0.01. (C) Histology of intrascapular BAT and
perigonadal WAT in female SSAT and Wt mice. Adipocytes were photographed at X20 magnification. (D and E) Cell diameters and densities (cell
number per g tissue) of isolated adipocytes from perigonadal fat pads of male SSAT and Wt mice. Results are presented as means from two pools
of SSAT mice (six mice per pool) and from three individual Wt mice. (F) TG contents in different tissues of female SSAT (black bars) and Wt
(white bars) mice. Results are expressed as means = SEM from 10 mice per genotype. *, P < 0.05; *%, P < 0.01.

United Kingdom) supplemented with 10% dialyzed FBS (Gibco, United King-
dom) and 50 pg/ml gentamicin. Cells were treated with or without 10 pM
N',N''-diethylnorspermine (DENSPM) for 24 and 48 h. Only early-passage cells
were used for the experiments. ATP and SSAT measurements were per-
formed as described above except that the results were normalized for cell
number or protein amount, respectively. Cells were counted using a Coulter
particle counter (Beckham, Fullerton, CA), and protein concentrations were
analyzed using a Bradford protein assay reagent (Bio-Rad Laboratories, Inc.,
Hercules, CA).

Statistical analyses. Statistical analyses were performed using Student’s ¢ test
(two-tailed) except that one-way or two-way analysis of variance was used for
multiple comparisons. A P value of less than 0.05 was considered significant.
Data are expressed as means * standard errors of the means (SEM). Insulin
levels were logarithmically transformed for statistical analyses.

Microarray data accession number. Affymetrix data have been published in
the ArrayExpress repository (http://www.ebi.ac.uk/arrayexpress/) under the ac-
cession number E-MEXP-165.

RESULTS

Growth and body composition of SSAT mice. At the age of
1 week, female SSAT mice were indistinguishable in size from
Wt mice but male SSAT mice had lower body weight than Wt
mice (Fig. 1A). By the second postnatal week, SSAT mice were
smaller than the corresponding Wt mice, and they remained
underweight until 8 weeks (Fig. 1A). However, female SSAT

mice were heavier than Wt mice from 13 to 16 weeks; other-
wise, body weights were similar in adult female and male SSAT
and Wt mice (Fig. 1A).

Autopsies of SSAT mice revealed markedly reduced subcu-
taneous and visceral fat depots. Perigonadal WAT mass was
significantly reduced in 4-month-old adult and 4-week-old
young (before total hair loss) SSAT mice of both genders in
comparison with that of Wt mice, but there was no difference
in the weights of intrascapular BAT (Table 1). Whole-body fat
mass was also significantly lower in adult SSAT mice of both
genders, but lean body mass was increased only in female
SSAT mice (Fig. 1B). In contrast, the weight of skin was in-
creased in adult female and male SSAT mice (Fig. 1B). Inter-
nal organs of adult female SSAT mice were significantly en-
larged (Table 1), whereas adult male SSAT mice had only
enlarged spleens (Table 1). In contrast, we did not observe any
changes in the sizes of internal organs in young SSAT mice,
except for the hearts, which were significantly enlarged in male
SSAT mice (Table 1).

Histological analyses of perigonadal fat pads and isolated
adipocytes showed that the cell diameter was about twofold
smaller in adult SSAT mice than in Wt mice (Fig. 1C and D)
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TABLE 1. Organ weights of female and male SSAT and Wt mice
Organ wt (% of body wt)*
Mouse group (age)
Peri WAT Intra BAT Liver Pancreas Spleen Heart Kidney
Wt female (4 mo) 37x05 0.78 = 0.07 3.8+£0.2 0.65 = 0.03 0.30 = 0.02 0.44 = 0.01 0.46 = 0.02
SSAT female (4 mo) 1.1 £ 0.1%* 0.69 = 0.13 4.8 = 0.2* 0.75 = 0.02* 0.58 = 0.02* 0.53 = 0.02* 0.55 = 0.01*
Wt male (4 mo) 2.6 0.3 0.69 = 0.04 4303 ND 0.26 = 0.01 0.53 = 0.01 0.70 = 0.02
SSAT male (4 mo) 0.7 = 0.1%** 0.59 = 0.02 4.6 0.1 ND 0.50 = 0.05** 0.56 = 0.02 0.73 = 0.03
Wt female (4 wk) 0.36 = 0.05 0.54 = 0.02 42+0.1 0.80 = 0.02 0.72 = 0.07 0.57 = 0.01 0.58 £ 0.01
SSAT female (4 wk) 0.13 = 0.01* 0.55 = 0.04 4.0=0.1 0.76 = 0.06 0.52 = 0.04 0.63 = 0.04 0.61 = 0.01
Wt male (4 wk) 0.52 = 0.05 0.43 = 0.03 4.6 0.1 0.64 = 0.06 0.64 = 0.08 0.55 = 0.01 0.67 = 0.01
SSAT male (4 wk) 0.18 = 0.05** 0.41 = 0.02 43 +0.2 0.76 = 0.02 0.46 = 0.07 0.62 = 0.02* 0.68 = 0.01

“ Data are expressed as means = SEM from three to nine mice per gender per genotype. Peri WAT, perigonadal WAT; intra BAT, intrascapular BAT; ND, not

determined. *, P < 0.05; ** P < 0.01; *** P < 0.001. All other P values were NS.

and that cell density was increased by a factor of 8 (Fig. 1E).
However, the total cell numbers of perigonadal fat pads were
similar (Tg, 3.2 X 10° = 0.2 X 10% Wt, 3.3 X 10° = 0.1 X 10°)
due to reduced fat mass. A histological examination of intras-
capular BAT (Fig. 1C) and internal organs (data not shown)
did not reveal any differences between adult SSAT and Wt
mice, as has been published previously (41).

Because the lack of adipose tissue causes ectopic lipid accu-
mulation in insulin-sensitive tissues, we determined TG con-
centrations in skeletal muscle, livers, and hearts of adult fe-
male SSAT and Wt mice in a fed state. SSAT mice showed
about 20 to 25% lower TG content in all tissues studied than
Wt mice (Fig. 1F).

