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ABSTRACT
Because excessive body weight is a major health issue, there is an urgent need to
understand

all

physiological

mechanisms

relating

to

control

of

fat

deposition/mobilization. Here we investigated the linkage between polyamine
metabolism and fat homeostasis that we recently discovered to operate in mice. Our
previous data show that the expression level of spermine/spermidine acetyltransferase
(SSAT), a polyamine catabolic enzyme, potently modulates body fat content of mice. In
particular, our data indicated that SSAT overexpressing mice (SSAT-Tg) have reduced
acetyl CoA levels and are lean while SSAT null mice (SSAT-ko) are obese. Since the
acetyl CoA/malonyl CoA levels are critical for control of free fatty acid synthesis and
oxidation via malonyl CoA regulation of CPT-1 (carnitine palmitoyltransferase-1), we
hypothesized that genetic manipulation of SSAT alters body fat accumulation by
activating of AMP-activated protein kinase pathway and thus has a global effect on
energy metabolism. To test this hypothesis, we performed a combination of proteomics
and antibody based expression studies in white adipose tissue (WAT) of SSAT-ko,
SSAT-wt and SSAT-tg: We identified 9 proteins in WAT that show an increasing
gradient across SSAT-ko, SSAT-wt and SSAT-tg, all of which have a connection with
acetyl-CoA consumption. These include: a) glycolytic enzymes (aldolase, enolase,
pyruvate dehydrogenase); b) TCA cycle enzymes (aconitate hydratase, malate
dehydrogenase); c) fatty acid lipolysis and beta oxidation enzymes (hormone-sensitive
lipase, monoglyceride lipase, 3-hydroxyacyl CoA dehydrogenase). Additional expression
studies using Western blots indicated that acetyl CoA regulates metabolism by AMPiv

activated protein kinase pathway. Furthermore, to determine how tissue-specific changes
in SSAT expression will impact fat accumulation and the precise role of SSAT
expression status in fat homeostasis and obesity, we generated adipose-specific SAT1
knockout (FSAT1KO) mice using the Cre-Lox method. On 27-week-old, FSAT1KO
mice have higher average body weight than wild type mice (WT: 45.13 ± 2.23 g vs.
FSAT1KO: 52.28 ± 1.62 g, p<0.05) when fed a high-fat diet. Larger lipid droplets and
lipid accumulation were present in FSAT1KO mouse livers compared to the control WT
mice. Several proteins involved in fat metabolism were found to be up-regulated in
FSAT1KO mice using GeLC-MS proteomics approach. These data indicated that the lack
of SSAT activity in adipose tissue, but not liver or muscle, drives the phenotypic changes
in SSAT-ko obese mice. Our interpretation of these results is that genetic modulation of
SSAT causes a combination of changes in WAT that involve lipolysis, energy
metabolism and calorie loss resulting from polyamine export. In summary, the data
indicate that modulation of SSAT activity affects fat metabolism and calorie balance.
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CHAPTER 1

INTRODUCTION
1.1 The structure and functions of polyamines
Polyamines are small positively-charged molecules exsisting in prokaryotes and
eukaryotes. Polyamines interact with negatively-charged macromolecules such nucleic
acids, phospholipids and proteins (Takahashi and Kakehi, 2010; Igarashi, 2006). The
common naturally occurring polyamines putrescine, spermidine, and spermine are crucial
in cellular growth and differentiation (Casero and Pegg, 2009; Gerner and Meyskens,
2004) (Figure 1.1). Polyamines were first noticed in 1678, when Leeuwenhoek described
crystals in seminal plasma that were later shown to be tetraamine spermine, but these
polyamines are present in all types of cells, including adipocytes (Vuohelainen et al.,
2010; Bethell and Pegg, 1981; Erwin et al., 1984b).
Research has revealed many polyamine functions that influence cell growth and
development, including regulation of gene transcription, multiple effects on
posttranscriptional regulation, control of the activity of ion channels as well as
modulation of protein kinase activities, the cell cycle, membrane structure/function, and
nucleic acid structure and stability (Coburn, 2009; Kusano et al., 2008; Takahashi and
Kakehi, 2010; Igarashi, 2006; Gerner and Meyskens, 2004; Casero et al., 2006; Pegg,
2009).
1

Studies show that in prokaryotes, there is a “polyamine modulon” that consists of
a large set of genes that regulate cell growth rates and viability and whose transcription
and translation are modulated by polyamines. Polyamines affect translation by several
mechanisms including directly adjusting mRNA structure at ribosome, and changing the
level of transcription factors and kinases that indirectly enhance or suppress the
expression of other proteins (Igarashi and Kashiwagi, 2006; Uemura et al., 2009; Igarashi
and Kashiwagi, 2011; Yoshida et al., 2004; Terui et al., 2010; Pegg and Casero, 2011;
Pegg, 2009; Kusano et al., 2008).
In eukaryotes, polyamines exert their function of regulating gene expression
through translation elongation factor eIF5A (Saini et al., 2009), which is the only protein
known to contain hypusine, an uncommon amino acid formed by the action of
deoxyhypusine synthase and deoxyhypusine hydroxylase requiring spermidine as the
precusor (Park et al., 2010; Landau et al., 2010). eIF5A regulates genes include RNAbinding proteins, such as the HuR family (Zou et al., 2006; 2008; Liu et al., 2009).
Using strategies of sequence deletions and site-directed mutations analysis,
polyamine response elements (PRE) were identified in the promoter region of the many
genes whose transcription was known to be influenced polyamine concentrations. The
binding of polyamines or their analogues onto these PRE region leads to increased target
gene expressions. These genes include SSAT and transcription factors such as c-Myc and
c-Jun, which can lead to regulation of additional signaling pathways (Mehraein-Ghomi et
al., 2010; Liu et al., 2009; Wang et al., 2001).

2

Studies have shown that a wide variety of ion channels are affected by binding of
polyamines including the Kir potassium channels, which control membrane potential and
potassium homeostasis in many cell types (Lopatin et al., 1994; 1995; Williams, 1997).
Polyamines, especially spermine, regulate conductance across gap junctions,
aqueous pores created by Connexin40 etc. that allow homeostatic electrical and chemical
coupling between cells. These gap junction proteins communicate via N-term domain
glutamate residues, which also provide spermine binding sites (Pegg, 2009; Igarashi and
Kashiwagi, 2010).

1.2 The metabolism of polyamines
Biosynthesis of polyamines (Figure 1.2) involves the sequential transfer of
aminopropyl units derived from decarboxylation of S-adenosylmethionine (SAM) by Sadenosylmethionine decarboxylase (SAMDC) onto 1,4-diaminobutane (putrescine, Put)
derived from decarboxylation of ornithine by ornithine decarboxylase (ODC). The first
transfer produces spermidine (Spd) and the second spermine (Spm). Polyamines can be
back-converted by the sequential removal of these same aminopropyl units in a process
regulated by SSAT. Spm is acetylated by SSAT and then oxidized by polyamine oxidase
(PAO) to produce Spd, 3-acetamidopropanal and hydrogen peroxide (Pegg and Casero,
2011; Pegg, 2009). A similar reaction converts Spd to Put. In addition to initiating backconversion, acetylation of polyamines by SSAT also facilitates them for export. In cells
in which SSAT is over-expressed, export is more significant than back-conversion
(Vujcic et al., 2000).

3

Because of the critical cellular functions of polyamines, intracellular pools are
tightly controlled within a relatively narrow range. Spermine is likely to be bound to
cellular polyanions, and its free concentration in the cell may be much lower than
spermidine (Pegg, 2008). Polyamine homeostasis is maintained by several systems:
biosynthesis is controlled by ODC and SAMDC; uptake and export by transporter
systems; and catabolism by SSAT. SSAT utilizes acetyl-CoA to convert Spd to N1acetylspermidine (AcSpd) and Spm to N1-acetylspermine (AcSpm). The acetylated
polyamines can either be exported out of the cell or rapidly oxidized to Spd and Put by
APAO.

4

H2N

H2N

H2N

N
H

N
H

NH2

Putrescine

NH2

H
N

Spermidine

NH2

Spermine

(A)
O
N
H

H3C

N
H

O
H3C

N
H

N
H

N1-Acetylspermidine

NH2

H
N

NH2

N1-Acetylspermine

(B)
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1.3 Spermidine/spermine-N1-acetyltransferase (SSAT)

SSAT is an important and rate-limiting enzyme in polyamine catabolic process.
Acetylation reduces the charge on polyamines, thus altering their ability to bind to acidic
macromolecules and influencing their functions (Kramer et al., 2008). The acetylated
derivatives are substrates for FAD-dependent acetylpolyamine oxidase (APAO), a
peroxisomal enzyme that cleaves the molecule to generate N-acetylaminopropanal and a
smaller polyamine, effectively reversing the biosynthetic reactions (Figure 1.2). The
acetylated derivatives are also easily excreted from the cell. APAO activity is very high
in most tissues, so that acetylated polyamines are usually undetectable. When SSAT is
induced, there is a transient rise of acetylated polyamines, followed by degradation or
excretion from the cell. SSAT, which is very highly regulated and is inducible by
polyamines, plays a key role in maintaining polyamine homeostasis and influencing
cellular processes that are related to polyamine pool. Recently, other potential functions
of SSAT, including roles in obesity/glucose tolerance, stress response, and oxygen
homeostasis, have been proposed. Alterations in SSAT have been linked to a variety of
pathological conditions.
Human SSAT is a 171- amino acid protein that is active as a homodimer (Figure
1.3 A). The Sat1 gene encoding SSAT is present on the X chromosome at location
Xp22.1 (Casero et al., 1991; Xiao et al., 1991; 1992). It contains six exons: exon 1
contains the 5’-untranslated retion (UTR) and the first 22 codons of the coding sequence;
exon 6 contains the last 56 amino acid codons, the stop codon, and the 3’-UTR. Sat1
genes from mouse and human source have high homology (Figure 1.3 B) (Casero and
Pegg, 1993). The crystal structure of human SSAT bound to a bisubstrate analog (N1spermine-acetyl-S-CoA) (PDB: 2JEV, Figure 1.3 C left panel) and another structure of
SSAT in complex with spermine (PDB: 3BJ7, Figure 1.3 C right panel) provided more
7

insights into substrate binding and catalysis (Montemayor and Hoffman, 2008; Hegde et
al., 2007).
SSAT protein concentration is normally very low/undetectable in cells under
resting state. SSAT protein has a half-life of around 15 minutes (Persson and Pegg,
1984). The degradation of SSAT is rapidly carried out by the 26S proteasome. Binding of
polyamines or polyamine analogs greatly stabilizes SSAT protein and increases its halflife to 12 hours (Coleman and Pegg, 1997; Fogel-Petrovic et al., 1996; McCloskey and
Pegg, 2000; Parry et al., 1995). Many factors including polyamines, polyamine analogs
(BESM, DENSPM), toxic agents, hormones and stress pathways, cause large increases in
SSAT activity and protein (Babbar et al., 2006; Casero and Pegg, 1993; Wang and
Casero, 2006). The induction of SSAT in response to a rise in polyamine levels may be a
natural reaction to prevent the accumulation of polyamines to levels that may be harmful
to the cell. It is possible that many of these inducers elevate SSAT activity by raising the
free polyamines, either by increasing their synthesis or by releasing them from binding
sites (ODC, SAMDC enzymes). In addition to reducing the cellular polyamine pool,
acetylation by SSAT may also alter polyamine cellular function by preventing interaction
with negatively charged macromolecules. Polyamines are most likely to exert their
cellular functions through such interactions, which is limited by reducing the positive
charge of polyamines during acetylation. It is also possible that SSAT/APAO pathway
provide a rapid increase in putrescine in certain stress conditions, since it has been shown
that putrescine may protect cells from hypotonic shock. Hydrogen peroxide generated by
APAO reaction may be an important component of apoptosis in embryonic development
(Seiler, 1995).
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Figure 1.3 SSAT gene and protein. (A) The Sat1 gene encoding SSAT contains six
exons: exon 1 contains the 5’-untranslated retion (UTR) and the first 22 codons of the
coding sequence; exon 6 contains the last 56 amino acid codons, the stop codon, and the
3’-UTR. (B) Amino acid sequence of mammalian SSATs. The human SSAT sequence is
shown in full and the residues where the mouse sequence is identical to the human are
indicated by dots. (C) The crystal structure of human SSAT bound to a bisubstrate analog
(N1-spermine-acetyl-S-CoA) (PDB: 2JEV, left panel) and another structure of SSAT in
complex with spermine (PDB: 3BJ7, right panel).
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1.4 SSAT-induced polyamine flux
Based on the fact that acetylated polyamines can be easily exported from cells
that leads to polyamine pool depletion and growth inhibition, SSAT was considered to
have antiproliferation effects on cells. LNCaP human prostate cancer cells engineered to
conditionally over-express SSAT exhibit growth inhibition (Kee et al., 2004b). There was
a dramatic accumulation of acetylated Spd both inside and outside cells, and relatively
unaffected intracellular polyamine pools. Subsequent studies discovered that the
polyamine pools were unchanged due to compensatory increased activity of the
biosynthetic enzyme ODC and SAMDC, which are normally translationally repressed by
intracellular Spd and Spm. Excretion of acetylated polyamines is the primary reason and
driving force for the increased flux. The depletion of polyamines relieve the repression.
The outcome was a continous > 5-fold increase in metabolic flux through the polyamine
pathway (Figure 1.4 A). Consequently, acetylation triggers a polyamine flux which is
supported by the activation of biosynthetic enzymes. The cycle is maintain as long as
SSAT is over-expressed or up-regulated. Direct evidence for the accelerated polyamine
flux was obtained from studies using 4-fluoro-ornithine (Kee et al., 2004b; Kramer et al.,
2008), which is converted to the corresponding fluoropolyamines, then distinguished by
HPLC from normal polyamines. The rate of the expansion of fluorolabeled polyamine
pool provides measurement for polyamine flux.
The accelerated polyamine flux depletes critical precursors and leads to
accumulation of by-products include putrescine, reactive oxygen species (H2O2), CO2 and
N-acetylaminopropanal (Figure 1.4 B). The cycle shown in Figure 1.4A also leads to
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significant loss of ATP due to the fact that synthesis of spermine/spermidine from
methionine consumes large amounts of ATP (Pegg, 1986). It is possible that oxidative
stress resulting from polyamine flux may contribute to increasing tumor development in
SSAT over-expression tissues, but several experiments also suggested that putrescine
may be a critical factor. Blocking ODC activity by ODC inhibitor DFMO thus reducing
de novo putrescine synthesis led to suppression of tumor development (Wang et al.,
2007a). Particularly, activation of SSAT reduced acetyl-coenzyme A (acetyl-CoA) pool
by ~50%. As a result, there is a reduction of acetyl-CoA conversion to malonyl CoA and
fatty acid biosynthesis that, in turn, causes an increase of fatty acid oxidation. The SSATinduced polyamine flux results in ATP and acetyl CoA loss and an increase in the overall
metabolic rate or an “energy leak” that may relate to some metabolic diseases. The
mechanism behind the association between SSAT and fat metabolism has not been
elucidated.
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Figure 1.4 Polyamine flux induced by SSAT. (A) Increased SSAT initiates flux by
excretion of acetylated Spd and Spm from the cell. Acetylation eliminates the ability of
Spd and Spm to repress ODC and SAMDC leading to a compensatory increase in
polyamine biosynthesis. The restored polyamine pools are then available for SSAT
acetylation and continuation of the cycle. (B) Accelerated polyamine flux causes
substrate depletion (such as acetyl-CoA) and accumulation of potentially toxic products
(such as hydrogen peroxide).
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1.5 In vivo models for studying the role of SSAT
Remarkable phenotypic changes occur in mice with altered SSAT activity.
Transgenic mice overexpressing SSAT (SSAT-tg) show a wide variety of defects
including hair loss, female infertility, weight loss, CNS effects, altered carbohydrate and
lipid metabolism, a tendency to develop pancreatitis and altered responses to chemical
carcinogens (Jell et al., 2007a). These defects are linked not only to the alterations in
polyamine content, but also to the changes of acetyl-CoA, ATP, and oxidative damage
associated with SSAT-induced polyamine flux (Figure 1.4) described before. On the
other hand, there were no major metabolic deficiencies in mice with Sat1 gene knockout
(SSAT-ko) during early adult life, which is consistent with the fact that SSAT levels are
extremely low in resting/physiological condition, although at later ages there was a
tendency of insulin resistance (Niiranen et al., 2006) and additional pathophysiological
effects of SSAT gene inactivation (Kramer et al., 2008) or treatment with high-fat diet
(Jell et al., 2007b).
The SSAT-tg mice globally over-express SSAT due to multiple gene copies (~20)
in all cells and tissues (Pietila et al., 1997). SSAT-tg mice exhibited an 18-fold greater
SSAT activity. There was markedly accumulated N1-acetylspermidine, minimally
affected pools of Spd and Spm, and a compensatory increase in biosynthetic enzyme
activities, clearly indicating enhanced metabolic flux. Predictably, there was a decrease in
the SSAT substrate acetyl-CoA of ~70% (Kee et al., 2004a). SSAT-tg mice had
essentially no reproductive fat pads and much less subdermal fat. Around 30% of SSATko mice were found obese at 30 wks of age (Tucker et al., 2005; Niiranen et al., 2002).
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The body fat content of SSAT-tg mice was ~50% of SSAT-wt mice, while the SSAT-ko
mice had a fat content about 3 times that of SSAT-wt mice. It was also confirmed in these
mice that SSAT is needed in the back conversion of spermine and spermidine into
putrescine; and small part of conversion of spermine into spermidine in the absence of
SSAT is probably due to the direct oxidation of spermine by SMO (Vujcic et al., 2002;
Wang et al., 2003) (Figure 1.2). SSAT-tg mice represent a laboratory exaggeration that
may or may not have physiological relevance, but SSAT-ko mice demonstrate that SSAT
prevents fat accumulation in wild type mice.
An analysis of white adipose tissue from the three mouse genotypes revealed that
both acetyl-CoA and malonyl-CoA were reduced in WAT of SSAT-tg mice relative to
SSAT-wt and increased in all SSAT-ko (whether they showed the obese phenotype or
not). These facts suggest that SSAT-tg mice are lean because polyamine flux is diverting
acetyl-CoA from malonyl-CoA and fatty acid biosynthesis to polyamine acetylation, on
the other side SSAT-ko mice are fat because in absence of SSAT and polyamine flux,
acetyl-CoA is not diverted from fat synthesis.

