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Abstract

Choline is an important nutrient in animals. Animals can acquire choline
from both diet and via de novo biosynthesis by converting
phosphatidylethanolamine (PE) into phosphatidyicholine (PC) catalyzed by PE N-
methyltransferase (PEMT). Choline can be depleted via biliary PC excretion and

choline oxidation.

“Complete choline deprivation” is achieved by feeding Pemt” mice a
choline-deficient (CD) diet. CD-Pemt” mice died of acute liver failure and severe
steatohepatitis within 4~5 days. Rapid lethality from complete choline deprivation
suggests that choline is an essential nutrient. By constructing a mouse model
that lacks both PEMT and multiple drug resistant protein 2 (MDR2, ABCB4), a
unique PC-specific flippase that mediates PC secretion into bile, we successfully
rescued CD-Pemt” mice. CD-Abcb4”/Pemt” mice are resistant to liver failure
and steatohepatitis and survive for at least 3 months without any input of choline.
Comparison of these two mouse models revealed the mechanism of adaptation
to choline deprivation in CD-Abcb4”/Pemt” mice and thereby the mechanism of
lethality of complete choline deprivation in CD-Pemt” mice. Acute lethality in CD-
Pemt” mice is due to rapid depletion of hepatic PC through bile secretion. CD-
Abcb4”/Pemt” mice are resistant to liver failure by preserving membrane
integrity through maintaining a normal ratio of PC to PE. The ratio of PC to PE is

identified as a key regulator of membrane integrity and plays a critical role in the
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progression of steatosis into steatohepatitis. Moreover, choline recycling and
choline redistribution are triggered in CD-Abcb4”/Pemt” mice as adaptations to
choline deprivation. Although failed to adapt to choline deprivation, CD-Pemt”
mice also showed an ‘adaptive response to mobilize PC from extrahepatic tissues

to liver in a gender-dependent manner.

The goal of this thesis is to demonstrate the importance of choline by
illustrating how mice adapt to choline deprivation. The results lead to the finding
of a “choline balance theory”, that is, there is a balance between gain and loss of
choline that determines the survival of choline-containing organisms. Life of
these organisms is critically dependent on the maintenance of total choline level.
The ratio of PC to PE, choline recycling, choline redistribution and storage, as
well as choline acquisition and depletion pathways might be adjusted in

adaptations to choline imbalance.
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Chapter 1

Introduction to Choline
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1.1 History of choline

Choline means bile alkline, which is from the original finding of this
compound in ox bile (the Greek word is chole) in 1862 (1). Choline is alkaline and
hydrophilic. Choline is composed of 3 methyl groups and one ethanol bound to
nitrogen (Fig. 1.1). At the beginning of 20th century, people started to realize the
importance of choline. In 1932, Charles Best (who was one of the founders of
insulin) first reported that choline was an important nutrient for mammals (2).
After intense research on choline in the middle of the 20th century (3), choline
has become a nutritional topic today (4-8). However, some basic mechanisms of
choline metabolism in vivo are still unclear. For instance, choline deprivation is
not lethal in rodents and humans so it has never been clear that choline is
essential for mammalian life despite claims that choline is an essential nutrient
(4,8). In 1998, a recommendation for daily intake for humans was made by the
'Food and Nutrition Board' in the U.S. The recommended intake of choline for
adults is ~500 mg/day (equal to ~1250 mg choline bitartrate a day). In 2001, U.S.
Food and Drug Administration (FDA) released “Nutrient Content Claims
Notification for Choline Containing Foods”. At this time, choline was officially
approved as a nutraceutical (nutrition + pharmaceutical) drug. In addition, several
choline derivatives, such as citicoline (CDP-choline) (9,10) and betaine (11),

were used in clinical therapy.

1.2 Choline homeostasis
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In animals, there are two choline acquisition pathways, including dietary
choline intake and the endogenous biosynthesis of choline through the
methylations of phosphatidylethanolamine (PE) into phosphatidylcholine (PC)
catalyzed by PE N-methyltransferase (PEMT) (12), which is the only endogenous
pathway of choline biosynthesis (Fig. 1.2). Either exogenous or endogenous
choline flows to phosphatidylcholine (PC), which is the major choline metabolite
accounting for about 95% of total choline-containing metabolites (5,13). PEMT is
found in a significant amount only in the livers of animals and accounts for about
30% of hepatic PC biosynthesis (14-17). The other 70% of hepatic PC is made
via the CDP-choline pathway. Intestinal absorption of dietary choline is in the
form of lysophosphatidylcholine (lysoPC) and free choline, and the latter is
mediated by choline transporters (18). Once choline enters the cell, choline is
incorporated into PC via the CDP-choline pathway, in which the rate-limiting step
is the conversion of phosphocholine into CDP-choline catalyzed by
CTP:phosphacholine cytidylyltransferase (CT) (19). In addition, in the CDP-
choline pathway, free choline is phosphorylated to phosphocholine by choline
kinase (CK) and CDP-choline is converted into PC with diacylglycerol by CDP-
choline: 1,2-diacylglycerol cholinephosphotransferase (CPT) (19). PC is
degraded to lysoPC and fatty acid by phospholipases A; or A, (PLA,/A), into
phosphocholine by phospholipase C (PLC) and into free choline by
phospholipase D (PLD) and phosphatidylserine synthase 1 (PSS1) (12,20).

LysoPC can be reacylated into PC. LysoPC is further degraded into
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glycerophosphocholine (GPC) and free choline by lysophospholipase and
glycerophosphocholinediesterase. The conversion from free choline to
acetylcholine is catalyzed by acetylcholine synthase, which is reversible by
another enzyme acetylcholine esterase. PC provides phosphocholine for
sphingomyelin synthesis (12). In addition, a trace amount of choline is
incorporated into ether-linked lipids including plasmanylcholine, choline
plasmalogen, platelet-activating factor (PAF) and PAF analogs (21). Choline can
be depleted from two ways: catabolism and excretion. The only catabolic
pathway of choline is the oxidation of choline to betaine, which is catalyzed by
choline oxidase and betaine aldehyde dehydrogenase (12). In the liver betaine is
an important donor of methyl group for methionine biosynthesis (12). In addition,
choline can be depleted from biliary secretion of PC which is a quantitatively
important fate of hepatic PC. The liver of a 20 g mouse contains ~20 mg of PC
and secretes ~23 mg of PC into bile each day (22). Transporting PC from
hepatocytes into bile is only mediated by a PC-specific flippase, multiple drug
resistant protein 2 (MDR2 in mice, MDR3 in humans, generally called ABCB4,
ATP-binding cassette B4 encoded by Abcb4 gene), in hepatocyte canalicular
membranes (23). Although over 95% of biliary PC is reabsorbed by intestine
(24,25), only ~40% of biliary PC is re-delivered to liver (25). Thus, liver loses
~60% of PC from each enterohepatic circulation of biliary PC. However, there is
~ 5% of biliary PC lost from the whole body in each enterohepatic circulation.
Therefore, two depletion pathways of choline in animals are excretion biliary PC

and choline oxidation (Fig. 1.2).
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1.2.1 Choline intake

Choline intake is dependent on the mechanism of choline transport. Two
mechanisms of choline transport are involved in choline intake: lysoPC intake
and choline transporter-mediated choline intake. It is still unclear which of these
is the major pathway of choline transport/intake. LysoPC can freely pass through
cell membranes due to its hydrophobicity. As choline is a charged cation, a
carrier-mediated transport is required for choline to cross cell membranes. There
are two categories of choline transporters: 1) a high affinity, Na+-dependent
transporter and 2) a low affinity, Na+-independent transporter. A choline high-
affinity transporter (CHT) in the central nervous system was intensely studied
recently (26,27). CHT is ubiquitously distributed in all tissues containing
cholinergic neurons in mammals (28). The uptake of choline mediated by CHT is
believed to be the rate-limiting step in neuronal acetylcholine synthesis (26,27).
Choline transporters found in the intestine have a low-affinity for choline(29),

however, whether or not there is a CHT in the intestine is still unclear.

1.2.2 Enzymes in choline metabolism

1.2.21 Enzymes in PC biosynthesis

1.2.2.1.1 The CDP-choline pathway
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1.2.2.11.1 Choline kinase (CK)

Once choline enters into cells, the majority of choline is phosphorylated by
CKin the cytosol. Alternatively, choline in some tissues can be delivered into
mitochondria and oxidized into betaine. CK is ubiquitously localized in all cell
types with two isoforms, CKa and CK3 encoded by two genes (30-32). CK can
also phosphorylate ethanolamine. The product of CK, phosphocholine and
phosphoethanolamine might be involved in cell signaling (33). Recently CK
became a potential therapeutic target of cancer (34,35), since CK plays a critical
role in cell growth and cell stress/defense (31). Two putative binding sites of AP-
1 (activator protein-1) and CRE (cAMP response element) were found in the
promoter region of both CK isoforms (31). AP-1 is a critical transcriptional factor
in determining life and death (36). Two members of AP-1 superfamily, c-Jun/c-
Jun homodimers and c-Jun/c-fos heterodimers have been intensely studied (36).
Recent studies from D. Vance’s laboratory suggest that c-Jun is involved in the

transcriptional regulation of CK (37).
1.2.21.1.2 CTP:phosphorylcholine cytidylyltransferase (CT)
Phosphocholine is the largest pool of water-soluble choline-containing

metabolites, since CT is the rate-limiting step of PC biosynthesis through the

CDP-choline pathway (12). Four isoforms of CTa, CTP1 (in human only), CTp2
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and CTB3 have been found in mammals (12,38,39). CTa is the major isoform in
all nucleated cells (12,38,39). CTa™ mice are embryonic lethal (40), but mice with
liver-specific deletion of CTa survive normally (41). CT is activated when
translocated to membranes and this activation coincides with dephosphorylation
of CT (12). CT is feedback regulated by PC levels (12,42). Lipids, such as oleate,
phophatidylglycerol and phosphatidylinositol, are potential activators of CT (43-
46). Interestingly, CT overexpression enhanced PC biosynthesis but only caused
a minor increase in PC levels since it was coupled with activation of PLA; (47).
Transcriptional regulation of CT has been intensely investigated recently, and
Sp-1, Sp-3, TEF4 and Ets-1 (48) have been found to be involved in
transcriptional regulation of CT, especially during cell division. Interestingly, the
promoter region of CTa also contains a potential binding site of AP-1, a stress-

response element, which suggests that CT may also be up-regulated under

stress conditions such as choline deprivation.

1.2.2.1.1.3 CDP-choline: 1,2-diacylglycerol cholinephosphotransferase
The final step of the CDP-choline pathway is catalyzed by CPT, which

converts diacylglycerol not only into PC with CDP-choline but also into PE with

CDP-ethanolamine (49-51). Thus, CPT is also a CDP-ethanolamine: 1,2-

diacylglycerol cholinephosphotransferase (EPT).

1.2.2.1.2 The PEMT pathway
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A “milestone” in the research of the PEMT pathway is the successful
purification of the transmembrane protein PEMT from rat livers in 1987 (52,53).
After that, a series of studies were triggered. PEMT catalyzes all three
methylation reactions in converting PE to PC (52). In 1993, the rat Pemt gene
was cloned and subcellular localizations of PEMT were found to be in
endoplasmic reticulum (ER) as PEMT1 and in mitochondria-associated
membrane (MAM) as PEMT2 (54). Mouse Pemt gene was cloned and
characterized in 1996 (55), which led to the establishment of the first gene-
knockout mouse model in the phospholipid metabolism, Pemt” mice in 1997
(56). Subsequently, the human Pemt gene was cloned in 2001 (57). The
topological structure of this transmembrane protein PEMT was investigated (58-
60). PEMT contains four transmembrane regions and both the N and C termini of

this enzyme are localized on the cytosolic side of the ER (59).

The development of Pemt” mice illustrated the evolutionary significance of
PEMT as a compensatory pathway for PC biosynthesis when the CDP-choline
pathway is impaired (61). Pemt” mice also provided a chance to fully understand
the physiological functions of the PEMT pathway beyond the enzyme itself.
Based on the model of Pemt” mice, the PEMT pathway was suggested to
account for the major production of homocysteine in vivo (62) and promote VLDL

assembly and secretion (63) in a gender-dependent manner (64).
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1.2.22 Enzymes in PC catabolism

1.2.2.2.1 Phospholipase A; and A;

The cleavage of fatty acyl chains from PC is catalyzed by PLA; and PLA,
in mammals (20). These enzymes not only hydrolyze PC but also share a
common substrate, all phospholipids. Unlike in bacteria, the activity of PLA; in

mammals is only found in hepatic lipases (65).

PLA; is believed to be quantitatively the most important enzyme for PC
catabolism (20). PLA; has been actively studied for over a century. The PLA;
superfamily is composed of at least 11 groups (I ~ Xl), among which cytosolic
PLA;is believed to be the major one involved in phospholipid catabolism,
including calcium-dependent PLA; (cPLA;) and —independent PLA; (iPLA). The
promoter region of cytosolic PLA; contains several potential binding sites for
transcriptional factors, AP-1, AP-2 (Activator Protein 2), NF-xB (Nuclear factor
kappa B), CEBP (CCAAT/enhancer binding protein) and GR (Glucocorticoid

receptor), however, none of them has been reported (66).

1.2.2.2.2 Phospholipase C

There are only two categories of PLC, PC-PLC and phosphatidylinositol-

PLC (PI-PLC) (65). These two PLCs are mainly involved in cell signaling, since
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the products from PC-PLC and PI-PLC hydrolysis, diacylglycerol and/or inositol-

1,4,5-triphosphate (I1P3) are both second messengers (67).

1.2.2.2.3 Phospholipase D and phosphatidylserine synthase 1

PLD, found in cytosol as well as in membranes, hydrolyzes all headgroups
of phospholipids (65,68). Mammalian PLDs are associated with membrane and
also cytosolic (69). PLD is intimately involved in signal transduction since the
product of PLD hydrolysis, phosphatidic acid (PA) and its dephosphorylated
product, diacylglycerol are both signals in cell signaling (70). PSS1 is a special

PLD by exchanging a choline headgroup of PC with serine to generate PS
(71,72).

1.2.2.3 Enzyme(s) in choline catabolism
The only choline catabolism in vivo is choline oxidation, which is catalyzed
by choline oxidase and betaine aldehyde dehydrogenase in mitochondria of liver

and kidney (12,73-76). Recently a precursor of choline oxidase was purified and

cloned from rat liver (77). However, regulation of mammalian choline oxidases is

rarely reported (78,79).

1.2.3 ABCB4 (Multiple drug resistant protein 2)
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ABCB4 was found to be a PC-specific transporter from an unexpected
result when Abch4” mice were constructed (23,80). Later on ABCB4 was found
to be a flippase and the mechanism of ABCB4-mediated PC transport was
elucidated (81,82). MDR2 is a murine member of the ABC transporter family,
ABCB4, called MDR3 in human, in the canalicular membrane of hepatocytes.
Humans with deficiency or abnormal mutations of MDR3 develop progressive
familiar intrahepatic cholestasis type 3 (PFIC3) (83). Abch4” mice develop not
only into PFIC3-like cholestasis (23,83), but also cholecystolithiasis and
hepatolithiasis spontaneously (84). Expression of ABCB4 is regulated by multiple
factors, such as bile salts (82) and peroxisome proliferator-activated receptor o

(PPAR0) (85).

1.3 Functions of choline

Choline itself does not show any significant physiological role, but its
metabolites play key roles in maintaining normal life, such as PC, acetyicholine,
CDP-choline and betaine. PC is the major phospholipid in animal cells (12). PC
has several functions including membrane barrier, lipoprotein metabolism, bile
formation and precursors for signaling (12). It is well known that acetylcholine is a
neurotransmitter (7,12). Recently, it was reported that CDP-choline was highly
correlated with memory capability (10). The only catabolic metabolite of choline,

betaine, acts in osmotic regulation and as a methyl donor for methionine

biosynthesis (12,73,76).

11
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1.3.1 Functions of PC: membrane integrity, lipoprotein metabolism, bile

formation, signaling

1.3.1.1 PC and membrane integrity (phospholipids and membrane

integrity)

A fundamental function of phospholipids is to form membrane bilayers
which provide membrane-based boundaries both inside and outside the cell.
Phospholipids are asymmetrically distributed in the plasma membrane bilayer
(86). PC and PE are two major phospholipids in animals. The majority of PC is
localized in the outer leaflet of the plasma membrane bilayer while PE is enriched
in the inner leaflet. When the headgroups of phospholipids laterally segregate in
the monolayer of the plasma membrane, the hexagonal phase-preferring lipid,
PE, may form conical structures that are not as tight as the cylindrical structures
formed by PC (86). The final process of cell damage is loss of membrane
integrity (87,88). Membrane integrity is influenced by many factors including
physical structures of membrane lipids, membrane fluidity, membrane
permeability, integral membrane proteins and cell skeletal proteins (86,89-92). All
these factors can also be influenced by membrane lipid compositions (86,89-92).
For instance, membrane fluidity is regulated by the fatty acyl composition of
membrane phospholipid, cholesterol content and phospholipid headgroup

(86,90). Sphingomyelin converted from PC is another important phospholipid in
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the plasma membrane, which also affects membrane fluidity (86). A decrease in
hepatic PC/PE ratio coincides with an increase in membrane fluidity in both liver
nodules and regenerating livers (93). The PC/PE ratio can also affect membrane
permeability during liposome fusion (94). The plésma membrane lipid bilayer is
traversed by integral membrane proteins and attached by a two-dimensional
scaffold of interconnecting membrane skeletal proteins. Interactions between the
membrane lipid bilayer and cell skeletal proteins likely contribute to membrane
integrity (91). It has been shown that membrane PE has a higher affinity for
membrane skeletal proteins than PC (91,95-97), thus an elevated PC/PE ratio
may negatively affect the binding of membrane skeletal proteins to the
membrane bilayer. Therefore, membrane phospholipid composition may

determine membrane integrity, in which the PC/PE ratio may play a key role.
PC biosynthesis is also critical for cell division. During the cell cycle, not
only DNA and protein synthesis but also phospholipid synthesis is enhanced to

form the new cell membrane. In this process, CT and the CDP-choline pathway

for PC biosynthesis is finely regulated to ensure sufficient PC for membrane

formation (12).
1.3.1.2 PC and lipoprotein metabolism

Almost all phospholipids in lipoprotein particles are PC (98). Hepatic PC

loading to apolipoprotein B (ApoB) is essential for very low density lipoprotein

13
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(VLDL) assembly and secretion, which is responsible for delivering hepatic fat to
extrahepatic tissues (98). Lack of hepatic PC causes decreased VLDL secretion
and thereby fat accumulation in the liver (61,98). Hepatic PC efflux to
apolipoprotein Al (ApoAl) forms pref high density lipoprotein (HDL), which is
capable of receiving PC and cholesterol from peripheral tissues to form mature
HDL particles and transporting these lipids to liver for disposal, so called reverse
cholesterol transport (99). Reverse lipid transport would be a better description of

this process since PC is also reversibly transported in this process.

1.3.1.3 PC and bile formation

Biliary PC secretion is dependent on ABCB4, which is an ATP-binding
cassette transporter (23). Biliary PC is a major component of bile micelles. Bile
micelles facilitate dietary fat digestion in the intestine. However, fat absorption in
the intestine was not affected by a deficiency of biliary PC in Abcb4” mice (100),
even though another component of bile micelles, biliary cholesterol, was also
lacking due to ABCB4-deficiency (23). ABCB4-deficiency did not affect biliary
secretion of bile acids (23). Thus, deficiency in biliary PC secretion caused

cholestasis in both mice models and humans (23,101).

1.3.1.4 PC and cell signaling
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PC is also a precursor for cell signaling (102). Several signaling pathways
are involved with PC itself or PC metabolites. PC is a precursor for intracellular
messengers such as diacylglycerol (102) and ceramide after the conversion of
PC into sphingomyelin (103). For example, PC-specific phospholipase C (PC-
PLC) hydrolyzes PC into phosphocholine and diacylglycerol, and thereby
diacylglycerol stimulates protein kinase C (PKC) -involved signaling (102). The
catabolic products of PC, lysoPC (by PLA) and phosphatidic acid (by PLD) are
both signals of receptor-specific signaling (102). PC is also the precursor of
signaling lipids, platelet-activating factor and sphingosylphosphorylcholine
(21,103-105). Phosphocholine and/or GPC may be involved in the regulatory

mechanism via initiating cell signaling (33).

1.3.2 Acetylcholine: neurotransmitter

Acetylcholine is a neurotransmitter synthesized from choline and acetyl-
CoA catalyzed by choline acetyltransferase (7). Neurons that synthesize and
release acetylcholine are termed cholinergic neurons. When an action potential
reaches the terminus of a presynaptic neuron, a voltage-gated calcium channel is
opened. The influx of calcium ions stimulates the exocytosis of presynaptic
vesicles containing acetylcholine, which is thereby released into the synaptic
cleft. Once released, acetylcholine must be removed rapidly in order to allow
repolarization to take place. Acetylcholine is hydrolyzed by the enzyme,

acetylcholinesterase, to yield acetate and choline.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3.3 CDP-choline: memory capability

In several European countries and Asia, citicoline (CDP-choline) is a
frequently prescribed drug for cognitive and memory impairment (10). CDP-
choline accelerates recovery from traumatic coma and restores walking ability.
Studies suggest that citicoline may protect cell membranes by accelerating PC
production; may increase acetylcholine synthesis; improves mental performance
in patients with Alzheimer's disease; and even improves memory in elderly
patients with memory deficits (10). CDP-choline administration may improve
ability to learn and memory (10,106). However, in North America, clinical

application of citicoline is still pending by FDA (www.fda.gov).

1.3.4 Betaine: osmotic regulation and methyl donor for methionine

biosynthesis

Osmotic regulation of betaine is vital in plants. In animals, higher activity of
choline oxidase found in kidney suggested that betaine might also play critical
roles in osmotic regulation. This idea is supported by the finding of transporters
that transport betaine into kidney medulia (12,73-75). In the liver betaine is an
important donor of methyl groups for methionine biosynthesis (76). With a
sufficient supply of dietary methionine, the methionine biosynthetic pathway

through choline oxidation may be minimal.
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1.4 Choline metabolism and liver

Liver possesses the unique endogenous pathway of choline biosynthesis,
since the only quantitatively significant PEMT activity was found in the liver
(19,54). Liver is also important for lipid secretion via PC-enclosed lipoproteins
(VLDL and pre-HDL), which requires newly synthesized PC (19,107).
Lipoproteins have two major functions: one is transporting fat to adipose tissues
for storage via VLDL particles; and the other is to deliver peripheral cholesterol
back to liver via HDL particles and finally excrete cholesterol into bile. Hepatic PC
is secreted into bile to form micelles to promote fat digestion. In addition, liver is
the most abundant tissue of choline (13). Thus, liver is the most active organ for
choline/PC metabolism. For this reason, this project is mainly focused on the

choline metabolism in the liver.

1.5 Choline deficiency

Choline deficiency is not only a symptom in human nutrition but also a

powerful tool for research in choline metabolism.

1.5.1 Physiological situations of choline deficiency
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Since healthy humans are deficient in choline only during starvation,
pregnancy and lactation, studies on choline as an important nutrient have been
centered on experimental animals fed a choline-deficient (CD) diet (5,8,108,109).
In addition, constant intake of alcohol also causes choline deficiency along with a

deficiency of other nutrients (110). Patients with hepatic cirrhosis might also

suffer choline deficiency (8,111).

1.5.2 Artificial manipulations of choline deprivation

Unlike gene-deficiency (gene knockout), for a nutrient, it is impossible to
achieve 100% deficiency. Thus, blockage of choline acquisition pathways was
referred to as choline deficiency. The most frequently used method for
generating choline deficiency is feeding animals a CD diet to deprive dietary
intake of choline. In 1997, colleagues from D. Vance’s lab developed Pemt” mice
to eliminate endogenous choline biosynthesis (56,61). Wild-type mice and rats
fed a CD diet and Pemt” mice fed a normal chow diet behaved normally
(56,61,112,113). The blockage of all choline acquisition pathways was achieved
by feeding Pemt” mice a CD diet (61). | shall refer to this as “complete choline

deprivation” rather than choline deficiency.

1.5.3 Choline deficiency and liver disorders
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Major pathological problems associated with choline deficiency are fatty
liver and hepatic dysfunction (2-8). Dietary choline deficiency does not cause
liver damage in wild-type mice and rats (61,113). Only when both choline
acquisition pathways are blocked (Pemt” plus CD diet) does liver damage occur
(61), which is a unique model of “complete choline deprivation”. Complete
choline deprivation is lethal, as demonstrated by CD-Pemt” mice which die of
acute liver failure and severe steatohepatitis within 4 ~ 5 days (61). Mice or rats
fed a choline- and methionine-deficient (MCD) diet mimic the model of CD-Pemt”
mice to reduce the endogenous biosynthesis of hepatic PC or choline. Since S-
adenosylmethionine (AdoMet) is a substrate for PEMT and made from
methionine (12), dietary deprivation of methionine attenuates the PEMT pathway
from depleting the substrate. However, as compared with acute steatohepatitis in
CD-Pemt” mice, it took ~3 months for MCD-wild type mice to developed into
similar steatohepatitis (114,115). This probably results from non-complete
blockage of the PEMT pathway, since methionine can also be made de novo
from betaine or methyltetrahydrofolate with homocysteine. Although a short-term
(3 weeks to 3 months) of dietary choline deficiency could be compensated by up-
regulation of the PEMT pathway (112,113), very long-term (one year) of dietary
choline deficiency induced liver tumors, which is believed to result from multiple

factors such as increased lipid peroxidation and free radicals (3,116-118).

