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Abstract

Choline is an essential nutrient, acquired from the diet or
synthesized via phosphatidylethanolamine N-methyltransferase (PEMT)
pathway. Pemt” mice exhibited reduced weight gain and visceral fat mass
after being fed the high fat (HF) diet for 1 week. Surprisingly, dietary
choline supplementation reversed the phenotype of Pemt” mice fed the
HF diet.

Compared to Pemt™”* mice, Pemt’ mice had reduced amount of
choline in plasma, liver and gastrocnemius muscle after fed the HF diet.
Gonadal fat pads from Pemt” mice took up less oleate for triglyceride (TG)
biosynthesis and exhibited increased lipolysis. However, choline
supplementation reduced lipolysis and induced the expression of regulator
of G protein signaling 2 (RGS2) in the fat pads of Pemt” mice. RGS2 can
attenuate B-adrenergic signaling that is the primary initiator of TG
mobilization in adipose tissue.

Hence, we hypothesize that increased expression of RGS2 would

present a potential mechanism for how choline supplementation revered

visceral fat mass in Pemt” mice.
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Chapter 1. Introduction



1.1. Choline metabolism

Choline is a quaternary amine (Fig. 1.1.1). In 1998, choline was
recognized as an essential nutrient by the National Academy of Science of
the United States (1). The majority of choline is utilized for the synthesis of
PC that plays a critical role in maintaining structural integrity and signaling
functions of cell membrane. In liver and kidney, choline can be readily
oxidized into betaine, an important source of methyl group in the diet.
Choline is also involved in cholinergic neurotransmission, lipid transport,
the formation of memory, and normal functions of muscle and liver (2).
The pathways of acquisition and depletion balance the homeostasis of

choline in the body (Fig. 1.1.2).

1.1.1. Acquisition of choline

Choline is primarily obtained from the diet and when coupled with
PC catabolism the PEMT pathway can also produce choline from liver (2).
Choline can also be derived from catabolism of Ach, SM and PC and
during the synthesis of PS catalyzed by PSS1 (via exchange of head

group) (3) (Fig. 1.1.2).

1.1.1.1. Dietary intake of choline
Dietary choline intake influences the amount of choline in the
plasma, liver and brain (18, 19, 20). The demand for choline is especially

high during pregnancy and lactation because large amounts of choline are



delivered to the fetus across the placenta or to the neonate in milk (4, 5).
In 1998 the U.S. Institute of Medicine, Food and Nutrition Board
established the adequate intakes for male and female (age 19 or oider) as
550 mg / day and 425 mg / day (2). The institute also established the

tolerable upper level of choline as 3500 mg/day (2).

1.1.1.2. De novo synthesis of choline

1.1.1.21. PEMT

PEMT, primarily a hepatic enzyme, catalyzes the conversion of PE
to PC via 3 methylation reactions, where the methyl group donors are
SAM and corresponding products are SAH (Fig. 1.2.2) (3). The enzyme
was discovered in 1956 (6) and purified from the liver of rat in 1987 (7).
The mouse Pemt gene was cloned and characterized in 1993 (8) and
PEMT1 was found localized in ER and PEMT2 at MAM (9). The PEMT KO
mouse was created in 1997 (10), which was the first disruption of the gene
for phospholipid biosynthesis. Studies utilizing the PEMT KO mice
revealed the critical role of PEMT on animal physiology and biochemistry.

t+/+

Pemt*”* mice survive choline-deficient diet while Pemt” mice died from

+/+

liver failure (11). Compared with Pemt”* mice, Pemt” mice displayed
severe liver damage under HF feeding (14) and secret less TG and
apoB100 from liver (12). Furthermore, more recent studies indicate that

inhibition of PEMT might be of metabolic advantages. Deletion of PEMT



reduces circulating homocysteine by 50% (13). Plasma homocysteine is
an independent risk factor for the development of cardiovascular diseases
and elevated levels of homocysteine are also associated with neurologic
dysfunctions (23). Moreover, Pemt” mice are protected from diet induced
obesity and insulin resistance when fed a HF diet (14) and have reduced

atherosclerosis in LDLR (15) or ApoE (16) deficient mice.

1.1.1.2.2. Choline produced via the PEMT pathway

In nucleated mammalian cells, PC is made through CDP-choline
pathway (Fig. 1.2.2) (3). The rate-limiting enzyme of CDP choline pathway
is CT and the pathway synthesizes 70% hepatic PC (3). PC can also be
made via PEMT pathway (1.1.1.2.1) which produces 30% PC in the liver
(22) (Fig. 1.2.2). In the CDP-choline pathway, choline is simply recycled
so there is no net increase of choline. However, when coupled with the
degradation of PC by phospholipases, PEMT can endogenously
synthesize choline. The PEMT/ phospholipases reactions are the only
endogenous pathway for de novo biosynthesis of choline in animals (Figs.
1.2.1,2) (3).

Choline produced via PEMT pathway alone is not sufficient to
maintain normal level of circulating choline during dietary choline
deficiency (17), but the pathway is implicated as an important source of
choline when there is insufficient intake of choline or the demands for

choline are high. For instance, a significant subset of premenopausal



women is more protected against choline deficiency than men and
postmenopausal women. The case may be explained by more
endogenous choline synthesis via PEMT pathway induced by the higher
level of estrogen in premenopausal women (18). Those susceptible
premenopausal women have a SNP in Pemt, making them unresponsive
to estrogen induction of PEMT (19). Zeisel et al. suggested that the SNP

in Pemt defines the dietary requirement and effects of choline (20).

1.1.2. Depletion of choline
Choline is lost in the process of being excreted as biliary PC or
oxidized into betaine (3). Choline can also be stored in the form of Ach,

incorporated into plasmanyicholine and platelet-activating factor.

1.1.2.1. Excretion of biliary PC

Choline is taken up via facilitated diffusion, high affinity Na*-
dependent and intermediate affinity Na*-independent transport (21). The
major fate of choline in liver is to be converted to PC that accounts for
95% hepatic choline-containing metabolites (22). A significant amount of
hepatic PC is secreted into bile (the liver of a 20g mouse contains 20mg
PC and secrets 23mg PC into bile) (22), and about 95% of biliary PC is
reabsorbed and 40% goes back to liver (3). Therefore, 5% of PC (as

choline equivalent) is lost through excretion of biliary PC.



1.1.2.2. Oxidation of choline

The oxidation of choline mainly takes place in kidney and liver (3).
The product betaine is used for the synthesis of SAM that is an important
methyl donor. More than 50 SAM-dependent reactions have been
identified in mammals and these reactions play major roles in the
biosynthesis of lipids, the regulation of several metabolic pathways and

detoxification in the body (23).

1.1.3. Choline as a regulator of energy metabolism

Recent studies identified choline acquired from the diet and
synthesized via the PEMT pathway as an important regulator of energy
metabolism. Mice fed a CD HF diet displayed reduced weight gain and
increased oxygen consumption compared with those fed a CS HF diet
(14). After 10-week HF feeding, Pemt” mice (devoid of de novo pathway
to synthesize choline) were protected against diet-induced obesity and
insulin resistance whereas Pemt™" mice increase body weight by 60% and
display insulin resistance (14). The reduced weight gain of Pemt” mice
was not due to decreased hepatic biosynthesis of PC because LCTa™
mice (with impaired CDP-choline pathway in the liver (24)) become obese
when fed a HF diet. Interestingly, dietary choline supplementation
reversed the metabolic advantages by the lack of PEMT, such that Pemt”

mice develop obesity and insulin resistance when fed a CS HF diet. These



data indicate that choline obtained from the diet or derived via PEMT

pathway can influence obesity and insulin resistance.

1.1.3.1. Choline regulates energy metabolism via Ach

Choline is the precursor of Ach and the level of acetylcholine in
brain is influenced by the availability of choline in the diet (25). Therefore,
reduced choline intake and production from the PEMT pathway can limit
the synthesis of Ach. Acetyicholine is involved in signaling between CNS
and peripheral tissues and central and peripheral cholinergic pathways
play important roles in the regulation of glucose and energy homeostasis.
Sympathetic innervation from CNS to WAT can trigger g-adrenergic
signaling that is the primary initiator of mobilization of TG in WAT (26).
Animal models of obesity are associated with increased vagal cholinergic
activity and reduced sympathetic outflow (27, 28). Thus, reduced amount
of acetylcholine might cause reduced vagal cholinergic transmission and
increased sympathetic innervation from CNS to peripheral tissues. The
sympathetic innervation stimulate the § -adrenergic receptor, leading to
the increased TG mobilization and FA oxidation (26).

Furthermore, mAChR3 deficiency protected mice from HF-diet
induced obesity (29). Therefore, reduced acetylcholine due to reduced
availability of choline might regulate energy metabolism via modulation of

signaling downstream of mAChRS3.



1.1.3.2. Choline regulates energy metabolism via stimulating
hormonal secretion

Intraperitoneal injection of choline into rats induces the secretion
of glucagon, insulin and catecholamine in a time and dosage dependent
manner (30, 31, 32). Therefore, choline might regulate energy metabolism
via modulating the secretion and consequent signaling stimulated by these

hormones.

1.2. Metabolism of TG in the WAT

TG, the most energy dense molecule, is the predominant energy
storage form in eukaryotic cells. In animals, TG is most abundant in the
adipose tissues although TG is also found in liver, muscle, intestine and
mammary glands (33). The excessive TG accumulation is associated with
human diseases, such as obesity, type 2 diabetes and steatohepatitis. On
the other hand inadequate TG storage is indicative of hyperthyroidism,
malnutrition and malabsorption. Therefore, it is important to have the
appropriate amount of TG in the body. TG is synthesized via a series of
esterification reactions and is catalyzed via lipolysis so the precise control

of the 2 processes is pivotal in maintaining the homeostasis of TG.