Polyamine pools and SSAT activity in WAT of SSAT mice.
SSAT mice displayed the highest SSAT activity in WAT com-
pared with activities in other organs (reported as pmol/ug
DNA/10 min): WAT, 8.2 + 1.7; ileum, 6.6 * 1.1; pancreas, 6.1 =
0.6; jejunum, 3.7 = 0.6; lung, 2.1 = 0.2; spleen, 1.9 = 0.2; colon,
1.9 = 0.1; brain, 1.6 = 0.2; liver, 1.1 = 0.2; kidney, 0.8 = 0.1;
skeletal muscle, 0.7 = 0.2; heart, 0.3 = 0.1; and BAT, 0 = 0.
Compared with that for Wt mice, SSAT activity was elevated
about 220-fold in WAT of SSAT mice (Tg, 8.2 = 1.7 pmol/pg
DNA/10 min; Wt, 0.04 = 0.04 pmol/pg DNA/10 min [P < 0.01]).
Putrescine concentrations were elevated about 22-fold in WAT
from SSAT mice in comparison with concentrations in WAT
from Wt mice (Tg, 176 = 26 pmol/png DNA; Wt, 8 + 2 pmol/pg
DNA [P < 0.05]). Spermidine levels were unchanged (Tg,
101 = 6 pmol/nwg DNA; Wt, 96 = 14 pmol/ng DNA [P was
nonsignificant] [NS]), but spermine levels (Tg, 23 * 1 pmol/ug
DNA; Wt, 43 = 5 pmol/ig DNA [P < 0.05]) were significantly
reduced in WAT of SSAT mice.

Increased energy expenditure in SSAT mice. SSAT mice had
higher oxygen consumption than Wt mice (Fig. 2A). The re-
sults remained essentially similar when expressed as 1'O,/lean
body mass (Fig. 2A). We also measured basal energy expen-
diture in the same mice before (at the age of 2.5 weeks) and
after (at the age of 13 weeks) hair loss. Oxygen consumption
was significantly higher in SSAT mice than in Wt mice at both
ages (Fig. 2B).

RQs, the ratios of carbon dioxide produced to oxygen con-
sumed, were similar in both genotypes after fasting in the
resting state irrespective of age (Tg 6-month-old mice, 0.84 +

0.01; Wt 6-month-old mice, 0.86 * 0.01; Tg 3-month-old mice,
0.74 = 0.01; Wt 3-month-old mice, 0.77 = 0.02). However,
after fasting in the active state, 6-month-old SSAT mice
showed significantly lower RQs (Tg, 0.82 = 0.01; Wt, 0.86 =
0.01 [P < 0.05]). In addition, SSAT mice had lower RQs in the
fed and resting state (Tg, 0.75 = 0.03; Wt, 0.82 = 0.01 [P was
NS]) but the difference was not significant.

Consistent with increased energy expenditure, 4-month-old
female SSAT mice had significantly higher food and water
intake (Fig. 2C) than Wt mice.

Due to increased energy expenditure, we also telemetrically
studied body temperatures and physical activities of SSAT and
Wt mice. At 25°C, SSAT mice had body temperatures similar
to or somewhat higher than those of Wt mice during the
daytime (Tg, 36.5 = 0.1°C; Wt, 36.3 = 0.1°C [P was NS]) and
lower than those of Wt mice during the nighttime (Tg, 36.8
0.1°C; Wt, 37.2 = 0.1°C [P < 0.05]), but the mean tempera-
tures over 24 h did not differ between SSAT mice and Wt mice
(Tg, 36.6 = 0.1°C; Wt, 36.8 = 0.1°C [P was NS]). The locomo-
tor activity of Wt mice was substantially increased during the
nighttime, whereas SSAT mice did not show any significant
circadian change in their activity patterns (Fig. 2D).

As oxygen consumption is determined largely by fatty acid
oxidation and mitochondrial activity, we investigated B-oxida-
tion rates in WAT, skeletal muscle, and liver. Palmitate oxida-
tion in isolated adipocytes of female SSAT mice was markedly
increased compared with that for Wt mice (Fig. 2E). In con-
trast, palmitate oxidation levels in tissue homogenates or iso-
lated mitochondria of skeletal muscle did not differ between
the groups (data not shown). Furthermore, palmitoylcarnitine
oxidation, monitored as the rate of ferricyanide reduction, was
slightly but not significantly reduced in isolated mitochondria
from the livers of SSAT mice (Tg, 34.0 = 7.21 nmol/mg pro-
tein; Wt, 39.2 £ 4.7 nmol/mg protein [P was NSJ).

Biochemical measurements of SSAT mice in fed and fasting
states. In a fed state, FFA and 3-hydroxybutyrate levels did not
differ between adult SSAT and Wt mice, whereas leptin, glu-
cose, and insulin levels were significantly lower and TG levels
higher in adult SSAT mice than in Wt mice (Table 2). In the
fasting state, all parameters measured were reduced in adult
SSAT mice compared with parameters in Wt mice, with the
exception of FFA levels (Table 2). In young, 4-week-old male
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FIG. 2. Energy expenditure of SSAT and Wt mice. (A) Oxygen consumption was measured, using indirect calorimetry, for 6-month-old female
and male SSAT and Wt mice after fasting. Results are expressed per body weight or lean body mass. Data are means = SEM from 15 to 16 mice
per genotype. ***, P < 0.001. BMR, basal metabolic rate. (B) Oxygen consumption measured before (2.5 weeks) and after (13 weeks) hair loss
in female and male SSAT and Wt mice in the fasting state. Data are means = SEM for seven to eight mice. **, P < 0.01; %, P < 0.001. (C) Food
and water intake was measured in 4- to 6-month-old female SSAT and Wt mice. Mice were housed five to eight per cage, and food and water
consumption was measured after 1 week. Results are expressed as means = SEM from 19 mice per group. **, P < 0.01; %%, P < 0.001.
(D) Locomotor activities of female and male SSAT and Wt mice were monitored telemetrically at 25°C during a 12-h light/dark cycle. The gray
color indicates nighttime. Results are expressed as means = SEM from six mice per group. Rel. Units, relative units. (E) Palmitate oxidation was
determined as CO, production in a pool of isolated adipocytes from female (5 to 13 mice per group) SSAT and Wt mice in a fed state.

mice, fed glucose levels tended to be lower than those for Wt
mice (Tg, 8.9 = 0.8 mM; Wt, 9.8 = 0.3 mM [P was NS]). In
contrast, fed insulin levels were significantly reduced (Tg, 0.33 *
0.04 ng/ml; Wt, 0.68 = 0.13 ng/ml [P < 0.05]).