1.5.4 Choline deficiency and other disorders
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Animals fed a choline-deficient diet for a long-term might also develop
growth retardation, renal dysfunction and hemorrhage, or bone abnormalities
(3,5,7,8); however, most of these studies were performed with a low-methionine
diet. Thus, these disorders might result from more severe choline deprivation

rather that dietary choline-deficiency alone.
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1.6 Thesis objective

Choline is an important nutrient in the diet of animals. Nevertheless, choline
deprivation is not lethal in rodents and humans so it has never been clear that
choline is essential for mammalian life despite claims that choline is an essential
nutrient (4,8). Since animals can acquire choline from both diet and de novo
biosynthesis via the PEMT pathway, “complete choline deprivation” can only be
achieved by eliminating both choline acquisition pathways, that is, feeding Pemt”
mice a choline-deficient (CD) diet. Only under complete choline deprivation, were
we able to address whether or not choline is an essential nutrient. As CD-Pemt”
mice died rapidly within 4~5 days, we were not able to illustrate the mechanism
of lethality from complete choline deprivation. Therefore, we attempted to prblong
the life of CD-Pemt” mice via blockage of one choline depleting pathway, biliary
PC secretion. By constructing a mouse model that lacks both PEMT and ABCB4,
we were able to illustrate the mechanism of adaptation to choline deprivation in
CD-Abcb4”/Pemt” mice and thereby the mechanism of lethality of complete
choline deprivation in CD-Pemt” mice. Therefore, the ultimate goal of this thesis
is to further demonstrate the importance of choline by illustrating how mice adapt
to choline deprivation and which finally leads to the formulation of the “choline
balance theory”. That is, there is a balance between gain and loss of choline that
determines the survival of choline-containing organisms. Besides classical
adaptations to choline deprivation such as up-regulation of PEMT, | attempt to

demonstrate the existence of several new adaptations to choline deprivation,
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including choline recycling, maintenance of membrane integrity via maintenance

of PC/PE ratio, choline redistribution and choline storage.

PE biosynthesis is composed of the CDP-ethanolamine pathway, PS
decarboxylation and sphingosine-1-phosphate lyation. Using the technique of
RNA interference (RNAI), | attempt to distinguish the difference among these

pathways of PE biosynthesis.

PEMT has been suggested to be a potential tumor suppressor. This thesis
will present studies to explore the importance of PEMT in hepatocarcinogenesis

by comparing Pemt™* and Pemt” mice.

To characterize subcellular functions of PEMT, especially PEMT1 in the
ER, colleagues from the D. Vance laboratory have been tormented for ~20 years
to produce an antibody against PEMT1. This thesis will also describe several

attempts to produce an anti-PEMT1 antibody and potential modifications of

PEMT1 proteins.
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Fig. 1.1 Structure of choline

(A) Chemical structure of choline; (B) 3-D structure of choline. Hydrogen,
white; Oxygen, red; Carbon, grey; Nitrogen, blue. Adopted from

http://www.natuurlijkerwijs.com/choline3d.htm.
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Fig. 1.2 Choline homeostasis

A, in animals, there are two choline acquisition pathways, including dietary
choline intake and endogenous biosynthesis from phosphatidylethanolamine
(PE) methylation pathway catalyzed by PE N-methyltransferase (PEMT), which is
the only endogenous pathway for choline biosynthesis (green lines). The only
catabolic pathway of choline is the oxidation of choline to betaine, which is
catalyzed by choline oxidase and betaine aldehyde dehydrogenase. Two
depletion pathways of choline are biliary secretion of PC and choline oxidation
(red lines). In addition, PC can be secreted in very low density lipoprotein (VLDL)
and brought into liver via high density lipoproteins (HDL). The conversion of free
choline into acetylcholine is catalyzed by acetylcholine synthase and
acetylcholine hydrolysis catalyzed by acetylcholine esterase. P-choline,
phosphocholine; GPC, glycerophosphocholine; CT, CTP:phosphocholine
cytidylyltransferase; PEMT, phosphatidylethanolamine N-methyltransferase;
MDR2, multiple drug resistant protein 2; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; AdoMet, S-adenosylmethionine; Met, methionine;
SM, sphingomyelin; LysoPC, lysophosphatidylcholine. B, intestinal choline
balance. Biliary PC accounts for ~90% of total choline uptake in the intestine and
the rest of 10% is from dietary choline. Over 95% of biliary choline is re-absorbed

by intestine and the rest of 5% is excreted in the feces.
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Chapter 2

Choline is an Essential Nutrient

--- Adaptation to Choline Deprivation I: Choline Recycling

This chapter was published in The Journal of Biological Chemistry, 2005.
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2.1 Introduction

Choline is an important nutrient in the diet of animals (1-6). Nevertheless,
choline deprivation is not lethal in rodents and humans so it has never been clear
that choline is essential for mammalian life despite claims that choline is an
essential nutrient (3,6). Pathological problems associated with dietary choline
deficiency are fatty liver and hepatic dysfunction (1-6). Choline can be converted
to phosphatidylcholine (PC) via the CDP-choline pathway or can be oxidized to
betaine (Fig. 2.1). In liver, PC can also be generated via methylation of
phosphatidylethanolamine (PE) by the enzyme PE N-methyltransferase (PEMT).
PC accounts for ~95% of choline-containing compounds in the liver; others
include sphingomyelin, lysoPC, glycerophosphocholine (GPC), phosphocholine
and choline. PC can be catabolized by phospholipase A; (PLA>), C, D and
phosphatidylserine synthase 1 or can be converted to sphingomyelin. A
quantitatively important fate of hepatic PC is secretion into bile, mediated by a
PC-specific flippase, multi-drug resistant protein 2 (MDR2 in mice, MDR3 in

humans, also called ABCB4), in hepatocyte canalicular membranes (Fig. 2.1) (7).

PEMT has an important role in hepatic PC biosynthesis. Additionally,
PEMT coupled to PC catabolism is the only pathway for endogencus choline
biosynthesis in animals. Insight into the essential role for PEMT came from
studies in Pemt” mice. Whereas wild-type mice fed a choline-deficient (CD) diet

developed mild fatty liver, mice that lacked PEMT exhibited liver failure within 3
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days and died at 4~5 days (8). Pemt” mice fed a CD diet are also a unique
model for “complete” choline deprivation since choline can neither be acquired

from the diet nor made endogenously.

Because complete choline deprivation is rapidly lethal in CD-Pemt” mice,
a study of metabolic adaptations to a complete lack of choline is not feasible.
However, development of a new mouse model provided us with an opportunity to
investigate adaptive mechanisms triggered by complete choline deprivation. The
liver of a 20 g mouse contains ~20 mg of PC and secretes ~23 mg of PC into bile
each day (9). Since livers from Pemt” mice lose ~50% of their hepatic PC when
fed a CD diet for 3 days (8), we speculated that the rapid liver failure in Pemt”
mice fed a CD diet was due to rapid depletion of hepatic PC by export into bile.
To test this hypothesis we have bred Pemt” mice with mice lacking ABCB4.
Remarkably, Abcb4”/Pemt” mice live for at least 90 days when fed a CD diet.
Development of the CD-Abcb4”/Pemt” mouse model enabled us to demonstrate

that choline is an essential nutrient.

2.2 Materials and Methods

2.2.1 Animals

Abcb4”/Pemt” mice were produced by breeding Pemt” mice (C57BL/6;

129/J background) (10) with Abcb4” mice (FVB: 129/J background) (7). The
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mice were fed a choline-deficient (CD) diet, a semi-synthetic diet without choline
(ICN, Cat*0290138710) or a choline-supplemented (CS) diet (a CD diet
containing 0.4% (w/w) choline chioride). At the age of 10 to 12 weeks, Pemt”
and Abcb4”/Pemt” mice were fed a CS diet for 24 h and then switched to a CD
diet for 3 to 90 days. Mice were fasted for 12 h before sacrifice. Four to eight
mice of each gender were used for each time point in all experiments and assays

were performed in duplicate. All data are given as means + S.D.

2.2.2 Genotyping

As PCR templates, genomic DNA from tails of mice was extracted with a
DNeasy Tissue Kit (Qiagen). Specific PCR reactions were used to distinguish
between wild type and knockout alleles containing a neomycin resistance gene
(neo’) (Fig. 2.2). Primer sequences: 1, for Pemt gene, forward primer (F): 5'-
GAGCGCAATGGTACTCACCACATTCC, reverse primer (R): 5'-
GATCTTGTCTTCAGAGCCACAG,; 2, for Pemt knockout allele, F: 5'-
GAGCGCAATGGTACTCACCACATTCC, R: 5-CTCGACGTTGTCGAAG,; 3, for
Abcb4 gene, F: 5'-GCTGAGATGGATCTTGAG, R: 5-
GTCGAGTAGCCAGATGATGG; 4, for Abcb4 knockout allele, F: 5™-
CGGCGAGGATCTCGTCGTGACCCA, R: 5-

GCGATACCGTAAAGCACGAGGAAG.

2.2.3 Sample collections
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Murine livers were frozen in liquid N, after dissection. Blood was collected
by cardiac puncture with instruments pretreated with EDTA. Plasma was
separated by centrifugation at 2,000 rpm for 20 min in a refrigerated bench top
centrifuge. Bile was collected from the intact galibladders. All samples were

stored at -70°C before use.

2.2.4 Preparation of primary hepatocytes

Pemt” mice and Abcb4”/Pemt” mice were fed a choline-supplemented
(CS) diet for 24 h. The Pemt” mice were then fed the CD diet for 2 days (CD2)
and the Abcb4”/Pemt” mice were fed the CD diet for 3 (CD3) or 21 (CD21)
days. Hepatocytes were prepared (11) and cultured (12) in CS medium
(Dulbecco's modified Eagle's medium + 17 % fetal bovine serum) or CD medium
(Dulbecco's modified Eagle's medium without choline + 17 % delipidated fetal

bovine serum). Three preparations of hepatocytes were used in each

experiment.

2.2.5 Enzyme assays

Plasma aspartate and alanine aminotransferase (AST/ALT) activities were

measured with a GPT/GOT Kit (Sigma, catalog # P505).
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Choline oxidase activity was determined by incubation of [3H]choline with
mitochondria isolated as the pellet obtained after centrifugation of liver

homogenates at 12,000 x g for 15 min (13). [3H]betaine in the aqueous phase

was separated by TLC after lipid extraction.

Choline kinase activity was measured in liver homogenates (14) in

incubations with [3H]choline and the product, [3H]phosphocho|ine, was separated

from choline by TLC.

CTP:phosphocholine cytidylyltransferase activity was assayed in both liver

homogenates and membrane fractions (100,000 x g pellet) (15).

Phospholipase A; (PLA,) activity was measured in liver homogenates and
primary hepatocytes with PED6 (N-((6-(2,4-dinitrophenyl)amino)hexanoytl)-2-(4,4-
difluoro- 5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl) -1-
hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt,
Molecular Probes), a self-quenching BODIPY-fluorescent analog of PE and a
substrate specific for PLA; (16). Hepatocytes were incubated with PED6

liposomes for 2 h and visualized by fluorescence microscopy.

Phospholipases C and D activities were measured in liver homogenates with

[PH]PC as substrate (17).
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2.2.6 Analyses of lipids and choline metabolites

Livers were homogenized with a Polytron homogenizer in 5 vol of
homogenizing buffer {10 mM Tris-HCI, pH 7.2, containing 150 mM NaCl, 1 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1:100 protease
inhibitors cocktail (Sigma, P8340)]. The homogenates were centrifuged for 5 min
at 600 x g and supernatants were collected. Protein was quantified by the
method of Bradford (18). Total lipids were extracted from liver homogenates,
plasma and bile by the method of Bligh & Dyer (19). Phospholipids were
separated by high performance liquid chromatography (HPLC) and quantified
with an electron-light scattering detector (20). Phosphatidyldimethylethanolamine
was used as an internal standard for quantification. The aqueous phase from
lipid extractions was collected and lyophilized. Aqueous choline metabolites were
separated by thin-layer chromatography, subjected to acid hydrolysis, and

quantified with Phospholipids B kit (Wako) (21,22).

2.2.7 Tracing PC metabolism

[*H]Glycerol or [*H]choline was added to culture media to trace PC
metabolism in cultured primary hepatocytes from Abcb4”/Pemt” mice. Primary
hepatocytes were incubated for 2 h with the radiolabeled substrate, then the
radiolabel was chased for 2 h. The rates of PC synthesis and degradation were

calculated as previously described (23,24). PC biosynthetic rate = increase in
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dpm in [3H]PC/mg protein from [3H]choline between the end of the pulse and
after 2 h of chase divided by [2 h x the nmole of phosphocholine/mg protein at
the beginning of the pulse]. PC degradation rate = decrease in dpm in [3H]PC/mg
protein derived from [3H]glycerol between the end of the pulse and after 2 h of
chase divided by [2 h x nmole of PC/mg protein)]. The relative rates are presented
as a comparison between CS and CD hepatocytes. Formation of [3H]PC from
[3H]GPC was monitored by incubation of 1 x 10° primary cultured hepatocytes

from Abch4”/Pemt” mice with 60 mmol/l [°H]GPC for 2 h in CS or CD medium.

2.2.8 Western blotting for c-Jun

Fifty ng proteins of liver homogenates were separated by 10% SDS-PAGE

and blotted with an anti-c-Jun antibody. PDI blotting was used as a protein

loading control.
2.2.9 In vivo injection of c-Jun antisense DNA

Phosphorothioated c-Jun antisense DNA, 5'-
T*T*C*C*ATCTTTGCAG*T*C*A*T-3' (*, phosphorothioated bond) was
synthesized by IDT (Integrated DNA Technologies). Abcb4”/Pemt” mice were
injected once intraperitoneally (i.p.) with 5 png antisense DNA/kg mouse body
weight in 200 pl saline. Then mice were fed a CD diet for 3 days. The control

mice were injected with 200 pl saline. Mice were fasted for 12 h before sacrifice.
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Three mice of each gender were used for each time point in all experiments and

assays were performed in duplicate.

2.3 Results

2.3.1 Biliary secretion of PC is lethal in CD-Pemt” mice

To understand why complete choline deprivation is lethal (i.e., why Pemt”
mice die from choline deprivation), Pemt” mice and Abcb4”/Pemt” mice were
fed a CD diet for 3 days. No liver damage was observed in Abcb4”/Pemt” mice
as indicated by a low level of the hepatic enzymes ALT and AST in plasma (Fig.
2.3). Hepatic total choline-containing metabolites, including PC, in Abch4”/Pemt
“mice were decreased by only ~20% compared with the >50% decrease in CD-
Pemt” mice after 3 days of the CD diet (Fig. 2.4A, B). Biliary PC levels were
negligible in Abcb4”/Pemt” mice (Fig. 2.5) whereas CD-Pemt” mice
continuously depleted hepatic PC for 3 days via biliary secretion (Fig. 2.5 insert).
Since ~60% of hepatic PC is excreted via biliary secretion each day (25,26), we
conclude that the lethality of choline deprivation in Pemt” mice emanates

primarily from rapid depletion of hepatic PC via biliary secretion.

When Abcb4”/Pemt” mice were fed the CD diet for 21 days, total choline-
containing compounds in the liver decreased by ~50% and remained at this level

for 3 months (Fig. 2.4A), even though there was neither endogenous synthesis of
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choline via PEMT nor any dietary choline. Thus, adaptation to choline deprivation

directed Abcb4”/Pemt” mice into a new state of PC homeostasis.

2.3.2 Enhanced PC metabolism in CD-Abcb4”/Pemt” mice, but not in CD-

Pemt” mice

To preserve PC levels in mice fed the CD diet, we expected that the
activity of phospholipases, especially PLA,, which is quantitatively the most
important enzyme for PC catabolism (27), would decrease. Indeed, PLA; activity
was decreased ~ 50% in livers of CD-Pemt” mice after 3 days (Fig. 2.6A). In
contrast, hepatic PLA; activity was increased ~ 3-fold in CD-Abcb4”/Pemt” mice
(Fig. 2.6A). That this was PLA; activity was further indicated by inhibition of the
activity with a PLA,-specific inhibitor, arachidonoyl! trifluoromethyl! ketone (ATK)
(Fig. 2.6A). PLA; activity was also assayed in cultured hepatocytes derived from
CD-Pemt” mice and CD-Abch4”/Pemt” mice (Fig. 2.6B). Hepatocytes were
incubated with a PLA2-specific substrate, PED6 (16), a derivative of PE
containing a fluorescence-labeled fatty acid at the sn-2 position and a modified
head-group that quenches fluorescence from the fatty acid. When the fatty acid
is cleaved from the lipid by PLA,, fluorescence is detectable. Fig. 2.6B shows
that feeding the CD diet for 3 days increased PLA; activity in hepatocytes from
CD-Abcb4”/Pemt’” mice but not from CD-Pemt” mice. The activities of
phospholipases C and D were decreased in livers of Pemt” mice fed the CD diet

for 3 days whereas in the livers of CD-Abcb4”/Pemt” mice there was an initial
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decrease in these activities followed by a return to normal levels (Fig. 2.6C).
These data demonstrate that the capacity for PC degradation via PLA; was

significantly increased in Abcb4”/Pemt” mice fed the CD diet.

2.3.3 Choline metabolites are channeled towards PC biosynthesis

PC metabolism generates sphingomyelin, phosphatidylserine, lysoPC,
GPC, phosphocholine and choline. No significant change in levels of hepatic
sphingomyelin, phosphatidylserine or lysoPC was observed upon feeding the CD
diet to either Abch4”/Pemt” mice or Pemt” mice whereas hepatic choline and
GPC levels decreased significantly in Pemt” mice (Fig. 2.4C and 2.4D). The
quantitatively more important hepatic choline metabolite, phosphocholine,
decreased dramatically in CD-Pemt” mice by 3 days (Fig. 2.4C), but did not
decline significantly for at least 90 days in CD-Abcb4”/Pemt” mice (Fig. 2.4D).

Thus, choline and phosphocholine were preserved for PC biosynthesis in CD-

Abcb4” /Pemt” mice.

The only pathway for catabolism of choline is oxidation to betaine (Fig.
2.1). Choline oxidase was almost completely inactivated by choline deprivation
for 3 days in both Pemt” and Abch4”/Pemt” mice (Fig. 2.7). In contrast, the
activity of choline kinase was initially stimulated ~ 2-fold in Abcb4”/Pemt” mice
after 3 days of CD diet then gradually declined (Fig. 2.8). Choline kinase is not

considered to be rate-limiting for PC biosynthesis via the CDP-choline pathway
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(28). Instead, CTP:phosphocholine cytidylyltransferase (CT) is the rate-limiting
enzyme (Fig. 1A). CT activity increased ~ 3-fold when Abcb4”/Pemt” mice were
fed the CD diet for 21 days and this level of CT activity was maintained for at
least 90 days (Fig. 2.9A). The activity of the membrane-associated form of CT
(the active form) was similarly increased by the CD diet (Fig. 2.9B). These data
demonstrate that Abcb4”/Pemt” mice adjust their metabolism to ensure that

available choline is channeled towards PC biosynthesis.
2.3.4 Adaptation to complete choline deprivation --- choline recycling

Since the above data suggest that Abcb4”/Pemt” mice adapt their hepatic
metabolism of PC in response to the CD diet, we investigated this adjustment
further in intact hepatocytes. [*H]Glycerol and [*H]choline were used to trace PC
metabolism in primary hepatocytes isolated from Abcb4”/Pemt” mice. Fig. 2.10
indicates that both the biosynthesis and degradation of PC were increased in
response to thé CD diet. Fig. 2.7 and Fig. 2.10 demonstrate that complete
choline deprivation in CD-Abcb4”/Pemt” mice activates choline production by
increasing PC degradation and inhibiting choline oxidation. Thus, choline
recycling was initiated and enhanced. In addition to these compensatory
mechanisms, PC was further preserved in Abcb4”/Pemt” mice during choline
deprivation by an increased incorporation of GPC into PC (Fig. 2.11), indicating
that choline recycling is enhanced to conserve the levels of total choline-

containing metabolites. Enhanced choline recycling, therefore, allows the
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utilization of choline more efficiently when PC levels drop to 50% during choline

deprivation.

2.3.5 A new choline homeostasis --- life and death

The rapid decline in hepatic total choline-containing metabolites in CD-
Pemt” mice was incompatible with life beyond 4 to 5 days (29). However, a more
gradual reduction in choline-containing metabolites provided sufficient time for
Abcb4™”/Pemt” mice to adapt to the stress of choline deprivation. A minimum
threshold of total choline-containing metabolites in the liver for survival is
suggested to be ~110 nmol/mg protein (Fig. 2.4A). The level of total choline-
containing compounds in Pemt” mice fed a CD diet for 3 days fell below this
baseline. Thus, the CD-Pemt” mice faced a severe choline deficiency whereas
the CD-Abcb4”/Pemt” mice were able to establish a new choline homeostasis,
thereby conserving sufficient amounts of choline metabolites for viability (Fig.
2.12A, B). After 3 days of the CD diet a turning point between life and death was
reached. This threshold was critically dependent on the phosphocholine levels

but not other choline-containing metabolites (Fig. 2.12A, B).

2.3.6 Exploring regulatory mechanisms of adaptation to choline

deprivation
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Adaptation to choline deprivation is achieved by choline recycling,
however, the regulatory mechanism(s) for choline recycling is not clear. Our
preliminary data suggest that c-dun, as a regulator of cell life and death (30),
could be a promising candidate involved in this process, since examination of the
putative regulatory elements in the promoters for choline kinase o, CTa and
PLA, showed the presence of an AP1 site, which interacts with c-Jun homodimer
or cJun/c-Fos heterodimer. Moreover, c-Jun has been shown to alter the
expression of the mRNA for choline kinase (31). We found a striking increase in
the amount of immunoreactive c-Jun in the liver of Abchb4”/Pemt” mice after
initiation of the CD diet (Fig. 2.13). Injection of c-Jun antisense DNA into Abcb4™
/Pemt” mice successfully interrupted the adaptative response of c-Jun during
choline deprivation, since liver damage was significantly induced in CD-Abcb4”
/Pemt” mice with the treatment of c-Jun antisense as compared with the control
of CD-Abcb4”/Pemt” mice (Fig. 2.14). c-Jun is involved in a stress-driven
signalling. Choline deprivation is a stress for mice. However, it would be
worthwhile in future studies to determine why the response to this stress only

occurred in CD-Abcb4™” /Pemt” mice but not in CD-Pemt” mice.

In addition, phosphocholine and/or glycerophosphocholine may also be
key regulators during this adaptation, since certain studies suggested that
phosphocholine and/or glycerophosphocholine might be involved in a regulatory
mechanism via initiating cell signaling (32). Moreover, the maintenance of the

relative phosphocholine level is probably an important issue to be further
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addressed in the future, since the relative phosphocholine level might be more
valuable in evaluating different choline homeostasis as compared to the net level

of phosphocholine as addressed before.

2.4 Discussion

The data from these experiments provide unambiguous evidence that
choline is an essential nutrient in animals. Liver failure in Pemt” mice fed the CD
diet results from continued secretion of PC into bile during a time when PC
biosynthesis is severely curtailed. The rapidity with which PC levels decrease in
Pemt” mice apparently allows no time for the mice to adapt to the crisis in PC
biosynthesis. Unexpectedly, the levels of PC also decreased in Abcb4”/Pemt”
mice fed the CD diet for 21 days even though these mice no longer secrete PC
into bile. The decrease in PC can be explained by the 3-fold increase in PLA;
activity within the first 21 days of the CD diet. Importantly, the decrease in PC
occurs more gradually in CD-Abcb4”/Pemt” mice allowing them to adapt to the
decrease in PC biosynthesis by maintaining the pool of phosphocholine, a

substrate for CT, the rate-limiting enzyme in PC biosynthesis.

PEMT plays an important role in PC and choline homeostasis in individual
organisms. Rodents do not have significant PEMT activity before birth (33).
Moreover, Pemt” mice develop normally and have a normal life-span (29,34).
Thus, dietary choline is adequate for life independent of PEMT. However, PEMT

compensates for the lack of dietary choline (35). PEMT, therefore, becomes
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critical when dietary choline is not adequate as may occur during starvation,
pregnancy or lactation. PEMT is also important because it contributes to the total
pool of choline in the biosphere. Plants make choline by methylation of
phosphoethanolamine (36) and yeast synthesize choline from both methylation of
PE and methylation of phosphoethanolamine (37). Mammals obtain choline from
their diet and from the PEMT pathway. Therefore, all choline in nature is

ultimately derived from the methylation of ethanolamine in the form of PE or

phosphoethanolamine.