1.2.1. Lipolysis in the WAT
The hydrolysis of ester bonds between fatty acids and the glycerol

backbone in TG is called lipolysis. Lipolysis can take place in both adipose



and non-adipose tissues. NEFA and glycerol derived from lipolysis of TG
in adipose tissue can be secreted and utilized in non-adipose tissues as
energy substrates, but NEFA produced in non-adipose tissues is usually
for autonomous energy production and lipid synthesis (34). Hydrolytic
reactions are catalyzed by lipases and so far 4 important lipases have
been implicated in the process of complete stimulated hydrolysis of TG:

ATGL, TGH, HSL, MGL (Fig. 1.3.1).

1.2.1.1. Lipases

1.2.1.1.1. ATGL

1.2.1.1.1.1. Enzymatic properties, tissue expression pattern and
protein structure

In 2004, three laboratories (35, 36, 37) independently identified the
lipase that catalyzes the conversation of TG to DG. The lipase was named
as ATGL (35), desnutrin (36) or phospholipase A2 (37). ATGL is highly
specific to hydrolysis of TG and has no activity towards DG, MAG, CE or
RE (35). ATGL is ubiquitously expressed in all the tissues of mice, with
highest expression in WAT and BAT and very low expression in muscle
and testis (35). ATGL contains a patatin-like domain at the N terminus
(36). Patatin is non-specific acylhydrolase and highly expressed in

potatoes and tomatoes (38) but patatin does not have TG hydrolase
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activity. The C terminus of ATGL contains a hydrophobic stretch and
presumably functions as a lipid-binding region in the regulation of ATGL

activity (39) (Fig. 1.3.2).

1.2.1.1.1.2 Regulation of ATGL

CGI-58 was discovered as an activator of ATGL and the maximal
stimulation is achieved when the same amount of CGI-58 is present in the
reaction as ATGL (40). CGI-58 belongs to a a/f hydrolase-fold containing
subfamily and the N terminal region of CGI-58 is critical for the activation
of ATGL (41). CGI-58 binds to the N-terminal patatin region of ATGL but
binding by itself fails to activate ATGL (41) (Fig. 1.3.2). Association of
CGI-58 with the LD is also required for the activation of ATGL (41).
Mutation of CG/-58 in human leads to Chanarin-Dorfman syndrome,
where there is massive accumulation of TG in multiple organs (41, 42).

GO0S2 is an inhibitor of ATGL (43). GOS2 was originally discovered
in blood mononuclear cells during re-entry from Gg into G1 phase and is
highly expressed in the adipose tissue and differentiating adipocytes (43).
GO0S2 also interacts with N-terminal patatin region of ATGL but this
interaction does not compete with the binding of CGI-58 (39) (Fig. 1.3.2).
Welch et al. identified that mitochondrial GOS2 interacted with Bcl-2 and
promoted apoptosis (44). Therefore, Lass et al. hypothesized that G0S2

might also link cell cycle, cell death and cell survival to lipolysis (34).
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Adrenergic receptor signaling also regulates ATGL (Fig. 1.3.1).
There are 2 types of adrenergic receptor (a and ) and both of them are
activated by catecholamine. Activation of g adrenergic receptor stimulates
the activity of AC via Gqs and the elevated intracellular concentration of
cAMP will lead to the activation of PKA (45). Under basal conditions,
ATGL is mainly localized in cytoplasm and CGI-58 is bound to perilipin1
on LD (46). PKA will phosphorylate perilipin1 so that CGI-58 disassociates
from perilipin1 and becomes available for the activation of ATGL (34). On
the other hand, a adrenergic receptor couples to G so the activation of a
adrenergic receptor will suppress the activity of AC and ATGL (45).
Therefore, the balance of the expression of a and  adrenergic receptors
can be an important determinant of ATGL activity (Fig. 1.3.1).

Different effectors and conditions also regulate the expression of
ATGL. The lipase is upregulated during adipogenesis (37) and by
transcription factors PPARYy (47) and FoxO1 (46). The mRNA level of
ATGL is also increased by glucocorticoid (dexamethasone) (37), PPARy
agonist (thiazolidinedione) (47) and during fasting (25). On the other hand,
insulin (37), TNFa (48), isoproterenol (48), mTor complex 1 (49) and
feeding (35) reduce ATGL mRNA expression.

LD associated proteins also regulate ATGL activity and perilipin1 is
important to modulate activity of ATGL in adipose tissue while the other
isoforms of perilipin were only found to be important in non-adipose

tissues (34).
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1.21.11.2. TGH

1.2.1.1.1.2.1. Enzymatic properties, tissue expression pattern and
protein structure

TGH, also known as carboxylesterase 3, is an ER luminal enzyme.
The gene of murine TGH was cloned in 2001 and the highest expression
of TGH was found in the liver, with lower expression in adipose, kidney,
heart, intestinal (duodenum/jejunum) tissues of mice (140). The substrates
of TGH are p-nitophenyl butyrate, triolein, and monoolein but the enzyme
can not hydrolyze diolein, cholesteryl oleate or phospholipids (141). TGH
was purified from porcine, human and murine liver microsomes. In
accordance with the crystal structure of acetyicholine esterase and the
active sites with pancreatic lipase, Alam et al. proposed a three-

dimensional structure for human TGH (142).

1.2.1.1.2.2 Regulation of TGH

Murine TGH promoter contains a single PPAR-like response
element. However, hepatic TGH expression and the microsomal TGH
activity are not influenced by the deletion of PPARa. or dietary clofibrate
supplementation (143) and PPARa agonist WY-14643 reduced the
expression of murine hepatic TGH (144). Interesting, cholesterol and fatty
acid enriched diet increases murine hepatic TGH expression (145), but it

is unclear whether the cholesterol enhanced expression of TGH is
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attributed to SREBPs, oxysterol nuclear receptors or an indirect
mechanism (146, 147, 148).

TGH is also subject to hormonal control. Dex (a synthetic
glucocorticoid) reduces stability of TGH mRNA (149). The hormone
reduces the hepatic MRNA, protein expression and microsomal esterase
activity (149). TGH was reported glycosylated (142) and phosphorylated
(150) which indicates that TGH may be regulated by post-translational

modification.

1.2.1.1.3. HSL

1.2.1.1.3.1. Enzymatic properties, tissue expression pattern and
protein structure

HSL was discovered and investigated in adipose tissues more than
4 decades ago (50). Unlike ATGL, HSL hydrolyzes various substrates
including TG, DG, MG, CE and RE as well as short chain carboxylic esters
and artificial substrates, such as p-nitrophenyl butyrate (34). The relative
hydrolytic rates of TG: DG: MAG: CE: RE are 1: 10: 1: 4: 2 so HSL is very
important as a DG hydrolase (34). Similar to ATGL, the expression of
HSL is high in the WAT and BAT and low in steroidogenic cells, muscle,
pancreatic p-cells and macrophage (34). HSL contains 3 functional
regions: N-terminal domain for lipid binding, enzyme dimerization (61) and

association with FABP4 (52); C-terminal catalytic domain (51); The region
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within the C-terminal domain contain phosphorylation sites for the

regulation of the enzyme (53) (Fig. 1.3.3).

1.2.1.1.3.2. Regulation of HSL

Adrenergic receptor signaling regulates the activity of HSL (45) (Fig.
1.2.1). For example, B-adrenergic signaling activates PKA and PKA can
phosphorylate serine 563 and 660 of rat HSL (54). The phosphorylation
will activate the intrinsic activity of HSL by 2 fold (34). PKA also
phosphorylates perilipin1 on the LD and phospho-perilipin1 will recruit
HSL to the lipid droplet (65). The phosphorylations and translocation to LD
mediated by phospho-prilipin1 can together activate HSL by 100 fold (56).
Besides PKA, GSK4, Ca?*/calmodulin-dependent kinase 2, ERK and
AMPK were also identified as kinases that phosphorylate HSL (57, 58) but

the effects of these phosphorylation are not well characterized (Fig. 1.3.3).

1.2.1.1.4. MGL

1.2.1.1.4.1. Enzymatic properties and regulation of MGL

MGL was originally isolated from rat adipose tissue and
demonstrated the ability to hydrolyze emulsified MAG but not emulsified
TG, DG, CE or LPC (59). MGL is ubiquitously expressed in all the tissues
with high expression in adipose tissues, kidney and testis (60). In in vitro

assays, MGL was required for the complete hydrolysis of TG (61).
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However, other lipases such as HSL also exhibits MAG hydrolase activity
so to date it is still not clear MGL is the only relevant lipase for complete
TG breakdown. A recent study demonstrated that MGL can hydrolyze
endocannabinod 2-arachidonoyl glycerol and plays a pivotal role in
endocannabinod signaling (62). The regulation of the MGL is still under

investigation.

1.2.1.2. RGS2 inhibits lipolysis in WAT

RGS2, a GTPase activating protein that is highly expressed in
adipose tissues, catalyzes the termination of Ggs, Gaq and Gq mediated G
protein coupled receptor (GPCR) signaling (63, 64, 65). RGS2 expression
is low under basal condition and the transcription is induced upon
activation of GPRC signaling (66, 67, 68) or an elevation of intraceliular
cAMP (69).

RGS2 can inhibit ACs in adipose tissues (71, 72, 73) and a higher
expression of RGS2 is accompanied by reduced isoproterenol (66) and
forskolin (70) stimulated cAMP production. Therefore, RGS2 can
potentially reduce lipolysis via attenuation of Gos GPCR signaling and the
enzyme is implicated as the key player in the development of obesity via
attenuating p—adrenergic receptor signaling in WAT (f-adrenergic
receptors belong to Ggs family of GPCR) (70).