Improved glucose tolerance and insulin sensitivity in SSAT
mice. In the glucose tolerance test at 15, 30, 60, and 120 min
after glucose administration, plasma glucose was significantly
lower in SSAT mice than in Wt mice (Fig. 3A). In addition,
insulin levels were lower in SSAT mice at 0 and 120 min (Fig.
3B). Insulin sensitivity, evaluated by two different intraperito-
neal insulin tolerance tests (Fig. 3C and D), showed that SSAT
mice were more insulin sensitive than Wt mice, as their plasma
glucose levels were lower at 20, 40, and 80 min.

Enhanced expression of genes involved in the OXPHOS
pathway. In order to elucidate the molecular mechanisms

leading to the phenotype of SSAT mice, we analyzed gene
expression profiles from WAT, skeletal muscle, and livers of
fed SSAT and Wt mice by use of Affymetrix analysis. Of
12,000 sequences represented in the array, 643 in WAT, 610
in skeletal muscle, and 789 in liver were differentially ex-
pressed in SSAT mice compared with Wt mice. According to
the MAPPFinder program, the number of changes was high-
est in WAT and the top-ranked cellular components of
WAT were mitochondrion, cytoplasm, and mitochondrial
matrix (Z scores of 11.2, 4.6, and 3.6, respectively). In ad-
dition, the top-ranked metabolic pathways or process terms
relevant to the phenotype of SSAT mice in WAT were
oxidoreductase, pyruvate metabolism, energy derivation by
oxidation of organic compounds, lipid metabolism, glucose
metabolism, polyamine biosynthesis, electron transport, and

TABLE 2. Blood metabolites of female SSAT and Wt mice in fed and fasting states”

State and B-Hydroxy-butyrate Glycerol Leptin Insulin
mouse group FFA (mM) TG (mM) (mM) (mM) (ng/ml) Glucose (mM) (ng/ml)
Fed
Wt 0.43 = 0.04 2602 0.09 = 0.04 0.80 = 0.04 72=*15 10.7 = 0.2 1.8 = 0.1
SSAT 0.37 = 0.05 3.6 £ (0.2%%* 0.08 = 0.03 0.81 = 0.03 1.4 £0.3* 9.4 £ (0.3%* 1.0 = 0.2%*
Fasting
Wt 0.67 = 0.05 1.4 +0.1 245 =042 1.16 £ 0.12 29=*0.8 103 =04 0.6 0.2
SSAT 0.72 = 0.06 1.0 £ 0.1* 0.58 + 0.43%** 0.88 £ 0.05* 03 +0.1* 8.5 £ (0.2%** 03 +0.1%

“ Results are expressed as means = SEM for 7 to 15 mice per genotype. * P < 0.05; ** P < 0.01; *** P < 0.001. All other P values were NS.
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FIG. 3. Glucose tolerance and insulin sensitivity of SSAT and Wt
mice. An intraperitoneal (ip) glucose tolerance test with 2 mg/mg
glucose was performed on fasted, nonanesthetized, 3- to 4-month-old
female SSAT and Wt mice. (A) Glucose and (B) insulin concentrations
during the intraperitoneal glucose tolerance test. Intraperitoneal insu-
lin tolerance tests with (C) 0.25 mU/g insulin and (D) 0.15 mU/g
insulin and 0.4 mg/g glucose were performed on fasted, nonanesthe-
tized, 3- to 4-month-old female SSAT and Wt mice. Results are pre-
sented as means = SEM from five to six mice per group. *, P < 0.05;
#% P < 0.01; #x% P < 0.001.

tricarboxylic acid cycle (Z scores of 9.3, 7.3, 6.4, 5.8, 5.3, 5.0,
5.0, and 5.0, respectively).

Mitochondrial analyses. Based on the MAPPFinder results,
we investigated mitochondria in WAT of SSAT mice. Electron
microscopic examination revealed that SSAT mice had an in-
crease in the number and size of mitochondria in WAT com-
pared with Wt mice (Fig. 4A). Furthermore, SSAT mice
showed about a twofold increase in the amount of mtDNA in
their WAT (Fig. 4B).

ACTIVATED POLYAMINE CATABOLISM DEPLETES ATP 4959

A Wild type

Transgenic
R i

- [ ]
o =

Fold wild type
5

0.5

0.0
WAT

FIG. 4. Transmission electron microscopy results showing mito-
chondria and amounts of mtDNA in WAT of female SSAT and Wt
mice. (A) Electron microscopy of mitochondria in WAT of 7-month-
old female SSAT and Wt mice. Mitochondria from eight SSAT and Wt
mice were photographed at X25,000 magnification. (B) mtDNA
amounts in female 6-month-old SSAT and Wt mice, analyzed by quan-
titative RT-PCR. Results are presented as means £ SEM from six to
seven mice per group. *, P < 0.05.

Quantitative RT-PCR analyses. In order to verify our Af-
fymetrix results, RT-PCR was used to quantify the expression
of genes governing, e.g., mitochondrial metabolic pathways,
orphan and nuclear receptors, adipocyte differentiation mark-
ers, regulators of glucose uptake and oxidation, and cytokines
in WAT. The results were normalized for the expression of
B-actin, levels of which were similar in both genotypes. How-
ever, we first analyzed the tissue-specific expression of SSAT in
WAT, skeletal muscle, and livers of SSAT mice. The expres-
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necrosis factor a.

sion of SSAT was markedly upregulated in all tissues studied,
but the expression was particularly high in WAT (WAT, 52.5 =
3.8 times the Wt level [P < 0.001]; skeletal muscle, 36.2 = 2.2
times the Wt level [P < 0.001]; liver, 38.7 = 2.8 times the Wt
level [P < 0.001]).