Fig. 2.15 summarizes the adaptations that facilitate survival of CD-Abcbh4”
/Pemt” mice. By eliminating the loss of PC into bile, these mice are able to
implement significant changes in PC and choline metabolism. Notably, the
oxidation of choline to betaine is markedly curtailed and choline kinase and CT
activities are increased to ensure re-utilization of choline for PC biosynthesis.
Another adaptation is that PLA; activity and PC catabolism are increased to
ensure an ample supply of phosphocholine for PC biosynthesis. The gradual
reduction of hepatic PC in Abcb4”/Pemt” mice fed the CD diet provided
sufficient time for regulatory mechanisms to be triggered and for adaptation to
the stress of choline deprivation. The conversion of choline into PC via choline
recycling generates a large reserve pool of choline that can be readily accessible

at times of high demand, which may explain why rodents and humans do not die

from dietary choline deficiency.
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Several choline metabolites have been used in clinical therapy. For
example, citicoline (CDP-choline) is used to treat brain disorders such as
cognitive and memory impairment and stroke (38,39). Betaine is used to treat
patients with non-alcoholic steatohepatitis (40). However, the mechanisms
behind these treatments are still unclear. Our studies provide new clues about
choline and PC homeostasis that might help elucidate the mechanisms for these

treatments. Moreover, our results might lead to more potent therapeutics for

these disorders.
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Fig. 2.1 Choline homeostasis in liver

P-choline, phosphocholine; GPC, glycerophosphocholine; PLA2,
phospholipase Ay; CT, CTP:phosphocholine cytidylyltransferase; CK, choline
kinase; PEMT, phosphatidylethanolamine N-methyltransferase; MDR2, multiple
drug resistant protein 2; PC, phosphatidylcholine. P-choline in PC can be used
for sphingomyelin biosynthesis. PC can be secreted in very low density

lipoproteins and delivered to liver by high density lipoproteins.
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Fig. 2.2 Genotyping of Pemt” and Abcb4”/Pemt” mice

(A & B) show the wild type and knockout alleles for Pemt and Abcb4
genes. Genomic DNA was extracted from mice tails as templates and specific
PCR reactions were used to distinguish between wild type and targeted alleles
containing a neomycin resistance gene (neo’). The specific primer pairs used are
presented in Materials and Methods and are located as shown by the arrows. (C)
Lanes 1 — 4 are for specific PCR detection of the Pemt gene, Pemt knockout

allele, Abcb4 gene and Abcb4 knockout allele respectively.
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Fig. 2.3 Liver damage was assessed by measurement of plasma
alanine/aspartate aminotransferase (ALT/AST) activity

Plasma samples were collected from Pemt” mice and Abcb4”/Pemt”
mice fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to
the choline-deficient (CD) diet for 3 to 90 days. Plasma ALT/AST activity was
measured atday -1, 0, 1, 2, 3, 6, 9, 14, 21 and 90. Mice were fed a normal chow

diet until day —1. (A) plasma ALT activity; (B) plasma AST activity.
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Fig. 2.4 Hepatic total choline-containing metabolites (PC, sphingomyelin,
lysoPC, glycerophosphocholine, phosphocholine and choline)

Liver samples were collected from Pemt” mice and Abcb4” /Pemt” mice
fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to the
choline-deficient (CD) diet for 3 to 90 days. (A) the amount of total choline-
containing metabolites in the liver; (B) hepatic PC levels; (C) water-soluble
choline metabolites in the liver of Pemt” mice; (D) water-soluble choline
metabolites in the liver of Pemt”/Abcb4” mice. P-choline, phosphocholine; GPC,

glycerophosphocholine. *, p < "0.05; ** p<0.01.
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Fig. 2.5 The amount of biliary PC

Bile samples were collected from Pemt” mice and Abcb4”/Pemt” mice
fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to the
choline-deficient (CD) diet for 3 to 90 days. Biliary PC was not detectable in
Pemt”/Abcb4” mice. No significant change in the volume of bile was observed in
both models. Insert shows the change of biliary PC in Pemt” mice each day

during 3 days of CD (CD3).
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Fig. 2.6 Hepatic PC catabolism is enhanced by the CD diet in Abcb4”/Pemt
" mice but not in Pemf” mice

(A) PLA, activity was measured in liver homogenates with a PLA,—specific
substrate, PED6 (a self-quenching fluorescent analog of PE). Lower panel: ATK
(50 uM), a specific inhibitor of PLA; was added to some samples as indicated.
(B) PLA, activity was assessed by incubation of PD6 with primary hepatocytes
from Pemt” mice and Abcb4”/Pemt” mice fed the choline-supplemented (CS)
diet for 24 h and transferred to the choline-deficient (CD) diet for 2 or 21 days.
(C) Hepatic phospholipase C (PLC) and D (PLD) activities. Liver samples were
collected from Pemt” mice and Abch4”/Pemt” mice fed a choline-supplemented
(CS) diet for 24 h (0 day) and then switched to a choline-deficient (CD) diet for 3,

21 or 90 days. [3H-choline]phosphatidylcholine was used for PLC and PLD

assays with liver homogenates.
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Fig. 2.7 Choline oxidase activity was curtailed in livers of both Pemt" mice
and Abcb4”/Pemt” mice

Liver samples were collected from Pemt” mice and Abcb4”/Pemt” mice
fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to the
choline-deficient (CD) diet for 3 to 90 days. Choline oxidase activity was
determined by incubation of [3H]choline with crude mitochondrial fractions

isolated as the pellet obtained after centrifugation of liver homogenates at 12,000

x g for 15 min.
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Fig. 2.8 Choline kinase activity in liver homogenates

Liver samples were collected from Pemt” mice and Abcb4”/Pemt” mice
fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to the
choline-deficient (CD) diet for 3 to 90 days. Choline kinase activity was measured
in liver homogenates by incubating with [3H]choline and then separating

[’H]phosphocholine by TLC.
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Fig. 2.9 CTP:phosphocholine cytidylyitransferase (CT) activity assays
Liver samples were collected from Pemt” mice and Abcb4”/Pemt” mice

fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to the

choline-deficient (CD) diet for 3 to 90 days. CT activity was assayed in both liver

homogenates (A) and membrane fractions (100,000 x g pellet) (B).
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Fig. 2.10 PC biosynthesis and degradation in intact hepatocytes of Abcb4”
/Pemt” mice

Incorporation of [3H]glycerol or [3H]choline into [3H]phosphatidylcholine in
primary cultured hepatocytes was performed with Abcb4”/Pemt” mice during
choline deprivation. Abcb4”/Pemt” mice were fed a choline-supplemented (CS)
diet for 24 h and switched to a choline-deficient (CD) diet for 21 days (CD21).
The rates of PC synthesis and degradation were calculated with data from pulse-
chase labeling of primary cultured hepatocytes from Abcb4”/Pemt” mice with
[3H]glycerol or [3H]choline. Abcb4”/Pemt” mice were fed a choline-supplemented
(CS) diet for 24 h and switched to a choline-deficient (CD) diet for 21 days

(CD21). The relative rate was based on the comparison between CS and CD

groups.
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Fig. 2.11 Incorporation of [3H]glycerophosphocholine ([3 H]GPC) into

[3H]phosphatidylcholine in primary cultured hepatocytes of Abcb4”/Pemt”

mice during choline deprivation

Abcb4”/Pemt” mice were fed a choline-supplemented (CS) diet for 24 h
and switched to a choline-deficient (CD) diet for 21 days (CD21). Primary
cultured hepatocytes isolated from Abcb4”/Pemt” mice were incubated with
[3H]GPC for 2 h. Then total lipids were extracted and separated by TLC. [3H]PC

was collected and counted with a scintillation counter.
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Fig. 2.12 Relative amounts of water-soluble choline metabolites as a
percentage of the mass of total choline-containing metabolites (%)
(A) Relative amounts of water-soluble choline metabolites (%) in the liver
of Pemt” mice. (B) Relative amounts of water-soluble choline metabolites (%) in
“the liver of Abch4”/Pemt” mice. P-choline, phosphocholine; GP-choline,

glycerophosphocholine.
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Fig. 2.13 Expression of c-Jun was increased in Abcb4”/Pemt” mice during
choline deprivation, but not in Pemt” mice

Liver samples were collected from Pemt” mice and Abcb4”/Pemt” mice
fed a choline-supplemented (CS) diet for 24 h (0 day) and then switched to a
choline-deficient (CD) diet for 3, 21 or 90 days. Fifty ug proteins from liver
homogenates were separated by 10% SDS-PAGE and blotted with an anti-c-Jun
antibody (Santa Cruz). Four mice were used for each group in the experiment

with each sample assayed in triplicate.
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Fig. 2.14 c-Jun antisense blocked the adaptive response to choline

deprivation in Abcb4”/Pemt” mice

Abcb4”/Pemt” mice were injected once intraperitoneally (i.p.) with 5 pg
antisense DNA/kg mouse body weight in 200 pl saline. Then mice were fed a CD
diet for 3 days. The control mice were injected with 200 ul saline. Liver damage

occurred as indicated by increased plasma ALT activity after the treatment of c-

Jun antisense.
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Fig. 2.15 Choline recycling pathways

P-choline, phosphocholine; GPC, glycerophosphocholine; PLA,,
phospholipase A;; CT, CTP:phosphocholine cytidylyltransferase; CK, choline

kinase; MDR2, multiple drug resistant protein 2.
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Chapter 3

The Ratio of PC to PE is a Key Regulator of Membrane Integrity
--- Adaptation to Choline Deprivation li: Maintenance of Membrane Integrity

via Maintenance of PC/PE Ratio
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3.1 Introduction

A fundamental function of phospholipids in cells is to form membrane
barriers. However, the reason membrane bilayers have a defined phospholipid
composition is not clear. Phosphatidyicholine (PC) and
phosphatidylethanolamine (PE) are two major phospholipids that are
asymmetrically distributed in the plasma membrane bilayer where the majority of
PC is localized to the outer leaflet whereas PE is enriched in the inner leaflet (7).
PC homeostasis in the liver consists of PC anabolism and catabolism as well as
PC uptake and secretion (Fig. 3.1). Hepatic PC is made from the CDP-choline
pathway and via PE N-methyltransferase (PEMT), which converts PE to PC via 3
methylation reactions (2). PC secretion into bile is mediated by a PC-specific
flippase, multiple drug resistant protein 2 (MDR2, ABCB4), in the hepatic
canalicular membrane (3). Mice lacking PEMT are outwardly normal until they
are fed a choline-deficient (CD) diet, after which rapid liver failure ensues (4).
However, mice lacking both ABCB4 and PEMT are resistant to the rapid liver
failure exhibited by CD-Pemt” mice, and survive for at least 3 months when fed
the CD diet (5). PE is made in mammalian cells from ethanolamine via the CDP-

ethanolamine pathway or the decarboxylation of phosphatidylserine.

The release of hepatic alanine/aspartate aminotransferases (ALT/AST)
into plasma is a well-known indicator of liver damage, since it is well-

acknowledged that cellular contents will be released from liver cells upon cell
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damage. However, the mechanisms involved in the loss of membrane integrity
during this process is unclear. Here, we report that a decrease in PC/PE ratio
causes the loss of membrane integrity and induces cell damage and
steatohepatitis in mice models.

3.2 Materials and Methods

3.2.1 Animals see 2.2.1

In choline re-feeding experiments, after fed a CD diet for 3 days, Pemt”

mice were fed a CS diet for an additional 4 days.
3.2.2 Genotyping see 2.2.2
3.2.3 Sample collections see 2.2.3
3.2.4 Preparation of primary hepatocytes

Primary hepatocytes were isolated from Pemt” and Abcb4”/Pemt” mice
fed a choline-supplemented (CS) diet for 24 h and then switched to a choaline-
deficient (CD). Pemt” mice were fed a CD diet for 2 days and Abch4”/Pemt”

mice were fed a CD diet for 3 or 21 days. Hepatocytes were cultured on a CS

Dulbecco’s modified Eagle's medium (DMEM) containing 4 mg/l choline or CD
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medium (DMEM without choline). Ethanolamine (4 mg/l) was added to both CS
and CD medium. Three preparations of hepatocytes were used in each

expeiment.

3.2.5 Lipid Analyses

Livers were homogenized with a Polytron homogenizer in 5 vol of 10 mM
Tris-HCI, pH 7.2, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfony! fluoride, 1:100 proteinase inhibitor cocktail (Sigma,
Cat*P8340). The homogenates were centrifuged for 5 min at 600 x g and the
supernatants were collected. Protein concentration was quantified by the method
of Bradford (6). Total lipids were extracted from liver homogenates by the method
of Bligh & Dyer (7). Phospholipids were separated by high performance liquid
chromatography and quantified with an electron-light scattering detector (8).
Phosphatidyldimethylethanolamine was used as an internal standard for
quantification. Neutral lipids including triacylglycerol, cholesterol and cholesteryl

ester were measured by gas chromatography (9).

3.2.6 Enzyme assays

Plasma aspartate/alanine aminotransferases (AST/ALT) were assayed

with a GPT/GOT Kit (Sigma, Cat*P505).
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CTP:phosphoethanolamine cytidylyltransferase (ET) activity was
measured in total cell homogenates (10). The substrate for the ET assay,
[3H]phosphoethanolamine, was made from [*H]ethanolamine by phosphorylation

with choline/ethanolamine kinase (10).

Phospholipase A; (PLA;) activities were assayed in liver homogenates
and primary hepatocytes with PED6 ((N-(6-(2,4-dinitrophenyl)amino)hexanoyl)-2-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-
hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salit,
Molecular Probes), a self-quenching fluorescent analog of PE and a PLA;-
specific substrate (11). The specificity of increase in PLA; activity was further
demonstrated by in vitro assay with 50 pmol/l PLA; inhibitors, BEL (bromoenol

lactoe, an iPLA2-specific inhibitor) (12) and ATK (inhibits both iPLA; and cPLAy)
(13).

3.2.7 Preparation of hepatic plasma membranes and assessment of purity

Hepatocytes were incubated with colloidal silica and plasma membranes
purified through differential centrifugation (14,15). Purity of plasma membrane
fractions was assessed by enrichment of the plasma membrane marker (5'-
nucleotidase) and degree of contamination by endoplasmic reticulum (NADPH-
cytochrome C reductase) (16). Specific activities of 5’-nucleotidase in plasma

membrane fractions and total liver homogenates were 56.4 and 3.8 umol/h/mg
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protein, respectively. Specific activities of NADPH-cytochrome C reductase in
plasma membrane fractions and total liver homogenates were 0.4 and 48.5

nmol/min/mg protein, respectively.

3.2.8 Assay of plasma membrane fluidity and potential

Membrane fluidity in the plasma membrane of hepatocytes was assessed
by incubation of hepatocytes with 1-(4-trimethylammoniumphenyl)-6-phenyl-
1,3,5-hexatriene p-tolunesulfonate (TMA-DPH) (Molecular Probes) at 4°C for 10
min and subsequently analyzed with a fluorometer within one min. The
fluorescent polarization value was calculated with a formula of p = (F parallel-F

perpendicular)/ (F parallel + F perpendicular) (17).

Membrane potential was assayed by incubation of hepatocytes with bis-
(1,3-dibutylbarbituric acid)trimethine oxonol (DIBAC4(3)) (Molecular Probes) at
4°C for 30 min and subsequently analyzed with a fluorimeter within one min.
Fluorescent intensity per cell number is presented (18).

3.2.9 Detection of PE on the cell surface of hepatocytes
Primary cultured hepatocytes were incubated with biotinylated PE-specific

binding peptide, Ro98-019 (from Dr. Masato Umeda, Kyoto University), at 4°C for

30 min and subsequently with fluorescein isothiocyante (FITC) conjugated
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streptavidin (Molecular Probes) for 30 min. Fluorescence was visualized under a
fluorescent microscope (19). Propidium iodide was added into the incubation
buffer to identify viable cells. Fluorescent intensity of FITC (PE-binding) per cell
number was quantified by flow cytometry. Four mice were used for each group in

the experiment with each sample assayed in triplicate.

3.2.10 Measurement of PE synthesis and degradation

Primary hepatocytes from Abcb4”/Pemt’” mice were incubated with
[3H]glycero| for 2 h and then chased for 2 h. The rates of PE synthesis and
degradation were calculated with the formula described previously (20). PE
biosynthetic rate = dpm in PE at end of the pulse/mg protein divided by 2 h x the
nmole of phosphoethanolamine/mg protein at the beginning of the puise. PE
degradation rate = decrease in dpm in PE between the end of the pulse and 2 h
of chase/mg protein divided by 2 h x nmole of PE/mg protein. The relative rates

are presented as a comparison between CS and CD groups.
3.2.11 Assays of VLDL-PC secretion and HDL-PC uptake rate

(i) VLDL-PC secretion assay: CS or CD hepatocytes from Pemt” and
Abcb4”/Pemt” mice were labeled with [3H]choline for 2 h and then chased for 2

h. Cell culture medium was harvested and VLDL particles in the medium were

isolated via sucrose gradient centrifugation (21,22). Total lipids were extracted by

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the Bligh & Dyer method (7) and [3H]PC was separated by thin-layer
chromatography (TLC). The rate of VLDL-PC secretion (dpm/h/1 x 10° cells) was

calculated from 4 time points during the chase.

(i) HDL-PC uptake assay: HDL particles were isolated from plasma of wild
type mice via sucrose gradient centrifugation and pre-incubated with
fluorescence-labeled PC, BODIPY-PC (Molecular Probes) (21,22). Primary
cultured hepatocytes were incubated with [BODIPY-PC]HDL for 2 h. Cells were
washed 3 times before measurement. Intracellular fluorescent intensity was
measured by a fluorimeter. The rate of HDL-PC uptake (fluorescent intensity/h/1

x 10° cells) was calculated from 4 time points during 2 h of incubation.

3.2.12 Permeability assays of large unilamellar vesicles (LUVs)

Hepatic PC and PE (Avanti) were used to make LUVs at the PC/PE ratios
of 0.5, 1.0, 1.5 and 2.0. PC + PE were mixed with sphingomyelin and cholesterol
in a ratio of 86:1:9. Lipids were hydrated in Tris-HCI buffer (pH 9.0) with 50 mM
calcein (Molecular Probes), a concentration at which the fluorescence of calcein
is highly quenched. LUVs were prepared with an extruder (Lipex Biomembranes)
and 100 nm Nuclepore filters at 55°C (23,24). LUVs were separated from
released calcein by chromatography over a Sephadex G-75 column. The
diameter of LUVs was measured by a light-scattering photometer and was

controlied to 100 nm (23,24). The permeability assay was based on the
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measurement of the fluorescence of calcein accompanying its dequenching upon
release from LUVs in Tris-HCI buffer (pH 7.4). The fluorescent intensity

corresponding to 100% leakage was determined by adding 10% Triton X-100 to

fully solubilize LUVs (23,24).

3.2.13 RNA interference (RNAi) of ET in cultured hepatocytes

RNAI sequence, 5-AAGCACAACTGTGACTTCTCT-3', targeted to the
MRNA of ET was inserted into pSilencer 4.1-CMV vectors (Ambion) to produce
ETi vectors. A control sequence of ETi, 5-AATCACAGCTATCACTGCTCT-3,,
was inserted into pSilencer 4.1-CMV vectors to produce an ETi control vector.
Lipofectamine™ 2000 (/nvitrogen) was used as carrier for transfection. ETi and
control vectors were co-transfected with GFP vectors (ratio, 4:1) into cultured
hepatocytes isolated from CD-Pemt” mice for 24 or 48 h. Hepatic RNA was
extracted and mRNA levels of ET were quantified by SYBR Green assays via
real-time PCR. Cyclophilin mRNA level was measured as the control. After
transfection for 20 or 44 h, cells were incubated with fresh medium and cultured

for 4 h. The cell culture medium was collected and assayed for ALT activity.

3.2.14 Inhibition of PE catabolism by arachidonyl trifluoromethyl ketone
(ATK)
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Primary hepatocytes were isolated from the livers of chow-fed Abcb4™
/Pemt” mice and cultured in medium that contained 17% delipidated FBS in
DMEM that was choline-deficient (CD). The medium was replaced every 2 h in
the first 8 h during cell culture to remove any secreted PC since PC secreted into
medium might be reused. Arachidonyl triflucromethyl ketone (ATK), a PLA,-
specific inhibitor (50 umol/l) was added into the CD medium to block the
degradation of phospholipids (including PE) for 24 or 48 h. After treatment for 20
or 44 h, cells were changed to fresh medium and cultured for 4 h after which cell

culture medium was collected and assayed for ALT activity.

3.2.15 In vivo injection of ETi

Chow diet-fed Pemt” mice were hydrodynamically injected with control or

ETi vectors (560mg/kg) in 1 ml saline in 5 sec at 0, 8 and 24 h. Mice were fasted

for 12 h before sacrifice.
3.2.16 Histological and pathological Analysis

Liver tissues were fixed in 10% formalin. Liver sections were stained with
hemotoxylin and eosin by the Department of Laboratory Medicine and Pathology,
University of Alberta Hospital. The slides were visualized under light microscopy

with 400 X magnification. Steatohepatitis was evaluated for inflammation by a

pathologist using a standardized system (25).
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3.3 Results

3.3.1 Liver failure is associated with a decreased ratio of PC to PE.

3.3.1.1 Hepatic low PC/PE ratios correlate with liver damage

Rapid depietion of hepatic PC by 50% via biliary secretion was originally
suggested as the cause of severe liver failure in CD-Pemt” mice (4). However,
CD-Abcb4”/Pemt” mice also have a ~50% reduction in hepatic PC (Fig. 3.2A)
without liver failure. Hepatic accumulation of triacylglycerol was observed in both
CD-Pemt” mice and CD-Abcb4”/Pemt” mice (Table 3.1). Thus, the liver

damage is independent of the decrease in hepatic PC and fat accumulation.

An important difference between Pemt” mice and Abcb4”/Pemt”
mice is the PE content during choline deprivation. in CD-Abcb4”/Pemt” mice,
hepatic PC and PE decreased to a similar extent (Fig. 3.2A). In contrast, in CD-
Pemt” mice, hepatic PE was unchanged while PC decreased by 50% (Fig.
3.2A). Thus, the PC to PE ratio decreased by 57% in CD-Pemt” mice but by only
17% in CD-Abcb4”/Pemt” mice (Fig. 3.2B). The decrease in PC/PE ratio in CD-
Pemt” mice coincided with an increased plasma level of alanine
aminotransferase (ALT) (Fig. 3.3). The strong correlation (r = 0.95) between the

PC/PE ratio and plasma ALT activity (Fig. 3.4) suggests that the liver failure in
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CD-Pemt” mice might be associated with a decreased PC/PE ratio. Amounts of
hepatic cholesterol (Table 3.1) and sphingomyelin (Fig. 3.2A), major plasma
membrane lipids (Table 3.1), did not change in either murine model fed the CD
diet. Moreover, the hepatic PC/PE ratio was unaffected in wild-type mice fed the
CD diet for up to 21 days (Fig. 3.5A) and no liver damage was observed,

although hepatic PC and PE levels both decreased by ~28% (Fig. 3.5B).

3.3.1.2 Plasma membrane PC/PE ratios correlate with hepatocyte damage
One possible explanation for the liver damage is that the plasma bile acid
level was increased which would be detrimental to plasma membrane integrity.
However, plasma bile acid levels were not increased in either CD-Pemt” or CD-
Abcb4”/Pemt” mice (Table 3.1). Another explanation for the liver damage is that
alterations in phospholipid levels in the plasma membrane decreased the
integrity of the plasma membrane. Therefore, plasma membranes were isolated
from hepatocytes of CD-Pemt” and CD-Abcb4”/Pemt” mice and the
concentrations of PC, PE and SM were determined (Fig. 3.6A). We found a
similar change of the PC/PE ratio as observed in total liver homogenates (Fig.
3.6B, 3.2 B). A high correlation (r = 0.97) was observed between the PC/PE ratio
in the plasma membrane and plasma ALT activity (Fig. 3.6C). Neither the
genotype nor the CD diet affected the plasma membrane level of SM (Fig. 3.6A).
Although the amounts of PC in the livers of Pemt” mice decreased by ~50%, the
amount of the majority of total lipids in the hepatocyte plasma membrane was not

significantly affected by genotype or the choline content in the diet (Table 3.1).
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3.3.1.3 Hepatic PC/PE ratios correlate with membrane fluidity

A change in membrane fluidity has been suggested to cause variations in
membrane integrity and functions of membrane proteins (26). We, therefore,
assessed the fluidity of hepatocyte plasma membranes using a fluorescent
probe, 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-
tolunesulfonate (TMA-DPH) and found that membrane fluidity was higher in CD-

compared to CS-Pemt” mice (Fig. 3.7) and correlated with the decrease in the

PC/PE ratio (Fig. 3.6B).

3.3.1.4 Increased PE exposure on the cell surface in CD-Pemt” hepatocytes
Since the PC/PE ratio is strikingly lower in CD-Pemt” mice than in CD-

Abcb4”/Pemt” mice we postulated that more PE would be exposed on the cell

surface of CD-Pemt” hepatocytes. Figs. 3.8 shows a striking increase in surface

exposure of PE in hepatocytes from Pemt” mice fed the CD diet for 2 days, but

no change in the Abch4”/Pemt” mice fed the CD diet for 21 days.

3.3.1.5 Hypothetical mechanism for liver failure in CD-Pemt’ mice

The data suggest a strong link between liver damage and the PC/PE ratio

in the plasma membrane. We hypothesize that the physical change in membrane
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structure induced by increased PE exposure on the cell surface causes a loss of
membrane integrity (Fig. 3.9). An increased content of the cone-shaped, non-
bilayer-forming lipid, PE, in the outer monolayer of the plasma membrane, may
result in the formation of structures that are not as closely packed as those
formed by PC which has a cylindrical shape (27,28). The maintenance of a
normal PC/PE ratio of ~ 1.5 to 1.8 in the livers of CD-Pemt”/Abcb4” would,
therefore, favor retention of membrane integrity whereas a ratio of < 1.0 in CD-

Pemt” mice would result in disruption of membrane integrity.

3.3.2 The mechanism of the maintenance of PC/PE ratio in CD-Pemt”

/Abcb4” mice

3.3.2.1 Increased PE catabolism causes the decrease in hepatic PE levels in

CD-Pemt’/Abch4”” mice

The major difference in our two murine models during choline deprivation
is regulation of PE levels. We investigated the reason for the decline in PE in the
CD-Pemt”/Abcb4” mice. [*H]Glycerol was used to trace PE metabolism by
pulse-chase labeling experiments in primary hepatocytes. As seen in Fig. 3.10,
the rate [*H]glycerol incorporation into PE was ~1.8 times higher in CD compared
to CS hepatocytes. In contrast the catabolism of [°H]JPE was enhanced ~3-fold.
Thus, the decreased content of PE in CD-Pemt”/Abcb4” mice likely resulted

from an imbalance between PE biosynthesis and degradation.
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3.3.2.2 Different fates for PC removal lead to altered PE metabolism and

adaptation to choline deprivation

The levels of hepatic PC decreased in both mouse models. Hepatic PC
can be decreased by secretion into bile, lipoprotein secretion and catabolism. We
have attributed the rapid decline in hepatic PC in CD-Pemt” mice to the
elimination of PC into bile (5). Since there was no secretion of PC into bile of
CD-Pemt”/Abcb4” mice, we investigated the mechanism for the decrease of PC
in the CD-Pemt’/Abcb4™ mice. The amount of hepatic PC obtained from HDL
uptake is similar to the amount of PC secreted in VLDL (22). The rate of VLDL-
PC secretion was decreased by choline deprivation in hepatocytes of both
murine models after choline deprivation (Fig. 3.11A), but HDL-PC uptake rate did
not change (Fig. 3.11B). Thus, liver did not exhibit increased PC loss via
lipoprotein metabolism in the two murine models during choline deprivation. A
likely mechanism for the decrease in PC content in Pemt”/Abcb4” hepatocytes
is increased catabolism. We previously found that phospholipase A; (PLA)
activity and PC degradation are up-regulated in CD-Pemt’/Abcb4” mice, but not
in CD-Pemt” mice (Chapter 2) (5). Moreover, the activities of both calcium-
dependent PLA; (cPLA;) and calcium-independent PLA; (iPLA;) are enhanced in
CD-Pemt”/Abcb4” hepatocytes (Fig. 3.12), but not in CD-Pemt” hepatocytes
(Fig. 3.12). The observed increase of in vitro PLA; activity in CD-Pemt”/Abcb4™

hepatocytes was prevented by the PLA; inhibitors, BEL (an iPLA,-specific
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inhibitor) and ATK (an inhibitor of both iPLA; and cPLA;) (Fig. 3.12). Thus,
confirming that the activity being measured was PLA. Rapid depletion of hepatic
PC resulted from constant bile secretion of PC in CD-Pemt” mice (5) whereas
the loss of hepatic PC in CD-Pemt”/Abcb4” mice can be attributed to increased
PC catabolism. Thus, CD-Pemt’/Abcb4” mice maintain the PC/PE ratio and
membrane integrity in hepatocyte plasma membranes, escape liver failure and

adapt to choline deprivation by balancing PC catabolism with enhanced PE

catabolism (Fig. 3.13).