Compared with CRTC3"* mice fed a HF diet (CRTC3 is an

important coactivator of CREB in adipose tissue and activation of CREB
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can induce expression of RGS2 (70, 74)), CRTC3” mice fed a HF diet
have reduced fat mass and are protected against diet-induced obesity
(70). The expression of RGS2 is significantly higher in the WAT of
CRTC3"* mice than that of CRTC3” mice. The increased expression of
RGS2 is accompanied by reduced lipolysis and decreased activity of HSL
in WAT (68).

RGS2 is an important regulator in controlling the metabolism in
WAT besides inhibition of lipolysis. RGS2” mice have a lower expression
of adipogenic marker (PPARy, SREBP1c), 75% reduction in gonadal fat

+/+

weight and 25% reduction in body weight compared with RGS2™" mice
(66). Therefore, the reduced maturation of adipose tissue may be
attributed to the reduced fat mass. The involvement of RGS2 in the
differentiation and development of adipocytes is also highlighted in in vitro
studies: RGS2 is rapidly upregulated in the differentiating mouse 3T3-L1
preadipocytes (75) and ectopic expression of RGS2 promotes
adipogenesis of mouse NIH-3T3 preadipocytes and adipogenic markers
expression (76). Furthermore, RGS2 can inhibit translocation of GLUT4 to
plasma membrane and glucose uptake into the 3T3-L1 adipocytes (77).

In conclusion, RGS2 can influence metabolism in WAT via

regulating breakdown of TG, development of WAT and glucose uptake.

1.2.2. Biosynthesis of TG in WAT


http://preadipocyt.es
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There are 2 pathways for biosynthesis of TG: one is glycerol
phosphate or Kennedy pathway and the other one is MAG pathway (33)
(Fig. 1.4). The former pathway is present in cells possessing the ability of
synthesizing TG and the latter pathway mainly occurs in enterocytes,
adipocytes and hepatocytes (78). The factors that regulate the
biosynthesis of TG in WAT include LPL, modulators of LPL
(apolipoproteins, VLDLr), FA transporters and 3 acyltransferases (GPAT,

MGAT and DGAT).

1.2.2.1. LPL and modulators of LPL

LPL, lining the endothelium in the capillary bed of tissues,
hydrolyzes TG within the chylomicrons or VLDLs and yields FAs that can
be taken up and stored as TG or utilized for energy in adipose tissues (79).
WAT can also acquire FAs from albumin-associated FAs and in vivo
studies demonstrated that lipoprotein-derived fatty acids are the major
source for WAT (79). Inactivation of LPL in the adipose tissues of ob/ob
mice leads to increased compensatory fatty acid synthesis in WAT,
reduced fat mass and body weight (80). On the other hand, adipose
overexpression of LPL increases the fat mass by 20% (81). Clearly, LPL is
an important “gatekeeper” for the entry of FAs into WAT.

The modulators of LPL are also critical for regulating accumulation
of TG in WAT. The known inhibitors of LPL includes apoCl (83), apoClli

(84), FIAF (85) and known activators include ApoCli (82), ApoE (86),
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apoAV (87). By regulation of LPL, the modulators influence the clearance
of plasma TG, uptake of FAs into WAT and mass of adipose tissues (83-
87). VLDLr was originally discovered to mediate the internalization of
VLDL particles and anchor TG-rich lipoprotein for subsequent hydrolysis
by LPL and uptake of FAs into the tissues. Interestingly, VLDLr also
facilitates the transcytosis of LPL across the endothelial cells (88), such
that VLDLr” mice have reduced expression of LPL in WAT, increased
plasma TG concentration and reduced TG—derived FAs uptake into

adipose tissue (88).

1.2.2.2. FA transporters

FAs bound to albumin or liberated from lipolysis of TG in
lipoproteins enter the cells mainly in a process facilitated by FA
transporters. There are 2 major types of FA transporters in adipose
tissues: FA transport proteins (FATPs) and FA translocases (FAT/CD36).
In mouse the family of FATP consists of 6 members (FATP1-6) with highly
tissue specific expression pattern and the transporters also possess
activity of LCFA CoA synthetase (89). FATP1 is the isoform
comprehensively investigated in the adipose tissues, such that FATP1”
mice have abolished insulin stimulated uptake of FAs into adipose tissue
and reduced epididymal fat mass when fed a HF diet (90).

CD36 is s multifunctional membrane protein that is expressed in

various types of cells. In vitro studies demonstrated that reduced uptake of
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FAs into the adipocytes of CD36” mice (91) and the CD36” mice also
have elevated plasma FAs and TG due to the reduced uptake into adipose
tissue and muscle (92).

Clearly, the transport of FA can be another critical step in regulating

accumulation of TG in WAT.

1.2.2.3. MGAT, GPAT and DGAT

MGAT catalyzes the esterification of MAG with fatty acyl-CoA and
is the rate-limiting enzyme in the MAG pathway (79) (Fig. 1.3). MGAT
plays a predominant role in the biosynthesis of TG in enterocytes in the
process of fat absorption. The deficiency of MGAT in mice reduces the
rate of entry of fat into circulation and partitions more fat towards oxidation
rather than storage in WAT (93). The enzyme is also active in WAT to
store excess energy as TG (94).

GPAT catalyzes the attachment of the fatty acid moiety of acyl-CoA
to glycerol-3-phosphate backbone and is the rate-limiting enzyme in
glycerol phosphate pathway (33) (Fig. 1.4). There are 2 types of GPATSs:
microsomal GPAT that is NEM-resistant and prefers saturated fatty acyl-
CoA; mitochondrial GPAT that is NEM-sensitive and has no substrate
preference (95). The microsomal GPAT is the major isoform in WAT and
accounts for more than 80% GPAT activity (96). The activity of GAPT

increases during differentiation of adipocytes (97) and in WAT the activity
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decreases upon activation of AMPK (such as during starvation or
exercise) (95).

DGAT catalyzes the last esterification reaction in the biosynthesis
of TG and the enzyme is important in determining the flux of DG into TG
rather than phospholipids (33). There are 2 DGAT enzymes: DGAT1 and
DGAT2. Overexpression of DGAT1 or DGATZ2 increased accumulation of
TG in mature adipocytes (98, 99). Furthermore, adipose tissue
overexpression of DGAT1 increases TG content in WAT and increases
adiposity under HF feeding (101). On the other hand, DGAT?” mice have
reduced fat mass and are protected against diet-induced obesity (100).
Targeted whole body inactivation of DGAT2 leads to almost depletion of
TG in WAT and the mice died of abnormal skin barrier at neonatal stage
(98). Clearly, the DGAT1 cannot compensate for the lack of DGAT2 and

the 2 enzymes play functionally different roles in the TG synthetic pathway.

1.3. Rationales, objective and hypothesis

1.3.1. Rationales

Pemt” mice fed the HF diet for 10 weeks are protected against diet-
induced obesity and insulin resistance whereas Pemt"* mice increase
body weight by 60% and display insulin resistance (14). The reduced
weight gain of Pemt” mice is not due to decreased hepatic biosynthesis of

PC because LCTa” mice (with impaired CDP-choline pathway in liver
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(24)) become obese when fed the HF diet. However, one important
difference between Pemt” mice and Pemt™* or LCTa” mice is that Pemt”
mice are unable to endogenously synthesize choline via PEMT pathway.
Therefore, the reduced choline availability may be the reason for the
protection against HF-diet induced obesity. Hence, the HF diet (containing
1.3 g choline/kg diet) was supplemented with another 2.7 g choline/kg
diet. Surprisingly, dietary choline supplementation reverses the metabolic
advantages by the lack of PEMT, such that Pemt”” mice develop obesity
and insulin resistance when fed the CS HF diet. Furthermore, compared
with choline-deficient diet, CS HF diet increases weight gain and

+/+

exacerbates glucose tolerance of Pemt”" mice. Hence, choline from
dietary intake or synthesized via PEMT pathway can regulate whole body
energy metabolism and influence obesity and insulin resistance.

" and Pemt”

There are striking differences in WAT between Pem
mice after fed the HF diet for 10 weeks. Visceral fat mass of Pemt” mice
weighs less than 15% of that in Pemt”* mice and has less infiltrated
macrophage (14). The fat pads from Pemt” mice are composed of smaller
adipocytes and are resistant to adenosine-mediated inhibition of

hydrolysis (102). Hence, PEMT and choline supplementation can

influence the metabolism in WAT.

1.3.2. Objective
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The goal of my thesis is to study the mechanism by which the lack
of PEMT reduces visceral fat mass and how choline supplementation
abolishes the phenotype in Pemt” mice fed the HF diet. The previous
study (14) proposed that the impaired de novo biosynthesis of choline
might be the reason for metabolic phenotype by the lack of PEMT so how
choline regulates energy metabolism with an emphasis on the influence of

WAT is the focus of my study.

1.3.2. Hypotheses

Firstly, the lack of PEMT would result in the reduced choline
content in tissues and plasma and choline supplementation would
replenish the reduced pool size of choline in Pemt” mice.

Secondly, lack of PEMT would reduce food intake and/or reduce
TG biosynthesis and storage in WAT and/or increase lipolysis in WAT
and/or increase whole-body energy expenditure. However, choline
supplementation would abolishe some or all of the influences by the lack

of PEMT.
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Fig. 1.1. Choline metabolism
(1.1.1) Structural formula of choline
(http://www.cholineinfo.org/healthcare_professionals/overview.asp);

(1.1.2) Metabolic pathway of choline.
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Fig. 1.3. Lipolytic pathway and lipases

(1.3.1) The pathway of lipolysis and the key molecules involved (modified

from (40)); (1.3.2) The schematic structure of ATGL with key domains and
regulators (modified from (40)); (1.3.3) The schematic structure of rat HSL
with key domains and phosphorylation sites and kinases (modified from

(40)).
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2.1 Materials

2.1.1 Animal diets
Regular chow diet (LabDiet, 5001); High fat diet, 60% kcal from fat

(Boi-Serv, F3282).