1.6 Connection between SSAT and fat metabolism
The rising prevalence of obesity becomes a major public health concern during
the last decade (Lee et al., 2010). Obesity is associated with many life-threatening
conditions such as type II diabetes, stroke, cardiovascular disease, and certain types of
cancer. The health risk of obesity is greatly reduced by even modest weight loss (i.e. 5%)
(He et al., 2000). Despite broad use of weight control practices, few individuals manage
to maintain significant weight loss. There is an urgent need to understand all
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physiological mechanisms relating to control of fat deposition/mobilization. The studies
in this thesis are designated to evaluate spermidine/spermine-N1-acetyltransferase
(SSAT) as a novel and potentially important metabolic link between polyamine
metabolism and adipose tissue lipolysis. Our findings in genetically modified mice are
highly consistent with this possibility.
Energy homeostasis claims that body weight remains constant when energy intake
(e.g. food intake) equals energy expenditure (e.g. basal metabolic rate and physical
activity). When energy intake exceeds expenditure, body weight can steadily increase and
vice versa. Thus body weight can be controlled by energy intake, energy expenditure or a
combination. The work here relates to control of energy expenditure, in particular to
control of the basal metabolic rate. Because the major energy store in the body is fat and
changes in body weight are mainly caused by changes in fat storage, fat metabolism is
greatly connected with the whole body energy expenditure and body weight (Ahima,
2006).
Proteomics study on the liver tissues of SSAT-tg mice revealed changes in 23
proteins associated with polyamine catabolism (Cerrada-Gimenez et al., 2010). GST pi
and selenium-binding protein 2 and 60 kDa heat-shock protein are repressed in SSAT-tg
mice, suggesting an over-expression of peroxisome proliferator-activated receptor
gamma co-activator 1α (PGC-1α), a protein associated with obesity and type 2 diabetes
(Linsalata et al., 2006). Another study of SSAT-tg mice also showed increased levels of
PGC-1α, along with high basal metabolic rate, improved glucose tolerance, high insulin
sensitivity, and enhanced expression of the oxidative phosphorylation (OXPHOS) genes
in white adipose tissue (WAT) (Pirinen et al., 2007).
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Polyamines are vital to the survival of cells and their expression directly
correlates with proliferation in cells and tissues. Pegg et al showed that polyamines play a
role in a well-characterized differentiation in culture of 3T3-L1 fibroblasts into
adipocytes, when treated with insulin and iso-methylbutylxanthine (MIX). During this
differentiation, there appears to be a specific and required increase in spermidine pools
(Vuohelainen et al., 2010; Bethell and Pegg, 1981; Erwin et al., 1984a), suggesting that
impaired adipogenesis is one of the possible reasons of lean phenotype of SSAT-tg mice.
SSAT-ko mice showed insulin resistance at old age, supporting the role of polyamine
catabolism in glucose metabolism (Niiranen et al., 2006). Spermidine and spermine have
been shown to mimic insulin actions on lipid and glucose metabolism in adipocytes
(Lockwood and East, 1974). More detailed studies have indicated that lack of SSAT
results a decrease in adipose palmitate and glucose oxidation (Jell et al., 2007b). SSAT
overexpressing mice had a profound decrease in white adipose tissue, accompanied by a
high basal metabolic rate, improved glucose tolerance and high insulin sensitivity (Jell et
al., 2007b; Pirinen et al., 2007). These studies indicated an linkage between polyamine
homeostasis and energy metabolism in fat tissue, therefore perturbations of polyamine
metabolism may contribute to the development of obesity and diabetes.

1.7 Acetyl-CoA, SSAT and fat metabolism
Acetyl-CoA is a pivotal molecule in metabolism, that is utilized in numerous
biochemical reactions. Its main function is to carry the carbon atoms within the acetyl
group to the citric acid cycle to be oxidized for energy production In mammal, acetylCoA is central in the balance between carbohydrate metabolism and fat metabolism.
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Usually acetyl-CoA from fatty acid metabolism enters into the citric acid cycle,
contributing to energy supply. Acetyl-CoA from fat can also be transformed into ketone
bodies in the liver, when circulating fatty acids levels are high. Acetyl-CoA is essential in
the biosynthesis of the neurotransmitter acetylcholine. Like acetyl-CoA, malonyl-CoA
was found to be low in SSAT overexpressing mice and high in SSAT knockout mice.
Malonyl-CoA is known to function not only as fat precursor but also as metabolic
regulator for fat oxidation. As shown in Figure 3.5, malonyl-CoA decreases as a result of
acetyl-CoA depletion. Malonyl-CoA regulates fact oxidation by an allosteric inhibition of
carnitine plamitoyltransferase 1 (CPT1), which factiliate the transportation of fatty acids
into mitochondria for further β-oxidation. When malonyl-CoA level is lowered during
fasting or in SSAT-tg mice, the inhibition of CPT1 was relieved, thereby fatty acids are
transferred to mitochondria. When malonyl-CoA is high in SSAT-ko mice, fatty acids
can not be transferred to mitochondria due to the inhibition of CPT1, leading to less
lipolysis. The regulation of this pathway was demonstrated by an in vivo model of acetyl
CoA carboxylase (ACC-2) knockout mice (Choi et al., 2007). Compared to WT mice,
The increase in both fat and carbohydrate oxidation in these ACC-2 knockout mice
resulted in markedly reduced malonyl-CoA, an increase in total energy expenditure,
~50% reduction in fat mass and prevention from diet-induced obesity—a phenotype
remarkably similar to the SSAT-tg mouse.
This increase in both fat and carbohydrate oxidation resulted in an increase in
total energy expenditure, reductions in fat and lean body mass and prevention from dietinduced obesity.
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As each polyamine cycle costs two acetyl-CoA and two ATP molecules (Jell et
al., 2007b), the increased polyamine flux in SSAT-tg mice results in the overconsumption of tissue acetyl CoA, the basic metabolic substrates connecting fatty acid
biosynthesis and oxidation, and ATP. The reduction of the ATP/AMP ratio activates
AMP-activated protein kinase (AMPK) (Steinberg and Kemp, 2009; Zhou et al., 2009),
which is one of the best studied serine-threonine kinases, a central regulator of cellular as
well as whole body metabolism and highly conserved from yeast to plants and animals.
AMPK is a heterotrimeric enzyme consisting of a catalytic α subunit and regulatory β and
γ subunits (Hardie, 2007). AMPK acts as a sensor for energy state and is activated by any
mechanism that elevates AMP/ATP ratio, such as oxidative stress, heat shock, hypoxia
and or nutrient deprivation (Hardie, 2004; 2008). In mammals, AMPK has been shown to
contribute to glucose homeostasis, appetite, and exercise physiology (Andersson et al.,
2004; Kubota et al., 2007; Mu et al., 2001; Minokoshi et al., 2004; Thomson et al., 2007).
Activation of AMPK can lead to the activation of PPAR-γ coactivator 1α (PGC-1α),
which results the enhanced expression of genes coding for oxidative phosphorylation
(OXPHOS) enzymes, thus promoting the basal metabolic rate. AMPK activation is also
essential for the conversion of the acetyl CoA to malonyl CoA, which is critical for
control of free fatty acid synthesis and oxidation. Any mechanism that affects fat
synthesis and fat oxidation has potentially important implications for human health. The
regulation of AMPK/acetyl-CoA/malonyl-CoA signaling pathway has been extensively
studied and proven to be involved in lipid accumulation cell dysfunction and eventually
disease conditions including insulin resistance, obesity, hypertension, dyslipidemia,
pancreatic β-cell dysfunction and type-2 diabetes. The relationship of SSAT activity and
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alternations in acetyl-CoA/malonyl-CoA levels and body fat composition may associate
with these metabolic syndromes. The effect of activated AMPK on SSAT expression has
not been investigated. But we hypothesized that genetic manipulation of SSAT will alter
body fat accumulation by activating of AMP-activated protein kinase pathway and thus
will have a global effect on energy metabolism.

1.8 Tissue-specific SSAT function in fat metabolism
We hypothesized that lack of SSAT activity in adipose tissue drives the
phenotype in SSAT-ko obese mice. This hypothesis is supported by our observation that
WAT, but not liver or muscle, of SSAT-ko mice have increased acetyl-CoA and malonylCoA levels (Jell et al., 2007a). We performed a critical test of this hypothesis using a
Cre/LoxP strategy to create mice that lack SSAT activity only in their adipose tissue.
This strategy involves a “floxed” SSAT gene (engineered so that an exon of SSAT that
includes the catalytic site is flanked by introns containing two LoxP sequences). When
the Cre recombinase protein is also expressed in the same tissue, the SSAT exon is
excised due to the recombination of the flanking LoxP sites, and the SAT1 gene is
inactivated. Since the flanking LoxP alone does not affect gene function, gene
inactivation will occur only when Cre is expressed. When Cre expression is driven by a
tissue specific promoter, only that tissue loses SSAT function (He et al., 2003).

The

general strategy to create such mice is to breed male aP2-Cre transgenic mice to female
mice heterozygous for floxed SSAT. All F1 mice will express Cre in their adipose tissue
and, since SSAT is X-linked, the SSAT gene of half the males will be floxed; These
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“FSAT1KO” (Fat-specific SAT1 knockout) males will therefore lack a functional SSAT
gene thus lack SSAT activity. PCR analysis for the presence of LoxP in male tail snip
samples was used to identify FSAT1KO mice and negative F1 males were used as
controls.
Mice with a floxed SSAT gene were developed by Dr. Manoocher (University of
Cincinnatti, Ohio). Without Cre expression, these mice express normal levels of SSAT
and have a SSAT-wt phenotype. Mice with Cre recombinase expression driven by
adipose tissue-specific promoter (aP2-Cre mice) were obtained from Jackson
laboratories. After the genotype and SSAT expression phenotype of FSAT1KO and
littermate controls were confirmed, obese phenotype expression was evaluated by
observing developmental changes in body weight, food consumption, and body fat.
Our hypothesis predicted that lack of SSAT activity in adipose tissue will drive
the SSAT-ko phenotype associated with increases in WAT acetyl-CoA and malonylCoA. If confirmed, a comparison of the proteomes of SSAT-ko mice and FSAT1KO
mice was expected to provide insights about factors responsible for the SSAT-ko
phenotype. As mentioned earlier, it is more biologically relevant and significant to
evaluate SSAT knockout rather than SSAT over-expression on metabolism. Since under
normal circumstances, SSAT exists in extremely low level, while SSAT-tg represents an
experimental exaggeration that may not have biological significance.

1.9 Therapeutic implications
Pharmacological management of obesity can be approached by lowering the
energy intake and increasing the energy expenditure. Here we present a potential strategy
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to boost energy consumption/basal metabolism by enhancement of SSAT, thereby
increasing polyamine flux, reducing acetyl-CoA and malonyl-CoA, increasing fatty acid
oxidation and decreasing fatty acid biosynthesis. The findings in SSAT genetically
altered mice strongly support these ideas. One possible approach is to discover/design
small molecule inducer of SSAT. Several small molecules are known induce SSAT at the
level of mRNA, but many do not cause increased enzyme protein synthesis (Pegg, 2008).
Although the polyamine analog DENSPM increase transcription, translation and protein
stabilization (Wolff et al., 2003; Fogel-Petrovic et al., 1997), it also down-regulates
polyamine biosynthetic enzymes ODC and SAMDC that brakes the polyamine flux
(Figure 1.4A), which is required to deplete the acetyl-CoA and ATP in the system.
DENSPM or other polyamine analogs are possible start points for designing the small
molecule inducers.
It has been shown that some side effects including increased incidence of
intestinal tumor or skin tumor were associated with high levels of SSAT expression in
transgenic mice (Tucker et al., 2005; Coleman et al., 2002). Polyamine acetylation was
significantly increased in the tumors, and treatment with an APAO inhibitor MDL-72527
reduced the tumor incidence (Wang et al., 2007b), therefore the important factors
involved in tumorigenesis are the products of SSAT/APAO pathway, including
putrescine, reactive oxygen species, and N1-acetylaminopropanal. The possible solution
to prevent the side effects is to reduce cell concentration of these by-products. Inhibition
of ODC activity by DFMO to decrease the production of putrescine resulted in regression
of established tumors. Crossbreeding of the SSAT transgenic mice with mice with
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antizyme gene, which is a negative regulator of ODC, also blocked the tumor
development (Wang et al., 2007b).

1.10 Summary
The concept of SSAT-catalyzed polyamine acetylation resulting fat metabolism is
based on the findings described in section 1.5: SSAT-tg have a lean phenotype; SSAT-tg
WAT has reduced acetyl-CoA, an SSAT substrate and fat precursor; SSAT-tg WAT has
reduced malonyl-CoA (a fat precursor and regulator of fatty acid oxidation). SSAT-ko
WAT has increased acetyl-CoA and increased malonyl-CoA.
The main object of this thesis work focuses on elucidating the extensive
mechanism of polyamine acetylation regulation on fat metabolism and the involvement
of AMPK pathway. Therefore we performed a combination of proteomics and antibody
based expression studies in white adipose tissue (WAT) of SSAT-ko, SSAT-wt and
SSAT-tg to acquire more knowledge about effects of polyamine flux on fat metabolism
pathways.
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CHAPTER 2

MATERIALS AND METHODS
2.1 Chemicals
All reagents for two dimensional electrophoresis (2-DE) including immobilized
pH gradient (IPG) strips, mineral oil, ampholytes pH 3–10, 30% bis-acrylamide,
N,N,N0,N0-tetramethylethylenediamine (TEMED), ammonium persulfate, glycine, tris
base, urea, 3-[(3-cholamidopropyl)dimethy-lammonio]-1-propanesulfonate (CHAPS),
and glycerol were from Bio-Rad. Formalin, hematoxylin, eosin and Oil Red O for
histology staining, Coomassie brilliant blue G-250, ammonium sulfate, phosphoric acid,
methanol, ethanol, acetic acid, sodium hydroxide, sodium chloride, dextrose, protease
inhibitor cocktail kit were from Thermo Scientific. DNA Typing grade 50x TAE buffer
and Sybr Safe DNA gel stain were from Invitrogen. Glucose 201 analyzer and
microcuvettes were obtained from Hemocue. The Laboratory Animal Facility provided
the chemicals isofluorine and Ketaset for animal anesthesia. Isobutyryl-Coenzyme A
(isobutyryl-CoA), acetyl-Coenzyme A (acetyl-CoA) and malonyl-Coenzyme A (malonylCoA), and Bicine buffer solution were purchased from Sigma. Protein assay reagents
were bought from Bio-Rad laboratory and ECLTM Western detection reagents were
obtained from Amersham Pharmacia Biotech. Fatty acid-free bovine serum albumin was
obtained from Calbiochem. Mouse monoclonal antibodies (against lamin α, β-actin), and
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the horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin
secondary antibody were from Santa Cruz Biotech. Rabbit monoclonal antibodies
(against AMPKα, phospho-AMPKα (Thr172), AMPKβ1/2, phospho-AMPKβ 1, AcetylCoA Carboxylase (C83B10) and phospho-Acetyl-CoA Carboxylase (Ser79)) were
purchased from Cell Signaling Technology. RNAzol®RT RN 190 was from Molecular
Research Center Inc. MessageSensor RT Kit and SAT1 gene Taqman gene expression
assay (FAM label) were from Applied Biosystems. Platinum® Taq DNA Polymerase
High Fidelity was from Invitrogen. All primers used in mice genotyping were from
Integrated DNA Technologies.