3.3.3 The ratio of PC to PE is a key regulator of membrane integrity

3.3.3.1 PC/PE ratios influence membrane integrity of large unilamellar

vesicles (LUVs)

Our data suggest that a decrease in the PC/PE ratio led to loss of
membrane integrity. To test this idea, we made large unilamellar vesicles (LUVs)
of different PC/PE ratios. The LUVs contained a fluorescent molecule, calcein, in
a quenched state entrapped in the vesicles. Fluorescence is observed only when
calcein fluorescence is de-quenched upon leakage from the vesicles. Consistent
with our hypothesis, a decrease in the PC/PE ratio enhanced release of calcein
from LUVs (Fig. 3.14) indicating that the low PC/PE ratio in CD-Pemt”

hepatocytes might be responsible for increased membrane permeability.
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3.3.3.2 Knockdown of PE biosynthesis in CD-Pemt’ hepatocytes increases

PC/PE ratio and attenuates cell damage

In another approach to test the importance of the PC/PE ratio for
membrane integrity, we hypothesized that liver failure in CD-Pemt” mice
occurred because PE biosynthesis did not decrease in response to choline
deprivation. The activity of CTP:phosphoethanolamine cytidylyltransferase (ET,
or PCYT2) was the same in Pemt” and Abcb4”/Pemt’” murine hepatocytes and
did not change upon feeding the animals the CD diet (Fig. 3.15), suggesting that
the rate of PE biosynthesis from the CDP-ethanolamine pathway was
independent of the genotype of the mice. We next investigated whether or not
liver damage would be reduced in CD-Pemt” murine hepatocytes when PE
synthesis was attenuated via inhibition of ET. To test this idea, we performed
RNA interference (RNAI) using a vector targeted to ET (ETi). Hepatocytes were
prepared from Pemt” mice fed a CD diet for 2 days. Four h after plating, the
hepatocytes were transfected with a vector encoding green fluorescent protein
(GFP) and either the control vector, or the ETi vector for 24 h or 48 h. ETi
effectively decreased the mRNA level (71% after 24 h and 75% after 48 h) and
activity for ET by 55% after 24 h and 37% after 48 h (Fig. 3.16A, B) and
decreased the concentration of PE by 25% after 24 h and 45% after 48 h (Fig.
3.17), with a corresponding increase in the PC/PE ratio by 25% after 24 h and
62% after 48 h (Fig. 3.18A). When hepatocytes incubated with ETi for 24 h were

incubated with [*H]ethanolamine for 2 h (Fig. 3.19A) and 24 h (Fig. 3.19B),
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incorporation of label into PE was reduced by 36 % and 46% respectively. The
increased PC/PE ratio correlated with both a decreased exposure of PE on the
hepatocyte surface (Fig. 3.20) and decreased leakage of ALT into the medium
(Fig. 3.18B). Thus, in hepatocytes from CD-Pemt” mice, inhibition of PE

biosynthesis increases the PC/PE ratio and decreases membrane integrity.

3.3.3.3 Inhibition of PE degradation in CD-Abcb4”/Pemt” hepatocytes

causes decreased PC/PE ratios and induces cell damage

in an alternative approach to alter hepatocyte permeability, we
increased the PE content of hepatocytes from CD-Abcb4”/Pemt” mice. The
hepatocytes were cultured in CD medium and the CD medium was replaced
every 2 h during the first 8 h of cell culture to remove hepatic PC. An inhibitor of
PLA; (arachidonyl trifluoromethyl ketone, ATK) was added into CD medium to
block PC and PE degradation. Fig. 3.21 shows that the presence of the PLA;
inhibitor lowered the PC/PE ratio and increased the release of ALT after 24 or 48
h. Thus, attenuation of PE catabolism in CD-Abcb4”/Pemt” hepatocytes

decreased the PC/PE ratio and increased hepatocyte damage.

3.3.4 Is PC/PE ratio a critical regulator in developing steatosis into

steatohepatitis?
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3.3.4.1 CD-Pemt” mice developed steatohepatitis but CD-Pemt’/Abcb4™

mice developed steatosis

Both CD-Pemt” mice and CD-Pemt’/Abcb4” mice showed increased
liver weight and ratios of liver weight to body weight but the CD diet did not affect
body weight (Fig. 3.22A, B, C). When Pemt” mice were fed the CD diet they died
of fulminant hepatic failure with panlobular macrovesicular steatosis, prominent
hepatocyte ballooning, Mallories hyaline and panacinar inflammation (pan lobular
steatohepatitis, all zones) (Fig. 3.3, 3.23, 3.24, Table 3.1) (4). In contrast, Abcb4
*/Pemt”” mice developed zone 3 microvesicular steatosis after being fed the CD
diet for 3 days, and macrovesicular steatosis in all zones without lobular
inflammation by 21 days (Fig. 3.3, 3.23, 3.24, Table 3.1). Glucose and insulin
levels in plasma were normal in CD-Pemt”/Abcb4” mice, but decreased levels of
both plasma glucose and insulin suggested that insulin insensitivity might occur
in CD-Pemt” mice (Fig. 3.25A, B). Thus, these two mouse models are pure

steatosis or steatohepatitis without diabetes.

3.3.4.2 Hepatic PC/PE ratios correlate with the degree of steatohepatitis
Multiple ‘hit’ models have been proposed for the pathogenesis of non-

alcoholic fatty liver disease but no distinct mechanism has been shown to convert

steatosis into steatohepatitis (29,30). The PC/PE ratio is a potential candidate for

this process since the difference between steatosis and non-alcoholic
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steatohepatitis (NASH) is hepatocellular injury in the latter, typified by ballooning

degeneration, and the resulting lobular inflammation (29,30).

From these two models, we found that the decrease of PC/PE ratio
correlated with the increased degrees of steatohepatitis, but not steatosis. In the
other words, variations of the PC/PE ratio were correlated with status of liver
damage, but not fat accumulation. Further support for the involvement of the
PC/PE ratio in steatosis is that when wild-type mice were fed the CD diet for 21
days, steatosis developed but the PC/PE ratio was not changed and no liver

damage occurred regardless of the reduction of hepatic PC level (Fig. 3.5, 3.26).

3.3.4.3 Increased PC/PE ratios reverse steatohepatitis

In Pemt” mice, a choline-supplemented diet reversed the liver damage
caused by choline deficiency (31). The severe steatohepatitis in CD-Pemt” mice
was markedly attenuated, and the PC/PE ratio returned to normal when Pemt”
mice were fed choline (Fig. 3.27). Moreover, normalization of the PC level
coincided with reversal of panlobular macrovesicular fat to normal as indicated by

histology and hepatic TG levels. (Fig. 3.23, 3.24, 3.27).

3.3.4.4 Increased PC/PE ratios reverse steatohepatitis, but not steatosis
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In in vitro analyses, we found that ETi increases the PC/PE ratio and
attenuates celt damage in CD-Pemt” hepatocytes by decreasing the amount of
PE. (Fig. 3.17, 3.18). To determine if a similar result were observed in mice, we
injected the ETi vector via the tail-vein into CD-Pemt” mice using a
hydrodynamic protocol that results in efficient delivery of the vector to the liver
(32,33). Mice were injected 3 times over a 24 h period, then fed the CD diet for 2
days prior to sacrifice. The ETi prevented the steatohepatitis but not the steatosis
(Fig. 3.23, 3.28A, B, C). The PC/PE ratio in the liver was increased by the ETi
injections but the PC level did not change (Fig. 3.28D, E), consistent with the
idea that fat accumulation in the liver depends on hepatic PC levels. These data
suggest that an increased PC/PE ratio in vivo can reverse steatohepatitis, but not

steatosis. However, an increased amount of hepatic PC can attenuate steatosis.

3.3 Discussion

In combination, these studies suggest that the PC/PE ratio is a critical
modulator of membrane integrity. A gradual decrease in hepatic PC in CD-wild-
type and CD-Pemt”’/Abcb4” mice provides sufficient time for PC and PE
metabolism to be modified so that a normal PC/PE ratio is maintained and liver
failure is prevented. An adaptation to choline deprivation in CD-Abcb4”/Pemt”
mice is triggered during choline deprivation, that is, the maintenance of
membrane integrity via the maintenance of PC/PE ratio to escape liver failure.

This adaptation was also displayed in wild-type mice fed the CD diet. On the
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other hand, in CD-Pemt” mice, the PC content decreased too rapidly for
metabolic adjustments to be made. Consequently, the PC/PE ratio decreased
and liver damage occurred. Our results also explain, for the first time, how
ALT/AST can be released outside hepatocytes during liver damage. Support for
our hypothesis comes from studies in which choline deprivation similarly
decreased the amount of PC, but not PE, in PC12 cells resulting in cell death
(34). Moreover, an increased level of PE but not PC, promoted cell damage of
heart myocytes as indicated by the leakage of the cytosolic enzyme lactate
dehydrogenase (35). Our results also suggest that when the PC/PE ratio

decreased below ~1.0 in liver, membrane integrity is impaired.

A well-acknowledged model of non-alcoholic steatohepatitis (NASH) is to
feed mice or rats a methionine-deficient and choline-deficient (MCD) diet, which
has been intensely studied in the past few decades (30,36). Although no
previous reports have noted a correlation between the PC/PE ratio and
steatohepatitis, livers from these animals had a decreased content of PC levels
but no change in the amount of PE. Therefore, the PC/PE ratio was decreased
(37-39). Livers from MCD murine models have a reduced endogenous rate of PC
and choline biosynthesis and mimic CD-Pemt” mice. Since S-
adenosylmethionine (AdoMet) is derived from methionine and is a substrate of
PEMT (28), dietary deprivation of methionine attenuates the PEMT pathway.
Although liver failure and steatohepatitis occurred within 3 days in CD-Pemt”

mice, a similar degree of steatohepatitis did not develop until ~3 months in MCD
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mice (30,36), probably because the PEMT pathway was incompletely blocked in
MCD mice. Moreover, methionine can be made de novo from betaine or
methyltetrahydrofolate (40). In addition, gradual development of steatohepatitis in
MCD-wild type mice also indicates that the flux of remaining SAM into PC
resulted in gradual reduction of hepatic PC. Therefore, the PC/PE ratio was
decreased gradually (3 months) in MCD-wild type mice as compared with acute

(3 days) reduction of the PC/PE ratio in CD-Pemt” mice (37-39).

The current data strongly support the hypothesis that a decreased ratio of
PC/PE is very important for the evolution of steatosis into steatohepatitis. A
decreased PC/PE ratio adversely affects membrane integrity, resulting in liver
damage. However, the question remains whether or not the change in the
PC/PE ratio initiaties inflammation or is the end point of inflammation. A
decreased PC/PE ratio correlates with decreased membrane potential of
hepatocyte plasma membranes (Fig. 3.29). The change of membrane potential
was suggested to be the initial reason for inflammation since ion flow (such as
calcium and radicals) are altered during the change of membrane potential. in
addition, loss of membrane integrity not only leads to the release of cellular
contents, but also increases the influx of extracellular contents including
cytokines. C-reactive protein (CRP) is one of the acute phase proteins that
increases during systemic inflammation. The activation of CRP is initiated by the
binding of phosphocholine on the cell surface (41). A disturbed membrane bilayer

appears to be necessary for binding of CRP and decreased PC/PE ratio in cell
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membranes led to increased binding of CRP to membrane and activated the

alternative complement pathway (42). Therefore, a decreased PC/PE ratio might

initiate inflammation.

Elevated plasma ALT/AST activity is a hallmark of human liver disorders.
The factors that promote hepatocyte damage and inflammation in the
progression of steatosis to steatohepatitis have yet to be resolved. It will be of
great interest to determine whether the PC/PE ratio is decreased in patients with
non-alcoholic fatty liver disease and alcoholic liver disease. The mouse models
used in our study might be helpful for determining what regulates the transition
from steatosis to steatohepatitis. From pilot experiments on human liver
disorders, we did find significant reductions of hepatic PC/PE ratio in alcoholic
cirrhotic livers (decrease 46.4%) and primary biliary cirrhotic livers (decrease
46.0%) as compared with healthy human livers, although cirrhosis is the final
stage of severe steatohepatitis. Our results not only provide a clue to the
mechanisms involved in the development of steatohepatitis, but also suggest that

boosting hepatic PC levels and/or reducing the hepatic PE level might ameliorate

steatohepatitis.
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Table 3.1 Factors potentially influencing membrane integrity

Plasma bile acids were analyzed with kits from Sigma. Neutral lipids in liver
homogenates and plasma membrane were extracted and analyzed by gas-liquid
chromatography-flame ionization detector. TG, triacylglycerol, Ch, cholesterol;

PL, phospholipid; Memb., membrane; CS, choline supplemented; CD, choline-

deficient for 3 or 21 days.

Pemf”,CS  Pemt”,CD3  Abcb4”/  Abcb4”/Pemt”
Pemt”, CS CD21

Hepatic TG 105.3+419 5789+1225* 17.3+92 9622+171.7*
(ng/mg
protein)
Hepatic Ch 149+09 15.4+29 142+23 17.2+22
(nmol/mg
protein)
Plasma 1568.7 £ 14.2 1773.3+13 1464+153 177.5+126
Memb. Ch
(nmol/mg
protein)
Plasma 431.3 £ 23.7 431.2+283 413.7+17.3 380.3+9.6
Memb. Total
Lipids (PL +
Ch)
(nmol/mg
protein)
Plasma Bile 101.5+£41.9 13191425 1176+ 521 57.8+9.7
Acids (umol/i)

*, p<0.05; Data = mean + SD.
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Fig. 3.1 Phosphatidylcholine (PC) homeostasis in the liver

There are four acquisition pathways indicated by green arrows. 1) 70% of
PC biosynthesis in the liver is derived from the CDP-choline pathway; 2) 30% of
PC biosynthesis is from phosphatidylethanolamine (PE) via the
phosphatidylethanolamine N-methyltransferase (PEMT) pathway; 3) PC can also
be derived from reacylation of lysoPC; 4) high density lipoprotein and low density
lipoprotein (HDL and LDL) transport not only neutral lipids into liver, but also
phospholipids (mainly PC). PC provides choline for sphingomyelin (SM)
synthesis and is a precursor of phosphatidylserine (PS). A major loss of hepatic
PC is from biliary secretion mediated by multiple drug resistant protein 2 (MDR2,
ABCB4). In addition to PC degradation by phospholipases, hepatic PC can also

be secreted as an important component of very low-density lipoprotein (VLDL)

and HDL.
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Fig. 3.2 Hepatic phospholipid compositions

Pemt” mice and Abcb4”/Pemt” mice were fed a choline-supplemented
(CS) diet for 24 h and then switched to a choline-deficient (CD) diet for 3 (CD3)
or 21 (CD21) days. (A) Levels of PC, PE and sphingomyelin (SM) in liver
homogenates. *, P < 0.05; **, P < 0.001 comparing CS to CD groups. (B) Molar

ratio of PC to PE in CS compared to CD mice. *, P < 0.05; **, P < 0.001.
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Fig. 3.3 CD-Abch4”/Pemt” mice are resistant to liver failure, but not CD-
Pemt” mice

Plasma samples were collected from Pemt” mice and Abcb4”/Pemt”
mice fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to
the choline-deficient (CD) diet for 3 to 21 days. Plasma ALT activity was

measured atday -1, 0, 1, 2, 3, 6, 9, 14 and 21. Mice were fed a normal chow diet

until day —1.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o 15 r =0.95
§ O
1] 1 -
& o
O
o 05 -
0 L] L] L L] |
0 200 400 600 800 1000

Plasma ALT Activity (1U/l)

Fig. 3.4 Hepatic PC/PE ratios correlate with liver damage
Correlation between hepatic PC/PE ratio and plasma ALT activity. Data
are means from CS-Pemf’ mice (#), CS-Abcb4”/Pemt” mice (&), CD3-Abcb4”

/Pemf” mice (O), CD21-Abcb4”/Pemt” mice () and CD3-Pemf” mice (o).
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Fig. 3.5 The PC/PE ratio is maintained without liver damage in CD-Pemt*"
mice

Pemt;’+ mice (wild type) were fed a choline-supplemented (CS) diet for 24
h (0 day) and then switched to a choline-deficient (CD) diet for 3 (CD3) or 21
(CD21) days. (A) The PC/PE ratio in CD-wild type mice. (B) The amount of
hepatic PC and PE as a function of days on a CD diet. Plasma ALT activities
were 19.5 £4.5, 36 £ 3 and 39 + 13 [U/l in CS-wild type, CD3-wild type and

CD21-wild type mice, respectively.
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Fig. 3.6 Plasma membrane PC/PE ratios correlate with hepatocyte damage

(A) Amounts of phospholipids in the plasma membrane of hepatocytes
from 3 preparations of Pemt” mice and Abcb4”/Pemt” mice fed a choline-
supplemented (CS) diet for 24 h and then switched to a choline-deficient (CD)
diet for 2, 3 or 21 (CD2, CD3 or CD21) days. *, P<0.05; **, P < 0.01 for CS vs
CD mice. (B) The PC/PE ratio in the plasma membrane of hepatocytes. *, P <
0.05; **, P < 0.01 comparing CS to CD groups. §, Pemt” mice were fed the CD
diet for 2 days and Abch4”/Pemt” mice were fed the CD diet for 3 days. (C)
Correlation between plasma membrane PC/PE ratios and plasma ALT activity.
Data were means from CS-Pemt” mice (), CS-Abcb4”/Pemt” mice (<), CD3-
Abch4”/Pemt” mice (O), CD21-Abch4”/Pemt” mice (0J) and CD2-Pemt” mice
(o).
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Fig. 3.7 Hepatic PC/PE ratios correlate with membrane fluidity.

Membrane fluidity was assayed with 1-(4-trimethylammoniumphenyl)-6-
phenyi-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH). Primary hepatocytes
were isolated from Pemt” and Abcb4”/Pemt” mice fed a choline-supplemented
(CS) diet for 24 h and then switched to a choline-deficient (CD) diet. Pemt” mice
were fed a CD diet for 2 days and Abch4”/Pemt” mice were fed a CD diet for 3
or 21 days. Hepatocytes were incubated with TMA-DPH at 4°C for 10 min and
subsequently analyzed with a fluorimeter within one min. The fluorescent
polarization value was calculated with a formula of p = (F parallel - F
perpendicular)/(F parallel + F perpendicular). Three mice were used for each

group in the experiment with each sample assayed in triplicate. *, P < 0.05.
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Fig. 3.8 PE on the cell surface

Primary hepatocytes were prepared from Pemt” and Abcb4”/Pemt” mice
fed a choline-supplemented (CS) diet for 24 h and then switched to a choline-
deficient (CD) diet. Pemt” mice were fed a CD diet for 2 days and Abcb4”/Pemt
* mice were fed a CD diet for 3 or 21 days. After plating for 4 h, hepatocytes were
incubated with biotinylated PE-specific binding peptide, Ro98-019, at 4°C for 30
min and subsequently with FITC conjugated streptavidin for 30 min.
Fluorescence was visualized under a fluorescent microscope (A). Propidium
iodide was added into the incubation buffer to identify viable cells. Fluorescent
intensity of FITC (PE-binding) per cell number was quantified by flow cytometry
(B). Four mice were used for each group in the experiment with each sample

assayed in triplicate. * P < 0.01 for CS compared to CD-fed mice.
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Fig. 3.9 Hypothetical mechanism for liver failure in CD-Pemt” mice.
PCs form cylindrical structures (green) and PEs form conical structures

(red). Cellular contents (blue) are released when membrane becomes leaky.
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Fig. 3.10 Increased PE catabolism causes the decrease in hepatic PE level
in CD-Pemt"/Abcb4” mice

The rates of PE synthesis and degradation estimated from pulse-chase
labeling with [3H]glycerol of primary cultured hepatocytes from Abcb4”/Pemt”
mice. Abcb4”/Pemt” mice were fed a choline-supplemented (CS) diet for 24 h
and switched to a choline-deficient (CD) diet for 21 days (CD21). Relative rates

were based on comparisons between CS and CD groups.
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Fig. 3.11 VLDL-PC secretion and HDL-PC uptake by hepatocytes

Pemt” and Abch4”/Pemt” mice were fed a choline-supplemented (CS)
diet for 24 h and then switched to a choline-deficient (CD) diet for 2 (Pemt”) or
21 (Abcb4”/Pemt”) days. (A) VLDL-PC secretion assay: hepatocytes were
labeled with [3H]choline for 2 h and then chased for 2 h. Cell culture medium was
collected at the end of the chase and PC in VLDL particles isolated. (B) HDL-PC
uptake assay: murine HDL particles were pre-incubated with fluorescence-
labeled PC, BODIPY-PC. Primary cultured hepatocytes were incubated with

(BODIPY-PC) HDL for 2 h. Intracellular fluorescent intensity was measured as

HDL-PC.
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Fig. 3.12 PLA; activity is enhanced in CD-Abcb4”/Pemt” mice, but not in

CD-Pemt” mice
In vitro assays were performed in liver homogenates from Pemt” and

Abcb4”/Pemt” mice of calcium-dependent PLA, (cPLA,) and calcium-
independent PLA2 (iPLA,) activities with PEDG6 (a self-quenching fluorescent
substrate for PLA,). The specificity of increase in PLA; activity was further

demonstrated by in vitro assay with 50 umol/l PLA; inhibitors, BEL (an iPLA2-

specific inhibitor) and ATK (inhibits both iPLA; and cPLA,).
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Fig. 3.13 Proposed scheme for the maintenance of PC/PE ratios in CD-

Abcb4”/Pemt” mice
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Fig. 3.14 PC/PE ratios influence membrane integrity of large unilamellar

vesicles (LUVs)

Permeability assays of LUVs with different PC/PE ratios. LUVs of 100 nm
were prepared at PC/PE ratios of 0.5 to 2.0. The ratio of hepatic PC + PE,
sphingomyelin and cholesterol were kept constant at 86:1:9. Leakage was based

on the measurement of the release of entrapped calcein. n=3.
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Fig. 3.15 Choline deprivation does not affect hepatic ET activity

Liver samples were collected from Pemt” mice and Abch4” /Pemt” mice
fed a choline-supplemented (CS) diet for 24 h (0 day) and then switched to a
choline-deficient (CD) diet for 3, 21 or 90 days. Liver homogenates were assayed
for ET activity with CTP and [3H]phosphoethanolamine as substrates. The
production rate of [3H]CDP-ethanoIamine during 15 min was calculated as ET

activity. Four mice were used for each time point in the experiment with each

sample assayed in duplicate.
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Fig. 3.16 Knockdown of PE biosynthesis in CD-Pemt” hepatocytes by ETi
ETi vectors were co-transfected with GFP vectors (ratio, 4:1) into cultured
hepatocytes isolated from CD-Pemt” mice for 24 or 48 h. The control cells were
transfected with RNAI control vectors and GFP vectors (ratio, 4:1). (A) Relative
mRNA level of ET. Hepatocyte mRNA was extracted and quantified via
guantitative PCR. Relative values were obtained from comparison between ET

and cyclophilin. (B) ET activity was measured in total cell homogenates. ** P <

0.01. **, P < 0.001.
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Fig. 3.17 ETi decreases PE levels in hepatocytes

ETi vectors were co-transfected with green fluorescent protein (GFP)
vectors (ratio, 4:1) for 24 or 48 h into hepatocytes isolated from Pemt” mice fed a
CD diet for 2 days. The hepatocytes were harvested and PE was extracted by

the Bilgh and Dyer method and analyzed by HPLC.
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Fig. 3.18 ETi increases PC/PE ratio and attenuates cell damage

ETi vectors were co-transfected with green fluorescent protein (GFP)
vectors (ratio, 4:1) for 24 or 48 h into hepatocytes isolated from Pemt” mice fed a
CD diet for 2 days. The medium was replaced with fresh medium for an
additional 4 h. Alanine aminofransferase (ALT) activity in the medium was

measured as an indicator of cell damage. *, P < 0.05.
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Fig. 3.19 ETi attenuates the incorporation of [*H]ethanolamine into [*H]PE
(A) Hepatocytes from CD-Pemt” mice after transfection with ETi for 24 h
were labeled with [3H]ethanolamine for up to 2 h. n=3. (B) Hepatocytes were

labeled with [*H]ethanolamine for 24 h since the start of transfection. *, P < 0.05.
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Fig. 3.20 PE exposure on the cell surface after ETi

After transfection for 24 or 48 h, hepatocytes from CD-Pemf” mice were
incubated with biotinylated PE-specific binding peptide, Ro98-019, at 4°C for 30
min and subsequently with Texas Red®-conjugated streptavidin for 30 min. GFP

fluorescence (green); PE-binding fluorescence (red), n=3.
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Fig. 3.21 Attenuation of PE catabolism induces cell damage in CD-Abcb4”
/Pemt” murine hepatocytes