As indicated in Fig. 5, the expression of PGC-1a was ele-
vated about twofold in WAT of fed, 4-month-old female SSAT
mice compared with that in WAT of Wt mice. In addition, the
expression of PGC-1a was also elevated in both female (Tg,
2.72 = 0.36 times the Wt level [P = 0.05]) and male (Tg, 3.45
*+ (.14 times the Wt level [P < 0.05]) young, 4-week-old SSAT
mice (before hair loss). As Fig. 5 shows, expression levels of
PGC-1B and mitochondrial transcription factor A were ele-
vated only slightly in WAT of SSAT mice, and there was no
change in expression level of nuclear respiratory factor 1 be-
tween the mouse lines. In addition, expression of estrogen-

related receptor « followed the expression pattern of PGC-1a
in WAT. In SSAT mice, expression levels of of PPAR+y and -a
were slightly elevated in WAT, whereas expression of PPARS
was significantly increased. Expression levels of six genes re-
lated to electron transport complexes (NADH-ubiquinone
oxidoreductase MWFE subunit, succinate dehydrogenase iron-
sulfur protein, ubiquinol-cytochrome ¢ reductase complex, cy-
tochrome c, cytochrome ¢ oxidase polypeptide IV, and ATP
synthase a) were upregulated, indicating increased OXPHOS
in SSAT mice.

Expression levels of genes governing fatty acid synthesis,
acetyl-coenzyme A (CoA) carboxylase 1, and fatty acid syn-
thase were elevated about twofold, and expression levels of
short-chain, medium-chain, and long-chain acyl-CoA dehydro-
genases, which catalyze the key reactions in the B-oxidation of
fatty acids, were upregulated in WAT. Expression levels of
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genes involved in fatty acid uptake and trapping, such as CD36
antigen/fatty acid translocase, fatty acid transport protein 1,
and adipocyte-specific fatty acid-binding protein 4, were ele-
vated in SSAT mice. Of the genes involved in the regulation of
lipolysis, expression levels for B, s-adenergic receptors in WAT
did not differ between SSAT and Wt mice, indicating no
change in sensitivity to adrenergic stimuli. In contrast, hor-
mone-sensitive lipase was upregulated in SSAT mice, suggest-
ing that lipolysis may be enhanced in WAT. In addition, tran-
scription factors known to promote adipocyte differentiation
(cyclic AMP responsive element binding protein, CCAAT/en-
hancer binding protein «, and sterol regulatory element bind-
ing protein 1c) were upregulated in WAT of SSAT mice.
Moreover, of the uncoupling proteins (UCPs), UCP3 expres-
sion in WAT was increased in SSAT mice.

Glucose transporter 4 (GLUT4) was upregulated in WAT of
SSAT mice 1.7-fold, and expression of hexokinase II, which
catalyzes the phosphorylation of glucose to glucose-6-phos-
phate in WAT and skeletal muscle, was increased in SSAT
mice. In addition, expression levels of AMPK isoforms a2 and
v1 were significantly increased but those of isoforms 1 and y2
were unaltered. Expression of the mitochondrial pyruvate de-
hydrogenase E1 component « subunit, an indicator of glucose
oxidation rate, was enhanced. Expression levels of adiponectin
were similar in SSAT and Wt mice.

Of the cytokines, only interleukin 18 (IL-1B) expression was
elevated in WAT of SSAT mice. The alpha isoform of p38
MAPK, which controls cellular responses to cytokines and
stress, was also upregulated in WAT of SSAT mice.

Characterization of hairless mice. Based on quantitative
RT-PCR analyses, the phenotype of our mouse model was
apparently due to overexpression of PGC-1a and genes regu-
lated by PGC-1a in WAT. To investigate the possibility that
reduced WAT mass and overexpression of PGC-1a in WAT of
SSAT mice is due to hairlessness, we examined a mouse line
with spontaneous mutation of the hairless gene: hairless
MF1-hr mice (55). Four-month-old female hairless hr/hr mice
had amounts of perigonadal WAT similar to amounts in nor-
mally haired heterozygote hr/+ mice (hr/hr, 0.69% = 0.11%
body weight; hr/+, 0.72% = 0.23% body weight [P was NS]). In
contrast, livers (hr/hr, 5.8% =+ 0.3% body weight; hr/+, 4.8% *
0.3% body weight [P < 0.05]) and kidneys (hr/hr, 0.70% =
0.03% body weight; hr/+, 0.56% = 0.03% body weight [P <
0.01]) were significantly enlarged in female hairless mice. The
gene expression of PGC-1a was slightly but not significantly
reduced (hr/hr, 0.71 = 0.16 times the hr/+ value [P was NSJ)
in WAT of female hairless mice in comparison with expression
in WAT of normally haired heterozygote mice. In addition,
fasting glucose (hr/hr, 6.1 £ 0.3 mM; hr/+, 6.2 = 0.3 mM [P
was NSJ) or insulin (hr/hr, 0.14 = 0.04 ng/ml; hr/+, 0.26 = 0.06
ng/ml [P was NS]J) levels did not differ from those of normally
haired heterozygote mice.

Effect of putrescine on gene expression and glucose uptake.
Because of the accumulation of putrescine in WAT of SSAT
mice, we hypothesized that elevated putrescine levels may in-
duce the expression of PGC-1a directly or indirectly. Factors
known to activate PGC-1a expression are cytokines, AMPK,
calcium (2), and leptin (65). Cytokines stabilize and activate
PGC-1a through direct phosphorylation by phosphorylated
p38 MAPK (43). Furthermore, putrescine can directly activate
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IL-1B production in the human histiocytic lymphoma cell line
U937 (58). In SSAT mice, the expression levels of IL-13 and
AMPK were increased, suggesting that one or both of them
may activate PGC-1a expression in WAT. To test our hypoth-
esis, we gave a high dose of putrescine dihydrochloride (500
mg/kg twice, with a 1-h interval) intraperitoneally to 6-month-
old female Wt mice. Animals were sacrificed 2 h after the first
injection. Putrescine was administered with or without 25
mg/kg AG, an inhibitor of diamine oxidases, which was given as
a pretreatment 2 h before the first putrescine injection. The
putrescine treatment caused a massive increase in putrescine
concentrations in WAT (data not shown). The putrescine
treatment did not induce the gene expression of PGC-la in
WAT. In contrast, it slightly reduced the expression (pu-
trescine, 0.59 =+ 0.27 times the control level [P was NS]) but the
difference was not significant. This result was also verified by
measuring protein levels of PGC-1a in WAT (data not shown).
In addition, the expression levels of AMPK vyl (putrescine,
1.20 = 0.06 times the control level [P was NS]) and o2 (pu-
trescine, 0.98 = 0.12 times the control level [P was NS]) iso-
forms and IL-1B (putrescine, 1.10 = 0.22 times the control
level [P was NS]) were similar in putrescine-treated and un-
treated animals.