2.2 Tissue processing for further analysis
Breeding mice to produce SSAT-tg and SSAT-ko animals were kind gifts of C.W.
Porter (Roswell Park Cancer Institute, Buffalo, New York). Animals were sacrificed via
CO2 asphyxiation immediately prior to necropsy. Animals were weighed and serum was
collected via cardiac puncture using a 25 gauge needle. Tissues were excised, weighed
and rinsed with cold PBS buffer. The protocol for FSAT1KO mice is described in section
2.8.
For total protein extraction, frozen mouse adipose tissue was ground using a
mortar and pestle with liquid nitrogen in the mortar to keep the tissue frozen. Frozen
powders from individual block were thawed by adding 0.8 ml of cold lysis buffer (7 M
urea, 2 M thiourea, 4 % CHAPS, 40 mM Tris, and 60 mM DTT) and sonicated in an ice
bath for ~ 1 min at 5 watts (Sonic Dismembrator, Fisher Scientific).
centrifuged at 14,000 x g for 15 min at 4 °C.
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Sonicates were

Supernatants were collected and acetone

was added to precipitate proteins. The precipitates were collected after centrifugation at
14,000 x g for 15 min at 4°C and resolubilized using the above lysis buffer. Protein
concentrations in the extracts were measured in triplicate using a BioRad Bradford-based
protein assay with BSA as the standard. The protein extracts were stored at -80oC until
use.
For polyamine pool analysis, tissue suspensions were added at a 1:1 to 0.6 M
perchloric acid immediately after sonication and prior to centrifugation. Samples were
then centrifuged at 14,000 x g for 30 min and the supernatants containing extracted
polyamines were stored at -20 oC.
For adipose tissue subcellular fractionation, mouse adipose tissues were powered
in the presence of liquid nitrogen and resuspended into harvest buffer (10 mM HEPES
(pH 7.9), 50 mM NaCl, 500 mM sucrose, 0.1 mM EDTA, 0.5% Triton x 100, 1 mM
DTT, 1 mM PMSF, 1x protease inhibitor cocktail). After 10 min incubation on ice, the
lysates were then centrifuged at 1000 rpm for 10 min at 4 °C to pellet nuclei. The
resulting supernatants were centrifuged at 14000 x g for 15 min at 4 °C to separate the
membrane (pellets) and oil (upper layer of supernatants) from the cytoplasmic fractions
(major layer of supernatants). The nuclei pellets were washed in Buffer A (10 mM
HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 1x protease
inhibitor cocktail) and the nuclear fractions were extracted in Buffer C (10 mM HEPES
(pH 7.9), 500 mM NaCl, 0.1 mM EDTA, 0.1% NP40, 1 mM DTT, 1 mM PMSF, 1x
protease inhibitor cocktail).
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2.3 Mass spectrometry analysis
2-D Gel Electrophoresis- For 1st dimension separation, 40 µg of sample protein
was diluted in 125 µl with rehydration buffer and loaded onto an immobilized pH
gradient (IPG) strip by overnight passive in-gel rehydration. The proteome was obtained
with narrow range IPG strips (pI 4-7 and 6-10). The rehydration buffer contains 8 M
urea, 2% CHAPS, 0.2% carrier ampholytes and 10 mM DTT for pH 4-7 linear IPG strips.
For pH 6-10 IPG strips, rehydration was with 15 mg/ml Destreak reagent. Isoelectric
focusing (IEF) within the strips was performed at 20 °C with a MultiPhor II system
(Amersham Biosciences Corp. Piscataway, NJ) using a total of 12,000 V⋅h with a
maximum of 5,000 V.
For 2nd dimensional separation, the IPG strips were removed from the MultiPhor
II chamber, soaked for 15 min in 10 ml of an equilibration buffer for the reduction (6M
urea, 30% glycerol, 2% SDS, 1% DTT, and 0.05 M pH 8.8 Tris) then for 15 min in 10 ml
of a second equilibration buffer for the alkylation (with 2.5% iodoacetamide substituted
for 1% DTT), and positioned against 10-14% gradient SDS polyacrylamide gels in a
BioRad Mini-PROTEAN 3 System at 160 V for 45 min. Polyacrylamide gels were then
®

fixed twice, each time for 30 min using 50% methanol, 7% acetic acid, balance water.
Protein spots in the gels were revealed by staining with either Sypro-Ruby fluorescence
total protein stain and then with SimplyBlue SafeStain solution.
Image Analysis of 2D Gels- Fluorescence images of the gels were captured with
FLA-5000 Fluor Imager (Fuji Photo Film Co, Ltd., Tokyo, Japan). Image analysis was
carried out by PDQuest Software (Version 8.0). One experimental set was created for pI
4-7 gels and one for pI 6-10 gels with each set containing images of six gels (3 from
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SSAT-ko mice, 3 from SSAT-tg mice and 3 from wild type C57BL/6J mice). After
automatic detection of spots by PDQuest software, the spots were manually identified.
The software gave individual spot “volumes” by density/area integration. To eliminate
gel-to-gel variation, individual spot volumes for each gel were normalized relative to
total spot volume of that gel. Normalized spot volume data from each experimental set
were exported to Microsoft Excel, where the differentially expressed spots among SSATKO mice, SSAT-Tg mice and wild type mice were tested for statistical significance by
Student’s t-test (p < 0.05).
In-Gel Trypsin Digestion- Differentially expressed spots were excised and diced
into ~1 × 1 mm pieces manually. Destaining of excised gel pieces was performed by two
30 min washes with 50% acetonitrile containing 50 mM ammonium bicarbonate. Proteins
in gel pieces were reduced by 30 min incubation at 37°C with 50 mM ammonium
bicarbonate buffer containing 1% DTT. Proteins in the gel were alkylated by 30 min
incubation in the dark at room temperature with 50 mM ammonium bicarbonate buffer
containing 2.5% iodoacetamide. Following dehydration with pure acetonitrile, the gel
pieces were covered with approximately 40 µl 12.5 µg/µl sequencing grade trypsin
(Promega, Madison, WI)

in 50 mM ammonium bicarbonate buffer. Incubation for

digestion, peptide extraction, and sample cleanup and desalting using ZipTips were
processed as previously described (Kelsen et al., 2008).
MALDI-TOF-TOF analysis- The desalted peptides from each spot were mixed 1:1
with matrix solution (1% α-cyano-4-hydroxy cinnamic acid in 50% acetonitrile and 50%
0.1% trifluoroacetic acid) and 1.0 μ l volumes were applied to wells of an
AnchorChipTM sample target plate used for the Bruker Auto-flex MALDI-TOF-TOF
27

instrument. Peptide mass fingerprints were obtained using the reflective and positive ion
mode. Mass spectra were collected from the sum of 100-400 laser shots and monoisotopic peaks were generated by FlexAnalysisTM software with signal-to-noise ratio of
2:1.

Mass peak value calculations used two trypsin auto-digestion peptides with M+H

values 842.509 and 2211.104 as internal standards. Protein were identified by matching
the calibrated peptide mass values within either Swiss-Prot or NCBInr protein databases
for Mus musculus using an in-house version of Mascot Server 2.1 imbedded in Bruker’s
Biotool software. Match variances allowed were a mass tolerance of 50 ppm, one missed
trypsin cleavage, fixed modification of carbamidomethyl cysteine, and variable
modification of methionine oxidation. For the samples that did not produce a “hit” with a
confident score, peptide peaks with good signal were further fragmented using “Laserinduced decomposition” to obtain LIFT-TOF/TOF spectra and these MS/MS data alone
or combined with the previously produced MS data were used to search against the
protein database through the Mascot.

2.4 Western blot analysis
Proteins (40-80 µg per lane) were separated using 7.5% to 12% SDS-PAGE gels
and 200 V followed by transfer to polyvinylidene fluoride (PVDF) membrane (Millipore
Corp., Bedford, MA) in buffer containing 20 mM Tris, 192 mM glycine, 20% methanol,
and 0.1% SDS using a transfer apparatus from Bio-rad Company for 60 min at a voltage
setting of 100.
Transferred membranes were blocked for 1.5 hrs in a 5% non-fat milk / TBST
solution (20 mM Tris, 136 mM NaCl, 0.1% tween) at room temperature or overnight at
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cold room (4oC) and exposed to primary antibody 1:1000 in 5% non-fat milk / TBST for
1 hour at room temperature. Membranes were washed 3 times for 15 min in TBST and
incubated with the appropriate secondary antibody 1:15000 in 5% non-fat milk / TBST
for 1 hr at room temperature.

Following secondary antibody binding, the membrane

was again washed 3 times for 15 min each in TBST solution and activation of the HRP
reaction was done using a Western Lightening Chemiluminescence Plus kit (Pelkin
Elkins) and exposed to X-ray film (Kodak, Rochester, NY).

Proteins were identified

based on MW by comparison to positive controls and comparison with a prestained
molecular weight standard (Bio-Rad Labs, Hercules, CA).

2.5 Crossbreeding floxed SSAT-CKO mice and aP2-Cre mice
C57BL/6J and transgenic mice expressing Cre recombinase under control of
mouse aP2 promoter (aP2-Cre mice) were purchased from The Jackson Laboratory [9]. A
transgenic construct containing Cre coding sequence under the control of the 5.4
kb Fabp4 ( fatty acid binding protein 4, adipocyte) promoter was introduced into
unknown outbred donor eggs. The resulting male transgenic mice were crossed to
B6.129-Ppargtm2Rev/J mice and subsequently crossed to C57BL/6J mice for 9
generations and have been maintained in C57BL/6J. Cre recombinase expression is
detected in brown and white adipose tissue. No expression is detected in skeletal muscle.
When crossed with a strain containing a loxP site flanked sequence of interest, Cremediated recombination results in deletion of the targeted gene specifically in adipose
tissue. This strain represents an effective tool for generating tissue-specific targeted
mutants.
29

C57BL/6J mice containing the floxed SAT1 allele were gift from Dr. Zahedi,
University of Cincinnati. These female mice were bred with aP2-Cre male mice to
generate aP2-Cre+/SAT1lox/lox mice, thereafter referred to as FSAT1KO mice. Upon
breeding with Cre transgenic mice, portions of the 5’UTR, all of exons 1 through 3 and
portions of intron 3 of the SSAT gene are excised. The presence or absence of the “floxed
SSAT” allele (located on the X chromosome) was determined by PCR using two primers:
20 pmol of both forward primer (5'-GCTTCCTGA GTTTGCTTTTCTCG-3') and reverse
primer (5'-CTCGTGACACCCATGGCCAAACC-3'). Mouse-tail DNA was extracted and
1ug was used for genotyping. An PCR containing a final concentration of 1X Master
Buffer, 1X reaction buffer, 2.5 mM MgCl2, 0.2 mM dNTP’s, and 1 unit Taq polymerase
enzyme was prepared.

The reaction mix was cycled at 95oC – 1 min (1x); 94oC – 30

sec, 58oC – 1 min , 72oC – 4 min (35x); followed by a final extension of 72oC for 10 min.
Products were resolved with ethidium bromide using 2% acrylamide gel electrophoresis
in 1X TAE buffer for the presence of SSAT-wt allele (206 bp) or the floxed SSAT allele
(385 bp). Cre mice was genotyped according to the instruction by Jackson laboratories
(He et al., 2003). To examine the tissue specific recombination, instead of using the
previous reverse primer for detecting floxed SSAT mice, a new reverse primer (5’CTGATCTACTGTGTTTTAAGTGTG-3’) was used to assess the recombination of
SSAT gene.
All mice were fed standard chow diets containing 6% fat supplied by Roswell
Park Cancer Institute Department of Laboratory Animals unless otherwise specified (see
2.6 for high fat diet composition). Animals were fed ad libitum and had free access to
water. Mice were housed in facilities providing 12 hr on and 12 hr off light cycles.
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Animals were sacrificed either by CO2 asphyxiation or cervical dislocation. All
subsequent procedures performed with these animals were in accordance with protocols
approved by the Institute Animal Care and Use Committee (IACUC) and were conducted
in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

2.6 High-Fat Diet
The synthetic high-fat diet used for the diet-induced obesity model was comprised
of 60% fat calories, 20% carbohydrate calories, and 20% protein calories (5.2 kcal/g) as
obtained from Research Diets, Inc., [New Brunswick, NJ]. Control animals were fed a
diet of standard rodent chow comprised of 14% calories from fat, 60% from carbohydrate
and 26% from protein (4.1 kcal/g) (Prolab RMH 3100, PMI Nutrition International, Inc.,
Brentwood, MO). FSAT1KO mice and WT littermates began consumption of high-fat
diet immediately post-weaning at 4-week-old and were monitored weekly for weight gain
for up to 27-week-old.

2.7 Glucose tolerance test (GTT)
Mice were fasted for six hours by removal to a clean cage without food. Mice
were weighed. After 6 hours of fasting, a fasting glucose level was obtained from venous
blood from a small tail clip. 1 mg/g body glucose was injected intraperitoneally. Blood
glucose values are obtained at 0, 5, 15 30, 60, 90 and 120 min (Andrikopoulos et al.,
2008).
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2.8 HPLC analysis of tissue polyamines
Polyamine pools (Including Put, Spd, Spm and N1-acetylspermine (AcSpm)) were
determined by using reverse phase high-performance liquid chromatography (HPLC)
using Waters AccQ-Fluor derivitizing reagent as previously reported (). Compounds were
detected using a Waters 2475 fluorescence detector with an excitation wavelength of 340
nm and an emission cut-off filter of 550 nM.

The data were collected and analyzed

using Waters Millenium 32 chromotography software version 3.05. Individual polyamine
pools were expressed as pmoles/mg protein.

2.9 Measurement of Acetyl-CoA and Malonyl-CoA by HPCE
The separation and quantitation of Acetyl and Malonyl-CoA in biological samples
was performed based on the high performance capillary electrophoresis (HPCE) assay of
Liu et al(Liu et al., 2003) with some modifications to separate malonyl-CoA. 2 grams of
tissue powder was accurately weighed and lysed with 10 mL of 8.4% perchloric acid
(PCA), containing 2.0 mM dithiothreitol DTT and 41.3 nmol Isobutyryl CoA, which was
used as an internal standard for control of recovery, peak identification and quantitation
purposes. The mixture was homogenized with sonicator and centrifuged at 25000g for 10
min at 0 °C. The pH of the supernatant was adjusted to 3.0 with 20% KOH. The mixture
was centrifuged at 25000g again for another 10 min at 0 °C to precipitate KClO4. The
resulting supernatant was then applied immediately to the Sep-Pak C18 cartridge, which
had been equilibrated with acidic water (pH 3.0 with HCl) by using a syringe. The
cartridge was then washed with 10 mL of acidic water, followed by 10 mL of petroleum
ether, 10 mL of chloroform, and 10 mL of methanol, respectively. The CoA compounds
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on the cartridge were then slowly eluted with ~2 mL of pure acetonitrile. Subsequently,
the eluted CoA mixture solution was concentrated to ~0.3 mL under reduced pressure at
20 °C using a rotary evaporator. Small particles were removed from the solution obtained
by using a syringe filter with a pore size of 0.45 µm. Purified extracts were then analyzed
on a Beckman P/ACE MDQ capillary electrophoresis system equipped with a photodiode
array detector and an uncoated fused-silica CE column of 50-µm i.d. and 60 cm in length
with 50 cm from inlet to the detection window (Polymicro Technologies, Phoenix, AZ).
Electrophoretic conditions were as described by Liu et al (Liu et al., 2003).