Arachidonyl trifluoromethyl ketone (ATK), a PLA,-specific inhibitor was
added to CD medium (CD+ATK) for 24 h and 48 h. The medium was replaced
with fresh medium every 2 h during the first 8 h of cell culture to remove hepatic
PC. After an additional 4 h of culture with fresh medium, ALT activity in the

medium was measured as an indicator of cell damage and the PC/PE ratio was

calculated. n=3. *, P < 0.01.
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Fig. 3.22 Liver weight (LW) and body weight (BW)

Pemt” mice and Abcb4”/Pemt” mice were fed a choline-supplemented
(CS) diet for 24 h and then switched to a choline-deficient (CD) diet for 3 to 90
days. The mice were weighed before sacrifice then the livers were removed and

weighed.
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Fig. 3.23 Liver photos

Pemt” mice and Abcb4”/Pemt” mice were fed a choline-supplemented
(CS) diet for 24 h and then switched to a choline-deficient (CD) diet for 3 (CD3)
or 21 (CD21) days. In choline re-feeding experiments, after fed a CD diet for 3
days, Pemt” mice were fed a CS diet for an additional 4 days (CD3+CS4). Chow
diet-fed Pemt” mice were hydrodynamically injected with control or ETi vectors

(50mg/kg) in 1ml saline at the time points of 0, 8 and 24 h. Mice were fasted for

12 h before sacrifice (ETi).
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Fig. 3.24 Liver histology by hemotoxylin and eosin staining

Pemt” mice and Abcb4”/Pemt” mice were fed a choline-supplemented
(CS) diet for 24 h and then switched to a choline-deficient (CD) diet for 3 (CD3)
or 21 (CD21) days. CD3-Pemt” mice were fed a CS diet for 4 days (CD3 + CS4).
Liver tissues were fixed in 10% formalin. Liver sections were stained with
hemotoxylin and eosin by the Department of Laboratory Medicine and Pathology,

University of Alberta Hospital. The slides were visualized under light microscopy

with 400 X magnification.
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Fig. 3.25 Plasma levels of glucose and insulin

Plasma samples were collected from Pemt” mice and Abcb4”/Pemt”
mice fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to
the choline-deficient (CD) diet for 3 to 21 days. Plasma glucose and insulin were

measured with chemical kits from Sigma and Alpco respectively.
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Fig. 3.26 Liver histology by hemotoxylin and eosin staining

Wild-type mice were fed a choline-supplemented (CS) diet for 24 h and
then switched to a choline-deficient (CD) diet for 3 (CD3) or 21 (CD21) days.
Liver tissues were fixed in 10% formalin. Liver sections were stained with
hemotoxylin and eosin by the Department of Laboratory Medicine and Pathology,

University of Alberta Hospital. The slides were visualized under light microscopy

with 400 X magnification.
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Fig. 3.27 Choline re-feeding reverses both hepatitis and steatosis in CD-
Pemt” mice

Pemt” mice were fed a choline-supplemented (CS) diet for 24 h and then
switched to a choline-deficient (CD) diet for 3 (CD3) days. CD3-Pemt” mice were
fed a CS diet for 4 days (CD3 + CS4). (A) Liver PC and PE levels. (B) Hepatic
PC/PE molar ratios. (C) Liver damage as assessed by plasma alanine

aminotransferase (ALT) activity. (D) Liver TG levels.
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Fig. 3.28 increased PC/PE ratio reversed hepatitis, but not steatosis

After 3 injections of Control or ETi vectors (ETi) (50 mg/kg), Pemt” mice
were fed a choline-deficient (CD) diet for 2 days. n=3. (A) Liver histology by
hemotoxylin and eosin staining. (B) Liver damage as assessed by plasma
alanine aminotransferase (ALT) activity. (C) Liver TG levels. (D) Liver PC and PE

levels. (E) Hepatic PC/PE molar ratios. *, P < 0.05; **, P < 0.01.
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Fig. 3.29 Plasma membrane potentials of hepatocytes

Primary hepatocytes were isolated from Pemt” and Abcb4”/Pemt” mice
fed a choline-supplemented (CS) diet for 24 h and then switched to a choline-
deficient (CD) diet. Pemt” mice were fed a CD diet for 2 days and Abcb4”/Pemt
* mice were fed a CD diet for 3 or 21 days. Membrane potential was assayed by
incubation hepatocytes with bis-(1,3-dibutylbarbituric acid)trimethine oxonol
(DIBACA4(3)) at 4°C for 30 min and subsequently analyzed with a fluorimeter

within one min. Fluorescent intensity per cell number is displayed.
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Chapter 4

Choline Channeling from Peripheral Tissues to Brain and Liver

--- Adaptation to Choline Deprivation lil: Choline Redistribution

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1 Introduction

Choline is an essential nutrient for humans and animals (1-3). Complete
choline deprivation is lethal, which is attributed to severe liver failure (3,4).
However, when biliary secretion of PC was blocked, mice (Abcb4”/Pemt”)
showed an adaptive response to choline deprivation, choline recycling (Chapter
2) (3). Although the level of total choline-containing metabolites in the liver
decreased ~50% after 21 days of choline-deficient (CD) diet in Abcb4”/Pemt”
mice as compared with choline-supplemented (CS) mice, the level of total
choline-containing metabolites was then maintained for at least 3 months as the
result of recycling choline and curtailing choline oxidation (3). There is another
possibility for this adaptation besides choline recycling, which is choline
redistribution. Choline oxidation, as the only catabolic pathway of choline, was
maintained at a low level in CD-Abcb4”/Pemt” mice during choline deprivation
(Fig. 2.7) (3). Thus, liver might receive choline from extrahepatic tissues to

compensate the loss from choline oxidation.

No obvious change was observed in organs other than liver during choline
deprivation in CD-Pemt” mice (4). Like liver, brain is also an important organ for
choline metabolism, requiring considerable amount of choline as acetylcholine for
neurotransmission (5). Previously we found that CD-Pemt” mice were under
severe choline deficiency whereas CD-Abcb4”/Pemt” mice were able to

establish a new choline homeostasis with a ~50% lower level of total choline-
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containing metabolites than CS-Abcb4”/Pemt” mice (3). Although the two
mouse models were under different situations of choline deficiency, the brains in
both models did not show any obvious damage during choline deprivation.
Hence, the brain might not face choline deficiency and might obtain choline from

peripheral tissues. Therefore, choline redistribution might be initiated as another

adaptation to choline deprivation.

4.2 Materials and Methods

4.2.1 Animals see 2.2.1

4.2.2 Plasma S100p protein assay

The brain protein S1003 when found in the plasma is a marker of brain
damage (6,7). Sandwich enzyme-linked immunosorbent assay (ELISA) was
performed for measurement of plasma S100 protein level. Polyclonal anti-
S100B protein antibody (Santa Cruz) was used as both catching and detecting
antibodies. The secondary antibody was conjugated with horseradish peroxidase
(HRP) and 3, 3', 5, 5'-tetramethylbenzidine (TMB) (Sigma) was used for color

developing. Brain homogenates (1:100 dilution) were used as a positive control.

4.2.3 Assay for total choline-containing metabolites
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Liver or brain homogenates were assayed for total choline-containing
metabolites with Phospholipids B kit (Wako) based on the release of free choline

by phospholipase D and choline oxidation by choline oxidase.

4.2.4 Lipid analysis see 2.2.6

4.2.5 Choline oxidase assay see 2.2.5

4.2.6 Western blotting for choline high-affinity transporter (CHT)

Fifty png of protein from liver and brain homogenates were separated by
10% SDS-PAGE and blotted with an anti-CHT antibody (Santa Cruz). S100p3
protein blotting was used as a protein loading control for brain analysis. Protein

disulfide isomerase (PDI) blotting was used as a protein loading control! for liver

analysis.

4.2.7 In vivo injection of [*H]choline

Pemt” and Abcb4”/Pemt” mice were fed a CS diet for 24 h and then
switched to a CD diet for 3 or 21 days. 100 pCi [*H]choline in 100 p! saline was
injected into mice (~20 g) via the tail-vein. Mice were sacrificed after 1 h or 24 h
of injection. Total radioactivity in the whole tissue was measured and all assayed

tissues included brain, liver, intestine, kidney, heart, lung and muscle, as well as
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plasma. Total muscle weight was based on the muscle/body weight index (8).
Total plasma volume was estimated as 2 ml in a 20 g mouse (9). Four mice were
in each group and assayed in duplicate. Data from different mice were

normalized to a mouse of 20 g body weight for comparison.

4.3 Results

4.3.1 No brain damage occurred during choline deprivation.

The brain protein S1003 when found in the plasma is a marker of brain
damage (6,7). We found that no S1008 proteins was detectable in plasma of CS-
and CD-Pemt” mice or Abcb4”/Pemt” mice, which indicated that no brain
damage was found in both CD-Pemt” mice and CD-Abcb4”/Pemt” mice
(plasma S1000 proteins levels in 1:100 diluted brain homogenates: 0.84
fluorescent intensity as a positive control; no S1008 protein was detectable in
plasma of wild type mice as a negative control). We also checked genomic DNA
of brain and did not find any DNA ladder fragments, which suggested that no

apoptosis occurred in the brain during choline deprivation.

4.3.2 Brain did not exhibit choline deficiency.

The level of total choline-containing metabolites in brain homogenates

was analyzed with Phospholipids B kit (Wako). No significant change of total
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choline-containing metabolites was found in the brain of both Pemt” mice and
Abcb4”/Pemt” mice after CD feeding (Fig. 4.1A). As the major choline-
containing metabolite, PC levels did not change significantly in brains of both
mouse models during choline deprivation (Fig. 4.1B). Interestingly, we found that
brain still maintained high activities of choline oxidase in both models during

choline deprivation (Fig. 4.2). Choline oxidation is the only catabolic pathway of

choline (10).

We found that the expression of CHT in brains showed a minor increase
after choline deprivation, but not in livers (Fig. 4.3). Choline high-affinity
transporter is under feedback regulation by acetylcholine level that is dependent
on the pool size of total choline-containing metabolites in brain (11). In contrast,
we found that plasma free choline level did not decline significantly (Fig. 4.4A)
even though the level of plasma PC dramatically decreased (Fig. 4.4B). Thus,

brains in both mouse models were still able to acquire sufficient choline during

choline deprivation.

4.3.3 Choline distribution and redistribution during choline deprivation

To trace the distribution and redistribution of choline during choline
deprivation, [*H]choline was injected through a tail-vein into both Pemt” mice and
Abcb4”/Pemt” mice under CS and CD diets. Two time points were used to

collect organs, 1 h and 24 h after injection. Total radioactivity in each whole
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tissue was calculated on the basis of a 20 g mouse body weight. The sum of
radioactivity in all selected tissues was the combination of total radioactivity from
brain, liver, intestine, kidney, heart, lung and muscle, plus plasma. Potential

choline redistributions among tissues are summarized in Fig. 4.5.

From the sum of radioactivity in all selected tissues, we found that in both
mouse models, the CD diet caused increased uptake of [°H]choline by comparing
CS and CD mice after 1 h of injection with [*H]choline (p<0.01) (Fig. 4.6A, B).
After 24 h of injection with [*H]choline, increased uptake of choline was only
found in CD-Abcb4”/Pemt” mice (p<0.05) but not in CD-Pemt” mice as
compared with CS mice (Fig. 4.6 A, B). Total radioactivity in both CS- and CD-
Abcb4”/Pemt” mice from 1 h to 24 h was higher than that in CS- and CD-Pemt”
mice. Therefore, selected tissues in CD-Abcb4”/Pemt” mice were able to
incorporate more choline in total during choline deprivation compared to CD-
Pemt” mice. Since, without biliary PC re-absorption (> 95%) and redistribution
(12-14), choline uptake in all tissues might be up-regulated. However, when
biliary PC redistribution was involved, choline uptake in all tissues only increased

in CS-Pemt” mice but not in CD-Pemt” mice from 1 h to 24 h (Fig. 4.6A).
As seen in Fig. 4.7, in CS-Pemt” mice, after 1 h of injection with
[*H]choline, the majority of choline labeling was found in intestine, kidney, muscle

and liver. After 24 h, labeling in intestine (p<0.001) and muscle (p<0.05) was

increased. When choline was deprived from the diet, after 1 h of injection with
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[*H]choline, the majority of choline labeling was still found in intestine, kidney,
muscle and liver in CD-Pemt” mice. However, after 24 h, labeling in most of
tissues did not change except that decreased labeling was found in kidney
(p<0.01) and increased labeling in liver (p<0.05) and heart (p<0.01) from 1 h to
24 h in CD-Pemt” mice. Since total injection of [°H]choline was the same in all
CD-Pemt” mice, the alternations of labeling found in kidney, liver and heart
suggested that choline was redistributed from 1 h to 24 h in CD-Pemt” mice and
increased labeling in heart and liver might result from the decreased labeling in
kidney and/or unevaluated tissues. By comparing CS-Pemt” mice and CD-Pemt
“ mice, we found that initial uptake of choline (1 h labeling) was up-regulated
during choline deprivation, especially reflected in intestine (p<0.001) and muscle
(p<0.05). However, both intestine (p<0.01) and kidney (p<0.05) showed
significant reduction of labeling whereas both liver (p<0.05) and heart (p<0.01)
showed increased radioactivity from CS to CD after 24 h of labeling in Pemt”
mice (Fig. 4.7). Meanwhile, the sum of radioactivity showed no significant
change from CS to CD after 24 h of labeling in Pemt” mice (Fig. 4.6A). Thus,
these results suggested that choline redistribution was initiated by choline
deprivation. The donors of this choline redistribution might be intestine and
kidney, and the acceptors of choline were liver and heart. However, we still

cannot exclude unevaluated tissues that might contribute to this choline

redistribution.
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When biliary PC secretion was eliminated (Abcb4™) (bililary PC is the
major source of choline in normal animals, >90%) (12,14), dietary choline
became the only source of choline other than via PEMT. Thus, choline uptake
and distribution might change in this case. In CS-Abch4”/Pemt” mice, most
choline labeling was found in the liver after 1 h of labeling, whereas after 24 h,
labeling in liver was dramatically decreased (p<0.01) whereas labeling in
intestine (p<0.01), muscle (p<0.001) and brain (p<0.05) was increased
significantly (Fig. 4.8). Since the sum of radioactivity in CS-Abcb4”/Pemt” mice
also increased significantly (p<0.01) from 1 h to 24 h labeling (Fig. 4.6B), we
were not able to distinguish which tissue, either unevaluated tissues or liver,
might have contributed to the increased labeling in intestine, muscle and brain
(Fig. 4.8). In CD-Abcb4”/Pemt” mice, most of the choline labeling was found in
the intestine, kidney, muscle and liver after 1 h of labeling, whereas after 24 h,
labeling was significantly decreased in intestine (p<0.05) and kidney (p<0.05) but
increased in liver (p<0.05), muscle (p<0.001), heart (p<0.05), lung (p<0.05) and
brain (p<0.05) (Fig. 4.8). Since the sum of radioactivity in all selected tissues did
not change significantly from 1 h to 24 h labeling in CD-Abcb4”/Pemt” mice (Fig.
4.6B), intestine and kidney might contribute their choline to liver, muscle, heart,
lung and brain. By comparing CS- and CD-Abcb4”/Pemt” mice at 1 h labeling,
the CD diet caused increased uptake of choline in intestine (p<0.001), kidney
(p<0.001) and muscle (p<0.01), and decreased uptake in liver (p<0.01) (Fig. 4.8).
Even though the sum of radioactivity in all selected tissues was higher (p<0.05)

in CD- compared to CS-Abcb4”/Pemt” mice after 24 h of labeling (Fig. 4.6B),
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the radioactivity in muscles were significantly lower (p<0.05) in CD- compared to
CS-Abcb4”/Pemt” mice after 24 h of labeling. Thus, these results suggested that
muscles made a significant contribution to choline redistribution during choline
deprivation aside from plasma by comparing CD- to CS-Abcb4”/Pemt” mice
after 24 h of labeling (p<0.05) (Fig. 4.8). Unlike the acute adaptation in CD-Pemt
* mice, during long-term choline deprivation, muscles in CD-Abcb4”/Pemt” mice
might be donors in choline redistribution, which might be further supported by the
observation of significant weight loss of extra hepatic tissues in CD-Abcb4”
/Pemt” mice (Table 4.1). In CD-Abcb4”/Pemt” mice, choline redistribution
benefited not only liver, but also intestine, kidney, heart and lung, since total
radioactivity in these tissues were all increased from CS to CD after 24 h of
labeling. Moreover, the sum of radioactivity in all selected tissues was higher in
CD- compared to CS-Abcb4”/Pemt” mice after 24 h of labeling (p<0.05) (Fig.
4.6B). The increase in radioactivity at 24 h in CD mice suggests that some

unevaluated tissues might also contribute to choline redistribution during choline

deprivation.

It was interesting that the radioactivity in brain did not show any significant

change in both mouse models under a CS or CD diet (Fig. 4.7, 4.8).

Under normal conditions, liver may be the major organ for uptake of free
choline, converting it into PC or lysoPC that are secreted into plasma for

transport to extrahepatic tissues. This process was further supported by
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increased labeling in plasma PC, rather than free choline, from 1 hto 24 h
labeling in both CS-mouse models (p<0.01) (Fig. 4.9). However, once mice were
deprived of dietary choline, no difference in the ratio of PC to free choline was
found from 1 h to 24 h labeling in both CD-mouse models, and even at 1 h of
labeling, most of the radioactivity occurred in PC in both CD-mouse models (Fig.
4.9). This indicates that during choline deprivation, the conversion of free choline
into PC was enhanced, which is consistent with our previous finding that CT was

up-regulated during choline deprivation (3).

Since biliary PC accounts for >90% of total choline uptake in mammals
(the rest from diet), the data obtained from comparing CS-Pemt” mice and CS-
Abcb4”/Pemt” mice at 1 h of labeling (Fig. 4.7, 4.8) suggest that dietary choline
might be mainly delivered into liver in CS-Abcb4”/Pemt” mice since no biliary
choline was available, whereas biliary choline mainly into intestine, kidney and

muscle in CS-Pemt” mice.
4.3.4 Liver was more active in choline uptake than brain.

From specific activity assays, in both CS-Pemt” mice and CS-Abcb4”
/Pemt” mice, brains showed increased uptake of choline by comparing the
radioactivity from 1 h to 24 h (p<0.05) (Fig. 4.10A, C). However, liver showed the

opposite results (p<0.05) (Fig. 4.10B, D), since PC synthesized in liver might be

delivered to extrahepatic tissues, which is consistent with the observation that
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more PC occurred in plasma from 1 h to 24 h (Fig. 4.9). At 24 h of labeling, most
choline was converted into PC and/or further metabolized. When mice were fed
with the CD diet, both brain and liver showed increased uptake of choline from 1
h to 24 h in CD-Abch4”/Pemt” mice (p<0.05), but not in CD-Pemt” mice (Fig.
4.10). The total specific activity in livers from either mouse strain fed a CS or CD
diet was much higher than that in brain (Fig. 4.10). This suggested that choline

uptake in liver was more active than in brain, especially under dietary choline-

deficiency.

4.4 Discussion

The level of total choline-containing metabolites in the brain was almost
maintained during choline deprivation in both mouse models (Fig. 4.1), however,
as we previously reported, the level of total choline-containing metabolites in the
liver dropped to half (3) and the level of total choline-containing metabolites in the
plasma to 10~20% during choline deprivation in both mouse models (Fig. 4.4B).
Thus, decreased level of total choline-containing metabolites in the liver, but not
in other organs during choline deprivation, suggests that liver is the most
sensitive organ to respond to the stress of choline deprivation and that liver has
the capability of down-regulation of choline homeostasis for survival (3).
Moreover, liver is the only organ that producing choline (in the presence of
PEMT) and delivering choline to other organs (15,16). It was interesting that
brain still maintained higher activity of choline oxidase (Fig. 4.2) but liver down-

regulated choline oxidation to a lower level in both mouse models during choline
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deprivation (Fig. 2.7). Combined all together, our data suggest that brain
becomes an acceptor of choline during the whole period of choline deprivation.
Liver becomes an acceptor of choline during the later phase of choline
deprivation in CD-Abcb4”/Pemt” mice. Whereas during the early phase of
choline deprivation in CD-Abcb4”/Pemt” mice liver acted as a donor of choline,
since choline oxidation was curtailed at 3 days of CD-Abch4”/Pemt” mice (Fig.
2.7) whereas the level of total choline-containing metabolites still decreased in

the first 21 days of choline deprivation (Fig. 2.4).

In other words, choline redistribution among organs occurred during
choline deprivation. As we found previously, the survival of CD-Abcb4”/Pemt”
mice depended on the maintenance of the level of total choline-containing
metabolites after 21 days of choline deprivation (3). Thus, it was not surprising
that choline redistribution also directed extrahepatic choline into liver to maintain
the minimal level of choline for life in CD-Abcb4”/Pemt” mice from 21 to 90
days. Our results also suggest that intestine, kidney and muscle might donate

their choline to liver and brain via choline redistribution.

How did brain maintain its total choline level so stable during choline
deprivation? From in vivo labeling, we found that choline uptake in brain only
accounted for a minor part of total choline uptake in whole body (Fig. 4.7, 4.8,
4.10). In addition, choline oxidation was still active in the brain of both mouse

models during choline deprivation (Fig. 4.2), whereas the total level of choline-
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containing metabolites did not decease significantly in brains after both strains of
mice were fed the CD diet (Fig. 4.1A). These results suggest that choline
deprivation did not significantly affect choline metabolism in brain in both mouse
models and brain must have obtained continuous supply of choline from
peripheral tissues during choline deprivation. Thus, during choline deprivation,
choline redistribution was initiated, which guaranteed a steady supply of choline
to the brain. Sufficient free choline in the plasma and stable choline transporters
guaranteed the level of total choline-containing metabolites in the brain during
choline redistribution (Fig. 4.3, 4.4). Hence, it was feasible for mice to maintain
the total level of choline-containing metabolites in their brains via choline

redistribution to escape/adapt to choline deprivation.

Previous studies showed that apoptosis was induced in brain cells
cultured in a CD medium (17). This suggested that choline is an essential
component for brain. However, in vivo, brain actually did not exhibit choline
deﬁciency when mice were under PEMT deficiency and/or dietary choline
deficiency (Fig. 4.1). Even though CD-Pemt” mice died of severe liver failure
during complete choline deprivation (3,4), the level of total choline-containing
metabolites in brain did not decline significantly in CD-Pemt” mice (Fig. 4.1).
These results indicated that v~>hen mice were under the stress of choline
deprivation, a fine reQulatory mechanism was triggered to protect some important
organs (such as brain and liver) from choline deprivation while some other

organs (such as muscle and intestine) might sacrifice their choline storage to
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brain and liver, so called choline redistribution (Fig. 4.5). Besides, mice could
also down-regulate their choline level to the threshold to maintain a basic life. For
example, CD-Abcb4”/Pemt” mice can survive on the baseline of hepatic choline
level (~110 nmol/mg protein, about half of that under the CS diet) during choline
deprivation as reported before (3). No matter either acute adaptation in CD-Pemt
* mice or chronic adaptation in CD-Abcb4”/Pemt”’ mice, choline redistribution did

contribute to adaptation to choline deprivation.

From Table 4.1, | found that body weight decreased unparalleled with
increased liver weight in Abcb4”/Pemt” mice and the ratio of liver weight to body
weight increased dramatically during choline deprivation. Furthermore, the weight
of extrahepatic tissues decreased significantly after 21 days of choline
deprivation. These results support the idea that mice might have to sacrifice
some tissues (such as muscles) to provide choline to liver and brain. This

redistribution of choline may be beneficial for mice during a long-term of choline

deprivation.

What mediates choline redistribution is also an intriguing question. Fig. 4.4
showed that choline deprivation did not profoundly affect plasma free choline
level in Pemt” mice after 3 days. This data imply that under acute choline
deprivation the liver might be more dependent on PC entering the liver than that

plasma choline can compensate as a substrate for the CDP-choline pathway. In
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mice, the major uptake of PC by liver is from HDL particles. Therefore, choline

redistribution might be mediated by HDL transportation.

The last question is what regulates this process of choline redistribution to
adapt to choline deprivation. Our previous findings suggest that it could be c-Jun-

involved signaling (Chapter 2), which will be the major focus in future studies.
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Table 4.1 Body Weight and Liver Weight of Abcb4”/Pemt’- Mice

CS CD3 CD21 CD90

Body

Weight (g) 19-63+1.56 19.90+1.40 18.25:+140 16.83+1.1¢"

Liver
Weight (g) 107012  1.2+0.04

wke *
1.75+ 0.15 1.46 + 012

Liver

%%
Weight/Body 0.056 + 0.004 0.056 + 0.004 0.086 + 0.001 0.087 + 0.002""
Weight

Body Weight

— Liver 18.02+1.17 1743+1.62 16.36+0.87° 16.21+1.20°
Weight {g)

Abch4*/Pemt* mice were fed a choline-supplemented (CS) diet for 24 h and
then switched to a choline-deficient (CD) diet for 3, 21 or 90 days. *, p < 0.05;
**, p < 0.01. Pvalues were from comparison between CS and CD mice.
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Fig. 4.1 Levels of total choline—containing metabolites and
phosphatidylcholine (PC) in the brain are not affected by the choline-
deficient (CD) diet

Pemt” and Abcb4”/Pemt” mice were fed a CS diet for 24 h and then
switched to a CD diet for 3 to 90 days. The level of total choline-containing
metabolites was assayed with Phospholipids B kit (Wako). Brain PC level was
measured by HPLC after lipid extraction. (A) The level of total choline-containing

metabolites; (B) The level of PC in the brain.
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Fig. 4.2 Choline oxidation in the brain is still active during choline
deprivation

Pemt” and Abcb4”/Pemt” mice were fed a CS diet for 24 h and then
switched to a CD diet for 3 to 90 days. Choline oxidase activity was determined
by incubation of [3H]choline with mitochondria isolated as the pellet obtained after

centrifugation of liver homogenates at 12,000 x g for 15 min. [3H]betaine was

separated on TLC plates after lipid extraction.
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Pemt* Abcb4’-/Pemt-

Fig. 4.3 Expression of choline high-affinity transporter (CHT) in the brain

and liver.