In addition, we tested whether putrescine can induce both
basal and insulin-stimulated glucose uptake in 3T3-L1 adipo-
cytes. The cells were treated with (i) 1 mM putrescine dihy-
drochloride with or without 1 mM AG, (ii) 1 mM AG, or (iii)
vehicle for 16 h. However, these treatments did not have any
significant effect on basal (after 15 min, putrescine, 202 *+ 21
cpm/mg protein; putrescine with AG, 209 + 9 cpm/mg protein;
AG, 156 = 11 cpm/mg protein; vehicle, 155 * 9 cpm/mg
protein [P was NS for all]) or insulin-stimulated (after 15 min,
putrescine, 2,053 * 29 cpm/mg protein; putrescine with AG,
2,015 = 98 cpm/mg protein; AG, 1,594 = 100 cpm/mg protein;
vehicle, 1,740 = 136 cpm/mg protein [P was NS for all]) glu-
cose uptake compared with vehicle treatment. Together, these
data suggest that putrescine does not induce the expression of
PGC-1a directly or indirectly.

Macrophage content in WAT. WAT contains tissue-resident
macrophages and vascular constituents which are located in
the stromovascular fraction. Approximately 10% of this frac-
tion includes CD14" CD31" macrophages (13). Because
SSAT mice had overexpression of IL-1B in WAT, our aim was
to determine whether an increased number of macrophages
in WAT of SSAT mice caused elevated IL-1B levels, which
in turn could induce PGC-1a. Based on immunohistochem-
ical staining, no significant difference in macrophage num-
ber in perigonadal fat (Tg, 43 = 8 mMQ-positive cells/mm?;
Wt, 55 = 12 mMQ-positive cells/mm? [P was NS]) or in
inguinal fat (Tg, 46 = 9 mMQ-positive cells/mm?; Wt, 55 *
9 mMQ-positive cells/mm? [P was NS]) was found between
SSAT and Wt mice.

Effect of hydrogen peroxide on gene expression of PGC-1a
and AMPK isoforms. Accelerated polyamine flux attributable
to enhanced polyamine catabolism generates hydrogen perox-
ide as a by-product of polyamine oxidase and due to the deg-
radation of putrescine by diamine oxidases (22). The findings
of Lee et al. (31) indicate that hydrogen peroxide stimulates
mitochondrial biogenesis by increasing the expression of nu-
clear respiratory factor 1 and probably also PGC-1a in human
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FIG. 6. PGC-1aq, phosphorylated AMPK (p-AMPK), and phosphor-
ylated p38 MAPK (p-p38 MAPK) protein levels in WAT of SSAT and
Wt mice. (A) PGC-1a levels in WAT of 6-month-old female SSAT and
Wt mice, detected with a polyclonal antibody against the carboxyl
terminus of PGC-1a (Chemicon International, Inc., Temecula, CA).
The bottom panel displays actin levels used for normalization. Actin
levels were analyzed using a rabbit polyclonal antibody specific for the
carboxyl terminus of actin (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). The BAT sample in the right-most lane was used as a
positive control. (B) p-AMPK and p-p38 MAPK levels in WAT of
6-month-old female SSAT and Wt mice, detected with a polyclonal
antibody against the phosphorylated « subunit of AMPK(Thr172)
(Cell Signaling Technology, Inc., Danvers, MA) and a monoclonal
antibody against dually phosphorylated p38 MAPK(Thr180/Tyr182)
(Cell Signaling Technology, Inc., Danvers, MA), respectively. The bot-
tom panel displays actin levels used for normalization. Actin levels
were analyzed using a rabbit polyclonal antibody specific for the car-
boxyl terminus of actin (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). (C) Relative PGC-1a, p-AMPK, and p-p38 MAPK protein levels
in WAT after normalization in SSAT and Wt mice. Results are ex-
pressed as means = SEM. *, P < 0.05; *%x, P < (0.001.

PGC-1a

lung fibroblasts (MRC-5). In addition, hydrogen peroxide can
activate AMPK by reducing the ATP/AMP ratio in NIH
3T3-L1 fibroblasts (9). To investigate whether or not hydrogen
peroxide can induce the expression of PGC-1a and/or AMPK
in adipocytes, 3T3-L1 adipocytes were exposed to 0, 5, or 10
mU/ml GO, which causes continuous production of hydrogen
peroxide in the medium (53). After 16 h of treatment, the
expression levels of both PGC-1a (control, 1.00 = 0.05; GO at
5SmU/ml, 0.75 £ 0.03 times the control level [P < 0.05]; GO at
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FIG. 7. ATP contents in isolated adipocytes of SSAT and Wt mice.
Results are presented as means = SEM of three separate analyses
from pooled adipocytes (two to three animals per group). SSAT and
Wt mice used for the experiment were fed, 4- and 6-month-old fe-
males. *, P < 0.05; %%, P < 0.01.

10 mU/ml, 0.46 = 0.04 times the control level [P < 0.001]) and
the AMPK +v1 isoform (control, 1.00 = 0.05; GO at 5 mU/ml,
0.82 = 0.03 times the control level [P < 0.05]; GO at 10
mU/ml, 0.78 = 0.04 times the control level [P < 0.05]) were
reduced in a dose-dependent manner. The expression of the
AMPK «2 isoform (control, 1.00 = 0.05; GO at 5 mU/ml, 1.05
+ 0.03 times the control level; GO at 10 mU/ml, 1.12 + 0.02
times the control level) was unaltered upon the treatment.