Briefly, the

capillary was preconditioned with methanol for 3 min, deionized water for 1 min, and 0.1
M NaOH for 30 min at 40 psi, then equilibrated with 100 mM of NaH2PO4 separating
buffer containing 0.1% β-cyclodextrin (pH 6.0) for 10 min. After each run, the capillary
was rinsed with 0.1 M NaOH, Milli-Q water and running buffer for 3 min each. The
injection was done hydrodynamically at a pressure of 1.5 psi for 10 sec. Injection volume
was calculated using CE Expert Lite software from Beckman. Separation was carried out
under constant voltage of -30 kV at a constant capillary temperature of 15 °C for 40 min.
Coenzyme A’s were monitored with a photodiode array detector at the maximum
absorbance wavelength (254 nm). Data were collected and processed by Beckman P/ACE
32 Karat software version 7.0. Tissue acetyl CoA and malonyl CoA levels were
expressed as nmol/g tissue.

2.10 Histological Study
Sections, 5-8 um thick, were cut from liver tissue frozen in Tissue-Tek OCT
(Sakura Finetek) and then mounted on glass slides. Tissue section slides were stained
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with hematoxylin and eosin (H&E), or Oil Red O to evaluate the fatty liver. For H&E
staining, the following procedure was performed: 1) Air dry the frozen sections for 3
minutes to remove moisture; 2) Stain with filtered 0.1% Mayer’s Hematoxylin for 10
minutes; 3) Rinse in running ddH2O for 5 minutes; 4) Dip in 0.5% Eosin 10 times; 5) Dip
in distilled H2O 5 times; 6) Dip in 50% EtOH 10 times; 7) Dip in 70% EtOH 10 times; 8)
Equilibrate in 95% EtOH for 30 seconds; 9) Equilibrate in 100% EtOH for 1 minute; 10)
Dip in Xylene several times; 11) Air dry for several minutes; mount and coverslip with
Cytoseal XYL. For Oil Red O staining, 1) Air dry for 3minutes; 2) Place in propylene
glycol for 5 minutes to avoid water in Oil Red O; 3) Stain in pre-warmed Oil Red O
solution for 10 minutes; 4) 85% propylene glycol solution for 5 minutes; 5) Rinse in 2
changes of distilled water; 6) Stain in Mayer's hamatoxylin for 30 seconds; 7) Rinse in
running ddH2O for 3 minutes; 8) Mount with glycerin jelly.

2.11 GeLC-MS
Each of two samples (pooled fat tissue from FSAT1KO mice and WT) was
diluted at a 1:2 ratio with Laemmli sample buffer (BioRad, Hercules, CA) containing 5%
β-mercaptoethanol, heated for 10 min at 90 °C and loaded onto a 10−12%
polyacrylamide gel. Electrophoresis was performed using a mini Protean II system
(BioRad) at 160 V for 45 min. Separation was confirmed by staining with SimplyBlue
SafeStain (Invitrogen, Carlsbad, CA). Each of the two sample lanes was sliced into 10
sections, and each section further cut into

1 mm3 pieces. The gel pieces were treated

with 10 mM DTT in 50 mM ammonium bicarbonate for 30 min at 37 °C and the proteins
then alkylated with 50 mM iodoacetamide in 50 mM ammonium bicarbonate for 30 min
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at room temperature in the dark. After treatment with 50% (v/v) acetonitrile in 50 mM
bicarbonate and dehydration with pure acetonitrile, approximately 40 µL of 12.5 µg/µL
trypsin in 50 mM ammonium bicarbonate solution was added to cover the gel pieces. The
trypsin digestion, peptide extraction, and sample cleanup were performed as described
(Duan et al., 2010).
Peptides were dried in a vacuum centrifuge then resolubilized in 30 µl of 0.1%
(vol/vol) trifluoroacetic acid/H2O. Peptide samples were loaded onto 2 µg capacity
peptide traps (CapTrap; Michrom Bioresources) and separated using a C18 capillary
column (15 cm 75 µm, Agilent) with an Agilent 1100 LC pump delivering mobile phase
at 300 nl/min. Gradient elution using mobile phases A (1% acetonitrile/0.1% formic acid,
balance H2O) and B (80% acetonitrile/0.1% formic acid, balance H2O) was as follows
(percentages for B, balance A): linear from 0 to 15% at 10 min, linear to 60% at 60 min,
linear to 100% at 65 min. The nanoelectrospray ionization (nanoESI) tandem MS was
performed using a HCT Ultra ion trap mass spectrometer (Bruker). ESI was delivered
using distal-coating spray Silica tip (ID 20 µM) at a spray voltage of -1300 V. Using an
automatic switching between MS and MS/MS modes, MS/MS fragmentation was
performed on the two most abundant ions on each spectrum using collision–induced
dissociation with active exclusion (excluded after two spectra, and released after 2 min).
The complete system was fully controlled by HyStar 3.1 software. Mass spectra
processing was performed using Mascot Distiller software. The generated de-isotoped
peak list was submitted to an in-house Mascot server 2.2 for searching against the
UniProtKB/Swiss-Prot database (version 2011_07 contains 530264 sequence entries).
Mascot search parameters were set as follows: species, Mus musculus; enzyme, trypsin
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with maximal 1 missed cleavage; fixed modification, cysteine carboxymethylation;
variable modification, methionine oxidation; 0.45 Da mass tolerance for precursor
peptide ions; and 0.6 Da for MS/MS fragment ions. All peptides matches were filtered
using an ion score cutoff of 10.

2.12 Statistical Analysis
Data are expressed as mean value ± standard error of the mean (SEM). Statistical
comparisons were performed using unpaired, two-tailed Student’s t-test. A difference was
considered as significant when P < 0.05.
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CHAPTER 3

THE ROLE OF POLYAMINE ACETYLATION IN REGULATING ADIPOSE
TISSUE METABOLISM: A PROTEOMICS APPROACH
3.1 Rationale
Jason et al reported that over-expression of SSAT in both cultured cells and mice
depletes acetyl-CoA and activates metabolic flux (Jell et al., 2007b). Given that acetylCoA is a fatty acid synthesis precursor and key factor to the production of malonyl-CoA
(Miranda et al., 2007; Daval et al., 2006), a major regulator of fatty acid oxidation, the
above finding represents a possible linkage between polyamine acetylation and fat
metabolism. In SSAT-tg mice in which the enzyme is systemically overexpressed,
acetylated polyamines in tissue and urinary are increased. The activation of SSAT leads
to an accelerated flux of polyamines and an over-accumulation of putrescine,
accompanied by a decrease in white adipose acetyl- and malonyl-CoA pools, a major (20fold) boost of glucose and palmitate oxidation, and a evidently lean phenotype.

In

SSAT-ko mice, the opposite relationship between polyamine and fat metabolism was
observed. Attenuated polyamine flux lead to an increase in acetyl and malonyl-CoA
pools in tissues, a decrease in glucose and fatty acid oxidation, thus an accumulation of
body fat.
We performed a combination of proteomics and antibody based expression
studies in white adipose tissue (WAT) of SSAT-ko, SSAT-wt and SSAT-tg to acquire
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more knowledge about effects of polyamine flux on fat metabolism pathways. As
presented below, these analyses revealed that polyamine catabolism alters the expression
of a large number of proteins that involved in glucose metabolism, amino acid
metabolism, fat metabolism, OXPHOS, signal transduction and stress response.
Interestingly we identified 9 proteins in WAT that show gradient across the genotypes, all
of which have a connection with acetyl-CoA consumption. These include: a) glycolytic
enzymes (aldolase, enolase, pyruvate dehydrogenase); b) TCA cycle enzymes (aconitate
hydratase, malate dehydrogenase); c) fatty acid lipolysis and beta oxidation enzyme;
(hormone-sensitive

lipase,

monoglyceride

lipase,

3-

and

hydroxyacyl

CoA

dehydrogenase).

Further expression studies using Western blots indicated acetyl

CoA regulation by AMP-activated protein kinase pathway in adipose tissues of these
mice. Our results support that genetic modulation of SSAT followed by modified
polyamine flux causes a combination of changes in WAT that involve lipolysis, energy
metabolism and calorie loss resulting from polyamine export, thereby influencing the
accumulation of body fat. As we presented in Chapter 4, additional study revealed the
effects on the entire animal when SSAT is modulated only in WAT, that further indicated
the important role of WAT in driving the metabolic pathway and phenotypic changes. In
summary, the data indicate that modulation of SSAT activity regulates fat metabolism
and calorie balance, suggesting possible implications for controlling obesity.
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3.2 Results

3.2.1 MS analysis results
Global protein expression was performed using proteins extracted from adipose
tissue samples of SSAT-ko, SSAT-tg and wt mice. Gels from different genotypes of
adipose tissue samples are shown in Figure 3.1. Comparing SSAT-ko and SSAT-wt mice,
we found 103 spots with significant differences in expression. These differentially
expressed spots represented 77 unique proteins. 26 proteins produced multiple spots
result of either isoforms or post-translational modifications. Of the differentially
expressed proteins, 22 were up-regulated, 47 were down regulated and 8 were unique to
SSAT-ko mice comparing with SSAT-wt. A comparison of SSAT-tg and SSAT-wt
produced 24 up-regulated spots, 21 down-regulated spots and 4 unique spots to SSAT-tg.
Differentially expressed proteins were grouped in to the following categories: lipogenesis
(5 proteins), lipolysis/β-oxidation (8 proteins), oxidative phosphorylation (7 proteins),
amino acid metabolism (3 proteins), glucose metabolism (16 proteins), signal
transduction (7 proteins), ER stress (4 proteins), antioxidants/cell stress response (12
proteins), structural (6 proteins) and miscellaneous (12 proteins).
Of particular interest, 15 proteins exhibit 3-tier progression across SSAT-ko, WT,
and SSAT-tg animals (Table 3.1). These proteins were repressed in SSAT-ko mice and
elevated in SSAT-tg mice. 6 of these proteins were represented in 3D view (Figure 3.2
A). 3-hydroxyacyl-CoA dehydrogenase type-2 (spot #101, repressed by 72% in SSATko, elevated by 2 fold in SSAT-tg) is involved in lipid metabolic process. Two proteins
involved in OXPHOS are ATP synthase subunit alpha, mitochondrial (spot #88,
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repressed by 65% in SSAT-ko, elevated by 3 fold in SSAT-tg) and electron transfer
flavoprotein subunit beta (spot #90, repressed by 27% in SSAT-ko, elevated by 1.5 fold
in SSAT-tg). Delta-1-pyrroline-5-carboxylate dehydrogenase (spot #74, undetectable in
SSAT-ko, elevated by 3.5 fold in SSAT-tg) is an important protein in proline metabolism.
Six proteins responsible for glycolysis showed 3-tier pattern, including pyruvate
dehydrogenase E1 component subunit beta (spot #29, repressed by 63% in SSAT-ko,
elevated by 1.6 fold in SSAT-tg), malate dehydrogenase cytoplasmic (spot #44,
undetectable in SSAT-ko, elevated by 1.8 fold in SSAT-tg), alpha enolase (spot #46,
repressed by 10% in SSAT-ko, elevated by 5 fold in SSAT-tg), NADP-dependent malic
enzyme (spot #75, undetectable in SSAT-ko, elevated by 2.4 fold in SSAT-tg), aconitate
hydratase, mitochondrial (spot #80, repressed by 77% in SSAT-ko, elevated by 2 fold in
SSAT-tg) and fructose-bisphosphate aldolase A (spot #93, #94, repressed by 44% in
SSAT-ko, elevated by 1.5 fold in SSAT-tg). In addition, large numbers of proteins
involved in cell stress response pathway are decreased substantially in SSAT-ko mice,
including 78 kDa glucose-regulated protein (spot #13, #14, repressed by 68% in SSATko, elevated by 1.2 fold in SSAT-tg), heat shock cognate 71 kDa protein (spot #25,
repressed by 63% in SSAT-ko, elevated by 1.8 fold in SSAT-tg), glutathione Stransferase Mu 2 (spot #77, repressed by 82% in SSAT-ko, elevated by 1.4 fold in SSATtg), catalase (spot #79, repressed by 57% in SSAT-ko, elevated by 1.7 fold in SSAT-tg),
glutathione S-transferase P1 (spot #83, repressed by 52% in SSAT-ko, elevated by 2.12
fold in SSAT-tg), glutathione S-transferase Mu 1 (spot #84, repressed by 91% in SSATko, elevated by 1.34 fold in SSAT-tg) and glutathione S-transferase A3 (spot #102,
undetectable in SSAT-ko, elevated by 3.89 fold in SSAT-tg).
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3.2.2 Validation of differentially expressed proteins through Western Blotting
To verify our proteomic results, aliquots of samples used in the 2D PAGE were
also analyzed by Western blotting with commercially available antibodies against one of
the glycolytic enzymes α-enolase (#46) (Figure 3.2 B). Consistent with the results from
2D PAGE analyses, the protein level of α-enolase was reduced in SSAT-ko and elevated
in SSAT-tg compared with wild type mice. Some of the glycolysis enzymes were
indicated in the pathway shown in Figure 3.
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Figure 3.1 SSAT-ko, SSAT-tg and wt adipose tissue proteome map of pH 4-7 (top panel) and pH 6-10 (bottom panel). The
proteins were stained with sypro-ruby and images compared by PD Quest software. The numbers correspond to the spot numbers in
Supplementary Table 1. As compared to wt, blue arrows represent downregulation and red arrows represent upregulation.
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Table 3.1 Proteomic trends based on proteins showing 3-Tier progression across
SSAT-ko, SSAT-wt, and SSAT-tg animals (As compared to SSAT-wt, blue represents
downregulation and red means upregulation (P <0.05, n=4))

Spot

Normalized 2D Spot Volume
(n = 4)

Protein ID

P Value
(vs WT)

SSAT-KO

SSAT-WT

SSAT-Tg

KO

Tg

377 ± 156

1,343 ± 308

2807 ± 249

0.001

0.001

Lipolysis/β-oxidation
101

3-hydroxyacyl-CoA dehydrogenase type-2

Oxidative Phosphorylation
88

ATP synthase subunit alpha, mitochondrial

432 ± 404

1,227 ± 361

3,798 ± 1173

0.041

0.006

90

Electron transfer flavoprotein subunit beta

1,997 ± 490

2,731 ± 327

3,988 ± 581

0.047

0.009

<D.L.

298 ± 133

1,028 ± 557

0.004

0.043

2,394 ± 999

6,435 ± 1146

1,0476 ±2814 0.002

0.040

<D.L.

1,790 ± 313

3,286 ± 501

0.001

0.007

1,589 ± 279

2,341 ± 214

5,270 ± 1360

0.005

0.021

1,246 ± 537

1,393 ± 590

7,029 ± 2,078 0.725

0.004

4,688 ± 902

8,143 ± 1,798 1,0865±1,446 0.014

0.017

Amino Acid Metabolism
74
Delta-1-pyrroline-5-carboxylate dehydrogenase
Glucose Metabolism
Pyruvate dehydrogenase E1 component subunit
29
beta
44

Malate Dehydrogenase

cytoplasmic

45
46

Alpha Enolase

47
75

NADP-dependent malic enzyme

<D.L.

1,517 ± 320

3,624 ± 1,462 <0.001 0.048

80

Aconitate hydratase, mitochondrial

146 ± 169

643 ± 118

1,275 ± 407

0.003

0.025

1,670 ± 636

2,987 ± 654

4,380 ± 975

0.028

0.151

2,398 ±1,083

6,562 ± 2,734 7,670 ± 552

0.030

0.956

570 ± 151

1,563 ± 251

1,851 ± 314

0.001

0.028

827 ± 474

2661 ± 393

3378 ± 299

0.001

0.020

4,003
±1,135

7,495
620

0.011

0.004

93
94

Fructose-bisphosphate aldolase A

ER Stress/UPR
13
78 kDa glucose-regulated protein
14
Antioxidants/Cell Stress Response
25

Heat shock cognate 71 kDa protein

1,480
459

77

Glutathione S-transferase Mu 2

391 ± 303

2,138 ± 583

3,027 ± 549

0.002

0.048

79

Catalase

475 ± 409

1,113 ± 235

1,908 ± 444

0.035

0.046

83

Glutathione S-transferase P 1

685 ± 332

1,422 ± 71

3,027 ± 635

0.005

0.006

84

Glutathione S-transferase Mu 1

384 ± 204

4,466 ± 303

6,020 ± 839

0.001

0.047

102

Glutathione S-transferase A3

<D.L.