Pemt” and Abcb4”/Pemt” mice were fed a CS diet for 24 h and then
switched to a CD diet for 3 to 90 days. Fifty pg proteins of liver and brain
homogenates were separated by 10% SDS-PAGE and blotted with anti-CHT
antibody. S100 protein blotting was used as protein loading control for brain

analysis. PDI blotting was used as protein loading control for liver analysis.
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Fig. 4.4 Plasma free choline levels did not decrease significantly on a CD
diet whereas plasma PC was decreased markedly.

Plasma was collected from Pemt” and Abcb4”/Pemt” mice fed a CS diet
for 24 h and then switched to a CD diet for 3 to 90 days. The levels of free
choline were assayed with choline oxidase. Plasma PC levels were measured by

HPLC after lipid extraction. (A) The levels of free choline in the plasma; (B)

Plasma PC levels.
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Fig. 4.5 Potential choline redistributions among tissues in Pemt” and

Abcb4”/Pemt” mice during choline deprivation
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Fig. 4.6 Sum of total radioactivity in all tissues assayed

Pemt” and Abch4”/Pemt” mice were fed a CS diet for 24 h (CS) and then
switched to a CD diet for 3 (CD3) or 21 (CD21) days. 100 uCi [*Hjcholine in 100
pl saline was injected into mice via the tail-vein. Mice were sacrificed after 1 h or
24 h of injection. Total radioactivity in the whole tissue were measured and all
assayed tissues included brain, liver, intestine, kidney, heart, lung and muscle,
plus plasma. Data were presented as a 20 g mouse. Sum of total radioactivity in

all tissues assayed in Pemt” mice (A) and Abcb4”/Pemt” mice (B).
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Fig. 4.7 Total radioactivity in the whole tissues of Pemft” mice.

Pemt” mice were fed a CS diet for 24 h (CS) and then switched to a CD
diet for 3 (CD3) days. 100 uCi [*H]choline in 100 pl saline was injected into mice
via tail-vein. Mice were sacrificed after 1 h or 24 h of injection. Total radioactivity
in the whole tissue were measured and all assayed tissues included brain, liver,

intestine, kidney, heart, lung and muscle, plus plasma. Data were presented as a

20 g mouse.
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Fig. 4.8 Total radioactivity in the whole tissues of Abcb4”/Pemt” mice
Abcb4”/Pemt” mice were fed a CS diet for 24 h (CS) and then switched
to a CD diet for 21 (CD21) days. 100 uCi [°H]choline in 100 pl saline was injected
into mice via tail-vein. Mice were sacrificed after 1 h or 24 h of injection. Total
radioactivity in the whole tissue were measured and all assayed tissues included

brain, liver, intestine, kidney, heart, lung and muscle, plus plasma. Data were

presented as a 20 g mouse.
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Fig. 4.9 Distributions of [*H]choline labeling in PC and free choline in the

plasma

Pemt” and Abch4”/Pemt” mice were fed a CS diet for 24 h (CS) and then
switched to a CD diet for 3 (CD3) or 21 (CD21) days. 100 pCi [*H]choline in 100
ul saline was injected into mice via tail-vein. Mice were sacrificed after 1 h or 24 h
of injection. Total radioactivity in the whole plasma were measured. Data are

presented as 2 mi plasma in a 20 g mouse. PC and free choline were separated

by thinner layer chromatography (TLC) after lipid extraction.
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Fig. 4.10 Specific activities of choline metabolites in brain and liver

Pemt” and Abcb4”/Pemt” mice were fed a CS diet for 24 h (CS) and then
switched to a CD diet for 3 (CD3) or 21 (CD21) days. 100 uCi [*H]choline in 100
pl saline was injected into mice via tail-vein. Mice were sacrificed after 1 h or 24 h
of injection. Total radioactivity in the whole tissue were measured. The level of
total choline-containing metabolites was assayed with Phospholipids B kit
(Wako). Data were presented for a 20 g mouse. Specific activities were
calculated from total radioactivity/amount of total choline-containing metabolites.
(A) Specific activities were assayed in the brain of Pemt” mice; (B) Specific
activities were assayed in the liver of Pemt” mice; (C) Specific activities were

assayed in the brain of Abcb4”/Pemt” mice; (D) Specific activities were assayed

in the liver of Abcb4”/Pemt” mice.
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Chapter 5

Mobilization of Extrahepatic Choline via Enhacing HDL-PC Efflux

--- Adaptation to choline deprivation IV: choline storage
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5.1 Introduction

Choline is stored as a component of phosphatidylcholine (PC) in the
membrane. PC accounts for > 95% of total choline-containing metabolites (1,2).
Mice can survive at the basal level of total choline-containing metabolites (~50%
of original level) during choline deprivation when choline is recycled (Chapter 2)
(3) and redistributed (Chapter 4). In terms of choline redistribution, the donor

tissues can also be treated as tissues of choline storage.

CD-Pemt” mice die of liver failure within 4~5 days (4). Acute lethality
suggests that Pemt” mice failed to adapt to choline deprivation. However, it was
intriguing to explore whether CD-Pemt” mice had an adaptive response to
choline deprivation. We found that only female Pemt” mice showed successful
adaptation to choline deprivation within the first day of choline deprivation. Both
male and female mice showed adaptive response to choline deprivation through
mobilization of choline stored in extrahepatic tissues, which was achieved by
enhancing the efflux of high density lipoprotein-PC (HDL-PC). However, gender-
specific requirement of HDL-PC by liver might determine gender-different
adaptations to choline deprivation in CD-Pemt” mice. This acute adaptation to

choline deprivation is named as choline storage.

5.2 Materials and Methods
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5.2.1 Animals

Pemt” mice (C57BL/6; 129/J background) (5) were fed a choline-deficient
(CD) diet, a semi-synthetic diet without choline (/CN, Cat*0290138710) or a
choline-supplemented (CS) diet (a CD diet containing 0.4% (w/w) choline
chloride). At the age of 10 to 12 weeks, Pemt” mice were fed a CS diet for 24 h
(0 day) and then switched to a CD diet for 1, 2 or 3 days. Mice were fasted for 12
h before sacrifice. Four to eight mice of each gender were used for each time

point in all experiments and assays were performed in duplicate. All data are

given as means + S.D.
5.2.2 Liver damage assays

Plasma samples were collected from Pemt” mice fed the choline-
supplemented (CS) diet for 24 h (0 day) then transferred to the choline-deficient
(CD) diet for 3 days. Plasma alanine/aspartate aminotransferase (ALT/AST)

activities were measured with a GPT/GOT Kit (Sigma, catalog # P505) as

indicators of liver damage. Plasma ALT/AST activity was measured at day O, 1, 2

and 3.

5.2.3 Lipid analysis see 2.2.6
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5.2.4 Profiles of choline-containing lipids in plasma lipoproteins

Blood was collected by cardiac puncture with instruments pretreated with
EDTA. Plasma was separated by centrifugation at 2,000 rpm for 20 min in a
refrigerated benchtop centrifuge. Fresh plasma samples were injected to fast-
phase liquid chromatography (FPLC) for analysis of profiles of choline-containing

lipids in lipoproteins. Plasma combined from at least three mice was used for

FPLC analysis.

5.2.5 Treatment of mice with glybenclamide

Female Pemt” mice were fed a choline-supplemented (CS) diet
containing glybenclamide (an inhibitor of ABCA1 mediated cholesterol and
phospholipid efflux, from Sigma) (163 pg/g diet) for one day and then changed to
a choline-deficient (CD) diet containg glybenclamide (163 pg/g diet) for one day.
Female Pemt” mice were fed a CS or CD diet without glybenclamide as controls.
Wild-type mice were fed a CS or CD diet with 163 ng/g glybenclamide as

negative controls, and no liver damage was found.

5.2.6 Pref HDL particles and ApoAl secretion from primary cultured

hepatocytes
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Male and Female Pemt” mice were fed the CS diet for one day and then
switched to the CD diet for one day. Primary hepatocytes isolated from mice
described in 2.2.4 were cultured in a CS or CD medium. After plating for 2 h,
hepatocytes were changed to fresh medium without serum for 1 h. After that,
hepatocytes were chased in a fresh medium for 2 h, then the medium was
collected and concentrated through a centrifugation filter with pore size of 5,000
kD. The concentrated medium was separated on a 6% non-denatured PAGE
(polyacrylamide gel electrophoresis) for analysis of prep high density lipoprotein
(prep HDL) particles. Then proteins were transferred to a PVDF (polyvinylidene
fluoride) membrane and blotted with an anti-ApoA1 antibody. Concentrated
medium was also loaded and separated by 12% SDS-PAGE. Subsequently, total

ApoAl proteins were measured by Western blotting.

Sandwich ELISA (enzyme-linked immunoabsorbent assay) was used for
analyzing the amount of PC associated with ApoAl proteins. A 96-well plate was
pre-incubated with anti-ApoAl antibody for 24 h at 4°C as a catching antibody.
After incubation with concentrated medium, a detecting antibody, an anti-PC
antibody (1:100) (from Dr. Masato Umeda) was used for measuring the amount
of PC associated with ApoAl followed by a secondary antibody-conjugated with

FITC (fluorescein isothiocyanate). Fluorescent intensity was measured with a

fluorimeter.

5.3 Results
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5.3.1 Gender-dependent response to choline deprivation in Pemt” mice

Analysis of liver damage markers, plasma ALT/AST activities, showed that
when male Pemt” mice were fed the CD diet, liver damage was induced
immediately after the CD feeding and increased ‘constantly during three days of
choline deprivation (Fig. 5.1). However, female Pemt” mice did not show any
liver damage in the first day of the CD feeding and liver damage only occurred
and increased after the first day of choline deprivation (Fig. 5.1). Thus, liver
damage induced by choline deprivation in CD-Pemt” mice was delayed for one

day in female mice compared to male mice (Fig. 5.1).

5.3.2 Gender-dependent difference in PC/PE ratios and PC levels in the liver

in Chapter 3, the PC/PE ratio is identified as a key regulator of membrane
integrity and liver damage is induced by a decreased hepatic PC/PE ratio. Here,
we provide additional evidence to support this conclusion. That is, gender-
dependent status of liver damage in Pemt” mice during choline deprivation was
compatible with the theory of hepatic PC/PE ratios. For example, on the first day
of choline deprivation, female Pemt” mice did not show decreased PC/PE ratio,
but male Pemt” mice did (Fig. 5.2 A) (p<0.05). No liver damage was induced in

female Pemt” mice, but was in males (Fig. 5.1). When hepatic PC/PE ratios

211

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



decreased in both male and female Pemt” mice, liver damage occurred and

increased following continuous decrease in PC/PE ratios (Fig. 5.2A).

As addressed before, decreased PC/PE ratios in CD-Pemt” mice resulted
from decreased PC levels and unchanged PE levels (Chapter 3). During 3 days
of choline deprivation, there was no significant change in PE levels in livers of

both male and female mice (Fig. 5.2B). Thus, the decrease in PC/PE ratios

resulted from the change in PC levels.

5.3.3 Gender-dependent PC homeostasis in the liver

PC homeostasis in the liver consists of PC anabolism and catabolism as
well as PC secretion and uptake (Fig. 3.1) (2). Biliary PC levels mirrored hepatic
PC levels (Fig. 5.3, 5.2B) that indicated that biliary PC secretion was dependent
on the pool size of hepatic PC. These results also suggest that down-regulation
of biliary PC secretion might not be a successful means of adaptation to choline
deprivation. Even though female Pemt” mice were able to maintain their hepatic
PC levels for one day during choline deprivation (Fig. 5.2B), biliary PC secretion
in female Pemt” mice was not down-regulated during the first day of choline
deprivation (Fig. 5.3). Interestingly, female Pemt” mice showed obvious lower
levels of plasma PC as compared with males when mice fed the CS diet (Fig.
5.4). Since most PC in plasma of mice is associated with HDL particles (6), it was

not surprising to find that the difference in plasma PC levels was completely
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reflected by HDL-PC levels between female and male Pemt” mice (Fig. 5.5, 5.6).
When Pemt” mice were fed the CD diet, female mice were able to increase their
plasma PC levels through increasing HDL-PC levels (Fig. 5.4, 5.6), whereas
male Pemt” mice were not (Fig. 5.4, 5.5). Since we found previously, HDL-PC
uptake rate did not change in CD- compared to CS-Pemt” hepatocytes (Chapter
3), the increased HDL-PC levels in plasma might be from increased HDL-PC

efflux from liver or other tissues.

5.3.4 Glybenclamide lowered HDL-PC and induced liver damage in female

Pemt” mice

Glybenclamide (also called glyburide) is an inhibitor of HDL-
PC/cholesterol efflux mediated by ABCA1 (7,8). When we fed glybenclamide
(163 pglg diet) to female CS- or CD-Pemt” mice, we found that glybenclamide
effectively reduced HDL-PC and subsequently plasma PC levels were also
decreased in female Pemt” mice when fed the CD diet for one day (CD+G)
compared with female Pemt” mice fed the CS diet for one day (CS+G) (Fig. 5.7).
Finally, hepatic PC levels decreased about 30% (p<0.05) and the PC/PE ratio
decreased about 40% (Fig. 5.8A, B). The glybenclamide induced liver damage in
female CD1-Pemt” mice (Fig. 5.9). However, glybenclamide did not induce any
liver damage in female Pemt” mice when fed the CS diet for one day (Fig. 5.9) or

in wild-type mice fed either the CS or CD diet for up to 2 days (plasma ALT

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



activities in wild type mice fed glybenclamide of 163 ng/g diet for 2 days: 7.33 +
0.89 1UN).

5.3.5 Exploring the mechanisms of differential regulation of HDL-PC efflux

Primary hepatocytes isolated from male and female Pemt” mice fed the
CS or CD diet were cultured to analyze hepatic PC efflux to ApoAl. Fig. 5.10
showed that hepatocytes only produced pref3 HDL but not mature HDL. Dietary
choline deprivation caused decreased formation of prep HDL in both male and
female Pemt” mice, even though the total amount of ApoAl secreted from
hepatocytes was not changed significantly. The amount of PC associated with

ApoAl was significantly reduced in both male and female Pemt” mice after

choline deprivation (Fig. 5.11).

5.4 Discussion

The gender-dependent difference during choline deprivation was that
female Pemt” mice showed a one-day delay of liver damage compared to male
Pemt” mice. In addition, the reduction of hepatic PC, biliary PC and hepatic
PC/PE ratio were similarly delayed for one-day in female CD-Pemt” mice
compared with those in male CD-Pemt” mice. Thus, liver in female CD-Pemt”
mice must have an alternative pathway to maintain PC since there was no

dietary choline available for PC biosynthesis. Interestingly, we found that plasma
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PC level increased in female Pemt” mice during the first day of choline
deprivation, apparently mainly derived from increased HDL-PC. Liver is the major
organ for reverse cholesterol transport in which the uptake of HDL-PC by liver is
an important route for liver to obtain PC from peripheral tissues (9). When we
used an ABCA1 inhibitor, glybenclamide (7,8), to block PC efflux to HDL
particles, the one-day delay of liver damage in female Pemt” mice was
eliminated. Therefore, the conclusion is that female Pemt” mice have a capability
for adaptation to acute choline deprivation for one day via mobilizing PC stored in
peripheral tissues through the HDL-reverse cholesterol transport pathway. This
mobilization of peripheral PC ensures that the level of hepatic total choline-
containing metabolites or PC is maintained in female Pemt” mice for one day
during choline deprivation. This acute response to choline deprivation may occur
in any animals when they are facing choline deprivation. The tissues as sources
of HDL-PC efflux can also be treated as tissues of choline storage for acute

adaptation to choline deprivation.

The most striking data from this experiment were that male Pemt” mice
showed ~7-fold higher plasma PC levels than female Pemt” mice after fed a CS
diet for 24 h. The majority of plasma PC is associated with HDL (6). When Albers
et al (10) screened 15 different strains of mice fed a chow diet; they found male
mice showed 10-60% higher level of plasma phospholipid (mainly PC) and 10-
110% higher level of HDL-phospholipid (mainly HDL-PC) than female mice.

C57BL/6J male mice, which have similar background to Pemt” mice
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(C57BL/6J/129J), had 30% higher plasma phospholipid and HDL-phospholipid
than female mice (10). Noga et al (11) reported that when fed the chow diet,
male Pemt” mice showed 1.5-fold higher plasma PC level than female Pemt”
mice. These resulits are similar to what Albers et al reported for wild type mice
(10). It would be intriguing to explore why the deficiency of PEMT could enhance
the gender difference in plasma PC and HDL-PC levels in the future studies.
Moreover, there are two differences between my experiments and Noga’s, which
might account for enhanced difference in plasma PC levels between male and
female Pemt” mice from my studies compared to Noga’s. One is the diet, a CS
diet in my experiments instead of a chow diet in Noga’s. The other is the fasting

period, 12 h in my experiments but overnight fasting (assumedly ~16 h) in

Noga’s.

Our results suggest that the reason why female Pemt” mice showed a
one-day delay in hepatic choline deficiency during choline deprivation as
compared to male Pemt” mice was due to a different capability of HDL-PC efflux
from peripheral tissues. Possibly female Pemt” mice survive at a lower level of
plasma PC and HDL-PC efflux than do male Pemt” mice under choline-
supplemented conditions. Once choline deprivation was initiated, HDL-PC efflux
and plasma PC levels in male Pemt” mice may already be saturated so that can
not be up-regulated. In contrast, female Pemt” mice might have sufficient
capability to increase their HDL-PC efflux to maintain hepatic PC levels and

PC/PE ratios in order to prevent liver damage, which is an adaptive response to

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



choline deprivation. This acute adaptation might be dependent on the capability
of HDL-PC efflux. However, this adaptation only lasted for one day, which was
not surprising because mice were under complete choline deprivation (Pemt”
plus CD diet). Hence, those peripheral tissues as sources of HDL-PC efflux were
also under choline deprivation. Undoubtedly, the most intriguing question is
which tissue provided their PC to liver via HDL-PC. However, we can not answer
this question, since it is still unclear which tissue(s) is the major place of mature
HDL formation as well as HDL uptake (12,13). A current model is that hepatic PC
is originally loaded onto ApoAl to form prep HDL particles and then prefg HDL is
delivered to peripheral tissues to receive cholesterol and transport it back to liver
for disposal, so called reverse cholesterol transport (9,14,15). However,
cholesterol efflux mediated by ABCA1 in peripheral tissues coordinates
indispensably with PC effiux (9,16). Thus, prep HDL receives both cholesterol
and PC to form mature HDL particles. ABCA1 is expressed ubiquitously in all

tissues (17), so it is hard to identify which tissue is the major one for HDL

formation or HDL-PC effiux.

Why is there a gender difference in the capability of HDL-PC efflux in
Pemt” mice? Noga et al. reported a gender-dependent expression of CT and
PEMT in mice by in vitro assays (18), however, we did not find any gender-
dependent difference in CT and PEMT activities in our wild-type mice and/or
Pemt” mice (Table 5.1). Although no articles have reported gender-dependent

difference of PC homeostasis in vivo, | hypothesize that male Pemt” mice have a
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different PC homeostasis than female Pemt” mice. Thus, male Pemt” mice may
have a higher requirement for HDL-PC to maintain hepatic PC homeostasis.
Once choline was deprived, there might be no capability for male Pemt” mice to
further increase HDL-PC efflux from peripheral tissues. But this does not indicate
that male Pemt” mice did not respond to choline deprivation, since male Pemt”
mice maintained their high HDL-PC levels in plasma during the first day of
choline deprivation (Fig. 5.4), even though hepatic PC significantly decreased at
that time (Fig. 5.2B). Therefore, both male and female Pemt” mice showed an
adaptive response to choline deprivation by enhancing HDL-PC efflux. However,
a higher demand of HDL-PC for hepatic PC homeostasis in male Pemt” mice
made it infeasible for the adaptation. Whereas lower demand of HDL-PC for
hepatic PC homeostasis in female Pemt” mice allowed them to up-regulate HDL-
PC efflux to adapt to choline deprivation. Thus, gender-dependent differences in
Pemt” mice during choline deprivation might actually be differential adaptations
to PC homeostasis. In fact, during the evolution, there is pressure for female to
be resistant to choline deficiency such as lactation. This selective pressure
renders female to have better homeostatic control over choline (PC) metabolism.

This gender-specificity in hepatic PC homeostasis is also an adaptation to

choline from evolution.

Two potential mechanisms are believed to enhance HDL-PC efflux (9,14-
16). One is that lipid-poor prep HDL particles are able to receive more lipids from

peripheral tissues (14,15). The other is that increased ABCA1 expression in
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peripheral tissues can enhance HDL-PC efflux (16). Our results showed that
choline deprivation caused the formation of poorly-lipidated pref3 HDL particles
from both male and female Pemt” hepatocytes (Fig. 5.10). This may answer why
male Pemt” mice maintained higher HDL-PC efflux for the first day during
choline deprivation and female Pemt” mice were able to up-regulate their HDL-
PC efflux at the first day of choline deprivation (Fig. 5.4). From choline
redistribution experiments (Chapter 4), intestine and kidney might be possible
candidates for increased HDL-PC efflux via increased expression of
ABCA1.These tissues showed increased loss of choline from CS to CD

situations, which needs to be further studied in the future.
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Table 5.1 Hepatic CT and PEMT activities in wild type and Pemt” mice
CT, CTP:phosphocholine cytidylyltransferase; mCT, membrane-bounded

CT; PEMT, phosphatidylethanolamine N-methyltransferase. Data = mean + SD.

Total CT Activity mCT Activity PEMT Activity

(nmol/min/mg) (nmol/min/mg) (nmol/min/mg)

Wild Type Female 3.27 +0.56 221+0.23 1.09+0.19
Wild Type  Male 3.09 +0.11 2.23+0.35 0.94 +0.06
Pemt”~  Female 1.44 + 0.02 1.46 + 0.03 0
Pemt” Male 1.58 +0.38 1.49 + 0.09 0
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Fig. 5.1 Liver damage assays

Plasma samples were collected from Pemt” mice fed the choline-
supplemented (CS) diet for 24 h (0 day) then transferred to the choline-deficient
(CD) diet for 1 to 3 days. Plasma alanine and aspartate aminotransferase
(ALT/AST) activities were measured at day 0, 1, 2 and 3 as indicators of liver
damage. (A) plasma ALT activity; (B) plasma AST activity. *, p< 0.01, from

comparison between CS and CD mice.
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Fig. 5.2 Hepatic phospholipid compositions
Pemt” mice were fed a choline-supplemented (CS) diet for 24 h and then
switched to a choline-deficient (CD) diet for 1 to 3 days. (A) Molar ratio of PC to

PE; (B) Levels of PC and PE in liver homogenates. *, p< 0.05.
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Fig. 5.3 The amount of biliary PC

Bile samples were collected from Pemt” mice fed the choline-
supplemented (CS) diet for 24 h (0 day) then transferred to the choline-deficient
(CD) diet for 1-3 days. Total lipids in bile were extracted with the Bligh & Dyer
method and PC was separated and measured by HPLC as addressed in the

Methods. *, p< 0.05; **, p< 0.01. P values from comparison between CS and CD

mice.
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Fig. 5.4 The amount of plasma PC

Plasma samples were collected from Pemt” mice (n=4 for each gender)
fed the choline-supplemented (CS) diet for 24 h (0 day) then transferred to the
choline-deficient (CD) diet for 1 to 3 days. Total lipids in plasma were extracted

with the Bligh & Dyer method and PC was separated and measured by HPLC as

addressed in the Methods. *, p<0.05; **, p<0.01.
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Fig. 5.5 Profiles of choline-containing lipids in plasma lipoproteins

Fresh plasma samples were applied with fast-phase liquid
chromatography (FPLC) analysis for profiles of choline-containing lipids in
lipoproteins. Plasma samples were collected from Pemt” mice fed the choline-
supplemented (CS) diet for 24 h (0 day) then transferred to the choline-deficient

(CD) diet for 1 to 3 days. Plasma was combined from at least three male Pemt”

mice for each sample.
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Fig. 5.6 Profiles of choline-containing lipids in plasma lipoproteins

Fresh plasma samples were applied with fast-phase liquid
chromatography (FPLC) analysis for profiles of choline-containing lipids in
lipoproteins. Plasma samples were collected from Pemt” mice fed the choline-
supplemented (CS) diet for 24 h (0 day) then transferred to the choline-deficient
(CD) diet for 1 to 3 days. Plasma combined from at least three female Pemt”

mice was used for each sample.
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Fig. 5.7 Profiles of choline-containing lipids in plasma lipoproteins after

glybenclamide treatment

Female Pemt” mice were fed a choline-supplemented (CS) diet
containing glybenclamide of 163 pg/g body weight for one day (CS+G) and then
changed to a choline-deficient (CD) diet containing glybenclamide of 163 ng/g
body weight for one day (CD+G). Female Pemt” mice were fed a CS or CD diet
without glybenclamide for one day as controls (CS and CD). Fresh plasma
samples were applied for fast-phase liquid chromatography (FPLC) analysis
profiles of choline-containing lipids in lipoproteins. Plasma combined from at least

three female Pemt” mice was used for each FPLC analysis.
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Fig. 5.8 Hepatic phospholipid compositions after glybenclamide treatment

Female Pemt” mice were fed a choline-supplemented (CS) diet
containing glybenclamide of 163 ng/g body weight for one day (CS1) and then
changed to a choline-deficient (CD) diet containg glybenclamide of 163 ug/g
body weight for one day (CD1). Female Pemt” mice were fed a CS or CD diet
without glybenclamide as controls. (A) Levels of PC and PE in liver

homogenates; (B) Molar ratio of PC to PE. *, P < 0.05; **, P < 0.001 comparing
CS to CD groups.
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Fig. 5.9 Liver damage assays after glybenclamide treatment

Female Pemt” mice were fed a choline-supplemented (CS) diet
containing glybenclamide of 163 pg/g diet for one day (CS1) and then changed to
a choline-deficient (CD) diet containg glybenclamide of 163 ug/g diet for one day
(CD1). Female Pemt” mice were fed a CS or CD diet without glybenclamide as
controls. Plasma alanine aminotransferase (ALT) activities were measured as

indicators of liver damage.
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Fig. 5.10 HDL and ApoAl secretion from primary cultured hepatocytes

Male and female Pemt” mice were fed the CS diet for one day and then
switched to the CD diet for one day. Primary hepatocytes isolated from mice as
decribed in 2.2.4 were cultured in a CS or CD medium. After plating for 2 h,
hepatocytes were changed to fresh medium without serum for 1 h. After that,
hepatocytes were chased in a fresh medium for 2 h. Medium was collected for
analysis of high density lipoprotein (HDL) particles. Medium was concentrated
through a centrifugation filter with pore size of 5,000 kD. (A) HDL and pre3 HDL
particles in the medium were separated by 6% non-denatured PAGE for Western
blotting with an anti-ApoAl antibody (Chemicon); (B) Total ApoAl in the medium

was separated by a 12% SDS-PAGE and identified by Western blotting.
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Fig. 5.11 The amount of PC associated with ApoAl

Male and female Pemt” mice were fed the CS diet for one day and then
switched to the CD diet for one day. Primary hepatocytes isolated from mice as
described in 2.2.4 were cultured in a CS or CD medium. After plating for 2 h,
hepatocytes were changed to fresh medium without serum for 1 h. After that,
hepatocytes were chased in a fresh medium for 2 h. Medium was concentrated
through a centrifugation filter with pore size of 5,000 kD. Sandwich ELISA was
used for analyzing the amount of PC associated with ApoAl proteins. A 96-well
plate was pre-incubated with anti-ApoAl antibody for 24 h at 4°C as a catching
antibody. After incubation with concentrated medium, anti-PC antibody was used
for measuring the amount of PC associated with ApoAl in conjunction with a

secondary antibody-conjugated with FITC. Fluorescent intensity was measured

with a fluorimeter. *, p<0.05; **, p<0.01.
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Chapter 6

Choline Balance Theory

--- Summary
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6.1 Choline balance and imbalance

Every metabolite has its own balance. However, the balance for each
metabolite has not been elucidated. At first, we must define metabolite balance.
The simplest defination is that input equals output. This is a quantitative formula,
which means both input and output should have the same value. When a value
for balance is zero, this indicates no input and no output. Our preliminary work

initiated from this special condition, no input and no output of choline.