PGC-1a, phosphorylated AMPK, and phosphorylated p38
MAPK levels in WAT. Cytokines stabilize and activate PGC-1a
through direct phosphorylation by phosphorylated p38 MAPK
(43). In addition, oxidative stress increases phosphorylation
of both p38 MAPK and AMPK (27). Therefore, protein
levels of PGC-1a, phosphorylated p38 MAPK, and AMPK
were analyzed. Western blots revealed that the level of 91-
kDa full-length PGC-1a protein was elevated 5.0-fold in
WAT of SSAT mice (Fig. 6A and C). Phosphorylated p38
MAPK levels were unchanged in WAT of SSAT mice in
comparison with levels in WAT of Wt mice (Fig. 6B and C),
but the phosphorylated AMPK « subunit was elevated about
twofold (Fig. 6B and C). Thus, these results indicate that
cytokines and oxidative stress do not induce PGC-1a but
that the inducer may be AMPK.

ATP concentrations in isolated adipocytes of SSAT and Wt
mice. As AMPK is activated by the reduction of the ATP/AMP
ratio (63), we hypothesized that since each polyamine cycle con-
sumes two ATP and two acetyl-CoA molecules (see Fig. 9), en-
hanced polyamine catabolism may lead to the depletion of the
ATP pool in WAT of SSAT mice (22). Low ATP levels may then
cause the activation of AMPK, which in turn may induce PGC-
la. Therefore, we measured ATP contents in isolated adipocytes
of fed, 4- and 6-month-old female SSAT and Wt mice. We found
that 4- and 6-month-old SSAT mice had 48% and 57% lower
ATP concentrations, respectively, than Wt mice (Fig. 7).

Activation of polyamine catabolism depletes ATP concen-
trations in isolated fetal fibroblasts during nutrient depriva-
tion. To test our hypothesis in vitro, isolated fetal fibroblasts
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FIG. 8. Effect of activated polyamine catabolism on ATP levels in
vitro. (A) SSAT activities and (B) ATP concentrations in Wt fetal
fibroblasts with and without DENSPM treatment during nutrient de-
privation. Wt cells were grown with or without 10 .M DENSPM for 24
or 48 h in glucose- and sodium pyruvate-free DMEM with glutamine
supplemented with 10% dialyzed FBS and 50 pg/ml gentamicin. Each
time point represents the mean * SEM obtained from two indepen-
dent experiments with triplicate cultures (n = 6). *x%, P < 0.001.

from Wt fetuses were treated with the polyamine analogue
DENSPM in order to enhance SSAT activity and therefore
activate polyamine catabolism. Fetal fibroblasts overexpressing
SSAT were not used since we have shown previously that Tg
fetal fibroblasts are sensitive to DENSPM-induced growth in-
hibition (1). The cells were exposed to nutrient deprivation,
since normal cell culture medium contains plenty of energy
which can be used to compensate the reduction in ATP levels.
DENSPM treatment did not reduce the growth rate of Wt cells
in comparison with that of untreated Wt cells. If anything,
DENSPM-treated cells grew better after 48 h of nutrient de-
privation (data not shown). As indicated in Fig. 8A, DENSPM
induced SSAT activity in Wt cells 70- to 75-fold at 24 h and
48 h, respectively. In addition, DENSPM treatment signifi-
cantly reduced polyamine pools at 24 h (putrescine DENSPM,
0 = 0 pmol/ug protein; control, 1.67 = 0.01 pmol/ug protein
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[P < 0.001]) (spermidine DENSPM, 1.18 = 0.04 pmol/ng
protein; control, 12.24 + 0.20 pmol/pg protein [P < 0.001])
(spermine DENSPM, 1.42 *= 0.03 pmol/pg protein; control,
3.35 = 0.07 pmol/pg protein [P < 0.001]) and 48 h (putrescine
DENSPM, 0 = 0 pmol/pg protein; control, 2.42 = 0.17
pmol/pg protein [P < 0.001]) (spermidine DENSPM, 0.48 =
0.02 pmol/pg protein; control, 14.58 * 0.81 pmol/ug protein
[P < 0.001]) (spermine DENSPM, 0.92 * 0.01 pmol/pg pro-
tein; control, 4.00 = 0.13 pmol/pg protein [P < 0.001]). As Fig.
8B shows, nutrient deprivation reduced ATP pools in a time-
dependent manner in untreated and DENSPM-treated cells,
as expected. However, DENSPM-treated Wt fetal fibroblasts
had significantly lower ATP levels than untreated Wt cells at
24 h and 48 h (Fig. 8B), suggesting that activated polyamine
catabolism depletes ATP also in vitro.

Inhibition of the rate of polyamine flux reversed the pheno-
type of SSAT mice. To investigate whether a reduction in the
rate of the polyamine cycle will reverse the phenotype of SSAT
mice, we used a specific inhibitor of ODC, DFMO, to block the
putrescine supply from compensatorily increased biosynthesis.
We added 0.5% DFMO for 2, 4, or 5 weeks to the drinking
water of SSAT and Wt mice after weaning, when SSAT mice
start to lose their hair. The treatment clearly slowed down the
polyamine cycle in SSAT mice, as putrescine levels were re-
duced in WAT by about 55% after 2 weeks and about 70%
after 5 weeks in SSAT mice (Table 3). In addition, a 4-week
treatment increased ATP levels about 60% in an isolated adi-
pocyte pool of SSAT mice in comparison with levels for un-
treated animals (Tg untreated mice, 47.5 pmol/g; Tg mice
treated with DFMO, 75.7 pmol/g). The DFMO treatment did
not have any effect on body composition in Wt mice, but in
SSAT mice it caused about a twofold increase in the amount of
perigonadal WAT after 2 weeks and about a 2.3-fold increase
after 5 weeks compared with amounts for untreated SSAT
mice (Table 3). Gene expression profiles were also subse-
quently monitored after the 2-week treatment, when there was
no visible hair regrowth (42). Interestingly, the DFMO treat-
ment reduced the expression levels of the AMPK 1 isoform
and PCG-1a to near-Wt levels (Table 4). Similarly, the expres-
sion levels of all genes induced by PGC-1a were significantly
reduced in response to the treatment. In contrast, the expres-
sion of IL-1B was practically unaltered by the DFMO treatment
(Table 4). Thus, the DFMO treatment was able to reverse the
phenotype of SSAT mice (Table 4).