2.1.2 Chemicals

TRIzol reagent (Invitrogen), protease inhibitor cocktail (Sigma,
P8340), phosphatase inhibitor cocktail 3 (Sigma, P0044), choline chloride
(Sigma, C1879), neostigmine bromide (Sigma, N2001), isoproterenol
bitartrate (Sigma, 12760), BSA NEFA free (Sigma, A6003), HEPES
(Sigma, 12760), acetylcholine-dg Chloride (N,N,N-trimethyl-dg) (CDN
Isotopes, D2559), choline-dg chloride (N,N,N-trimethyl-dy) (CDN Isotopes,
D2142), phosphorylcholine-dg chloride, calcium salt (N,N,N-trimethyl-dg)
(CDN Isotopes, D-2135), sodium metabisulfite (Sigma, $9000), 2-[1,2-*HJ-
deoxy-glucose (PerkinEimer, NET549A001MC), D-[6-*H]-glucose
(Amersham life sciences, TRK85-5MCI), [9,10-2H]-oleic acid (PerkinElmer,
NET289005MC), oleic acid (Sigma, O1008), 4-methylumbelliferyl
heptanoate (Sigma, M2514), TGH-specific inhibitor, 4,4 ,4-trifluoro- 2-[2-(3-
methylphenyl) hydrazono}-1-(2-thienyl)butane-1,3-dione
(GlaxoSmithKline), sodium taurodeoxycholate (Sigma T0557), 4-

methylumbelliferone (Sigma M1508).
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2.1.3 Antibodies
TGH, HSL, ATGL and p-actin antibodies were purchased from Cell
Signaling. GAPDH antibody was purchased from Sigma. UCP1 antibody

was purchased from Abcam.

2.1.4 Primers

All the primers were purchased from Integrated DNA Technologies.

2.2 Animals and dietary feeding

Pemt”* mice were C57BL/6J (The Jackson Laboratory). Pemt”
mice were generated (10) and backcrossed for 7 generations in the
C57BL/6J background. The male mice were given free access to the chow
diet until 8-week old then the mice were fed the HF diet (1.3 g choline/ kg)
or CS HF diet (4.0 g choline/ kg) for 7 days.

All the procedures were approved by the University of Alberta’s
Institutional Animal Care Committee in accordance with guidelines of the

Canadian Council on Animal Care.

2.3 In vivo and in vitro uptake of radiolabelled deoxy-glucose to
gonadal fat pads

For the in vivo uptake experiments, mice were injected
intraperitoneally with a solution containing 0.15M NaCl, 100 mg/ml D-

glucose, 4uCi/ml radiolabelled deoxy-glucose. After 2 h, the mice were
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sacrificed and the gonadal fat pad was extensively washed with cold PBS
containing 0.01% EDTA and homogenized in homogenization buffer
containing 10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and
1:100 protease inhibitor cocktail. The homogenates were centrifuged for 5
min at 600 x g and supernatants were collected. Protein was quantified by
the method of Bradford (103) and the radioactivities were quantified by
lipid scintillation.

For the in vitro uptake experiment, gonadal fat pads were isolated
and minced into small pieces. Fat pad (30-40 mg) was incubated for 30
min in Krebs-Ringer buffer (PH=7.4) containing 1% BSA and 1uCi/mi
radiolabelled deoxy-glucose. Afterwards, gonadal fat pads were
extensively washed with cold PBS (0.01% EDTA) and homogenized in
homogenization buffer as incorporation experiment. The homogenates
were centrifuged for 5 min at 600 x g and supernatants were collected.
Protein was quantified by the method of Bradford (103) and the

radioactivities were quantified by lipid scintillation.

2.4 In vitro incorporation of radiolabelled oleate and glucose into TG
in gonadal fat pads

Gonadal fat pads were isolated and minced into small pieces. Fat
pads (30-40mg) were incubated at 37 °C in DMEM medium containing

1g/L D-glucose, 1% BSA (NEFA free), and 200 pM oleic acid &1.5 uCi/ml
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radiolabelled glucose for 6 h or 5 uCi/well radiolabelled oleate for 6 h.
Afterwards, fat pads were washed extensively with cold PBS (0.01%
EDTA) and homogenized in homogenization buffer. The homogenates
were centrifuged for 5 min at 600 x g and supernatants were collected.
Protein was quantified by the method of Bradford (103). Neural lipids were
extracted from homogenates (104) and separated by thin-layer
chromatography in hexane:diisopropyl ether:acetic acid (65:35:2, v/v). The
spot of TG was visualized with iodine vapor, scraped off the plate and the

radioactivity was quantified by the liquid scintillation.

2.5 In vitro lipolysis of gonadal fat pads

Fat pads were surgically removed and minced into small pieces.
Fat pads were incubated in DMEM containing 2% BSA (NEFA free) and in
the absence (nonstimulated) or presence (stimulated) of 10 yM
isoproterenol bitartrate. Aliquots were collected after 0, 15, 30, 60, 120
min (after taking the aliquots, add BSA-DMEM to maintain the same
volume) and the NEFA was measured with HR Series NEFA-HR 3.

For the lipolysis in the presence of extra choline or Ach, the
incubation buffer is Krebs-Ringer buffer (PH=7.4) containing 10 mM
NaHCO3;, 30 mM HEPES, 10 uM isoproterenol bitartrate and 2% BSA

(NEFA free).

2.6 RNA extraction and quantitative PCR



32

Total RNA from WAT was extracted using TRIzol reagent in
accordance with the manufacture’s instruction. The RNA was then treated
with DNAse | (Invitrogen) to degrade the DNA, reversed transcribed with
Oigo-dT primer (Invitrogen) and superscript 2 reverse transcriptase
(Invitrogen) in accordance with the manufacture’s instruction. Quantitative
PCR was conducted using Rotor gene 3000 instrument (Montreal
Biotech). The analysis of the data was performed using Rotor-Gene 6.0.19

program (Montreal Biotech).

2.7 Western blotting

Gonadal fat pads or BAT were isolated, washed with cold PBS
(0.01% EDTA) and homogenized in the buffer containing 20 mM Tris-HCI
pH 7.4, 50 mM NaCl, 50mM NaF, 5mM sodium pyrophosphate, 0.25M
sucrose, TmM EDTA, 1 mM DTT, 1 mM PMSF, 1:100 protease inhibitor
cocktail and 1:100 phosphatase inhibitor cocktail. The homogenates were
centrifuged for 5 min at 600 x g and supernatants were collected. Protein
was quantified by the method of Bradford (103). After transfer, the
membranes blocked in 5% milk (TBST). The dilution of antibodies are
ATGL (1:2000), P-HSL (1:2000), HSL (1:2000), GAPDH (1:5000), TGH
(1:20000), B-actin (1:5000), UCP1 (1:1000), PDI (1:5000) and the dilution
were made in 5% BSA (TBST). The proteins are detected via
chemiluminescence. The procedure of Western blot was conducted in

accordance with the protocols recommended by the Cell Signaling.



33

2.8 Quantification of choline, P-choline, acetylcholine and PC

The mice were fasted over night. Tissues (hypothalamus,
hippocampus, BAT, epidydymal WAT, gastrocnemius muscle, liver) were
snap-frozen in the lipid nitrogen and stored under -80°C. Blood was
collected by cardiac puncture and plasma was separated by centrifugation
at 2000 rpm for 20 min.

For the quantification of choline, P-choline and acetyicholine,
tissues were homogenized in homogenization buffer. The homogenization
buffer contains 10 mM Tris- HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1
mM DTT, 1 mM PMSF, 1:100 protease inhibitor cocktail, 1:100
phosphatase inhibitor cocktail and 100 uM neostigmine. The homogenates
were centrifuged for 5 min at 600 x g and supernatants were collected.
Protein was quantified by the method of Bradford (119). Mix tissue
homogenates or plasma with chloroform and methanol (2:1, v/v) together
with internal standards deuterated choline, P-choline and Ach. Separate
the aqueous phase containing choline, P-Choline and Ach from organic
phase (104). Dry down the aqueous solution under nitrogen gas and
dissolve in water. The theoretical concentrations of internal standards
choline, P-choline and acetylcholine are 3 pM, 3 uM and 0.3 uM,
respectively. Choline, P-choline and Ach were quantified by AB Sciex
4000 Qtrap mass spectrometer coupled to an Agilent 1290 Liquid

Chromatography system.
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For the quantification of PC, the tissue homogenate was mixed with
chloroform and methanol (2:1, v/v) and the internal standard
phosphatidyldimethylethanolamine (30 ug). The organic phase (120) was
dried down under nitrogen gas and dissolve in 100 pl of chloroform and
isooctane (1:1). PC was separated by high performance liquid

chromatography and gquantified with a light scattering detector (105).

2.9 ELISA

Plasma was supplemented with 1 mM EDTA, 4 mM Sodium
metabisulfite for quantification of norepinephrine and epinephrine by 2-
CAT (A-N) research ELISA (Labor Diagnostika Nord) in accordance with

manufacture’s manual.

2.10. TGH activity assay

Gonadal fat pads were isolated, washed with cold PBS (0.01%
EDTA) and homogenized in the buffer containing 50 mM Tris-HCI (pH
7.4), 250 mM sucrose, and 1 mM EDTA. The homogenates were
centrifuged for 5 min at 600 x g and supernatants were collected. The
supernatant was centrifuged at 99,000 rpm (TL100.2 rotor) for 45 min to
pellet membrane fraction. The pellet was washed with TBS and
resuspended in TBS.