Choline concentration in the body is balanced by two choline acquisition
pathways: dietary choline intake and the PEMT pathway, and by two choline
depletion pathways: choline oxidation and biliary PC excretion (Fig. 1.2). Choline
balance can be interrupted in two ways, choline deprivation or choline excess,

together called choline imbalance.
6.2 Classical adaptations to choline imbalance

To maintain choline balance and adapt to choline imbalance, the
metabolic regulation should be existed on the choline acquisition pathways
(dietary choline intake and the PEMT pathway) and depletion pathways (biliary

excretion of PC and choline oxidation). Activation of processes regulating

choline balance may also be dependent on different situations.
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6.2.1 Dietary choline intake

The absorption of dietary choline is mediated by choline transporters and
also via uptake of lysophosphatidylcholine (lysoPC) in the intestine (1). Choline
uptake was not dependent on a choline transporter during choline deprivation,
since the expression of choline transporter did not increase significantly in either
liver or brain during choline deprivation (Fig. 4.3). Since biliary PC accounts for >
90% of total choline uptake (biliary PC + dietary choline) (2), Abcb4” mice might
have increased uptake of dietary choline. But, PLA; activity was down-regulated
in Abcb4” background suggesting that the consumption of PC might also be
down-regulated (Fig. 2.6). Therefore, the uptake of dietary choline may not
change in Abcb4” mice. CS-Pemt” mice survived normally with increased PC
biosynthesis through the CDP-choline pathway and maintaining the same hepatic
PC levels as compared to wild-type mice (3). CS-Pemt” mice might have

increased uptake of dietary choline since endogenous choline biosynthesis is

deficient.
6.2.2 The PEMT pathway

As the only endogenous pathway of choline biosynthesis, the PEMT
pathway was up-regulated during choline deprivation in several models of choline

deprivation, including animals fed a CD diet and CT” mice (4-7). In addition,

regarding PC biosynthesis, choline deprivation also up-regulated the CDP-
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choline pathway in a feedback way (Fig. 2.9, 2.10) (4,5,8,9). However, due to
lack of initial substrate, choline, up-regulation of CT was not able to increase
hepatic PC levels (Fig. 2.4) (10). Our studies suggest that the reason CT has this

“idle” up-regulation might be related to increased PC turnover during choline

deprivation (Chapter 2).

6.2.3 Biliary PC excretion

Biliary PC secretion leads to ~ 5% of biliary PC lost from excretion in each
enterohepatic circulation. Decreased biliary PC secretion in mice fed the CD diet
indicated that the choline depletion pathway via bile secretion was down-
regulated during choline deprivation (Fig. 2.5) (11). Although biliary PC secretion
was down-regulated (Fig. 2.5, Fig. 5.3), there was still a considerable amount of
choline lost from excretion. When female Pemt” mice were fed a CD diet for one
day, although hepatic PC levels did not decline significantly, biliary PC secretion
was maintained at the same level as that in CS-Pemt” mice (Chapter 5). Thus,
regulation of biliary PC secretion seemed not to be successful during choline

deprivation. That is why CD-Pemt” mice died so rapidly (Chapter 2).

6.2.4 Choline oxidation

Choline oxidation in the liver was almost completely shutdown during

choline deprivation in both CD-Abcb4”/Pemt” mice and CD- Pemt” mice (Fig.
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2.7). Down-regulation of choline oxidation also occurred in wild-type rats fed a
CD diet (12). Thus, organisms adapt to choline deprivation by blocking the

choline depletion pathway from choline oxidation to prevent the loss of choline.

6.3 New findings of adaptation to choline deprivation

However, adaptation to choline deprivation is not only restricted to the
modulation of a single choline acquisition or depletion pathway. Coordinative
modulation of all choline acquisition and depletion pathways and/or other
metabolic pathway such as PE metabolism was hypothesized to play a critical
role in adaptation to choline deprivation. By comparing two mouse models, CD-
Abcb4”/Pemt” mice and CD- Pemt” mice, we found that adaptation to choline
deprivation also included choline recycling, maintenance of membrane integrity
via maintenance of PC/PE ratio, choline redistribution and choline storage

(Chapter 2, 3, 4 and 5).
6.3.1 Choline recycling

Chapter 2 clearly demonstrates that the maintenance of total choline level
is critical for life. To achieve this, mice have to recycle choline in adaptation to
choline deprivation. The adaptations facilitate the survival of CD-Abcb4” /Pemt”

mice. By eliminating the loss of PC into bile, these mice are able to implement

significant changes in PC and choline metabolism. Notably, the oxidation of
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choline to betaine is markedly curtailed and choline kinase and CT activities are
increased to ensure re-utilization of choline for PC biosynthesis, so called choline
recycling. To guarantee choline recycling, PLA; activity and PC catabolism are
increased to ensure an ample supply of choline channeled for PC biosynthesis.
The conversion of choline into PC via choline recycling generates a large reserve
pool of newly synthesized PC that is readily accessible at times of high demand.
Meanwhile, enhanced choline recycling, therefore, allows more efficient
utilization of choline when PC levels drop to 50% during choline deprivation

(Chapter 2).

6.3.2 Maintenance of membrane integrity via maintenance of PC/PE ratio

Chapter 3 illustrates that adaptation to choline deprivation is also involved
in modulating other metabolic pathways besides choline metabolism, such as PE
metabolism. Although hepatic PC levels decreased to a similar degree in both
CD3-Pemt” mice and CD21-Abcb4”/Pemt” mice, gradual loss of hepatic PC in
CD21-Abcb4”/Pemt” mice compared to acute loss in CD3-Pemt” mice allowed
mice to modulate PE metabolism. In fact, differential PC removal pathways
determined different PE metabolism in two mouse models, since acute loss of
hepatic PC in CD-Pemt” mice was mainly from biliary secretion whereas gradual
loss of hepatic PC in CD-Abcb4”/Pemt” mice from PC catabolism. By comparing
two models of liver failure-resistant (CD-Abcb4”/Pemt” mice) and -un-resistant

mice (CD-Pemt” mice), and manipulating PC/PE ratios either in vitro or in vivo,
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hepatic PC/PE ratio was identified as a key regulator of membrane integrity.
Thus, another adaptation to choline deprivation in CD-Abcb4”/Pemt” mice is the
maintenance of membrane integrity via the maintenance of a normal PC/PE ratio
to escape liver failure. This adaptation was also displayed in wild-type mice fed
the CD diet (Chapter 3). In addition, when the hepatic PC/PE ratio decreases,

steatosis can be converted into steatohepatitis (Chapter 3).

6.3.3 Choline redistribution

In CD-Abcb4”/Pemt” mice, there are two ways of maintaining brain and
hepatic levels of total choline-containing metabolites for at least 3 months:
choline recycling choline redistribution. Both brain and liver still maintained some
activities of choline oxidase (Fig. 2.7, 4.2) but did not show significant change in
the level of total choline-containing metabolites after 21 days in CD-Abcb4™
/Pemt” mice (Fig. 2.4, Fig. 4.1). These data indicated that brain and liver must
have acquired an external supply of choline from other tissues. By injection of
[*Hcholine into mice, choline redistribution in different tissues during choline
deprivation was found not only in CD-Abcb4”/Pemt” mice, but also in CD-Pemt”
mice. Thus, when animals face the stress of choline deprivation, a fine regulatory
mechanism is triggered to protect some important organs (such as brain and
liver) from choline deprivation and other orgéns (such as muscle and/or intestine)

may sacrifice their choline levels to maintain the choline level in the brain and
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liver, so called choline redistribution (Chapter 4). This may exist in all animals

during choline deprivation.

6.3.4 Choline storage

Choline is stored as a component of phosphatidylcholine (PC) in the
membrane since PC accounts for > 95% of total choline-containing metabolites.
Both male and female Pemt” mice showed adaptive response to choline
deprivation through mobilization of choline stored in extrahepatic tissues, which
was achieved by enhancing the efflux of high density lipoprotein-PC (HDL-PC).
However, gender-specific requirement of HDL-PC by liver might determine
gender-different adaptations to choline deprivation in CD-Pemt” mice. This acute
adaptation to choline deprivation is named as choline storage. | shall refer to this
adaptation as choline storage. Choline storage was dependent on the capability
of HDL-PC efflux. And choline stored in extrahepatic tissues was minimal and
only able to compensate for the loss of hepatic choline for one day during choline
deprivation. Although failed to adapt to choline deprivation, CD-Pemt” mice also

showed adaptive response to mobilize extrahepatic PC to liver (Chapter 5).

6.4 Choline is an essential nutrient

Choline is an important nutrient in the diet of animals (13-18).

Nevertheless, choline deprivation is not lethal in rodents and humans so it has
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never been clear that choline is essential for mammalian life despite claims that
choline is an essential nutrient (15,18). Development of the CD-Abch4” /Pemt”
mouse model enabled us to demonstrate that choline is an essential nutrient. A
minimum threshold of total choline-containing metabolites in the liver required for
survival appears to be ~110 nmol/mg protein (Fig. 2.4A). The level of total
choline-containing compounds in Pemt” mice fed a CD diet for 3 days fell below
this baseline. Thus, the CD-Pemt” mice faced a severe choline deficiency
whereas the CD-Abcb4”/Pemt” mice were able to establish a new choline
homeostasis, thereby conserving sufficient amounts of choline metabolites for
viability (Fig. 2.12A, B). After 3 days of the CD diet a turning point between life
and death was reached in both mouse models. This threshold was critically
dependent on the phosphocholine levels but not other choline-containing
metabolites (Fig. 2.12A, B). Increased phosphocholine levels guaranteed PC
biosynthesis and thereby survival of CD-Abcb4”/Pemt” mice whereas decreased
phosphocholine levels led to the death of CD-Pemt” mice. The data from these

experiments provide unambiguous evidence that choline is an essential nutrient

in animals.
6.5 Choline balance theory
The outcome of this thesis is the conception of the “choline balance

theory” for explaining the importance of choline metabolism and illustrating the

physiological significance of adaptation to choline deprivation.
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The “choline balance theory” states that: There is a balance between gain
and loss of choline that determines the survival of choline-containing organisms.
Life of these organisms is critically dependent on the maintenance of total choline
level. The ratio of PC to PE, choline recycling, choline redistribution and storage,
as well as choline acquisition and depletion pathways might be adjusted in

adaptations to choline imbalance (Fig. 6.1).

Mice could only survive under the conditions of either existence of both
input and output of choline (wild-type mice, CS-Pemt” mice) or of no input and no
output of choline (CD-Pemt’/Abcb4” mice), but not under the conditions of either
only input and no output of choline (Abcb4” mice) or no input and only output of
choline (CD-Pemt” mice). Once choline balance is altered, either liver failure will
be induced or cholestasis will develop, which will be lethal sooner or later (Table

6.1).

When choline balance is altered, mice attempted to reach a new balance.
For example, when both Pemt’/Abcb4” mice and Pemt” mice were fed a CD
diet, there was no choline input at all. At this time, both of them minimized their
output of choline via decreasing choline oxidation. When PC was still being
secreted in bile, a lethal imbalance occurred in CD-Pemt” mice. However, when
biliary PC secretion was eliminated (Abcb4”), a new balance was reached in CD-

Pemt’/Abcb4” mice. When a new choline balance was achieved, mice survived.
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In CD-Pemt”/Abcb4” mice, this new choline balance was very special, since
there was neither choline input nor choline output. Choline recycling played a
critical role in this case. Therefore, balance does not only mean n = n (n = 0), but

also means 0 = 0, which may be critical for life.

Different means of adaptations to choline imbalance can restore choline
homeostasis in different ways. However, from our results, we found that the
selection of different adaptations for mice during choline deprivation is strain-
dependent and gender-dependent and might be controlled by some unknown
regulators. As well, mice displayed different degrees of adaptation to choline
deprivation probably due to different situations of choline imbalance. So, the
adaptations are not always able to overcome choline imbalance. However, the
adaptation could delay the pathogenesis as it took ~ 35 weeks for Abcb4” mice
to develop cholestasis (19,20). Therefore, choline balance is vital but not unique

in determining survival status of organisms.
The establishment of the “choline balance theory” not only illustrates the
basic mechanism of choline metabolism and provide new principles for

underlying physiological significance of adaptation to choline deficiency, but will

also provide significant guides for clinical applications in liver pathology and in

choline nutrition.

6.6 Future studies
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6.6.1 Adaptation to choline excess

Unlike choline deprivation, choline excess is rarely reported

(http:/iwww .fda.gov or http://www.nutrition.org/nutinfo/content/choline.shtmt).

Even though biliary PC secretion was blocked (Abcb4”), hepatic PC levels did
not show a significant increase (21). However, we are not able to exclude the
possibility that choline excess affects PC turnover rather than the static PC levels
in liver. Abcb4” mice showed an increase in VLDL secretion and less hepatic TG
when PC was no longer secreted into bile compared with wild-type mice which
might account for no change of hepatic PC level (21). In addition, elimination of
biliary PC secretion caused a secondary effect, cholestasis, in humans called
progressive familial intrahepatic cholestasis type 3 (PFIC3) (19,20). Interestingly,
we found that both exogenous and endogenous choline deprivation attenuated
liver damage in Abcb4” mice. Abcb4”/Pemt” mice (without endogenous
biosynthesis of choline) developed less liver damage as compared with severe
liver damage from Abcb4” mice at age of 7 months (time required for developing
a definite cholestasis) (Fig. 6.2). In addition, the CD diet also attenuated liver
damage in Abch4” mice with cholestasis (Fig. 6.2). Advantages of choline
deprivation in this particular situation suggest that choline deprivation is not only
detrimental but can also be beneficial under certain circumstances. The
mechanism of choline deprivation attenuating cholestasis would be interesting to
explore in the future studies. Choline oxidation was down-regulated during

choline deprivation, but did not change during choline excess based on a
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comparison between CS-Pemt”/Abcb4” mice and CS-Pemt” mice (Fig. 2.7).
Thus, down-regulation of choline uptake rather than up-regulation of choline

oxidation may account for slow pathogenesis in CS-Abcb4” mice.

Excess choline intake is toxic for human (hitp://www.fda.gov or
http:/iwww.nutrition.org/nutinfo/content/choline.shtml). The tolerable upper intake
level for choline from dietary sources and supplements combined is 3.5 grams
per day. Symptoms of choline toxicity include: fishy body odor, vomiting,
increased salivation, increased sweating and hypotensive effect (low blood
pressure). However, it would still be intriguing to explore whether or not choline

excess is involved in pathogenesis under physiological conditions.

6.6.2 Choline replacement

Whether or not choline can be replaced by other compounds has always
been an intriguing question in the field of choline research. Recently, it was
reported that in yeast the functions of PC and N-methylated lipids in membranes
could be replaced by phosphatidylpropanolamine (22). However, we found that in
Pemt” mice choline could not be replaced by either methionine or a series of
propanolamine derivatives including 1,2-, 2,1- and 1,3-propanolamine. The
experiments were performed with CD-Pemt” mice (the unique model of complete
choline deprivation). No CD-Pemt” mice could survive for more than 5 days

when their diets were supplemented with 0.4% methionine or 0.4%
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propanolamine derivatives. At the third day of dietary treatment, hepatic PC
levels were decreased as found in CD-Pemf” mice (Fig. 6.3A). Severe liver
damage and fatty liver were also found in these mice (Fig. 6.3B, C). Thus,
choline is essential for animals. Since propanolamine is not found normally,
perhaps choline is essential in yeast also. In the future studies, broad exploring
of the substitute compound of choline might be beneficial in choline nutrition and

therapeutics.

6.6.3 Generality of newly found adaptations to choline deprivation

Choline recycling, maintenance of membrane integrity via maintenance of
PC/PE ratio, choline redistribution and storage were found to be adaptations to
choline deprivation from the unique model, CD-Abcb4”/Pemt” mice. Whether or
not these adaptations exist in other situations, or what degree is the adaptation if
it exists, would be worthwhile to explore in the future studies. Choline recycling
probably exists in other situations of choline deprivation, since the only catabolic
pathway of choline, choline oxidation was also down-regulated in rats fed the CD
diet (12). The maintenance of PC/PE ratio was not only adapted in CD-Abcb4”
/Pemt” mice but also in CD-wild type mice. Beyond adaptations to choline
derpivation, analysis of PC and PE compositions in other cell types besides
hepatocytes would lead to answer whether or not the PC/PE ratio determines
membrane integrity in general. Since both CD-Abcb4”/Pemt” mice and CD-

Pemt” mice showed choline redistribution during choline deprivation, | would
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believe that choline redistribution may exist in all animals during choline

deprivation.

6.6.4 Regulation of adaptation to choline deprivation

Adaptation to choline deprivation was achieved by choline recycling,
maintenance of membrane integrity via maintenance of PC/PE ratio, choline
redistribution and choline storage in addition to those classical adaptations.
However, regulatory mechanisms behind these adaptations are still unclear. A
promising candidate is c-Jun-involved cell signaling (Chapter 2). In addition,
phosphocholine and/or glycerophosphocholine (GPC) may also be key regulators
during adaptation to choline deprivation, since certain studies suggest that
phosphocholine and/or GPC might be involved in regulatory mechanisms via
initiating cell signaling (23). Moreover, the maintenance of the relative
phosphocholine level is probably an important issue to be further addressed in
the future. Phospholipid-related signaling could also be candidates to be further
explored in our models, such as phospholipase D (24), lysoPC (25), protein
kinase C (26), phosphoinositol-3-phosphate kinase related signaling (27) and

phospholipid-involved nuclear events (28).
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Table 6.1 Choline Balance Theory

Choline Input  Choline Output Mouse Models Phenotype
++ ++ WT + CS/CD Survival
++ ++ Pemt” + CS Survival
++ + Abcb4” + CS Cholestasis

+ + Abcb4”/Pemt” + CS Cholestasis*
- + Pemt” + CD Lethal
- - Abcb4”/Pemt” + CD Survival

* CS-Abcb4”/Pemt” mice develop cholestasis at age of ~ 7 months.
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Diet + the PEMT Pathway

Choline Critical
Required = Levelof + Input - Output
for Life Choline

Excretion + Oxidation

Fig. 6.1 Scheme of choline balance theory
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Fig. 6.2 Choline deprivation attenuated liver damage in Abcb4” mice
Plasma samples were collected from Abcb4” mice and Abch4”/Pemt”

mice fed normal chow diet for 7 months or fed normal chow diet for 7 months and

then switched to the CD diet for 1 week. Plasma alanine aminotransferase (ALT)

activities were measured as indicators of liver damage following the method in

2.25.
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Fig. 6.3 Choline can not be replaced by methionine or propanolamaine
Pemt” mice were fed the CS (CS) or CD (CD) diet for 3 days as controls.
In experimental groups, Pemt” mice were fed the CD diet with 4% methionine
(CD + Met) or 4% 1,2-, 2,1- or 1,3-propanolamine (CD + 1,2-Prn, CD + 2,1-prn
and CD + 1,3-Prn) for 3 days. Plasma alanine aminotransferase (ALT) activities
were measured as indicators of liver damage following the method in 2.2.5.
Hepatic lipids were measured as the method in 2.2.6. (A) Hepatic PC levels. (B)

Liver damage assays. Plasma ALT activity was not detectable in CS groups. (C)

Hepatic TG.
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Appendix |

Why is Serine Sufficient for Phosphatidylethanolamine Biosynthesis during

Cell Culture?
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Summary

A major pathway for de novo phosphatidylethanolamine (PE) biosynthesis
is the CDP-ethanolamine pathway (the Kennedy pathway). The rate-limiting
enzyme, CDP:phosphoethanolamine cytidylyltransferase (ET) controls the flux
from ethanolamine to PE. Mammalian cells are normally cultured without
ethanolamine since the medium contains ample serine and that can be
incorporated into phosphatidylserine (PS) and then decarboxylated into PE.
However, attenuating PE biosynthesis by RNA interference targeted to ET (ETi)
showed that not only the incorporation of ethanolamine into PE, but also the
incorporation of serine into PE was inhibited. Since serine can also be converted
into phosphoethanolamine by sphingosine-1-phosphate lyase, the results
suggest that PE biosynthesis in cells cultured in ethanolamine-free medium is
mainly from the sphingosine-1-phosphate lyase pathway rather than the PS

decarboxylation pathway.

Introduction

Phosphatidylethanolamine (PE) is the second most abundant phospholipid
in mammalian cells compared with phosphatidyicholine. The major pathway for
de novo PE biosynthesis is the CDP-ethanolamine pathway (the Kennedy
pathway) (1), in which ethanolamine is phosphorylated into
phosphoethanolamine by choline/ethanolamine kinase. Phosphoethanolamine is

then converted into CDP-ethanolamine by the rate-limiting enzyme, CDP:
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phosphoethanolamine cytidylyltransferase (ET). Finally, CDP-ethanolamine is
combined with diacylglycerol to form PE by CDP-ethanolamine: 1,2-
diacylglycerol ethanolaminephosphotransferase (EPT) (Fig. 1). In addition, the
headgroup of PE, phosphoethanolamine, can be obtained from the cleavage of
sphingosine-1-phosphate by sphingosine-1-phosphate lyase. Moreover, PE can

also be synthesized from phosphatidylserine (PS) decarboxylation (Fig. 1).

However, cells can be cultured without ethanolamine as the medium
contains ample amount of serine. Thus, sufficient phosphatidylethanolamine can
be obtained through the PS decarboxylation pathway. This was challenged by
our recent finding that the PS decarboxylation pathway could not compensate for
the loss of PE levels when the CDP-ethanolamine pathway was inhibited by RNA

interference targeted to ET (ETi) (Chapter 3).

Here, we report that PE biosynthesis in cells cultured in ethanolamine-free

medium is mainly from the sphingosine-1-phosphate lyase pathway rather than

the PS decarboxylation pathway.

Experimental Procedures

Preparation of primary hepatocytes. Pemt” mice were fed a choline-
supplemented diet for 24 h and then fed a choline-deficient (CD) diet (/CN) for 2

days (CD-Pemt”). Hepatocytes were prepared and cultured (2) in CS medium
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(Dulbecco's modified Eagle's medium + 17 % fetal bovine serum) or CD medium
(Dulbecco's modified Eagle's medium without choline + 17 %

delipidated/dialyized fetal bovine serum).

RNA interference (RNAI) of ET in cultured hepatocytes. RNAi sequence, 5'-
AAGCACAACTGTGACTTCTCT-3, targeted to the mRNA of ET was inserted
into pSilencer 4.1-CMV vectors (Ambion) to produce ETi vectors. A control
sequence of ETi, 5-AATCACAGCTATCACTGCTCT-3', was inserted into
pSilencer 4. 1-CMV vectors to produce an ETi control vector. Lipofectamine™
2000 (/nvitrogen) was used as carrier for transfection. Three ng of ETi or control
vectors were transfected into 4 h-plated hepatocytes (1 X 10° cells) isolated from
CD-Pemt” mice for 24 h. For ETi transfection into wild-type hepatocytes, 6 ug of
ETi or control vectors were transfected into suspended hepatocytes (1 X 10°
cells) freshly isolated from wild-type mice with 5% fetal bovine serum for 24 h.
After transfection for 24 h, cells were incubated with 20 pCi [°H]serine or

[*H]ethanolamine for 2 h.

Lipids Analyses. Hepatocytes were homogenized in 5 vol buffer [10 mM Tris-
HCI, pH 7.2, containing 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 1:100 protease inhibitors cocktail (Sigma, P8340)].
The homogenates were centrifuged for 5 min at 600 x g and supernatants were
collected. Protein was quantified by the method of Bradford (3). Total lipids were

extracted from liver homogenates, plasma and bile (4). Lipids were separated by
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thin layer chromatography (TLC). The bands of lipids were scraped from TLC
plates and counted in a scintillation counter. For the dissection of headgroup and
fatty acyl chains from phospholipids, the bands of lipids scraped from TLC plates
were incubated with 6 mM sulfuric acid and 1 mM methanol for 2 h at 80°C. After
this, lipid extraction and TLC separation were performed. The bands of

headgroups and fatty acyl chains were scraped from TLC plates and counted in a

scintillation counter.