1,092 ± 199

4,249 ± 500

<0.001 <0.001

±

D.L.= detection limit of Sypro-Ruby fluorescent dye staining method
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Figure 3.2 Validation of mass spectrometry results. A. Expression levels of
representative proteins of Table 1. The 3D images were provided by PD Quest software.
The height of peaks indicates the intensity of protein spots. B. Protein abundance (by
western blot) of α-enolase in mice adipose tissue. Each lane represents a sample from
different mice. β-actin expression level was for normalization.
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3.2.3 Activation of AMPK pathway in adipose tissue
AMPK plays a key role as a master regulator of cellular energy homeostasis, one
of its important function is to stimulate catabolic processes such as fatty acid oxidation
and glycolysis via inhibition of acetyl-CoA carboxylase (ACC). The expression and
phosphorylation of AMPK catalytic α subunit, AMPK regulatory β1/2 subunits and their
downstream enzyme ACC were evaluated by western blot analysis (Figure 3.3). 8
samples from each of SSAT-ko, SSAT-wt and SSAT-tg groups were used for analysis
and results 3 samples were shown representatively in Figure 3.3 A. When compared to
SSAT-wt mice, the expression level and the phosphorylation of AMPKα were raised 5fold and 1.9-fold in SSAT-tg mice. There was no visible change in the expression level of
AMPK regulatory β1/2 subunits; nevertheless the phosphorylation of the β1 subunit was
5.3 times higher in SSAT-tg than SSAT-wt mice. Whereas the phosphorylation of these
AMPK subunits in SSAT-ko mice remain unchanged comparing with wt mice (Figure
3.3 B). The activation of AMPKα leads to phosphorylation of its downstream ACC. The
western blot results showed that in SSAT-tg group, the phosphorylation of ACC was
increased by 2.2-fold, and the phosphorylation of protein kinase A C-α subunit (PKA Cα) was increase by nearly 1.5-fold.
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Figure 3.3 AMPK, phosphorylated AMPKα (pAMPKα), AMPKβ1/2, phosphorylated AMPKβ1 (pAMPKβ1), ACC,
phosphorylated ACC (pACC), and phosphorylated PKA c-α (pPKA c-α) protein levels in adipose tissues from SSAT-ko, wt
and SSAT-tg mice. (A) Western blot results were detected with polyclonal antibodies (Cell Signaling Technology, Inc., Danvers,
MA) against each protein. The bottom panel shows β-actin levels used for normalization. (B) Relative pAMPKα, pAMPKβ1, pACC
and pPKA c-α protein levels in adipose tissue after normalization with β-actin. Results are displayed as group means ± SEM. *, P
≤0.05, t-Test was done between SSAT-ko with wt, or between SSAT-tg with wt.
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3.2.4 The expression of antioxidant proteins in adipose tissue
Proteomics results revealed that antioxidative response was evidently increased in
SSAT-tg and repressed in SSAT-ko, comparing with wt mice (Table 3.1). The nuclear
transportation of NF-E2-related factor-2 (Nrf2), which plays a major role in
transcriptional activation of antioxidant response element (ARE)-driven genes, was
investigated by western blot analysis (Figure 3.4). The overall Nrf2 expression in total
lysates was not influenced by different expression status of SSAT. The Nrf2 level in
nucleus was increased by 3.5-fold in SSAT-tg mice, and undetectable in SSAT-ko mice.
Nrf2-dependent ARE protein NQO1 was examined in these mice (Figure 3.4). NQO1
expression in SSAT-tg mice tissue was 1.4 times more than wt mice.
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Figure 3.4 Nuclear transportation of Nrf2 detected by western blot. (A) Nrf2 in
cytoplasmic fractions, nuclear fractions and total lysates, NQO1 protein levels in adipose
tissues from SSAT-ko, wt and SSAT-tg mice were detected by western blot with
polyclonal antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) against each
protein. Lamin A and β-actin levels were used for normalization in nuclear fractions and
total lysates respectively. (B) Relative protein levels of total Nrf2, nuclear Nrf2 and
NQO1 in adipose tissue after normalization. Results are displayed as Group means ±
SEM. *, P ≤0.05, Ttest was done between SSAT-ko with wt, or between SSAT-tg with
wt.
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3.3 Discussions

3.3.1 Overview
White adipose tissue (WAT) of SSAT-tg animals were characterized by
compensatory increases in polyamine biosynthetic enzyme activities, which together with
elevated SSAT, lead to heightened metabolic flux through the polyamine pathway, a 70%
decrease in acetyl-CoA and a 50% decrease in its downstream metabolite malonyl-CoA.
Malonyl-CoA reduction is accompanied by 20-fold regulatory increases in both glucose
metabolism and fatty acid (palmitate) oxidation thus, linking polyamines and fat
metabolism (Ruderman et al., 1999; Saha and Ruderman, 2003; Lane and Cha, 2009).
These animals were further characterized by an absence of stored liver glycogen,
significant decreases in serum glucose, cholesterol, leptin and free fatty acids as well as
significantly increased energy expenditure as by indirect calorimetry even with increased
dietary food intake (Jell et al., 2007b).

In addition, SSAT-tg mice given ad libitum

access to a high-fat diet failed to gain body weight or body fat while SSAT-wt animals
gained >20% total body fat signifying the ability of SSAT-tg mice to resist fat
accumulation despite a significant increase in dietary fat intake. In SSAT-ko mice a more
direct relationship between acetyl-CoA and fat metabolism was observed.

Relative to

wild-type mice, there was no N1-acetylation of polyamines, no increase in polyamine
biosynthetic activity and no apparent rise in metabolic flux in white adipose tissue.
Consistent with expectations based on SSAT-tg mice, there was a 30% accumulation of
acetyl-CoA and a 40% increase in malonyl-CoA coupled with a 75% decrease in glucose
metabolism.

The phenotype was further exaggerated under a high fat diet where SSAT49

ko mice gained significantly more weight (34%) than wild-type mice over a 20 wk period
which could not be attributed to increased dietary food intake or decreased energy
expenditure. Thus, in the absence of polyamine acetylation, SSAT-ko mice tend to
accumulate acetyl- and malonyl-CoA, thereby promoting fat storage via decreased
glucose utilization and fatty acid oxidation. Overall, these novel murine models revealed
a previously unrecognized regulatory linkage between polyamine and fat metabolism
with mechanistic implications for understanding and addressing obesity. More
particularly, SSAT regulation of metabolic flux modulates acetyl- and malonyl-CoA
pools giving rise to profound effects on fatty-acid and glucose oxidation as well as altered
body-fat accumulation.

3.3.2 SSAT expression alters fat metabolism in mice adipose tissue
Much of a basic metabolic activity involves the expression and regulation of
genes responsible for the maintenance of fuel availability for growth processes.

There is

a disconcerting divergence between the role of genes in the development of cancer and
the homeostasis of energy.

While AMPK is a critical regulator of cell survival, it is also

a major regulator of glucose partitioning.

When its expression goes unregulated, both

aspects of its function allow for increased tumor proliferation and survival.

Energy

balance, amino acid metabolism, survival and growth are all tightly regulated pathways
linked to fuel availability.

In order for tumors to grow, they must adapt mechanisms to

avert the limitations of metabolic fuel sensing.

Conceptually, thinking of tumor growth

in terms of its ability to sequester fuels through the loss of tumor suppressors, or gain of

50

oncogenes, may provide for novel and safe antiproliferative targeting strategies in the
coming years.
Two enzymes involved in lipogenesis were markedly increased (more than 4-fold)
in SSAT-ko, corresponding to the fact that these mice were obese (shown in
supplementary data Table S1). Glycerol-3-phosphate dehydrogenase provides the
glycerol-3-phosphate (G3P) for the triglyceride backbone in adipocytes. Adipocyte fatty
acid–binding protein (AFABP) is a serum biomarker closely related with obesity and
metabolic syndrome (Xu et al., 2006). Proteins involved in lipolysis showed low
expression levels in SSAT-ko mice. Several forms of carbonic anhydrase were all
decreased in SSAT-ko. Carbonic anhydrase 3 is the most abundant protein in adipose
tissue and previous study indicated its reduction with obesity and a possible role in leptin
secretion (Alver et al., 2004). Two enzymes in the process of β-oxidation pathway were
increased in SSAT-tg mice, including enoyl-CoA hydratase and hydroxyacyl-coenzyme
A dehydrogenase. β-oxidation is a major source of cellular ATP and acetyl-CoA. In
SSAT-tg mice, the accelerated polyamine flux depletes ATP and acetyl-CoA, therefore
stimulated β-oxidation supplied compensatory essential fuel for the cells.

3.3.3 SSAT expression alters glucose metabolism in mice adipose tissue
Glucose is the primary energy source of cells.

The process of glucose oxidation

is the first step in energy metabolism and it is comprised of two major pathways:
glycolysis, which processes glucose to acetyl-CoA, and the Kreb’s cycle and electron
transport, which process acetyl-CoA to ATP and NADPH that go on to be used in
muscle, heart, and brain to sustain necessary functions.
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In situations where glucose is in

excess, it is metabolized to either glycogen through glycogenesis and stored in the liver
or broken down into acetyl-CoA and diverted into fatty-acid and triglyceride synthesis to
ultimately be stored as fat.

Glycogen stores are most often utilized by muscle where the

rapid need for energy may not be easily satisfied through glucose oxidation alone.
Additionally, when glucose and glycogen become limiting, fat stores can be mobilized by
the processes of lipolysis and β-oxidation to regenerate acetyl-CoA for catabolic
processes.

Acetyl-CoA from these reactions can also be used to generate ketone bodies

which the brain can metabolize as fuels when glucose is unavailable, therefore acetylCoA is a critical component of energy metabolism and the production and metabolism of
acetyl-CoA is regulated at many different levels such as allosteric, hormonal,
transcriptional, translational, and post-translational levels.
A large number of enzymes responsible for glucose metabolism, that are essential
for efficient energy production, were suppressed in SSAT-ko and elevated in SSAT-tg, as
compared with wt mice, that is consistent with the lean phenotype of the SSAT-tg mice.
Pyruvate dehydrogenase complex (PDC) transforms pyruvate into acetyl-CoA during the
process of pyruvate decarboxylation, which plays strategic roles in the control of the use
of glucose-linked substrates as sources of oxidative energy or as precursors in the
biosynthesis of fatty acids (Figure 3.5).

Isocitrate dehydrogenase (IDH), malate

dehydrogenase (MDH) and aconitate hydratase are important enzymes in citric acid
cycle. Several glycolytic enzymes exhibit high expression in SSAT-tg mice, including αenolase, D-3-phosphoglycerate dehydrogenase, glucose-6-phosphate dehydrogenase,
triosephosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
fructose-bisphosphate aldolase A.
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3.3.4 SSAT expression alters OXPHOS protein level in mouse adipose tissue
Several components in the mitochondrial respiratory chain were markedly
increased in SSAT-tg mice and relatively low in SSAT-ko mice, including cytochrome
b5, ubiquinol-cytochrome-c reductase complex core protein 1, electron transfer
flavoprotein subunit beta and ATP synthase subunits. These enzymes are of pivotal
importance in almost all organisms, and especially valuable in SSAT-tg mice, at least
partially due to increased ATP consumption as a part of increased polyamine flux.
Pyrophosphate is produced by AdoMet synthesis which is also increased when polyamine
flux increases thus inorganic pyrophosphatase, which catalyzes the conversion of one
molecule of pyrophosphate to two phosphate ions, could be important for that reason.
The suppression of inorganic pyrophosphatase in SSAT-ko agreed with the fact that
AdoMet synthesis was decreased in these mice due to the reduced polyamine flux.

3.3.5 SSAT Activates AMPK pathway in Mice Adipose Tissue
AMPK plays a key role in the regulation of energy homeostasis (Daval et al.,
2006; Miranda et al., 2007). Elevated AMP/ATP ratio due to exercise or other cellular
stress leads to the phosphorylation of AMPK on its catalytic α subunit, regulatory β or γ
subunits and subsequently its kinase activity to phosphorylate ACC. ACC catalyzes the
crucial step of the fatty acid synthesis pathway, which is irreversible carboxylation of
acetyl-CoA to produce malonyl-CoA. The phosphorylation of ACC by pAMPK at Ser79
or by PKA at Ser1200 inhibits the enzymatic activity of ACC (Mao et al., 2006; 2009). A
significant portion of AMPK function is mediated by its ability to modulate malonyl-CoA
levels. Malonyl-CoA is the precursor for de novo fatty-acid synthesis and a regulator of
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fatty-acid oxidation through allosteric inhibition of the mitochondrial transporter protein
CPT-1 (Figure 3.5).

Additionally, it has been shown that malonyl-CoA acts as a

coupling factor to link nutrient sensing to insulin secretion (Ruderman et al., 1999).
Malonyl-CoA levels in muscle respond to acute shifts in insulin and glucose levels (Saha
et al., 1995) and studies using intracerebral administration of the FAS inhibitor C75 have
shown malonyl-CoA accumulation in the brain to reduce food intake dramatically
(Kuhajda, 2006).

Activation of AMPK can occur directly by increased cellular

AMP/ATP ratio (Ruderman et al., 1999), hormonally by adiponectin (Yamauchi et al.,
2002) and leptin (Minokoshi et al., 2002) or pharmacologically by 5-aminoimidazole-4carboxamide-1-beta-D-ribofuranoside (AICAR) administration (Winder et al., 2000).
AMPK regulates malonyl-CoA pools in part by inhibiting the expression of the
transcription factor sterol-regulatory-element-binding transcription factor 1 (SREBP1c)
which in turn, prevents expression of acetyl-CoA carboxylase (ACC) and FAS, thus
limiting malonyl-CoA pools leading to increased fatty-acid oxidation (Ferre et al., 2003).
AMPK also triggers activation of malonyl-CoA decarboxylase (MCD) which
decarboxylates malonyl-CoA to acetyl-CoA to relieve inhibition of CPT-1 thereby
promoting fatty acid oxidation (Saha et al., 2000). This complex network of nutrientsensing pathways shows the importance of maintaining homeostasis of not only malonylCoA levels, but also its precursor acetyl-CoA.

Modulation of malonyl-CoA pools

presents as a unique target for the regulation of fatty-acid oxidation rates as evidenced by
the function of AMPK in cells and tissues.
In SSAT-tg mice, acetyl-CoA depletion was ascribed to the increased polyamine
acetylation. Furthermore, the accelerated ATP-consuming polyamine flux in SSAT-tg
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mice increases AMP/ATP ratio, thus activates AMPK, which in turn impedes the ACC
activity of producing malonyl-CoA. In deficiency of substrate acetyl-CoA and ACC
enzymatic activity, malonyl-CoA in SSAT-tg adipose tissue was exceedingly low.
Accordingly, malonyl-CoA in SSAT-ko was higher than wt mice. Malonyl-CoA provides
2-carbon elements to fatty acids and commits them to fatty acid synthesis. In addition,
malonyl-CoA inhibits the rate-limiting step in β-oxidation of fatty acids by interfering the
associating between fatty acids with carnitine, thereby preventing them from
mitochondria where fatty acid oxidation occurs. ACC knockout mice with markedly
reduced malonyl-CoA showed ~50% reduction in body fat, as compared to wt mice (Mao
et al., 2009; 2006). ACC knockout mice are comparatively similar to SSAT-tg mouse in
fat metabolism.

3.4 Summary
Obesity is a complex condition contributing to the development of many lethal
diseases such as cancer, diabetes and cardiovascular disease.

Implicating SSAT in the

partitioning of acetyl-CoA away from energy metabolism towards polyamine acetylation
may allow for a novel and rapid regulatory pathway for maintenance of glucose and fat
metabolism.