DISCUSSION

The main findings of this study were that Tg mice overex-
pressing SSAT (41) had severely reduced WAT, increased
basal metabolic rate, improved glucose tolerance and insulin
sensitivity, low accumulation of TG in liver and skeletal mus-
cle, and increased expression of OXPHOS genes, coordinated
by the increased expression of PGC-1a and AMPK in WAT.
These changes were induced by accelerated polyamine flux due
to enhanced polyamine catabolism and the consumption of
ATP. This is a novel mechanism for reduced fat mass and
improved glucose tolerance and indicates that polyamine ca-
tabolism can regulate energy and glucose metabolism.

WAT was the main tissue affected by enhanced polyamine
catabolism in SSAT mice since SSAT activity was highest in
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TABLE 3. Effect of DFMO treatment on weight, amount of perigonadal WAT, and polyamine concentration of WAT in
female and male SSAT and Wt mice”

Polyamine pool (pmol/ug DNA)

Sample time point and Wt (g) Peri WAT Peri WAT -
mouse group (mg) (% of body wt) Putrescine N"-acetyl- Spermidine Spermine
spermidine

2 Wk
Wt 16.8 = 0.5 162 £ 16 0.94 = 0.07 6+1 ND 131 = 15 56 =7
Wt with DFMO 16.8 = 0.7 195 =29 1.07 = 0.12 3+1 ND 104 = 11 51+8
SSAT 154 =05 50 = 5% 0.34 = 0.03% 302 = 51+ 8 + 2f 117 =19 41+9
SSAT with DFMO 155 =05 110 = 12F 0.69 = 0.03* 151 & 11§ 8 *+ 37 96 = 6 390+3

5 Wk
Wt 21.7 0.9 460 = 91 2.07 £0.35 17+3 ND 202 = 27 90 = 12
Wt with DFMO 21.8 £ 1.6 468 = 112 1.98 = 0.36 19+4 ND 166 = 17 71+9
SSAT 20.6 = 0.9 155 + 39% 0.72 = 0.17% 506 = 11977 13 = 37 145 + 37 50 = 137
SSAT with DFMO 219 +0.9 364 = 68 1.62 = 0.25 153 + 13f4f*** 6*4 119 = 147 37 = 611

“ Results are expressed as means = SEM from 4 to 19 mice per genotype. Values marked with an asterisk(s) are significantly different from the baseline level. *, P <
0.05; ***, P < 0.001. Values marked with a dagger(s) are significantly different compared to levels for Wt mice. ¥, P < 0.05; ¥, P < 0.01; 71, P < 0.001. Peri WAT,

perigonadal WAT; ND, not detected.

this tissue. Adipocytes of SSAT mice were smaller than Wt
cells, but the total number of adipocytes was similar to that for
Wt mice. The number of mitochondria in adipocytes was in-
creased, a typical feature of BAT, but no brown fat-like mul-
tilocular cells were detected. Polyamines, especially spermi-
dine and putrescine, are shown to be needed for the
differentiation of 3T3-L1 fibroblasts to adipocytes (4). In WAT
of SSAT mice, spermidine levels remained unchanged and
putrescine levels were substantially increased. Furthermore,
expression levels of transcription factors promoting adipocyte
differentiation were upregulated in WAT of SSAT mice, sug-
gesting that adipocyte differentiation in SSAT mice is likely to
be normal.

The expression of fatty acid transporters was elevated, ex-
cluding the possibility that fatty acid uptake into the adipocytes
is impaired. Therefore, our results indicate that the main rea-
son for reduced fat mass was an increased metabolic rate in
SSAT mice. As these mice were less active than Wt mice, the
increased metabolic rate was apparently not due to increased
physical activity. In agreement with an increased basal meta-
bolic rate, SSAT mice were hyperphagic, which could result

from reduced leptin levels (46). Importantly, SSAT mice had
reduced perigonadal fat mass, fasting insulin levels, increased
basal metabolic rate, and elevated expression of PGC-la in
WAT even before hair loss. In addition, no significant changes
in perigonadal fat mass, fasting glucose or insulin levels, or
expression of PGC-1a were found in WAT of hairless hr/hr
mice compared with levels in WAT of normally haired hetero-
zygote hr/+ mice. Therefore, the phenotype of SSAT mice
cannot be secondary to the hairlessness.

SSAT mice exhibited improved glucose tolerance and in-
creased insulin sensitivity, and these mice had a markedly
reduced accumulation of TG in liver and skeletal muscle, con-
sistent with enhanced insulin action. Accordingly, the expres-
sion levels of GLUT4, hexokinase II, and the pyruvate dehy-
drogenase E1 component « subunit, apparently induced by the
increased expression of PGC-1a and AMPK, were increased in
WAT, reflecting increased rates of glucose uptake and glucose
oxidation. Therefore, increased insulin sensitivity was not a
consequence of reduced fat mass or tissue TGs, although the
correlation between insulin sensitivity and leanness (18) and
reduced intracellular TG content (29) is well established.

TABLE 4. Effect of 2 weeks of DFMO treatment on gene expression profiles in perigonadal WAT of female SSAT and Wt mice

Gene expression level”

. P value for
Gene designation Gene description for SSAT mice effect of
Without DFMO With DFMO treatment
AMPKa2 5'-AMP-activated protein kinase, alpha-2 subunit 1.47 = 0.10 1.06 = 0.19 NS
AMPK~1 5'-AMP-activated protein kinase, gamma-1 subunit 1.85 = 0.18*** 0.86 = 0.13 <0.001
PGC-1a Peroxisome proliferator-activated receptor gamma coactivator la 2.02 = 0.53 1.15 £ 0.20 NS
ERRa Estrogen-related receptor alpha 2.31 £0.33%* 1.17 = 0.49 <0.01
Ndufal NADH-ubiquinone oxidoreductase MWFE subunit 1.57 = 0.10%** 1.01 = 0.19 <0.01
Sdhb Succinate dehydrogenase iron-sulfur protein 275 £ 0.19%* 1.67 = 0.37 <0.05
Cox4A Cytochrome ¢ oxidase polypeptide IV 243 = 0.12%* 1.58 = 0.38 NS
ATP5A1 ATP synthase alpha 2.47 £ 0.04%** 1.61 = 0.18 <0.05
PPARYy Peroxisome proliferator-activated receptor gamma 2.38 £ 0.20%** 1.03 £ 0.15 <0.01
UCP3 Uncoupling protein 3 2.41 + 0.15%** 0.83 =0.24 <0.001
GLUT4 Glucose transporter 4 3.61 £ 0.51%%* 1.47 = 0.17 <0.001
IL-1B Interleukin 1 beta 1.74 = 0.34 1.49 = 0.11 NS