In a 96-well black plate, mix 20 ul of pellet homogenate and 158 ul

of the reaction buffer (20 mM Tris-HCI, pH 8.0, 1 mM EDTA, and 300 uM



35

taurodeoxycholate). Add 2 ul DMSO (total carboxylase esterases activity)
or 2 ul 1mM TGH inhibitor in DMSO (total carboxylase esterases activity
excluding TGH) to the mixture and incubate at room temperature for 5
mins. Construct the standard curve by appropriate dilutions of 1mM 4-
methylumbelliferone with reaction buffer (the final total volume is 200 ul).
Dispensing 20 ul of 250 uM 4-methylumbelliferyl heptanoate in reaction
buffer to the mixture containing pellet homogenate. The fluorescence of
the reaction product was continuously recorded evey 20 seconds over 15
min period using FluoroScan Ascent FL (Thermo Labsystems) at 355 and
460 nm as excitation and emission wavelengths, respectively. The TGH

activity is calculated by subtraction.

2.11. Statistical analysis

The data are expressed as meantstandard errors. Statistical
significance was determined by student’s t test. P<0.05 was considered
significant for all experiments. The number of mice and statistical symbols

are indicated within the corresponding figure legends.
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Table 2.1 Nucleotide sequence of primers

Gene Oligonucleotide primer (5’ to 3)
Sense: ACGACTGCGTACCCATGGACA

RGS2
Antisense: CAGTTTTGGGCTTCCCAGGAGCAG
Sense: ACCAGCTTCTTCCCGGATGTGC

CRTC3
Antisense: CTTCTGTCAGGATGGTGCCTGGGA
Sense: CCCTACAACATCATGGTCCT

mAchR
Antisense: CCTCTTGTCACACTGGCATAA
Sense: CGCCTTCCGTCGTCTTCTGTGT

Adrb3
Antisense: AACGGACGCGCACCTTCATAGC
Sense: TTCACCAGTCGCGCGCTCAAA

Adra2

Antisense: GCAAAAGAGCACGTCGAGAGCC

Adrenergic receptor $3 (Adrb3), adrenergic receptor a2 (Adra2)
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3.1. Lack of PEMT reduced weight gain and visceral fat mass;
Choline supplementation reversed the phenotype of Pemt” mice fed
the HF diet

Pemt™”* and Pemt” mice were fed the HF or CS HF diet. Pemt”

+/+

mice gained less weight than Pemt™" mice after being fed the HF diet for 1

week (Fig. 3.1.1). However, upon dietary choline supplementation Pemt”

+/+

mice had the same weight gain as Pemt”" mice (Fig. 3.1.1). The visceral
fat mass (mesenteric, perirenal and gonadal fat) displayed a similar

pattern as weight gain (Fig. 3.1.2).

3.2. Lack of PEMT reduced the amount of choline but not
acetylcholine

We hypothesized that the lack of de novo choline synthesis in
Pemt” mice would reduce the amount of choline. Because dietary choline
intake correlates with the amount of choline in plasma, liver and brain
(106, 107, 108), we hypothesized that the amount of choline in Pemt”
mice would increase upon choline supplementation. Choline was
quantified after 1-week HF or CS HF diet feeding. The amount of choline
was lower in plasma, liver and gastrocnemius muscle of Pemt” mice and
dietary choline supplementation increased the amount of choline in
plasma and liver (Table 3.1.1). The amounts of choline in WAT displayed
a similar trend but the differences did not reach statistical significance

(Table 3.1.1).
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Choline is the precursor of Ach and the levels of Ach in brain are
influenced by the availability of choline in diet (25). Therefore, we
hypothesized that the reduced supply of choline would limit the synthesis
of Ach. Ach is involved in cholinergic signaling in central and peripheral
tissues, which plays an important role in the regulation of energy
homeostasis (26, 27, 29). Many animal models of obesity are associated
with increased vagal cholinergic activity and reduced sympathetic outflow
(27). Sympathetic innervation from CNS to WAT can trigger p-adrenergic
signaling that is the primary initiator of mobilization of TG in WAT (26).
Thus, we hypothesized that if the amount of Ach were decreased, there
would be reduced vagal cholinergic activity and increased sympathetic
innervation from CNS to WAT. This would stimulate B-adrenergic receptor
in the WAT of Pemt” mice, leading to reduced visceral fat mass.
However, the amount of Ach remained the same in tissues and plasma in
spite of the lack of PEMT or with choline supplementation (Table. 3.1.3).

To confirm that Ach was not involved in the phenotype caused by
the lack of PEMT, Pemt’- mice were fed a donepezil supplemented HF
diet for 10 weeks. Donepezil is a potent Ach esterase inhibitor that
prevents hydrolysis of Ach in synapses and has been used for the
therapeutic treatment of Alzheimer's disease (108). Unlike choline
supplementation, donepezil did not increase weight gain in Pemt’ mice

(Fig. 3.2).
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£"* mice the amount

Interestingly, we found that compared with Pem
of P-choline was lower in the WAT of Pemt” mice after being fed the HF
diet for 1 week (Table. 3.1.2). P-choline is the substrate for CT that is rate-
limiting enzyme in CDP-choline pathway for the biosynthesis of PC (3). PC
could promote mouse preadipocyte differentiation and increase TG
accumulation in 3T3-L1 adipocytes (109). Hence, the role of PC in
adipogenesis and lipogenesis (109) suggested its involvement in the
development of WAT. We hypothesized that reduced availability of P-
choline would limit supply for the synthesis of PC, which would lead to a
reduced visceral fat mass. However, the amount of the PC in WAT was
not altered by the lack of PEMT or with choline supplementation (Table.
3.2).

Thus, it appeared that the PEMT phenotype might not be due to

decreased supply of Ach or P-choline but rather choline.

3.3. Potential mechanisms by which choline supplementation

increased visceral fat mass in Pemft’ mice

3.3.1. Food consumption
Rcan2 (a thyroid hormone-responsive gene) deficiency protects
mice from HF diet-induced obesity. The protection was attributed to

reduced food intake, not increased energy expenditure (110). Therefore,
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the amount of food eaten could be a key determent of diet-induced obesity
in mice.

Although Pemt'* and Pemt” mice consumed the same amount of
food after 10 days of HF feeding (14), the effect of choline
supplementation on food intake was not studied. Food intake was

t* and Pemt” mice. Both genotypes of mice consumed

compared in Pem
the same amount of food regardiess of choline supplementation (Fig.
3.3.1). Thus, increased food intake was not the reason for increased
weight gain and increased visceral fat mass in Pemt” mice following

choline supplementation.

3.3.2. TG biosynthesis and storage
To assess the influences of PEMT and choline supplementation on

t”* and Pemt” mice were fed HF or CS

TG biosynthesis and storage, Pem
HF diet for 1 week. Gonadal fat pads were isolated and incubated with
radiolabelled oleate and the incorporation of radioactivity into TG was
measured. There was more oleate incorporated into TG in the fat pad from

t** than from Pemt” mice. Choline supplementation did not increase

Pem
the incorporation (Fig. 3.3.2.1). However, when the radioactivity
incorporated into TG was divided by the total radioactivity in organic
extract, there was no difference among 4 groups of mice (Fig. 3.3.2.2).

Through glycolysis, glucose can be catabolized into glycerol and

glycerol is an important precursor for TG biosynthesis in WAT (111). Does
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the lack of PEMT or choline supplementation influence glucose uptake or
glucose derived TG biosynthesis? The radioactivity derived from glucose
was the same in TG among the 4 groups of mice (Fig. 3.3.2.3). The same
amount of deoxy-glucose was taken up into WAT in in vitro and in vivo
experiments (Figs.3.3.2.4, 5).

Hence, the lack of PEMT reduced the uptake of the oleate into the

fat pad for the synthesis of TG.

3.3.3. Influence of choline on the lipolysis of WAT

Defective lipolysis by the disruption of ATGL led a 2.1-fold increase
of gonadal fat mass (112) while augmented lipolysis by overexpression of
ATGL in WAT protected mice against HF diet-induced obesity (113).
Therefore, we hypothesized that the lack of PEMT would increase lipolysis
of WAT from the mice fed the HF diet while choline supplementation
would suppress increased lipolysis. Pemt'”* and Pemt” mice were fed HF
or CS HF diet for 1 week, gonadal fat pads were isolated and the rates of
p-adrenergic stimulated NEFA release (isopreteronol is an p-adrenergic
receptor angonist) were compared. The rate of the NEFA released from

+/+

Pemt” mice fed a HF diet was higher than that from Pemt™* mice (Fig.
3.3.3.1). Choline supplementation suppressed the rate of NEFA released
from fat pad of Pemt” mice (Fig. 3.3.3.1).

Under nonstimulated conditions, lipolysis was not affected by the

lack of PEMT or choline supplementation (Fig. 3.3.3.2). TGH plays an
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important role in determining the rate of unstimulated lipolysis (148, 151).
Attenuation of TGH activity in 3T3-L1 adipocyte reduces the basal lipolysis
and increase accumulation of TG (148). Furthermore, when fed the HF
diet, TGH expression is increased in the WAT of Pemt” mice (14).
However, CS does not influence protein expression or activity of TGH is in
the WAT of Pemt” mice (Figs. 3.3.3.3,4)

NEFA derived from lipolysis of WAT can be secreted into the
circulation and utilized in non-adipose tissues as an energy source (34).
Therefore, we hypothesized that increased lipolysis would be
accompanied by an elevation of circulating NEFA. However, fasting
plasma NEFA was not altered by the lack of PEMT or choline
supplementation (Fig. 3.3.3.5).