SSAT is intensely sensitive to cellular environment and thus, it retains the

ability to quickly alter its activity.

Acetyl- and malonyl-CoA pools are regulated, in

part, as a means to balance the rates of fuel utilization and fuel storage. When fuels
become limiting, glycogen is broken down into glucose and glycolysis is up-regulated
through AMPK activation. When glucose is in excess, acetyl-CoA accumulation can
quickly be remedied by increased polyamine acetylation. One cycle of polyamine flux
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utilizes two acetyl-CoA moieties, which can be readily excreted into the urine as
acetylated polyamines avoiding the burden of storing excess energy as fat.

Increased

polyamine flux is also capable activating glycolysis and fatty acid oxidation by regulating
acetyl-CoA pools.

It is noteworthy that the loss of 2 acetyl-CoA molecules has the

equivalent of 24 lost ATP molecules, thus the bioenergetic implications are significant
(Figure 3.5).

Increased polyamine acetylation decreases acetyl-CoA available for

malonyl-CoA synthesis resulting in relieved inhibition of CPT1 and increased fatty acid
oxidation to generate additional substrates the for Kreb’s Cycle and oxidative
phosphorylation.

In all, this represents a novel mechanism for both energy sensing and

energy disposal giving polyamines the possibilities to participate in this critical role in
cells and tissues.
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Figure 3.5 Role of spermidine/spermine-N1-acetyltransferase (SSAT) in glucose
metabolism and fat metabolism. AMPK, AMP-activated protein kinase; ACC, acetyl
CoA carboxylase; ODC, ornithine decarboxylase; CPT-1, carnitine palmitoyltransferase1. The differentially expressed proteins identified by proteomics study were represented
by number in red circles: (1) Glucose-6-phosphate dehydrogenase; (2) Fructosebisphosphate Aldolase A; (3) Triosephosphate (TPI); (4) Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH); (5) α-Enolase; (6) Lactate dehydrogenase (LDH); (7)
Pyruvate dehydrogenase; (8) Aconitase; (9) Isocitrate dehydrogenase; (10) Malate
dehydrogenase; (11) Electron transfer flavoprotein subunit beta; (12) ATP synthase;
(13) Cytochrome b5; and ubiquinol-cytochrome-c reductase complex core protein 1;
(14) Enoyl-CoA hydratase mitochondrial; (15) Hydroxylacyl-Coenzyme A
dehydrogenase.
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CHAPTER 4
ADIPOSE TISSUE SPECIFIC ROLE OF POLYAMINE ACETYLATION IN
REGULATING FAT METABOLISM

4.1 Introduction of adipose tissue
Adipose tissue plays a critical role in energy homeostasis. It not only functions as
storage for triglycerides as traditionally considered, but also actively responds to nutrients
and hormones by secreting leptin, adiponectin etc. to regulate metabolism (Ahima, 2006;
Flier, 2004). The main type of adipose tissue (“fat”) in mammals is white adipose tissue
(WAT), which is comprised of adipocytes, surrounded by loose connective tissue,
macrophages, fibroblasts, adipocyte precursors, and other cell types. Based on the storage
sites, WAT includes subcutaneous fat and visceral fat. The rise in glucose, lipids then
insulin during meals promotes triglyceride formation and storage in liver and WAT. On
the other side, the fall in insulin and elevation of glucagon during fasting triggers
glycogen breakdown and lipolysis so that brain and vital organs obtain glucose supply.
The increase in WAT mass in obesity is associated with significant changes in histology
due to inflammation (Weisberg et al., 2003; Xu et al., 2003).

Brown adipose tissue

(BAT) contains less overall lipids than WAT and is rich in large mitochondria that give
the cells brown color (Cannon and Nedergaard, 2004). Rodents contain sizable postnatal
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deposits of BAT in their anterior intrascapular region (Cannon and Nedergaard, 2004).
BAT mainly surrounds the heart and major vessels in human (Nedergaard et al., 2007).

4.2 The development of FSAT1KO mouse model
SSAT-tg mice have a low body fat mass due to the diversion of acetyl-CoA from
malonyl-CoA and fatty acid biosynthesis to polyamine acetylation. In the absence of
polyamine acetylation, SSAT-ko mice tend to accumulate body fat via the increased
availability of acetyl-CoA and malonyl-CoA for fatty-acid synthesis and down-regulation
of fatty acid oxidation. While the above metabolic dynamics were found in WAT, we
hypothesize that lack of SSAT activity in adipose tissue drives the phenotype in SSAT-ko
obese mice. Insights into the signaling mechanisms involved in this phenotypical change
will greatly contribute to the understanding the pathophysiology and treatment of obesity
and various metabolic diseases.
Conditional cell type selective knockout mouse models have been utilized to
study the specific role of certain genes or to prevent embryonic lethality of global gene
knockouts (Kadowaki et al., 2006). Adipocyte selective knockout of genes was possible
by the introduction of Cre/LoxP technology (Kwan, 2002; Soriano, 1999) and the specific
promoter sequence of aP2 (fatty acid binding protein 4, FABP4) gene (Ross et al., 1990).
Over the last decades, aP2-Cre generated fat specific gene knockout mouse models have
been used to uncover the precise functions of several important factors (LDL receptorrelated protein-1, PLAG1, STAT3, raptor, p53, ACC1, PPARγ, etc. ) (Hofmann et al.,
2007; Van Dyck et al., 2008; Cernkovich et al., 2008; Polak et al., 2008; Minamino et al.,
2009; Mao et al., 2009; Luo et al., 2008).
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As discussed in Chapter 1 section 1.7, to determine how tissue-specific changes in
SSAT expression will impact fat accumulation and the precise role of SSAT expression
status in fat homeostasis and obesity, we developed adipose (fat)-specific SAT1 knockout
(FSAT1KO) mice by breeding SAT1lox/lox mice with aP2-Cre mice (Figure 4.1).
FSAT1KO mice were screened according to the method described in Chapter 2 section
2.5.

Figure 4.2 shows the genotyping results of floxed SSAT mice and FSAT1KO mice.

The presence of SSAT-wt allele (206 bp) or the floxed SSAT allele (385 bp) indicates the
mice genotype (Figure 4.2 A). The 4 lanes in the left represents the controls for WT and
floxed SSAT mice. Females indicated as Lox+ were crossed with aP2-Cre mice to
produce FSAT1KO. The male pups from crossbreeding of floxed SSAT mice with aP2Cre mice were screened for their tissue specific recombination. The right lane indicates a
wild type mice without specific knockout of SAT1 gene. The “+” indicates the fatspecific SAT1 knockout (FSAT1KO) mice. The “-” indicates the wild type littermates
(Figure 4.2 B).
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Figure 4.1 Generation of fat-specific SSAT KO animals. LoxP SSAT-tg mice was
crossed with animals expressing the cre recombinase protein specifically in white adipose
tissues. Animals expressing aP2-Cre and LoxP-SSAT will express cre only in WAT and
induce recombination at LoxP sites in the LoxP-SSAT animal resulting in total deletion
of SSAT specifically in adipose tissue only.
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Figure 4.2 Genotyping of floxed SSAT mice and FSAT1KO mice. PCR products were
resolved with ethidium bromide using 2% acrylamide gel electrophoresis in 1X TAE
buffer. (A) The presence of SSAT-wt allele (206 bp) or the floxed SSAT allele (385 bp)
indicates genotype of the mice. The 4 lanes in the left represents the controls for WT and
floxed SSAT mice. The heterozygous females (with both 385bp and 206bp bands)
indicated as Lox+ were crossed with aP2-Cre mice to produce FSAT1KO. The Lox+
male mice were used as breeders. (B) The male pups from crossbreeding of floxed SSAT
mice with aP2-Cre mice were screened for their tissue specific recombination. The right
lane indicates wild type mice without specific knockout of SAT1 gene. The “+” indicates
the fat-specific SAT1 knockout (FSAT1KO) mice. The “-” indicates the wild type
littermates.

62

4.3 Adipose-specific SSAT KO promotes mice growth and lipid deposition on HFD
As a first analysis of the effect of SSAT on adipose tissue, body weight gain was
monitored weekly for wild type control littermates (WT) and fat-specific SAT1 gene
knockout (FSAT1KO) mice (n = 6 mice per group) over 23 weeks between the ages of 4
and 27 weeks (Figure 4.3). Right before they were challenged with HFD on 4-week-old,
their initial body weights were similar, 18.33 ± 0.52 g for WT versus 18.83 ± 1.33 g for
FSAT1KO. Changes in body growth of FSAT1KO mice were observable from as early as
18-week-old.

On 27-week-old, the average body weight was 45.13 ± 2.23 g for WT

mice, and 52.28 ± 1.62 g for FSAT1KO mice. FSAT1KO weighed approximately 15%
more than WT mice.
To determine the cause of the increased body weight of FSAT1KO mice,
individual organs were harvested and weighed (Figure 4.4). The knockout and control
mice displayed no significant difference in the weight of lean organs, such as heart,
kidney, brain, thigh muscle. The average weight of heart from both groups of mice was
the same (249.8g for WT versus 251.3g for FSAT1KO mice). The spleen, BAT
especially livers of FSAT1KO mice were significantly heavier than those of WT mice.
FSAT1KO mice exhibit ~40% increase in liver weights.
We examined histological sections of the liver, a secondary fat storage organ.
Liver tissue sections from 3 WT mice and 3 FSAT1KO mice were stained with
hematoxylin and eosin (H&E), or Oil Red O to evaluate the fatty liver. Note that both
groups of mice have overloaded lipid droplets and developed fatty liver as revealed by
Oil Red O staining (Figure 8B) after 23 weeks of high-fat diet. The livers of WT
littermates were histologically normal. The livers of FSAT1KO mice have tissue
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destructions as indicated by H&E staining (Figure 8A). Oil Red O staining of liver
section from FSAT1KO mice on HFD showed particularly enlarged lipid droplets and a
marked increase in lipid deposition compared to controls, indicative of more advanced
steatosis.
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Figure 4.3 Growth curve of the mice during a high-fat diet. Body weight gain in wildtype control littermates (WT) and fat-specific SAT1 gene knockout (FSAT1KO) mice (n
= 6 mice per group). *p < 0.05; Their initial body weights were similar: 18.33 ± 0.52 g
(WT) versus 18.83 ± 1.33 g (FSAT1KO).
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Figure 4.4 Organ weights of the mice. Wild-type control littermates (WT) and fatspecific SAT1 gene knockout (FSAT1KO) mice (n = 6 mice per group). *p < 0.05. The
average weight of heart from both groups of mice was the same. (WT 249.8 mg vs
FSAT1KO 251.3 mg). The spleen, liver and brown fat tissue (BAT) from FSAT1KO
were significantly heavier than WT. White adipose tissue (WAT) were abdominal fat
pads from these mice.
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Figure 4.5 Mice liver histology after 23-week high-fat diet. Liver from wild-type control littermates (WT) and fat-specific SAT1
gene knockout (FSAT1KO) mice were stained with hematoxylin and eosin (H&E), or Oil Red O to evaluate the fatty liver. Note that
more lipid accumulation is present in the FSAT1KO mice compared to the control WT mice (n = 3 mice per group)
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4.4 Metabolic Consequences of Adipose-Specific SSAT KO
We next investigated the effect of the SSAT knockout on whole-animal
metabolism. The maintenance of blood glucose concentrations within a narrow
physiological range is central for a continuous supply of glucose to the brain as a source
of energy. To assess the effect of lack of SSAT in adipose tissues on glucose
homeostasis, we performed an glucose tolerance test using intraperitoneally injected
glucose to determine the ability of the mice to clear glucose from the blood (Figure 4.6).
Upon IP injection of glucose, both groups of mice on high-fat diet showed same level of
fasting glucose at 210 mg/dL, which was much higher than normal wild type C57BL/6J
mice (120 mg/dL), and HFD-fed FSAT1KO and WT mice both exhibited reduced rates
of glucose clearance, indicating that 23 weeks of high-fat diet results in diabetes like
condition in mice. However, the glucose clearance rate of WT was slightly better
compared to the FSAT1KO mice.
Insulin is the most important regulator for lowering the level of glucose after
meal. Since skeletal muscle is the major site for insulin-stimulated glucose disposal
whereas only less than 5% of disposal is accomplished by WAT (Groop et al., 1989), it is
understandable that the disturbance in adipose tissue has no significant effect on glucose
clearance.
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Figure 4.6 Glucose tolerance test (GTT). Mice were fasted for 6 hours and evaluated
for their glucose tolerance in an intraperitoneal glucose tolerance test (1 mg per gram of
body weight). Blood glucose concentration was measured at 0 min, 5 min, 15 min, 30
min, 60 min, 90 min and 120 min (n = 6 mice per group). FSAT1KO indicates fat tissuespecific SAT1 knockout mice on high-fat diet. WT indicates wild type mice on high-fat
diet. WT-chow indicate wild type mice on normal diet.
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The protein level and phosphorylation state of AMPK catalytic α subunit in white
adipose tissue and liver tissue from WT and FSAT1KO mice were evaluated by western
blot analysis (Figure 9). 6 samples from each group were used for analysis, β-actin was
used as internal control. By comparing with WT mice, phosphorylation of AMPKα in
WAT were decreased in FSAT1KO mice by ~50%, which was consistent with the results
in whole-body SSAT-ko mice and could also contribute to the lower glucose clearance
rate, suggesting that in fat tissue AMPKα was not activated upon the knockout of SSAT
gene, since HFD-fed FSAT1KO mice consume less acetyl-CoA and ATP due to the lack
of polyamine flux. No difference in AMPK and pAMPK levels was observed in liver
tissues between FSAT1KO and WT mice. This suggested that although histological data
shows more lipid deposition in liver tissues of FSAT1KO, hepatic AMPK pathway was
not disturbed for the reduction of SSAT levels in adipose tissue. Thus the liver fat is a
general consequence of increased lipids due to reduced SSAT activity.
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Figure 4.7 AMPKα activation status in WAT and liver tissues. Protein levels and
phosphorylation state of AMPKα in WAT and liver from wild-type control littermates
(WT) and fat-specific SAT1 gene knockout (FSAT1KO) mice (n = 6 mice per group)
were evaluated by western blot analysis. β-actin was used as internal control
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4.5 Adipose-specific SSAT KO leads to attenuated polyamine flux in WAT and liver
The polyamine pools and acetyl-CoA/malonyl-CoA levels were measured to
further understand the mechanism underline the regulation of fat metabolism by SSAT
expression status. As previously reported (Kee et al., 2004a; Jell et al., 2007b), our model
predicts that the increased metabolic flux as seen in SSAT-tg mice will lead to
accumulation of putrescine and acetylated polyamines, unchanged levels of spermidine
and spermine, decrease in acetyl-CoA pools; decreased polyamine flux presumed to
occur in SSAT-ko mice, will lead to an increase in acetyl-CoA pools.
We studied the polyamine pools in WAT and liver using HPLC (Table 4.1). In
agreement with data obstained from the whole-body SSAT-ko mice, no significant
change was found from polyamine and acetylated polyamine levels in WAT and liver of
FSAT1KO and WT mice. In both groups of mice, the SSAT activity is undetectable.
Upon the challenge of HFD, acetyl-CoA from food intake and glucose/fat catabolism
promotes acetylation of polyamines, therefore WT mice has slow rate of polyamine flux,
while FSAT1KO mice has no polyamine flux due to the depletion of SSAT in adipose
tissue.
HPCE was used for measuring both acetyl- and malonyl-CoA. Malonyl-CoA was
measured because it acts a critical regulator in fatty-acid oxidation rates through its
ability to act as an allosteric inhibitor of the fatty-acid transport CPT1. Energy balance is
a multisystem process involving the liver, brain, fat, and muscle, all of which develop an
interplay to maintain energy availability. We determined two tissues to be primary
sources in the generation of acetyl-CoA; the liver through oxidation of glucose in the
TCA cycle, and the WAT through the oxidation of fats. Analysis of liver lysates from
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SSAT variant animals showed no statistical difference in either acetyl-CoA or malonylCoA (Table 4.2), suggesting SSAT specific depletion in adipose tissue does not interfere
the flux in liver tissue, which was expected. However the general lipid storage associated
with SSAT malfunction could have affected liver lipid metabolism. In whole-body
SSAT-ko mice, the acetyl- and malonyl-CoA pools were increased by an average of
~30% and ~40% respectively, in the WAT of SSAT-ko mice (p = <0.013). In consistant
with previous finding, WAT acetyl-CoA level was 40% higher in FSAT1KO mice than in
WT mice (P < 0.05). However malonyl-CoA remained unchanged between two groups of
mice. It is possible that in these mice, acetyl-CoA feedbackly controls the glycolysis and
fatty acid oxidation, while malonyl-CoA is not involved in the phenotypic change in
FSAT1KO. When malonyl-CoA levels are low as occurred in SSAT-tg mice, its
inhibition of CPT1 is relieved, facilitating the transportation of fatty acid into
mitionchondria for oxidation. In WT and SSAT-ko, as well as in FSAT1KO mice,
malonyl-CoA levels are in excess, the amount of acetyl-CoA does not necessarily alter
the level of malonyl-CoA.
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Table 4.1 Tissue polyamine pools as affected by mouse SSAT expression status in
adipose tissue.
Mouse (at 27 wk)
Tissue