“ Gene expression levels indicate the increase (n-fold) above the Wt level. Results are expressed as means = SEM from three to four animals per group. Values
marked with an asterisk(s) are significantly different from levels for Wt mice. **, P < 0.01; ***, P < 0.001.
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The increased metabolic rate in SSAT mice is best explained
by the overexpression of PGC-1a and AMPK in WAT. First,
there was an abundance of mitochondria in WAT of SSAT
mice, most probably induced by PGC-1a (49). Second, SSAT
mice had enhanced palmitate oxidation in isolated adipocytes,
apparently activated by PGC-1a and AMPK (23, 61). In agree-
ment with enhanced fatty acid oxidation, the expression levels
of PPARS and estrogen-related receptor a, genes governing
the regulation of fatty acid oxidation, were upregulated and
RQ levels were lower after fasting in the active state. Third, the
expression levels of genes involved in OXPHOS were in-
creased in WAT, most likely coordinated by PGC-1a (36),
indicating increased OXPHOS in WAT of SSAT mice. Fourth,
PGC-1a and AMPK increase uncoupling (45, 54) and accord-
ingly UCP3 was upregulated in WAT of SSAT mice. Overall,
the characteristics of SSAT mice resemble those of mice over-
expressing PGC-1a in WAT (7, 59). These mice also have an
increased metabolic rate, reduced fat pads, increased uncou-
pling and insulin sensitivity, and protection from diet-induced
obesity.

In order to determine mechanisms leading to the phenotype
of SSAT mice, we first excluded the possibility that the up-
regulation of PGC-1a or its inducers (AMPK and IL-1B) in
WAT of SSAT mice could be related to the enhanced accu-
mulation of putrescine. Indeed, we did not notice any induc-
tion of the expression of PGC-1a, AMPK isoforms, or IL-18 in
putrescine-treated mice or an increase in glucose uptake in
3T3-L1 adipocytes by putrescine. Furthermore, we observed
that the production of hydrogen peroxide in 3T3-L1 adipocytes
reduced the expression of PGC-1a and the AMPK +1 isoform
in a dose-dependent manner. Therefore, the possibility that
hydrogen peroxide induced overexpression of PGC-la or
AMPK can be excluded.

Oxidative stress caused by hydrogen peroxide mediates its
effects through both p38 MAPK and AMPK (27). Moreover,
cytokines stabilize and activate PGC-1a through phosphoryla-
tion by phosphorylated p38 MAPK (43). Since phosphorylated
p38 MAPK was unaltered in WAT of SSAT mice, our results
together with the unaltered macrophage number in WAT sug-
gest that neither oxidative stress (H,O,) nor cytokines (IL-18)
induced PGC-1a. Therefore, the increased amount of phos-
phorylated AMPK in WAT of SSAT mice suggests that the
most plausible inducer of PGC-1ae was AMPK.

We propose a mechanism to explain how SSAT overexpres-
sion leads to the phenotype of SSAT mice (Fig. 9). Since each
polyamine cycle consumes four ATP equivalents (two ATP and
two acetyl-CoA), activated polyamine catabolism results in the
depletion of the ATP pool in adipocytes of SSAT mice. Con-
sequently, the high AMP/ATP ratio activates AMPK, which in
turn activates PGC-1a. Our hypothesis is supported by in vitro
data showing that activated polyamine catabolism depleted
ATP levels in DENSPM-treated Wt fibroblasts compared with
levels in untreated Wt cells. In addition, the reduction in the
rate of the polyamine cycle due to the administration of
DFMO, a specific inhibitor of ODC, increased ATP levels in
adipocytes and reversed the phenotype of SSAT mice. This
gives further support to our hypothesis that the polyamine
cycle can be considered a futile cycle wasting ATP.

We have demonstrated that a consequence of the acceler-
ated polyamine flux due to enhanced polyamine catabolism is
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FIG. 9. Proposed molecular mechanism leading to the phenotype

of SSAT mice. Based on the data presented, it is hypothesized that the
accelerated polyamine flux caused by enhanced polyamine catabolism
in WAT leads to the high ATP consumption and the high AMP/ATP
ratio which stimulates AMPK. This in turn induces the expression of
PGC-1a, resulting in increased mitochondrial biogenesis, fatty acid
oxidation, uncoupling, and insulin sensitivity. The enhanced polyamine
catabolism also depletes the SSAT cofactor acetyl-CoA pool and
therefore may cause impaired generation of malonyl-CoA by acetyl-
CoA carboxylases (ACCs), leading to reduced fatty acid synthesis and
increased fatty acid oxidation. DFMO is an inhibitor of ODC, and it
reduces the biosynthesis of putrescine and therefore the rate of the
polyamine cycle. PAO, polyamine oxidase; Spd, spermidine; Spm,
spermine; Met, methionine; AdoMet, S-adenosylmethionine; Ado
MetDC, S-adenosylmethionine decarboxylase; dcAdoMet, decarboxy-
lated S-adenosylmethionine.

the depletion of ATP and possibly of acetyl-CoA. In fact, when
this paper was in review, Jell et al. (22a) reported similar and
complementary results, including the observation that pools of
acetyl-CoA and malonyl-CoA were markedly reduced in WAT
of SSAT mice. The depletion of ATP can induce AMPK and
PGC-1a expression in WAT and lead to the reduction in fat
mass, the increased basal metabolic rate and insulin sensitivity,
and the overexpression of the OXPHOS pathway. Therefore,
our results suggest that polyamine catabolism plays an impor-
tant role in the regulation of energy and glucose metabolism.
SSAT is a highly inducible enzyme (6); thus, compounds ca-
pable of inducing SSAT activity could be useful tools for acti-
vating polyamine catabolism in WAT. The involvement of
polyamine catabolism in the regulation of energy and glucose
metabolism may offer a novel target for drug development for
obesity and type 2 diabetes.
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