To investigate whether choline could directly reduce lipolysis in
WAT, gonadal fat pads were isolated from Pemt” mice fed the HF diet and
incubated in medium containing 2 or 4 times normal plasma concentration
of choline. However, the rate of stimulated NEFA release remained the
same (Fig. 3.3.4.1). Choline is the precursor of Ach and Ach reduces
glycerol release from Wistar rat adipocytes mediated by mAChR3 (114).
Even though the amount of Ach in plasma was the same among the 4
groups of mice (Table. 3.1.3), we hypothesized that choline
supplementation would induce the expression of MAChR3 in the WAT of
Pemt” mice. However, the mRNA level of mAChR3 in the WAT of Pemt”

mice remained the same upon choline supplementation (Fig. 3.3.4.2). To



investigate whether Ach could directly inhibit lipolysis of WAT, fat pads
were isolated from Pemt” mice fed the HF diet and incubated in Ach-free
medium or Ach-free medium supplemented with 0.1 uM Ach and the rates
of isoproterenol-stimulated NEFA release were compared. Ach did not
affect lipolysis (Fig. 3.3.4.3).

ATGL and HSL are the major lipases contributing to TG catabolism
in WAT (115). Therefore, the expression of these 2 enzymes was
determined by Western blotting. In gonadal fat pads from the mice fed the
HF diet, the relative amount of ATGL appeared to be lower in Pemt™* mice
compared with that in Pemt” mice (0.774£0.20 vs.1.72+0.31), but the
difference was not significant (P=0.06) (Fig. 3.3.5.1). Abundance,
phosphorylation and recruitment to lipid droplets are the 3 key
determinants for HSL activity (116). In fat pads from mice fed the HF diet,
the relative abundance and phosphorylation of HSL at serine660 (which

activates HSL) were higher in Pemt” mice than those in Pemt'*

mice (Fig.
3.3.5.1). Choline supplementation reduced the abundance of ATGL and
HSL and decreased serine660 phosphorylation of HSL in fat pad from
Pemt” mice (Fig. 3.3.5.1). Interestingly, choline supplementation
increased abundance of these lipases and increased serine660

+/+

phosphorylation of HSL in fat pad from Pemt”" mice.
Both lipases are regulated by p; and a; AR signaling, such that
activation of the 3 AR leads to activation of the lipases and TG

mobilization. On the other hand a, AR activation prevents TG mobilization
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through inhibition of CAMP production (45, 117). Since the 2 receptors
coexist in adipocytes, the expression of the B3 and az ARs present in
adipose tissue might determine fat storage or FA release during the
stimulation (45, 117). However, choline supplementation did not alter the
relative expression of these 2 ARs in WAT (Figs. 3.3.5.3,4).

Stimulation of p-adrenergic signaling in WAT increases lipolysis in
a cAMP dependent manner (45). cAMP is produced in a reaction
catalyzed by adenylate cyclases (ACs) that is inhibited by RGS2 in
adipose tissues (72, 118). RGS2 is a GTPase activating protein and can
turn off cAMP-dependent signaling (119). The higher expression of RGS2
is accompanied by reduced isoproterenol (66) and forskolin (70)
stimulated cAMP production and the enzyme is implicated as the key
player in the development of obesity via attenuating p-adrenergic receptor
signaling in WAT (70). Choline supplementation increased RGS2
expression in the WAT of the Pemt” mice but mRNA level of CRTC3 (the
upstream transcription enhancer of RGS2) (70) was unchanged (Fig.
3.3.5.5).

RGS2 expression is low under basal condition and its transcription
in adipocytes is induced upon an elevation of intracellular cAMP (66, 69)
that can be triggered by catecholamine (120). Acute choline administration
elevated circulating catecholamine levels (30), so choline supplementation
might alter circulating catecholamine concentration and lead to increased

expression of RGS2. However, circulating concentrations of
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catecholamine were not altered by the lack of PEMT or with choline
supplementation (Figs. 3.3.6.1,2). One week choline supplementation was
a relatively long time and mice might have adapted to the diet and re-
established hormonal homeostasis. To capture the effect of choline on
catecholamine and RGS2, acute choline injection was studied. After 1-
week HF-diet feeding, mice were intraperitoneally injected with choline
and circulating concentrations of catecholamine and RGS2 expression in
WAT were measured. Compared with mice injected with PBS, choline
increased plasma norepinephrine and epinephrine in Pemt” mice 10 min
after injection (Figs. 3.3.6.3,4). Gene expression of RGS2 and CRTC3
were also assessed at different time points after choline injection.
Compared with Pemt” mice injected with PBS, choline administration
increased RGS2 expression 40 min after injection and the increased gene
expression persisted for 4 h (Fig. 3.3.6.5). Choline injection did not alter

CRTC3 expression (Fig. 3.3.6.6).

3.3.4 Energy expenditure

BAT is an important thermogenic tissue to maintain body core
temperature (121) and in recent years the studies on BAT have proved
that BAT is of substantial benefit to obese patients suffering from insulin
resistance and dyslipidemia (122, 123). The energy expenditure of BAT is
mainly facilitated by UCP1 that disassociates the electron transport chain

from ATP production (121). We hypothesized that Pemt” mice would
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t* mice, while choline

spend more energy in BAT than Pem
supplementation would reduce energy consumption in the BAT of Pemt”
mice. The BAT UCP1 protein concentration was diminished upon choline
supplementation in Pemt ” mice (Fig. 3.3.7.1), indicating a significantly
suppressed energy consuming capacity. Stimulated lipolysis increased
without an alternation of fasting plasma NEFA (Figs. 3.3.3.1,5). This
situation might be explained by increased energy expenditure in WAT
(113, 124). However, choline supplementation did not influence the UCP1
expression in the WAT (Fig. 3.3.6.2).

Hence, choline supplementation reduced energy consumption in

the BAT of Pemt” mice, which could explain how choline supplementation

increased the visceral fat mass in Pemt” mice.
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Choline
Table. 3.1.1
WT KO
HF (n=5) CSHF (n=4) HF (n=5) CSHF (n=5)
nmol/ g Liver 281.6+£34.0 333.2¢45.4 120.5£24 4* 324_4i75_4A
nmol/ g WAT 133.34£33.3 100.6+9.00 67.0£10.3 110.41£16.6
nmol/ g BAT 285.6+32.3 | 535.9191.8 407.6+87.9 364.9+117.3
nmol/ g
hypothalamus 5.610.6 5.35.1 5.110.4 5.411.2
protein
nmol/ g
gastrocnemius 63.1£4.3 55.646.6 44.9+5.1* 68.8£10.3
muscle
pmol/ ml plasma 20.1£2.3 22.314.3 10.4+2.8** 14.0+1 _oA
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P-choline
Table. 3.1.2
WT KO
HF (n=5) CSHF (n=4) HF (n=5) CSHF (n=5)
nmol/ g Liver 273.6150.6 | 354.9+59.2 199.8+18.3 381.1£116.5
nmol/ g WAT 89.618.6 84.249.9 53.619.8* 152.5+86.3
nmol/ g BAT 119.5+21.4 212.9+46.0 159.1+27 .4 174.5£12.7
nmol /g
hypothalamus 15.110.7 15.310.8 13.9+1.1 13.810.4
protein
nmol/ g
gastrocnemius 220.9+28.4 | 287.6+28.5 247.0£127.7 240.8184.3
muscle
pmol/ ml plasma 72.5+11.3 43.5+12.1 73.3x11.9 64.7£9.8
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Acetylcholine

Table. 3.1.3
WT KO
HF (n=5) CSHF (n=4) HF (n=5) CSHF (n=5)
nmol/ g Liver 0.29+0.06 0.33+0.19 0.15+0.04 0.304£0.17
nmol/ g WAT 0.1240.03 0.3410.13 0.21+0.05 0.30£0.07
nmol/ g BAT 0.85+0.19 1.701+0.05 2.14+0.56 0.77+0.14
nmol/ g
hypothalamus 0.3240.02 0.3340.01 0.36+0.06 0.27+0.03
protein
nmol/ g
gastrocnemius 0.66+0.26 0.68+0.36 0.59+0.01 1.42+0.34
muscle
pmol/ ml plasma 26.1+£10.2 39.4+12.5 38.8£19.3 13.1£5.9
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Table. 3.1. Quantification of choline, P-choline and acetylcholine in
plasma and tissues

8-week Pemt™ and Pemt” mice were fed the HF or CS HF diet for
1 week. Plasma and tissues were collected after overnight fasting and
were processed by lipid extraction. The aqueous phase containing
choline, P-choline and acetyicholine was separated from organic phase
and choline, P-choline and acetylcholine were quantified by mass
spectrometry.

* Significance of Pemt"”* and Pemt” mice fed HF diet; A,

significance of Pemt” mice between fed HF and CS HF deit; */4, P<0.05.
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PC

WT

KO

HF

CSHF

HF

CSHF

mg/ g WAT

0.92+0.55

0.22+0.05

0.2610.09

0.3410.08

Table. 3.2. Quantification of phosphatidylcholine in the WAT (n=4-6)

8-week Pemt™ and Pemt” mice were fed HF or CS HF diet for 1

week. WAT was collected after overnight fasting and lipid was extracted.

The organic phase containing PC was separated from aqueous phase.