SSAT
Status

Polyamine Pools (nmol/g protein)
Put

Spd

Spm

AcSpd

WAT

FSAT1KO

320 ± 130

551 ± 201

145 ± 59

12 ± 5

(n = 6)

WT

348 ± 142

303 ± 123

61 ± 24

23 ± 9

Liver

FSAT1KO

488 ± 199

432 ± 176

114 ± 46

<10

(n = 6)

WT

356 ± 145

146 ± 60

25 ±10

<10
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Table 4.2 Effect of SSAT expression status on liver and white adipose tissue acetylCoA and malonyl-CoA content
Mouse (at

Tissue

a

27 wk)

SSAT
Status

Polyamine Pools (nmol/g protein)

Acetyl-CoA

Malonyl-CoA

WAT

FSAT1KO

46.8 ± 5.4a

10.8 ± 1.0

(n = 6)

WT

32.7 ± 3.2

11.9 ± 1.4

Liver

FSAT1KO

34.8 ± 2.3

9.7 ± 0.9

(n = 6)

WT

31.3 ± 2.5

10.6 ± 1.3

Student t-test, p<0.05 relative to WT, n=4.
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4.6 Proteomics studies on WAT of FSAT1KO
White adipose tissue protein samples from WT and FSAT1KO mice were
processed to remove albumin using Qiagen Albumin/IgG Depletion Spin Column to
facilitate analysis of less abundant proteins, and then separated using 10%-12% gradient
SDS-PAGE (pooled sample from n = 6 mice per group) (Figure 4.8 A). Each gel lane
was divided into 10 equally sized segments. Proteins in each segment were reduced and
alkylated, and performed in-gel trypsin digestion. An LC-MS/MS method was then used
to obtain peptide sequence information and identify the proteins in each segment.
29 proteins were found down-regulated in FSAT1KO mice and 30 protiens were
found up-regulated in FSAT1KO mice comparing with WT mice (Figure 4.8 B). 13 of
these proteins were consistant with the proteomics data obtained in whole-body SSAT-ko
mice WAT (Figure 4.9), including 9 down-regualted proteins in response to SSAT
knockout: acryl-CoA binding protein (ACBP), alpha-enolase, carbonic anhydrase 3,
cytochrome c, fructose-bisphsphate aldolase, glutathione s-transferase class pi,
superoxide dismutase [Cu-Zn], tubulin and vimentin; and 4 up-regulated proteins in
response to SSAT knockout: adipocyte lipid binding protein, heat shock 70 kDa protein,
L-lactate dehydrogenase, fatty acid-binding protein. Some of these 13 proteins
consistanting with SSAT-ko data have already been discussed in Chapter 3. There was 1
protein (maltate dehydrogenase, cytosolic fractions) upregulated 3.25 folds in FSAT1KO
compared to SSAT-wt, while undetectable in SSAT-ko. The inconsistency was possibly
due to individual differences.
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There are some other proteins listed in Figure 4.8B that noteworthy regarding
their metabolic regulatory functions described in literatures. Myosin may play a critical
role in mediating insulin-stimulated glucose uptake in 3T3-L1 adipocytes through both
GLUT4 vesicle fusion at the plasma membrane and GLUT4 activity (Fulcher et al.,
2008). Myotrophin (protein V1), a critical factor implicated in the regulation of a variety
of genes responsible for cellular apoptosis and proliferation, was validated as an
antiapoptotic factor in cardiac myocytes, neuronal cells and fibroblasts (Young et al.,
2008; Li et al., 2008; Gupta et al., 2002). Recently its expression levels in NIT-1 cells are
reversely associated with palmitate-induced lipoapoptosis,suggesting its role as an
antiapoptotic factor in maintaining β-cell viability (Li et al., 2010). FK506 binding
protein, which regulates ryanodine Ca2+ release channels, may also act as an important
regulator of insulin secretion (Chen et al., 2010). Serum ferritin is related to Type II
diabetes, fat accumulation, and fatty liver (Iwasaki et al., 2005). Some data suggest that
low molecular weight phosphotyrosine protein phosphatase (LMW-PTP) is a key
negative regulator of insulin sensitivity and a potential novel target for the treatment of
insulin resistance and type 2 diabetes (Pandey et al., 2007).

4.7 Summary
The main object of generating adipose tissue specific SSAT knockout mouse
model is to confirm our hypothesis that lack of SSAT activity in adipose tissue, but not
liver or muscle, drives the phenotype in SSAT-ko obese mice. HFD-fed FSAT1KO mice
were readily gaining more weight after 18-week-old, and weighed ~15% more than WT
at 27-week-old. The observations that liver of FSAT1KO weighed ~40% more than WT
77

and particularly enlarged lipid droplets were shown in FSAT1KO liver tissue section
suggests adipose tissue specific depletion of SSAT also has an impact on liver.
Proteomics study on WAT from FSAT1KO mice was largely consistant with whole-body
SSAT-ko proteome, further indicating that the metabolic deceleration and obese
phenotype is driven by the SSAT deficiency in adipose tissue.
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(A)

(B)
Adipose!!!!
MW!!!!!W
! T!!!!!! FSAT1KO!

Down%regulated.in.FSAT1KO
Acyl%CoA%binding-protein-(ACBP)Alpha%enolase
Carbonic-anhydrase-3
cytochrome-c
fructose%bisphosphate-aldolase
glutathione-s%transferase-class-pi
Superoxide-dismutase-[Cu%Zn]
tubulin-alpha-chain-isotype-M%alpha%6
Vimentin
Aldh1a7-protein
alpha%2u%globulin-I-precursor-%-mouse
Contraspin-precursor
Cytosol-aminopeptidaseglucose%6%phosphate-isomerase
glutamate-dehydrogenase
H+%transporting-two%sector-ATPase
Ig-kappa-chain
Ig-mu-chain-C-region
myosin-alkali-light-chain-6
Myotrophin-(Protein-V%1)-(Granule-cell-differentiation-protein)
Parvalbumin-alpha
Protein-piccolo-(Aczonin)
Retinal-dehydrogenase-1
Thioredoxin
Transgelin%2
translation-elongation-factor-eEF%1-alpha%like-protein-S1
transthyretin-precursor
ubiquitin
WD-repeat-protein-1-(Actin%interacting-protein-1)-(AIP1)

Up%regulated.in.FSAT1KO
adipocyte-lipid-binding-protein-iodoacetamido%1,10%phenanthroline
Heat-shock-70-kDa-protein-1%like
L%lactate-dehydrogenase
malate-dehydrogenase-(EC-1.1.1.37),-cytosolic-%-mouse
malate-dehydrogenase-(EC-1.1.1.37)-precursor,-mitochondrial
Fatty-acid%binding-protein,-adipocyte-(AFABP)
glutathione-s%transferase
Liver-carboxylesterase-N
Alcohol-dehydrogenase-[NADP+]ADP%ribosylation-factor-1
ADP%ribosylation-factor-4
ADP%ribosylation-factor-5
78-kDa-glucose%regulated-protein
complement-C3-precursor
Cytochrome-b5
Elongation-factor-1%beta-(EF%1%beta)
FK506%binding-protein-1AFerritin-heavy-chain
Ferritin-light-chain-1
Glutathione-S%transferase-Mu-1
Histidine-triad-nucleotide%binding-protein-1GTP%binding-protein-H%raycathepsin-D-(EC-3.4.23.5)-precursor
Pyruvate-kinase-isozyme-M2Phosphoglucomutase%1
Low-molecular-weight-phosphotyrosine-protein-phosphataseAdiponectin,-C1Q-and-collagen-domain-containing
Transgelin
GTP%binding-protein-Rab1
Ubiquitin%conjugating-enzyme-E2-variant-2-(Ubc%like-protein-MMS2)

.Consistant.with.whole%body.SSAT%ko.data.

Figure 4.8 GeLC-MS analysis of adipose tissues from FSAT1KO mice and WT mice. (A) Commassie blue staining of 1D-SDSPAGE gel separating protein samples from FSAT1KO mice and WT mice. Each lane was divided into 10 equal sections for further
analysis in LC-MS. (B) Proteins differentially expressed between FSAT1KO and WT mice.
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Protein List
Acyl-CoA-binding protein (ACBP)
Alpha-enolase
Carbonic anhydrase 3
cytochrome c
fructose-bisphosphate aldolase
glutathione s-transferase class pi
Superoxide dismutase [Cu-Zn]
tubulin alpha chain isotype M-alpha-6
Vimentin
adipocyte lipid binding protein iodoacetamido-1,10-phenanthroline
Heat shock 70 kDa protein 1-like
L-lactate dehydrogenase
Fatty acid-binding protein, adipocyte (AFABP)
malate dehydrogenase (EC 1.1.1.37), cytosolic - mouse

FSAT1KO
<D.L.
0.58
0.65
0.71
<D.L.
0.71
0.79
<D.L.
<D.L.

SSAT-ko
0.47
0.63
0.38
0.37
0.56
0.48
0.57
0.42
0.23

SSAT-tg
0.57
1.95
1.33
1.23
1.47
2.13
1.05
0.27
0.24

<D.L. in WT group
<D.L. in WT group
1.46
1.47

3.92
2.85
6.19
1.71

0.86
0.50
<D.L.
0.94

3.25

<D.L.

1.84

Figure 4.9 Comparison of the proteomic data obtained from FSAT1KO, SSAT-ko and SSAT-tg mice. The data in the table
indicates the fold change in protein quantity in FSAT1KO, SSAT-ko and SSAT-tg mice as compared with SSAT-wt mice. The Blue
font indicates downregulation as compared to SSAT-wt and Red font indicates upregulation as compared to SSAT-wt. 9 proteins
(Acyl-CoA binding protein, Alpha-enolase, carbonic anhydrase 3, cytochrome c, fructose-bisphosphate aldolase, glutathione stransferase class pi, superoxide dismutase [Cu-Zn], tubulin alpha chan isotype M-alpha-6, vimentin) were downregulated in both
FSAT1KO and SSAT-ko mice comparing with SSAT-wt. 4 proteins (adipocyte lipid binding protein iodoacetamido-1,10phenanthroline, heat shock 70 kDa protein 1-like, L-lactate dehydrogenase, fatty acid-binding protein, adipocyte) were upregulated in
both FSAT1KO and SSAT-ko mice comparing with SSAT-wt. 1 protein (malate dehydrogenase) was upregulated in FSAT1KO and
downregulated in SSAT-ko comparing with SSAT-wt.
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APPENDIX A.
Table S1. Quantitative Display of the Proteins Differentially Expressed in the WT, SSAT KO and SSAT-tg animals.
(As compared to WT, Blue represents downregulation and Red means upregulation (P <0.05, n=4))

Spot

Protein ID

Lipogenesis
5
Annexin A5
6
S14 protein
Glycerol-3-phosphate dehydrogenase
58
[NAD+], cytoplasmic
65
Annexin A1
98
Fatty acid-binding protein, adipocyte
(AFABP)
100
Lipolysis/β-oxidation
54
Carbonic anhydrase 2
55
Carbonic anhydrase 1
62
63

Carbonic anhydrase 3

64
73
85
86
89

Normalized 2D Spot Volume
(n = 4)
SSAT-KO
SSAT-WT
SSAT-Tg
4,207 ± 595
1,218 ± 255

5,055 ± 1214
1,197 ± 817

2,055 ± 352
5,436 ± 1,437

0.256
0.963

0.011
0.004

1,200 ± 484

292 ± 60

495 ± 158

0.010

0.511

3,023 ±302
23,925 ± 8,287
7,240 ± 2123

2,597 ± 1009
6,108 ± 2,541
4,237 ± 1033

1,231 ± 243
5,255 ± 1,536
3,997 ± 1,089

0.449
0.006
0.034

.009
0.282
0.441

936 ± 365
595 ± 422
3,195 ±853

1,934 ± 617
2,053 ± 506
6,315 ± 1722
21,689 ±
4,609
44,993 ±
9,949
1,500 ± 525
3,966 ± 521

0.014
0.002
0.017

0.296
0.412
0.908

0.002

0.568

<0.001

0.236

1,002 ± 387
1,648 ± 422

2,087 ± 557
1,980 ± 350
5,389 ± 1039
16,360 ±
3,525
44,086 ±
4,392
2,,703 ± 371
1,288 ± 145

0.001
0.157

0.002
<0.001

2,718 ± 577

3,313 ± 291

4,839 ± 725

0.115

0.008

7,799 ± 2,136

16,593 ±4,263

9,532 ± 1,103

0.010

0.003

6,289 ± 1,077
23,212 ± 4,175

Monoglyceride lipase
Enoyl-CoA hydratase, mitochondrial
Hydroxyacyl-coenzyme A dehydrogenase,
mitochondrial
Acyl-CoA-binding protein (ACBP)

P Value
(vs WT)
KO
Tg
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Table S1, continued
101
3-hydroxyacyl-CoA dehydrogenase type-2
Oxidative Phosphorylation
3
Cytochrome b5
9
ATP synthase subunit beta
10
22
Inorganic pyrophosphatase
Ubiquinol-cytochrome-c reductase
23
complex core protein 1
26
ATP synthase D chain
ATP synthase subunit alpha,
88
mitochondrial
90
Electron transfer flavoprotein subunit beta
Amino Acid Metabolism
56
Glutamine synthetase
57
Methylmalonate semialdehyde
67
dehydrogenase
68
Delta-1-pyrroline-5-carboxylate
74
dehydrogenase
Glucose Metabolism
Pyruvate dehydrogenase E1 component
29
subunit beta
33
Isocitrate dehydrogenase
35
Phosphoglycerate kinase 1
44
Malate Dehydrogenase cytoplasmic
45
46
Alpha Enolase
47
51
D-3-phosphoglycerate dehydrogenase
52
Glucose-6-phosphate Dehydrogenase X
30
Triosephosphate Isomerase*

377 ± 156
1337 ± 597
2,297 ± 581
5,722 ± 1,498
3,138 ± 560

1,343 ± 308
3658 ±
2,995 ±
5,175 ±
4,189 ±

832
336
855
520

2807 ± 249

0.001

<0.001

4501 ± 392
7,285 ± 1371
11,473 ±2,382
4,544 ± 413

0.004
0.083
0.549
0.033

0.139
0.001
0.004
0.331

1,592 ± 752

1,830 ± 543

4,354 ± 994

0.627

0.006

1,055 ± 288

1,394 ± 301

2,839 ± 1474

0.156

0.002

432 ± 404

1,227 ± 361

3,798 ± 1173

0.041

0.006

1,997 ± 490

2,731 ± 327

3,988 ± 581

0.047

0.009

3,120 ± 1086
289 ± 128
1,012 ± 679
825 ± 525

3,036 ± 811
622 ± 270
1,478 ± 288
987 ± 257

8,261 ± 1892
1448 ± 322
3,706 ± 1212
1,749 ± 516

0.906
0.067
0.253
0.601

0.003
0.037
0.018
0.038

<D.L.

298 ± 133

1,028 ± 557

0.004

0.043

2,394 ± 999

6,435 ± 1146

1,0476 ± 2814

0.002

0.040

961 ± 216
1,069 ± 117
<D.L.
1,589 ± 279
1,246 ± 537
4,688 ± 902
444 ± 289
629 ± 261
6,156 ± 912

1265 ± 331
342 ± 111
1,790 ± 313
2,341 ± 214
1,393 ± 590
8,143 ± 1,798
1,713 ± 257
2,485 ± 989
3,225 ± 991

2,234 ± 405
217 ± 119
3,286 ± 501
5,270 ± 1360
7,029 ± 2,078
1,0865 ±1,446
1,129 ± 358
946 ± 125
3,151 ± 750

0.180
<0.001
<0.001
0.005
0.725
0.014
0.001
0.011
0.005

0.013
0.214
0.007
0.021
0.004
0.017
0.073
0.114
0.998
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Table S1, continued
60
61
66
70
72
75
78

Triosephosphate Isomerase
Aldose reductase
Nucleoside diphosphate kinase B
L-lactate dehydrogenase A chain
(fragment)
NADP-dependent malic enzyme
Glyceraldehyde-3-phosphate
dehydrogenase
Aconitate hydratase, mitochondrial

80
93
Fructose-bisphosphate aldolase A
94
Signal Transduction
1
Gamma-synuclein
4
14-3-3 protein beta/alpha
Galectin-1 (Lectin galactoside-binding
15
soluble 1)
41
Fibrinogen beta chain precursor
42
Gelsolin
43
87
Heterogeneous nuclear ribonucleoproteins
A2/B1
92
91
Galectin-3 (Galactose-specific lectin 3)
ER Stress/UPR
13
78 kDa glucose-regulated protein
14
Transitional endoplasmic reticulum
21
ATPase
38
Protein disulfide-isomerase A3
Serpin H1 precursor (Collagen-binding
96
protein)

739 ± 593
<D.L.
2,382 ± 694
393 ± 212

2,159 ± 417
1595 ± 552
3,196 ± 1134
2,412 ± 648

2,043 ± 294
1,975 ± 790
388 ± 96
2,028 ± 34

0.008
0.001
0.267
0.001

0.079
0.840
0.001
0.058

1,930 ± 1021

312 ± 102

<D.L.

0.020

<0.001

<D.L.

1,517 ± 320

3,624 ± 1,462

<0.001

0.048

4,330 ± 1029

283 ± 189

<D.L.

<0.001

<0.001

146 ± 169
1,670 ± 636
2,398 ± 1,083

643 ± 118
2,987 ± 654
6,562 ± 2,734

1,275 ± 407
4,380 ± 975
7,670 ± 552

0.003
0.028
0.030

0.025
0.151
0.956

3,569 ± 599
3,398 ± 765

1,251 ± 223
4,992 ± 260
19,423 ±
4,012
1,528 ± 610
132 ± 85
107 ± 57
3,886 ± 839
5,173 ± 1223
2,985 ± 501

0.017
0.019

<0.001
0.352

0.029

0.034

946 ± 377
142 ± 146
95 ± 37
2162 ± 1048
2,611 ± 1,111
6,113 ± 2332

5,476 ± 1001
6,043 ± 1471
24,522 ±
3,239
2,938 ± 877
498 ± 57
691 ± 87
4,886 ± 1,230
5,705 ± 1885
2,622 ± 1354

0.006
0.004
<0.001
0.015
0.032
0.038

0.119
0.001
<0.001
0.039
0.208
0.917

570 ± 151
827 ± 474

1,563 ± 251
2661 ± 393

1,851 ± 314
3378 ± 299

0.001
0.001

0.028
0.020

263 ± 191

1,161 ± 187

1,209 ± 361

0.001

0.733

686 ± 519

2,470 ± 402

2,641 ± 1036

0.002

0.697

1,503 ± 390

2,111 ± 769

<D.L.

0.208

0.002

18,511 ± 2,705
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Antioxidants/Cell Stress Response
Heat shock cognate 71 kDa protein
8
(fragment)
24
60 kd heat shock protein
25
Heat shock cognate 71 kDa protein
39
Superoxide dismutase [Cu-Zn]
40
Perioredoxin-3
71
Superoxide dismutase [Mn]
77
Glutathione S-transferase Mu 2
79

Catalase

83
Glutathione S-transferase P 1
84
Glutathione S-transferase Mu 1
97
Heat-shock protein beta-7 (HspB7)
102
Glutathione S-transferase A3
Structural
2
Translationally-controlled tumor protein
7
Calcium binding protein p22
12

Tubulin beta-2A chain

16
Vimentin
17
76
Cyclophilin A
82
Cofilin-1
Miscellaneous
11
Alpha-1-antitrypsin 1-4 precursor
18
Barrier to autointergration factor
19
20
Serum albumin (fragment)
28
34

5,626 ± 663

1,975 ± 603

997 ± 170

<0.001

0.043

2,746 ± 469
1,480 ± 459
3,440 ± 361
1,303 ± 367
1,012 ± 411
391 ± 303

2,876 ± 924
4,003 ± 1,135
5,994 ± 1090
1,748 ± 454
981 ± 436
2,138 ± 583

5,950 ± 2003
7,495 ± 620
6,309 ± 1717
3,066 ± 95
2,297 ± 152
3,027 ± 549

0.811
0.011
0.004
0.178
0.923
0.002

0.036
0.004
0.689
0.004
0.002
0.048

475 ± 409

1,113 ± 235

1,908 ± 444

0.035

0.046

685 ± 332
384 ± 204
12,034 ± 3260
<D.L.

1,422 ± 71
4,466 ± 303
3,207 ± 657
1,092 ± 199

3,027 ±
6,020 ±
1,994 ±
4,249 ±

635
839
897
500

0.005
<0.001
0.002
<0.001

0.006
0.047
0.013
<0.001

2,032 ± 344
245 ± 171

3,372 ± 455
985 ± 393

0.047
0.906

0.173
0.021

3,381 ± 700

0.016

0.015

2,047 ± 787
3,797 ± 1,261
2,942 ± 868
520 ± 340

2,844 ± 554
260 ± 186
12,526 ±
4,169
8,917 ± 1,345
8,820 ± 1,120
5,271 ± 1128
2,649 ± 1,285

2098 ± 325
2749 ± 667
5,583 ± 473
2,142 ± 814

<0.001
0.007
0.017
0.019

<0.001
0.024
0.273
0.281

4,004 ± 1885
8,959 ± 1617
21,097 ± 4,538
21,749 ± 3,594
12,589 ± 1,014
9,313 ± 2,317

16,936 ± 6889
10,448 ± 1133
3,822 ± 811
4,531 ± 431
6,346 ± 1,734
5,349 ± 949

5,474 ± 1033
4,073 ± 937
542 ± 446
1142 ± 205
2,589 ± 397
1,652 ± 128

0.011
0.182
<0.001
<0.001
0.001
0.001

0.041
<0.001
<0.001
<0.001
<0.001
0.001

5,296 ± 1,282
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Table S1, continued
36
37
27
31
32
48
49
50
53

Annexin A2
Proteasome activator complex subunit 1
Aldehyde dehydrogenase, mitochondrial

11,538 ± 2,076
9,345 ± 1,005
6,500 ± 1,230
4670 ± 783
<D.L.
<D.L.
<D.L.
802 ± 263
448 ± 157

T-complex protein 1 subunit beta
Decaprenyl-diphosphate synthase subunit
59
3,949 ± 1,608
1
69
Hemoglobin alpha chain
9,454 ± 2,300
81
Hemoglobin subunit beta-1
19,071 ± 1022
95
Elongation factor 1 alpha
1,648 ± 171
99
Histone H2B type 1-B (h2B-143)
25,183 ± 7362
D.L.= detection limit of Sypro-Ruby fluorescent dye staining method.
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3,999 ± 197
3270 ± 455
2,358 ± 396
1039 ± 376
1,228 ± 365
<D.L.
<D.L.
1,946 ± 675
843 ± 191

2,689 ± 1,253
2219 ± 794
2,479 ± 731
<D.L.
847 ± 151
4,001 ± 1,201
5,548 ± 1,784
7,105 ± 3,892
608 ± 54

<0.001
0.001
0.001
<0.001
0.001

0.020
0.019

0.144
0.224
0.705
0.007
0.141
<0.001
<0.001
0.042
0.160

1,629 ± 48

1,632 ± 660

0.028

0.417

959 ± 570
3,892 ± 1289
<D.L.
847 ± 151

0.001
<0.001
0.101
0.031

0.020
0.203
<0.001
0.028

2,371 ±
4,194 ±
2,044 ±
13,357 ±

651
516
373
5142

APPENDIX B
Table S2. Protein identification via Peptide Mass Fingerprinting
Spot
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Q9Z0F7
P63028
P56395
Q9CQV8
P48036
Q62264
P61022

Theretical
pI/Mr(kDa
)
4.68/13.2
4.76/19.5
4.96/15.2
4.77/28.1
4.83/35.7
4.90/17.1
4.97/22.4

P63017

5.37/70.8

P56480

5.19/56.3

Alpha-1-antitrypsin 1-4 precursor
Tubulin beta-2A chain

P81105
Q7TMM9

5.25/45.8
4.78/49.9

78 kDa glucose-regulated protein

P20029

5.07/72.4

Galectin-1

P16045

5.32/14.9

Vimentin

P20152

5.06/53.7

Barrier to autointergration factor

O54962

5.79/10.1

Serum albumin (fragment)

P07724

5.75/68.7

Q01853

5.14/89.3

12

17%

105

Q9D819

5.37/32.6

10

37%

66

Protein Name
Gamma-synuclein
Translationally-controlled tumor protein
Cytochrome b5
14-3-3 protein beta/alpha
Annexin A5
S14 protein
Calcium binding protein p22
Heat shock cognate 71 kDa protein
(fragment)
ATP synthase subunit beta

Transitional endoplasmic reticulum
ATPase
Inorganic pyrophosphatase

SwissProt #

97

Peptides
Matched

Sequence
Coverage

Mowse
Score

5
6
4
6
9
11
11

46%
32%
41%
27%
32%
72%
61%

68
62
82
70
128
113
143

16

25%

111

17
14
6
15
13
15
10
21
29
5
7
9

44%
39%
20%
37%
22%
26%
58%
46%
60%
59%
10%
16%

173
113
70
138
165
181
74
207
267
65
50**
55**

Table S2, continued
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Ubiquinol-cytochrome-c reductase
complex core protein 1
60 kd heat shock protein
Heat shock cognate 71 kDa protein
ATP synthase D chain
Annexin A2
Serum albumin (fragment)
Pyruvate dehydrogenase E1 component
subunit beta
Triosephosphate Isomerase
Annexin A2
Proteasome activator complex subunit 1
Isocitrate dehydrogenase
Serum albumin (fragment)
Phosphoglycerate kinase 1

Q9CZ13

5.75/52.7

13

41%

114

P63038
P63017
Q9DCX2
P07356
P07724

5.91/60.9
5.37/70.8
5.52/18.7
7.55/38.6
5.75/68.7

21
18
12
17
10

45%
36%
59%
43%
20%

171
175
118
145
66

Q9D051

6.41/38.9

12

38%

101

P17751
P07356
P97371
Q9D6R2
P07724
P09411

6.90/26.7
7.55/38.6
5.73/28.7
6.27/39.6
5.75/68.7
8.02/44.5

P07724

5.75/68.7

P27773
P08228
P20108
Q8K0E8

5.88/56.6
6.02/15.9
7.15/28.1
6.68/54.7

Gelsolin

P13020

5.83/85.9

Malate Dehydrogenase cytoplasmic

P14152

6.16/36.5

Alpha Enolase

P17182

6.37/47.1

Aldehyde dehydrogenase, mitochondrial

P47738

7.53/56.5

D-3-phosphoglycerate dehydrogenase
Glucose-6-phosphate Dehydrogenase X

Q61753
Q00612

6.12/56.5
6.06/59.2

11
14
8
12
12
13
11
10
9
5
5
9
7
11
9
7
14
10
13
10
13
12
17

49%
36%
28%
41%
21%
36%
21%
21%
21%
41%
20%
20%
9%
14%
35%
20%
39%
32%
28%
22%
27%
29%
38%

118
98
64
100
67
102
78
86
91
67
60
76
80
106
110
68
115
112
148
124
107
71
179

Serum albumin (fragment)
Protein disulfide-isomerase A3
Superoxide dismutase [Cu-Zn]
Perioredoxin-3
Fibrinogen beta chain

98

Table S2, continued
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

T-complex protein 1 subunit beta
Carbonic anhydrase 2
Carbonic anhydrase 1
Glutamine synthetase
Methylmalonate semialdehyde
dehydrogenase
Glycerol-3-phosphate dehydrogenase
[NAD+], cytoplasmic
Decaprenyl-diphosphate synthase subunit
1

P80314
P00920
P13634
P15105

5.97/57.4
6.49/29.0
6.44/28.3
6.64/42.1

11
5
5
21

30%
24%
26%
45%

128
60
58
154

NP_598803*

8.29.57.9

16

30%

109

P13707

6.75/37.5

8

18%

82

Q5T2R2

9.17/46.3

6

24%

65

Triosephosphate Isomerase

P17751

6.90/26.7

Carbonic anhydrase 3

P16015

6.89/29.3

Annexin A1
Aldose reductase
Methylmalonate semialdehyde
dehydrogenase
Hemoglobin alpha chain
Nucleoside diphosphate kinase B
Superoxide dismutase [Mn]
L-lactate dehydrogenase A chain
(fragment)
Monoglyceride lipase
Delta-1-pyrroline-5-carboxylate
dehydrogenase
NADP-dependent malic enzyme
Cyclophilin A
Glutathione S-transferase Mu 2
Glyceraldehyde-3-phosphate
dehydrogenase

P10107
P45376

6.97/38.7
6.71/35.7

NP_598803*

8.29.57.9

P01942
Q01768
P09671

7.97/15.1
6.97/17.4
8.80/24.6

7
6
10
13
13
15
15
14
15
5
9
9

30%
28%
41%
61%
50%
50%
43%
26%
30%
44%
55%
33%

75
67
134
155
106
184
138
90
130
72
99
107

P06151

7.62/36.5

6

18%

77

O35678

6.67/33.4

9

40%

104

Q8CHT0

8.58/61.8

22

39%

209

P06801
P17742
P15626

7.16/64.0
7.74/18.0
6.90/25.7

9
6
15

18%
35%
63%

81
60
167

P16858

8.44/35.8

6

29%

61

99

Table S2, continued
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

Catalase
Aconitate hydratase, mitochondrial
Hemoglobin subunit beta-1
Cofilin-1
Glutathione S-transferase P 1
Glutathione S-transferase Mu 1
Enoyl-CoA hydratase, mitochondrial
Hydroxyacyl-coenzyme A dehydrogenase,
mitochondrial
Heterogeneous nuclear ribonucleoproteins
A2/B1
ATP synthase subunit alpha,
mitochondrial
Acyl-CoA-binding protein (ACBP)
Electron transfer flavoprotein subunit beta
Galectin-3 (Galactose-specific lectin 3)
Heterogeneous nuclear ribonucleoproteins
A2/B1
Fructose-bisphosphate aldolase A

Elongation factor 1 alpha
Serpin H1 precursor (Collagen-binding
96
protein)
97
Fatty acid-binding protein, adipocyte
98
Histone H2B type 1-B (h2B-143)
99
Fatty acid-binding protein, adipocyte
100
3-hydroxyacyl-CoA dehydrogenase type-2
101
Glutathione S-transferase A3
* Protein identity obtained via searching against NCBInr database
** Confirmed by TOF/TOF fragmentation data

P24270
Q99KI0
P02088
P18760
P19157
P10649
Q8BH95

7.72/59.7
8.08/85.4
7.12/15.8
8.22/18.5
7.68/23.6
7.71/26.0
8.76/31.5

9
29
6
5
5
17
9

23%
39%
45%
42%
36%
74%
29%

107
268
87
81
59
177
82

Q61425

8.76/34.4

11

34%

134

O88569

8.97/37.4

7

24%

60

Q03265

9.22/59.7

19

41%

188

P31786
Q9DCW4
P16110

8.78/10.0
8.24/27.6
8.46/27.5

5
13
9

47%
45%
29%

60
115
71

O88569

8.97/37.4

7

21%

58

P05064

8.31/39.3

P10126

9.10/50.1

6
6
11

27%
29%
26%

58
60
86

P19324

8.90/46.6

11

25%

90

P04117
Q64475
P04117
O08756
P30115

8.53/14.6
10.31/13.9
8.53/14.6
8.53/27.4
8.76/25.3

6
5
6
6
5

39%
30%
37%
39%
14%

61
52
55
65
71

100