The amount of PC was separated by high performance liquid

chromatography and quantified with a light scattering detector.
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Fig. 3.1. Pemt” mice were protected from HF diet induced weight gain
and had smaller visceral fat mass, but choline supplementation
reversed the influences by the lack of PEMT

(3.1.1) 8-week Pemt"* mice and Pemt” mice fed HF or CS HF diet
for 1 week (n=16-21); (3.1.2) Visceral fat mass of the mice from (A) (n=7-

11); *, P<0.05; **, P<0.01; ***P<0.001.
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Fig. 3.2. Unlike choline supplementation, donepezil did not reverse
the protection against the weight gain in Pemt” mice (n=5-6)
8-week Pemt” mice were fed HF, CS HF or donepezil
supplemented HF diet for 10 weeks; *, P<0.05; **, P<0.01; ***, P<0.001, #,

P<0.0001.
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Fig. 3.3.1. Pemt'”* and Pemt” mice consumed the same amount of
food regardless of choline supplementation (n=4)
8-week Pemt** mice and Pemt” mice fed HF or CS HF diet for 1

week. Daily food intake was normalized by body weight.
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Fig. 3.3.2. Lack of PEMT reduced the uptake of oleate (not glucose)
for biosynthesis of TG, while choline supplementation did not
influence TG biosynthesis or deoxy-glucose uptake (n=3-6)

8-week Pemt”" mice and Pemt” mice fed HF or CS HF diet for 1
week and gonadal fat pads were isolated. (3.3.2.1) The fat pads were
incubated with radiolabelled oleate and the incorporation of radiolabelled
oleate into TG was compared; (3.3.2.2) Total radioactivity in TG
normalized by total radioactivity in organic mixture; (3.3.2.3) The fat pads
were incubated with radiolabelled glucose and the radioactivities in TG
were compared; (3.3.2.4) The fat pads were incubated with radiolabelled
deoxy-glucose and the radioactivities in WAT were compared; (3.2.2.5)

Pemt” mice were fed HF or CSHF diet for 1 week and radiolabelled



deoxy-glucose was administrated through intraperitoneal injection.

Radioactivities in the WAT were compared; *, P<0.05.
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Fig. 3.3.3. Lack of PEMT increased stimulated lipolysis in WAT that
was reduced upon choline supplementation (n=4-6)

(3.3.3.1) 8-week Pemt** mice and Pemt” mice fed HF or CS HF
diet for 1 week, gonadal fat pads were isolated and incubated with
isoproterenol. The rates of NEFA release (from 0 t0120 min) were
compared; (3.3.3.2) The same experiment as (3.3.3.1) in the absence of
isoproterenol; (3.3.3.3) The activities of TGH of Pemt” mice were
compared upon choline supplementation (n=4); (3.3.3.4) Western blotting
analysis of TGH and GAPDH; (3.3.3.5) Circulating NEFA concentrations
from mice in (3.3.3.1);

**, P<0.05; **/AM, P<0.01.
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Fig. 3.3.4. Choline or acetylcholine did not directly reduce the
lipolysis in WAT of Pemt” mice (n=3-5)

8-week Pemt” mice were fed the HF diet for 1 week, (3.3.4.1)
Gonadal fat pads were isolated and incubated with isoproterenol or
isoproterenol plus 2 or 4 times normal plasma concentration of choline;
(3.3.4.2) The expression of MAChR3 was analyzed by qPCR and the
gene expression was normalized to $-actin; (3.3.4.3) The fat pad was

incubated in the medium depleted of acetylcholine or with 0.1uM Ach.



60

CRRE T¥ PO
PHSL -~ (e S
HSL 3 e i I 0
Actin g W05 %0 we o
TWE_ CCSHF. T W CSHF 0

3354 Pemt Bemt T~ 3.3-5.A2TGU Actin  P-HSL/Actin  HSL/Actin  P-HSL/HSL
g 12 g '*—
—:4 wo{ HMHF ﬁ‘
2 .| DOlcswr T 2
£ .0 ns. E
:2: 25 i .g1 IHF
5 . v 8 CICSHF
® o2 B CSHF  © CRTC3 _ RGS2
3.3.53 3.355

Fig. 3.3.5. Increased expression of RGS2 presented a potential
mechanism for how choline supplementation suppressed -
adrenergic signaling in the WAT of Pemt” mice

(3.3.5.1) 8-week Pemt™* mice and Pemt” mice were fed HF or CS
HF diet for 1 week and gonadal fat pads were isolated. ATGL, phosphor
Serine660 of HSL, HSL and B-actin were analyzed by Western blotting;
(3.3.5.2) is the densitomitry analysis of (3.3.5.1); Pemt  mice were fed HF
or CS HF diet for 1 week and gonadal fat pads were isolated, (3.3.5.3,4)
The expression of a2 and pz adrenergic receptors were analyzed by gPCR
(n=3-5); (3.3.5.5) The expression of CRTC3 and RGS2 were analyzed by
gPCR (n=3-5). The expression of genes was normalized to f-actin;

*, P<0.05; **, P<0.01; ***, P<0.001.
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Fig. 3.3.6. Intraperitoneal injection of choline increased the
epinephrine concentration in the plasma followed by the elevation of
RGS2 expression. (n=3-5)

(3.3.6.1,2) 8-week Pemt'”* mice and Pemt” mice were fed HF or
CS HF diet for 1 week and the circulating concentration of norepinephrine

£+ mice and

and epinephrine were compared; (3.3.6.3,4) 8-week Pem
Pemt” mice fed a HF diet for 1 week and circulating concentration of
norepinephrine and epinephrine were compared 10 min after
intraperitoneal administration of choline or PBS; Pemt ” mice were fed the
HF diet for 1 week and administrated intraperitoneally with choline or PBS
and the expression of RGS2 (3.3.6.5) and CRTC3 (3.3.6.6) at 0, 40, 120,

240 min after injection were compared. The gene expressions were

normalized to B-actin; *,P<0.05.
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Fig. 3.3.6 Choline supplementation reduced UCP1 protein

concentration in BAT

(3.3.6.1) Pemt” mice were fed HF or CS HF diet for 1 week and
BAT was isolated and the expression of UCP1 and PDI were analyzed by
Western blotting; (3.3.6.2) Pemt” mice were fed HF or CSHF diet for 1
week and gonadal fat pads were isolated. The expression of UCP1 and

calnexin were analyzed by Western blotting.
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Choline supplementation induced the expression of RGS2 in the
WAT of Pemt” mice. RGS2 could attenuate B-adrenergic signaling in WAT

(70, 72, 119) and this potentially explains how choline supplementation

increased the visceral fat mass in Pemt” mice.

4.1. Choline supplementation elicited opposite responses in the WAT
of Pemt”* and Pemt” mice

Choline supplementation suppressed p-adrenergic signaling in the
WAT of Pemt” mice, characterized by reduced lipolysis (Fig. 3.3.3.1),
reduced phosphorylation of HSL and reduced protein concentrations of
ATGL and HSL (Fig. 3.3.5.1). On the other hand, in the WAT of Pemt**
mice choline supplementation enhanced the f-adrenergic signaling (Figs.
3.3.3.1, 3.3.5.1). Increased expression of RGS2 in the WAT potentially
explained the effects of choline supplementation in Pemt” mice (Fig.
3.3.5.5). In the case of Pemt"* mice, we hypothesized that choline
supplementation would decrease the expression of RGS2 such that the
same circulating concentration of catecholamine (Figs. 3.3.6.1, 3.3.6.2)
resulted in a more augmented B-adrenergic signaling. It is not yet clear
how choline elicited the opposite responses. We hypothesized that
different responses might stem from the different pool sizes of choline in
Pemt”* and Pemt” mice (Table. 3.1.1).

t+/+

Pemt” mice fed a CS HF diet had much heavier visceral fat mass

than Pemt” mice fed the HF diet (Fig. 3.1.2) even though the lipolysis of



65

WAT is comparably high (Fig. 3.3.3.1). The 2 groups of mice consumed
the same amount of food (Fig. 3.3.1) and the same amount of FA and
glucose was taken up for TG biosynthesis in fat pads (Figs. 3.3.2.1,
3.3.2.3). Hence, we hypothesized that compared with Pemt” mice fed the
HF diet the reduced energy expenditure or/and increased fat absorption

might take place in Pemt”" mice fed a CS HF diet.

4.2. RGS2 is a regulator of energy metabolism and influences
metabolism of WAT

RGS2 is a GTPase activating protein and highly expressed in
adipose tissues. The enzyme catalyzes the termination of Ggs, Gag and Gy
mediated G protein coupled receptor (GPCR) signaling (-adrenergic
receptors belong to G4 family of GPCR) (63, 64, 65). A number of GPCRs
localized in central and peripheral tissues regulate energy homeostasis
and enhanced signaling is usually associated with reduced body weight
and fat mass. Mice with increased protein kinase A signaling in adipose
tissues displayed increased lipolysis and reduced fat mass (125).
Attenuation of Gqq coupled adrenergic signaling in adipose tissue resulted
in reduced lipolysis and hyperadipocity (126). Knock-in of RGS-insensitive
G.i protected mice from diet-induced obesity (127). Clearly via modulation
of GPCR signaling, RGS2 can have a dramatic effect on energy

metabolism.
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RGS2” mice display 75% reduction of gonadal fat pad and smaller
adipocytes (66). The reduced fat pad is partially explained by the impaired
maturation of adipose tissue (PPARy, SREBP1c and LPL) (76).
Furthermore, RGS2 promotes differentiation of 3T3-L adipocytes in the
presence of ligand of PPARy and the expression is induced at the early
stage of preadipocyte differentiation (75). Hence, RGS2 regulates
metabolism of WAT not only through inhibition of GPCR signaling but also
through influencing adipogenesis. The WAT of Pemt” mice fed the HF diet
exhibited reduced size of adipocytes (14, 102) but the expression of
PPARy, SREBP1c and PGC1a are comparable to Pemt™* mice fed a HF
diet (14). Therefore, defective development of adipose tissue is unlikely to

be the reason for the reduced visceral fat mass in Pemt” mice.

4.3. Studies of RGS2 in humans

A genetic variation of RGS2 is associated with increased body
weight and obesity-related metabolic syndromes. The mutation of C to G
at -393 of the promoter region increased protein expression of RGS2 in
male adipocytes. The metabolic score is 0.27 standard units higher in
European males carrying 2 mutated genes and transmission of the G
allele to male offspring is associated with 0.2 increase in the score (128).
A mutation of C to G at the 3’ nontranslated region of RGS2 increases the

frequency of developing hypertension (129) and male hypertensive
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patients with the same mutation of RGS2 have a higher body weight index

(BMI) (130).

4.5. Future directions

4.5.1. Donepezil supplemented HF feeding and the involvement of Ach

We discovered that the amount of acetylcholine in plasma and
tissues remain the same among 4 groups of mice. To further confirm that
Ach is not involved in the phenotype by the lack of PEMT, Pemt mice
were fed the donepezil supplemented HF diet for 10 weeks and we found
that unlike choline donepezil did not increase weight gain.

Donepezil is a specific inhibitor of AchE but the drug does not
inhibit the activity of BchE (131). BchE is present in all mouse tissues and
it is more abundant than AchE except in brain (132). BchE hydrolyzes Ach
at a higher rate than AchE in in vitro assays (133) and is present in the
synapses of neurons (134), which suggests a role of B¢chE in
neurotransmission. AchE” mice survive and did not exhibit the cholinergic
signs of toxicity caused by synaptic accumulation of Ach but inhibition of
BchE in AchE” mice and inhibition of both esterases lead to the
cholinergic signs of toxicity (135). Furthermore, inhibition of AchE in BchE
* mice resulted in mortality and significant toxicity (131). These data
suggest that in addition to AchE, BchE is an important esterase to

hydrolyze excess Ach in vivo.
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In the feeding study, donepezil inhibits the hydrolysis of Ach by
AchE but Ach can be degraded by BchE. However, inhibition of both
esterases will lead to severe cholinergic symptoms and death from
convulsions. Hence, a better way to address the role of Ach can be
achieved by intracerebroventricular cannulations of Ach to the specific
region(s) of the brain, such as hypothalamus. The involvement of Ach can
be completely eliminated if cannulated Pemt mice do not gain weight

when fed the HF diet.

4.5.2. TG biosynthesis and storage

We found that compared with Pemt'’* mice less oleate is
incorporated into the TG in the fat pad of Pemt’- mice. The more
incorporation is attributed to the higher uptake of the oleate rather than
increased activities of TG biosynthetic enzymes.

There are 2 major types of fatty acid transporters in adipose
tissues: FATPs and FAT/CD36. FATP1 is the isoform comprehensively
investigated among all FATPs in the adipose tissues, such that FA P17
mice have abolished uptake of fatty acids into adipose tissue and reduced
epidydymal fat mass fed with a HF diet (90). Hence, to confirm our
hypothesis it will be of great interest to compare the expression of FATP1

and FAT/CD36 in the plasma of adipocytes among the 4 groups of mice.

4.5.3. Choline, RGS2 and disrupted -adrenergic signaling in WAT



69

We found that dietary choline supplementation and acute choline
intraperitoneal administration increase the expression of RGS2 in the
WAT of Pemt’- mice and RGS2 inhibits p-adrenergic signaling in WAT via
inhibition of adenylyl cyclase (70, 72, 119). Therefore, we hypothesized
that choline influences metabolism in WAT via RGS2, such that choline
increases expression of RGS2 that suppresses lipolysis and p-oxidation
and increase the accumulation of TG, leading to the increased visceral fat
mass.

At present, we have no evidence that RGS2 induced by choline is
directly correlated with attenuated $-adrenergic signaling in WAT. To
demonstrate the correlation between RGS2 and p-adrenergic signaling,
we can use 3T3-L1 adipocytes as our working model. Knockdown of
PEMT by siRNA in mature 3T3-L1 adipocytes leads to increased NEFA
release (102). We could over-express RGS2 in 3T3-L1 adipocytes with
low expression of PEMT (by siRNA) and measure the NEFA release. In
the meantime, we could assess ATGL and HSL by Western blotting and
activity assays and analyze a series of molecules in the p-adrenergic
pathway, such cAMP and phosphorylation state of PKA substrates (70).
We hypothesize that: over-expression of RGS2 would reduce NEFA
release and increase the accumulation of TG. The activity of ATGL and
HSL will be reduced with reduced phosphorylation of HSL and reduced
expression of HSL and ATGL. The cellular concentration of cAMP and

phosphorylation state of PKA substrates will also be reduced, indicating
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reduced activation of PKA. On the other hand, we could also knock down
RGS2 in 3T3-L1 adipocytes with low expression of PEMT (siRNA). We
hypothesize that knockdown of RGS2 would further increase NEFA
release, increase activity and expression of ATGL and HSL and increase
cellular concentration of cAMP and phosphorylation of PKA substrates.
We could also utilize mouse model to test a correlation between RGS2
and B-adrenergic signaling. We could create transgenic mice with
overexpression of RGS2 in the adipose tissue via aP2 promoter. We
hypothesize that Pemt’- mice with over-expression of RGS2 in adipose
tissue will become obese when fed the HF diet and the fat pads might
exhibit reduced rate of lipolysis, reduced activity of HSL and ATGL and
reduced cellular concentration of cAMP and phosphorylation state of PKA
substrates.

Moreover, we can use pharmacological methods to further
demonstrate relations among choline, catecholamine and RGS2. The
increase in plasma catecholamine concentrations result from choline
injection was blocked by pretreatment with the ganglionic nicotinic
receptor antagonist hexamethonium (136). If choline induces RGS2
expression via elevating plasma catecholamine, we hypothesize that
injection of choline will fail to increase the expression of RGS2 in WAT if

Pemt'- mice were pretreated with hexamethonium.

4.5.4. RGS2 and the expression of UCP1 in BAT
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CRTC3 and isoforms of RGS are also present in BAT (70, 137,
138). The expression of UCP1 is increased by transcription factor CREB
that is activated by p-adrenergic signaling. Hence, RGS2 might play a
critical role in BAT. We hypothesize that dietary choline supplementation
would increase the expression of RGS2 in the BAT of Pemt’- mice and
RGS2 would inhibit f-adrenergic signaling and reduce the expression of
UCP1. Therefore, choline also potentially reduces energy expenditure in
BAT via RGS2.

* and Pemt”"” mice

4.5.5 Different response to choline in Pem
Choline supplementation increased the rate of stimulated NEFA
release, phosphorylation of HSL and expression of ATGL and HSL but
had an opposite effect on Pemt’- mice. This difference might be attributed
to the effect of choline on the expression of RGS2 as discussed in 4.2.
Hence, it will be of great interest to compare the RGS2 expression
between Pemt* mice fed the HF and CS HF diets. We shall also
compare the expression of RGS2 between HF fed Pemt™* and Pemt”-

mice and we hypothesize a higher expression of RGS2 in the WAT and

BAT of Pemt'”" mice.

4.6. Conclusion
In conclusion, Pemt” mice exhibited reduced weight gain and

visceral fat mass when fed the HF diet for 1 week and 1-week choline
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supplementation reversed the weight gain and visceral fat mass in Pemt”
mice. The less visceral fat mass of Pemt” mice is due to reduced uptake
of fatty acids for TG biosynthesis and a higher rate of stimulated lipolysis
in WAT. However, choline supplementation diminished the expression of
UCP1 in BAT and reduced the lipolysis of WAT in Pemt” mice fed the HF
diet. Choline did not directly inhibit lipolysis but increased the expression
of RGS2 in WAT, which presents a potential mechanism for how choline
supplementation increased the visceral fat mass in Pemt” mice (Fig. 4).
Furthermore, the increased expression of RGS2 in WAT may also provide
a clue for how BMI, percent body fat and waist circumference are

positively correlated with the serum choline in humans (139).
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Pemt”* mice (HF) Pemt’- mice (HF) Pemt’- mice (CS HF)
*P-HSL A\Oleate ANP-HSL ¥oleate RGSZ¢
WATGL  uptake ANATGL  uptake

b bl v Y.
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\ / \ /

A Fat pad mass = Fat pad mass AFat pad mass

Fig. 4. Schematic diagram of how the lack of PEMT prevent
increase of visceral fat mass and how choline supplementation

reverses the protection of visceral fat mass in Pemt’” mice
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Supplementary figures
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Fig. 1. Body weight, fat, lean, and visceral fat mass

(1.1) Pemt”* mice and Pemt” mice were given free access to
standard chow diet until 8-week old then to HF or CS HF diet for 7 days.
The body weights were compared (n=16-21); (1.2) The fat and lean mass
from (1.1) was measured by ECchoMRI™ systems (n=5-9). (1.3) 8-week
Pemt™* mice and Pemt” mice fed the HF diet for 7 days and the weights
of visceral fat mass were compared (n=16-21);

*, P<0.05; **, P<0.01; ***, P<0.001, #, P<0.0001.
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Fig. 2 Relative expression of genes in WAT (n=3-4)

(2.1) 8-week Pemt™* mice were fed HF or CS HF diet and the expression
of LPL and PPARy was quantified by qPCR; (2.2) 8-week Pemt” mice
were fed HF or CS HF diet and the expression of GPAT1, DGAT2, and
FAS was quantified by gPCR. The expression of genes was normalized to

p-actin.
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Table. 1 Nucleotide sequence of primers

Gene Oligonucleotide primer (5’ to 3')
Sense: CCTACTTCAGCTGGCCTGACTGGT
LPL
Antisense: ACTGCTGAGTCCTTTCCCTTCTGC
Sense: TTGACATCAAGCCCTTTACCA
PPARy
Antisense: GGTTCTACTTTGATCGCACTTT
Sense: GGAACGTTGCCGTGTACGCTGA
GPAT1
Antisense: TGCCGGTTGCACTGAGGTAGGA
Sense: GGCTACGTTGGCTGGTAACTT
DGAT2
Antisense: TTCAGGGTGACTGCGTTCTT
Sense: TTCCGTCACTTCCAGTTAGAG
FAS
Antisense: TTCAGTGAGGCGTAGTAGACA