Results

ETi inhibited incorporation of serine into PE in CD-Pemt” hepatocytes.

Previously we found that ETi effectively reduced PE levels through
inhibition of the CDP-ethanolamine pathway in CD-Pemt” hepatocytes in vitro
and in vivo (Chapter 3). When CD-Pemt” hepatocytes were labeled with
[*H]ethanolamine for 2 or 24 h, ETi caused about 36% or 46% reduction in the
incorporation of ethanolamine into PE (Fig. 2A, B). Interestingly, when CD-Pemt
* hepatocytes were labeled with [*H]serine for 2 or 24 h (Fig. 2C, D), we found
that ETi resulted in a similar reduction in the incorporation of serine into PE
compared to [*H]ethanolamine labeling. When cells were labeled with
[*H]ethanolamine, radioactivity in [’H]phosphoethanolamine were much higher
than that in [’H]PE further confirmed that the conversion of
phosphoethanolamine into CDP-ethanolamine is the rate-limiting step of PE

biosynthesis (Fig. 2A, E) (1). However, the higher radioactivity of
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[*H]phosphoethanolamine resulted in difficulty in distinguishing differences in
phosphoethanolamine levels between control and ETi hepatocytes (Fig. 2E,
upper panel). Only when the radioactivity of [°*H]phosphoethanolamine in control
hepatocytes was subtracted from that in ETi hepatocytes, a significant increase
in accumulation of [°H]phosphoethanolamine after ETi treatment became obvious
(Fig. 2E, lower panel). However, [*H]phosphoethanolamine only accumulated
when cells were labeled with [*H]ethanolamine but not with [*H]serine labeling
(Fig. 2E, F). These data suggest that the conversion of serine into
phosphoethanolamine could be down-regulated when the CDP-ethanolamine
pathway was attenuated. Since serine has diverse metabolism in vivo, once
serine is no longer used for phosphoethanolamine biosynthesis, it may flow to

other pathways, such as triacylglycerol synthesis.

[*Hlserine was mainly incorporated into fatty acyl chains of triacylglycerol

rather than other cellular lipids

When wild-type hepatocytes were labeled with [*H]serine for 2 h, most of
radioactivity was found in the triacylglycerol fractions as compared with other
cellular lipids (Fig. 3A, B). This indicated that the majority of [°H]serine labeling in
phospholipds might be in the fatty acyl chains rather than headgroups. Thus,

dissection of PE into headgroup and fatty acyl chains is necessary for illustrating

de novo PE biosynthesis.
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ETi inhibited incorporation of serine into PE in wild-type hepatocytes

When wild-type hepatocytes were labeled with [*H]ethanolamine for 2 h,
ETi caused about a 20% reduction in the incorporation of ethanolamine into PE
(p<0.05) (Fig. 3C). Moreover, when wild-type hepatocytes were labeled with
[PH]serine for 2 h, we found that ETi resulted in similar reduction in the
incorporation of serine into PE compared to [*Hjethanolamine labeling (Fig. 3D)
but no effect on the incorporation of serine into PS (Fig. 3E). To further confirm
this reduction, we dissected PE and PS into headgroup and fatty acyl chains by
acid hydrolysis. We found that ETi attenuated the incorporation of serine into PE
by inhibiting the production of ethanolamine headgroup (p<0.05) rather than fatty
acyl chains, and the incorporation of serine into PS was not decreased by ETi

from either headgroup or fatty acyl chains (Fig. 3E, F).

Discussion

We found that serine-derived PE could not compensate for the loss of PE
from the inhibition of PE biosynthesis by ETi (Chapter 3). CD-Pemt” hepatocytes
showed leaky cell membranes (Chapter 3) that allowed higher transfection
efficiency of ETi compared with wild-type hepatocytes. Higher transfection
efficiency consequently caused increased inhibition of the incorporation of
ethanolamine into PE by ETi in CD-Pemt” hepatocytes as compared with wild-
type hepatocytes (Fig. 2A, 3C). However, the interesting finding was that

following the increased inhibition of the incorporation of ethanolamine into PE by
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ETi, the inhibition of the incorporation of serine into PE was also increased by
ETi. In either CD-Pemt” hepatocytes or wild-type hepatocytes, the reduction in
the incorporation of serine into PE by ETi suggested that serine-derived PE was
mainly from the CDP-ethanolamine pathway rather than the PS decarboxylation
pathway. Meanwhile, ETi did not affect incorporation of serine into PS. In other
words, serine-derived PE was mainly from the sphingosine-1-phosphate lyase

pathway rather than the PS decarboxylation pathway.

The sphingosine-1-phosphate lyase pathway has been found to be the
pathway for breakdown of sphingolipid signaling (5). The reason researchers in
the field of PE metabolism did not pay too much attention to this pathway might
be due to its involvement in cell signalingthat led to the thought that it was a
quantitatively minor pathway. Phosphoethanolamine from the cleavage of
sphingosine-1-phosphate is an end product of this signaling pathway. Ceramide
and sphingosine-1-phosphate are two major molecules regulating cell signaling
pathway in opposite ways (6). People found that only trace amount of these
compounds could be detectable in cells. However, the reason why signaling
molecules are maintained at trace levels is that the turnover of these molecules
is very rapid. Based on the literature, Van Veldhoven and Mannaerts found that
the turnover of sphingosine-1-phosphate was 14.7 nmol/min/g liver (7). This
indicated that the end product of this signaling pathway, liver could produce ~5.7
mg phosphoethanolamine every day for a 20 g mouse with a 2 g liver (7,8). In

addition to liver, sphingosine-1-phosphate lyase is ubiquitously distributed in
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most tissues, especially abundant in the small intestine and thymus (8). Since the
ethanolamine content in the diet is ~8 g/kg diet (9), it is estimated that the dietary
ethanolamine uptake for a 20 g mouse is ~24 mg per day. Thus, besides of
ethanolamine recycling PE catabolism (10), the sphingosine-1-phosphate lyase

pathway contributes a considerable pool of ethanolamine metabolites in vivo.
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Fig. 1 Pathways of PE biosynthesis in the liver

P-ethanolamine, phosphoethanolamine; DG, diacylglycerol; TG,
triacylglycerol; Sphingosine-1-P, sphingosine-1-phosphate; PE,
phosphatidylethanolamine. a, serine dehydratase; b, sphingosine-1-phosphate

lyase; ¢, phosphatidylserine decarboxylase; d, PE N-methyltransferase.
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Fig. 2 ETi inhibited incorporation of serine into PE in CD-Pemt”
hepatocytes

Primary hepatocytes isolated from Pemt” mice fed a choline-deficient
(CD) diet for 2 days (CD-Pemt” hepatocytes) were plated for 4 h. After
transfection of 3 ug of ETi or control vectors into hepatocytes (1 X 10 cells) for
24 h, cells were incubated with 20 uCi [°H]serine or [*H]ethanolamine for 2 h or
24 h. A, Incorporation of [*H]ethanolamine into [*H]PE for 2 h; B, Incorporation of
[*H]ethanolamine into [*H]PE for 24 h; C, Incorporation of [*H]serine into [°H]PE
for 2 h; D, Incorporation of [*H]serine into [*H]PE for 24 h; E, Incorporation of
[*H]ethanolamine into [*H]phosphoethanolamine for 2 h; F, Incorporation of

[*H]serine into [*H]phosphoethanolamine for 2 h.
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Fig. 3 ETi inhibited incorporation of serine into PE in wild-type hepatocytes
Primary hepatocytes isolated from wild-type mice (wild-type hepatocytes)
were plated for 4 h. After transfection of 3 png of ETi or control vectors into
hepatocytes (1 X 10°® cells) for 24 h, cells were incubated with 20 uCi [*H]serine
or [*H]ethanolamine for 2 h. A, B, Incorporation of [*H]serine into cellular lipids:
FA, fatty acids; DG, diacylglycerol; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; TG, triacylglycerol. C,
Incorporation of [°H]ethanolamine into [°H]PE; D, Incorporation of [*H]serine into

[*H]JPE. E, Incorporation of [*H]serine into [°H]PS.
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Appendix Il

Does PEMT protect against liver cancer?
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Introduction

Abnormally enhanced cell division leads to tumors. When hepatocytes
divide out of control, liver cancer or hepatoma develops. In eukaryotic cells, cell
division is not only involved in the replications of DNA and proteins, but also
lipids. The latter is critical for the formation of membrane systems for newly
formed cells. PC is the major phospholipid in the membrane of animal cells.
Thus, PC biosynthesis is up-regulated during cell division (1). In eukaryotic cells,
the CDP-choline pathway is the major pathway for PC biosynthesis, in which the
rate-limiting enzyme, CTP:phosphocholine cytidylyltransferase (CT) is finely
regulated at both transcriptional levels and post-translational levels to meet the
requirements for de novo PC biosynthesis (1). In liver, the CDP-choline pathway
accounts for ~70% of PC biosynthesis, and the PEMT pathway for the rest of ~
30% (1). However, there was no PEMT activity detectable in fetal liver and
hepatoma cells (2-4). PEMT activity and expression were also diminished in
carcinogen-induced liver tumors and human liver cancers (5,6). PEMT only
occurred one day before birth and stabilized in adults (2). Partial hepatectomy
was accompanied by a marked reduction of PEMT expression and activity with
activated hepatocyte division (7). PEMT over-expression in hepatoma cells
inhibited cell proliferation, induced apoptosis and partially reversed the neoplastic
phenotype. (8,9). Thus, fast-dividing cells do not contain PEMT, but have a

higher level of CT. Thus, a reasonable hypothesis is that PEMT might attenuate

cell division.
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The inverse relationship between PEMT activity and hepatocyte division
suggests this enzyme, its product, or its substrate may be involved in the control
of hepatocyte proliferation. Therefore, the hypothesis proposed is PEMT protects

against liver cancer.

However, the first in vivo evidence was against this hypothesis, since
Pemt” mice grew normally, and there was no liver phenotype and no liver cancer
occurred even during long-term breeding under a normal diet. This was surprised
us since PEMT may guard against the development of liver cancer induced by

exogenous stress.

Therefore, an alternative hypothesis was proposed that Pemt” mice might
more readily develop liver cancer than wild-type (Pemt™*) mice during

hepatocarcinogenesis.

Experimental procedures

Hepatocarcinogenesis

Two-step strategy was used for hepatocarcinogenesis including initiation

and promotion. First, mice of one week before weaning (at age of 2 weeks) were

injected intraperitoneally (i.p.) with diethylnitrosamine (DENA), 50 mg/g body
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weight. And at age of 4 weeks, DENA-treated mice were fed drinking water with

5g/l trichloroacetic acid (TCA) routinely until being sacrificed after 6, 9 and 12

months.

Histological and pathological Analysis

Livers were collected from mice after carcinogenesis and photographed.
Hepatocarcinogenesis was evaluated by a pathologist, Dr. Mark Lee from the

University of Alberta Hospital.

Results

Tumor-like nodules occurred more frequently in the livers of Pemt” mice

than that in wild-type mice

At 6 months, no tumor-like nodules were found in the liver of either Pemt”
mice or wild-type mice. At 9 months, there was no significance occurrence of
nodules in Pemt” mice and wild-type mice. After 12 months, tumor-like nodules
dramatically increased in the liver of Pemt” mice but not in the liver of wild-type
mice (Fig. 1). This was consistent with the visional observations of livers (Fig. 2).
However, these nodules were suggested to be fat accumulation by a pathologist

(name the person), even though fat accumulation is a preliminary step of cancer

development during carcinogenesis.
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Fig. 1 Occurrence of nodules in mice livers
Pemt** mice (WT) and Pemt” mice (KO) were sacrificed after

carcinogenesis for 6, 9 and 12 months. Nodules were visualized by a pathologist.
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Fig. 2 Carcinogenesis in mice livers (photos)
Pemt™* mice (WT) and Pemt” mice (KO) were sacrificed after

carcinogenesis for 6, 9 and 12 months.

KO WT

6 months
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Appendix Il

Where is Anti-PEMT1 Antibody?
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sufficient protein from PEMT purification for producing antibody. Secondly, the
anti-PEMT2 antibody was raised from a chemically synthesized carboxyl-terminal

sequence (F5) of rat PEMT protein, thus, potential modifications of natural PEMT

proteins might affect the binding.

However, the production of anti-PEMT1 antibody will not only identify the
subceliular localizations of this protein, but will also help to elucidate the
differences between PEMT1 and PEMTZ2, including protein compositions,

modifications and functions, efc.

Experimental Summaries

The first trial of producing anti-PEMT1 antibody

A previously synthesized F2-BSA conjugate (F2 is the second hydrophilic
fragments of PEMT from amino-terminus, see Fig. 1) in D. Vance’s lab was used
to raise antibody in rabbits following a standard procedure (7). Serum obtained
from immunized rabbits bind to both F2 fragment and BSA (Fig. 2A). After
removing anti-BSA antibody through a BSA-conjugated column, the purified
antibody only binds to F2 fragment but not BSA (Fig. 2B). However, this antibody
did not bind to any PEMT in ER or MAM. Interestingly, this antibody binds to a
small peptide (~10 kD) in the liver as well as the anti-PEMT2 serum did (Fig. 3,

4). By comparing F2 and F5 (carboxyl-terminal), | found both of them had a
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conserved motif of RKXS/TR, which was a cAMP- and cGMP-dependent protein
kinase phosphorylation site (Fig. 5). In addition, F2 fragment had another protein
kinase C phosphorylation site, [ST]-x-[RK], overlapping with the cAMP- and
cGMP-dependent protein kinase phosphorylation site (Fig. 6). Thus, these data

suggested that there might be phosphorylation modifications in the F2 fragment

of PEMT in both ER and MAM (Fig. 7).

The second trial of producing anti-PEMT1 antibody

Meanwhile, since the anti-PEMT2 antibody was raised from the carboxyl-
terminal fragment (F5) of PEMT protein, | constructed a recombinant protein
containing two amino-terminal fragments (F1 and F2) fusing them with a 6XHis
tag and a GST tag (His, histine; GST, glutathione-S-transferase), F1-6XHis-F2-
GST recombinant protein (FGST) (Fig. 2). First, | cloned F1 and F2 sequences
from mouse PEMT cDNA and changed the genetic code with preference to E.
coli, and then inserted F1 and F2 sequences into GST fusion expression vector
pET41b(+) (Invitrogen) with a 6XHis*Tag between two fragments (Fig. 8). Finally,
the constructed vector was transformed into E. coli cells BL21 (DE3) and protein
expression was induced by IPTG (isopropyl-beta-D-thiogalactopyranoside) (Fig.
9). Since FGST proteins formed inclusion bodies, Ni-column purification for
HiseTag was performed under denatured conditions with 6 M urea. After
purification through an affinity-chromatography column for His*Tag and then for

GST-Tag, purified FGST (Fig. 10) was injected into rabbits to raise antibody
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following a standard procedure (7). Immunized serum was further purified
through a FGST-conjugated column. Unfortunately, this antibody only bound to

GST but not F1 and F2 fragments (Fig. 11).

The third trial of producing anti-PEMT1 antibody

In this case, we attempted to use full-length PEMT to raise antibody. |
cloned mouse PEMT cDNA and changed the genetic code to the preference of
E. coli, and then inserted PEMT sequence into GST fusion expression vector
pET41b(+) with a cleavage site of enterokinase between PEMT and Tag
sequences. The construct also contained a HiseTag and a S+Tag (S<Tag is an
epitope tag composed of a 15 residue peptide, KETAAAKFERQHMDS, derived
from the pancreatic ribonuclease A) (Fig. 12). Finally, the constructed vector was
transformed into E. coli cells BL21 (DE3) and protein expression was induced by
IPTG. Although this full-length transmembrane protein, PEMT was expressed in
E. coli (Fig. 13), protein expression levels were very low. Thus, | attempted to
promote protein expression by increasing serine concentrations in the medium
(Fig. 14). Eventually, the expression of this recombinant protein was improved in
E. coli strains C41 (DE3) (Fig. 15), which is preferentially used for membrane
protein expression. After purification through affinity-chromatography columns
for His*Tag and S-Tag respectively (Fig. 16), purified GST-PEMT was cleaved by

enterokinase (Fig. 17). PEMT proteins were further purified through a GST+Tag
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column. However, Purified PEMT was not ample to be injected into rabbits to

raise antibody following a standard procedure.

The fourth trial of producing anti-PEMT1 antibody

Since it was hard to express membrane proteins especially
transmembrane proteins in E. coli, | attempted to express a recombinant protein
containing all hydrophilic fragments of PEMT with a HiseTag (rPEMT-F: F1-
6XHis-F2-F3-F4) or with a His*Tag and two 6Xglycine linkers (rPEMT-FG: F1-
6XHis-F2- 6XGly-F3- 6XGly-F4) in E. coli (Fig. 18). The latter PEMT-FG was to
mimic the transmembrane structure of PEMT. | cloned F3 and F4 sequences
from mouse PEMT cDNA and combined with previous F1-6XHis-F2 sequence
with or without 6XGly linkers, and then inserted rPEMT-F or rPEMT-FG
sequences into expression vector pET41b(+). Finally, the constructed vector was
transformed into E. coli cells C41 (DE3) and induced for protein expression by
IPTG. Since both rPEMT-F and rPEMT-FG proteins formed inclusion bodies, Ni-
column purification for His*Tag was performed under denatured conditions with 6
M urea. After purification through affinity-chromatography columns for His*Tag,
another purification through electronic transfer was performed for further purifying
proteins. Purified rPEMT-F and rPEMT-FG proteins (Fig. 19) were injected into
rabbits respectively to raise antibodies following a standard procedure (7).
Immunized serum was further purified through a rPEMT-F or rPEMT-FG protein-

conjugated column respectively. However, neither anti-rPEMT-F nor anti-rPEMT-
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FG antibody was able to bind to hepatic PEMT, even though they bind to
antigens nicely (Fig. 20, 21). This also suggests that the hydrophilic fragments of
hepatic PEMT might be highly modified, since both rPEMT-F and rPEMT-FG

proteins from E. coli cells were not supposed to be modified.

The last trial of producing anti-PEMT1 antibody

DNA Vaccination (vector immunoization) is a newly developed method to
produce antibody, which is based on mammalian promoter-driven expression of
exogenous proteins in animal muscles to stimulate the immunization more
vigorously (8-10).

Strategy:
1. Construct the vector containing the target gene with a mammalian
promoter;
2. Transfer the vector into animal tissues via electroporation.
Procedures:
1. Construct mouse Pemt into pCl vector (Promega),
2. ldentify the vector via transient expression in mammalian cells

(McAd7777);

3. Prepare plasmid via the Giga preparation method to produce vectors in
mg yield;
4. Electroporate vectors into rabbits muscles;

5. Collect polyclonal and monoclonal antibodies.
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Unfortunately, antibodies obtained from this experiment were still not able to bind

to hepatic PEMT.

Exploring the reasons --- phosphorylation modifications of PEMT

An interesting finding was that after liver homogenates and crude
microsome fractions were incubated with alkaline phosphatase, one-fold increase
in PEMT protein was visualized from Western blotting with anti-PEMT2 antibody,
and this was not found in MAM fractions (Fig. 22). This indicated that the reason
why anti-PEMT2 antibody could only bind to PEMT2 but not PEMT1 could be
that PEMT1 was phosphorylated at the carboxyl-terminal but not PEMT2. In
addition, this also suggested that hepatocytes might have the same amount of
PEMT1 as PEMT2 (Fig. 22, 23A). Cui reported that PEMT activity in ER
(PEMT1) was 2 ~ 3-fold higher than that in MAM (PEMT2) (Fig. 23B) (2).
Combined with our findings that alkaline phosphatase-treated liver homogenates
showed obvious reduction of PEMT activity (Fig. 24), | conclude that
phosphorylation of PEMT at the carboxyi-terminal up-regulated PEMT activity. In
addition, long-term storage of liver homogenates in a -70°C freezer causing the
loss of PEMT activity might result from spontaneous dephosphorylation (Fig. 24).

As mentioned before, the chemically synthesized carboxyl-terminal
sequence of PEMT used for raising anti-PEMT2 antibody contained a putative
cAMP-dependent protein kinase (PKA) phosphorylation site. When liver

homogenates and MAM fractions were incubated with PKA catalytic subunits
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(Sigma), we found that anti-PEMT2 antibody was no longer binding to PEMT2 in
liver homogenates and showed decreased binding to PEMT2 in MAM fractions
(Fig. 25). The latter might result from incomplete reactions with PKA. These
results indicated that the carboxyl-terminal sequence of hepatic PEMT2 was not
phosphorylated. This finding was further supported by the observations that
chemically synthesized carboxyl-terminal sequence of PEMT (F5) conjugated
with BSA (BSA-F5) showed decreased binding to anti-PEMT2 antibody after

incubation with PKA catalytic subunits (Fig. 26).

Therefore, in mice and rats, the carboxyl-terminus of PEMT1 but not
PEMT2 may be phosphorylated by PKA. However, in humans, the carboxyl-

terminus of both PEMT1 and PEMT2 may not be phosphorylated.
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PRIMARY HELIX
SECONDARY HELIX
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Fig. 1 Topological Structure of mouse PEMT (mPEMT)
A putative structure of mMPEMT protein was produced from www.topo.com.

PEMT contains 4 transmembrane domains and 5 hydrophilic fragments (F1 ~

F5).
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FGST FGST BSA FGST BSA

Fig. 2 Anti-F2 antibody bind to F2 fragments

F2-BSA was used for immunization to produce antibody. Western blotting
was performed to identify antibodies. (A) Anti-F2-BSA serum was not only able to
bind to F2-containing protein (FGST) but also to BSA. (B) Purified anti-F2
antibody was only able to bind to -containing protein (FGST) but not BSA. FGST,
F1-6XHis-F2-GST recombinant protein expressed in E. coli; BSA, Bovine Serum

Albumin; F2, Fragment 2 of mouse PEMT.
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MAM ER KO WT MAM ER KO WT

Fig. 3 Purified anti-F2 antibody was not able to bind natural mouse PEMT
Western blotting analysis with purified anti-PEMT2 antibody (A) and anti-

F2 antibody (B) was performed with liver homogenates and subcellular fractions.

MAM, mitochondria associated membrane; ER, endoplasmic reticulum; KO, liver

homogenates from Pemt” mice; WT, liver homogenates from Pemt™" mice.
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Fig. 4 Original western blotting analysis with anti-PEMT2 antibody from
Zheng Cui (JBC, 268: 16655)

Percoll fractions, MAM.
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Fig. 5 Alignment between F2 and F5 fragments of mPEMT

A homolog was found between F2 and F5 (C-terminal) fragments.
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F2: RWEQRTRKLSR

cAMP- and cGMP-dependent protein kinase
phosphorylation site.

[RK](2)-x-[ST].

Site: 7to10 RKLS

Protein kinase C phosphorylation site.
[ST]-x-[RK].
Site: 6to8 TRK

C-terminal (F5): YRRKATRLHKRS

cAMP- and cGMP-dependent protein kinase
phosphorylation site.

[RK](2)-x-[ST].

Site: 3to 6 RKAT

Fig. 6 Putative Phosphorylation Sites of PEMT Fragments
Putative Phosphorylation Sites of PEMT Fragments (F2 and F5) were

analyzed with software from www. Expsy.com.
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MAM ER Cytosol
Anti-C-terminal Abs: PEMT2 no ~10 kD protein

Anti-F2 Abs: no no ~10 kD protein

Possible modification sites: C-terminal (F5) F2

cAMP- and cGMP-

dependent protein kinase RKAT RKLS
phosphorylation site

Protein kinase C no TRK
phosphorylation site

Fig. 7 Relations between anti-PEMT2 antibody and anti-F2 antibody
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Fig. 8 Construct scheme of F1-His*Tag-F2-GST (FGST) recombinant protein

311

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 9 Induction of F1-His*Tag-F2-GST (FGST) protein expression by IPTG
Comassie Blue staining of a 12% SDS-PAGE gel loaded with cell
homogenates from E.coli was used to identify FGST expression. 1, 2, Before

IPTG induction; 3, 4, After IPTG induction; Std, protein standards.
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Fig. 10 Purification of F1-His*Tag-F2-GST (FGST) Fusion Proteins

Comassie Blue staining of a 12% SDS-PAGE gel was used to identify the
purity of FGST protein. His*Tag involved affinity purification was performed with a
Ni-exchange column and showed in lane 2. 1, Purified inclusion bodies; 2,

Purified proteins; Std, protein standards.
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WT KO WT KO

Fig. 11 Anti-FGST antibody only binds to GST but not PEMT

Western blotting analysis with purified anti-GST antibody (A) and anti-
FGST antibody (B) was performed with liver homogenates. KO, liver
homogenates from Pemt” mice; WT, liver homogenates from Pemt™* mice. Can

you put MW markers on the figure??
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Fig. 12 Construct scheme of GST-His*Tag-S<Tag-PEMT (GST-PEMT)

recombinant protein
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1 2 3 4 5 1 2 3 4 5
1: MAM; 2,4: after induction; 3,5: before induction

Fig. 13 Induction of GST-PEMT Expression in E. coli BL21 (DE3) by IPTG
Western blotting analysis with purified anti-PEMT2 antibody (A) and anti-

GST antibody (B) was performed with cell homogenates from E. coli and MAM.

MAM, mitochondria associated membrane. 1, MAM; 2 & 4, after induction; 3 & 5,

before induction. MW markers would be good
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Fig. 14 Serine promotes GST-PEMT expression in E. coli BL21 (DE3)
Western blotting analysis with purified anti-PEMT2 antibody was
performed with cell homogenates from E. coli. Up to 50 mM serine was added to

culture medium with IPTG. MW markers.
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Fig. 15 GST-PEMT expressions in E. coli strain C41 (DE3)

Western blotting analysis with purified anti-PEMT2 antibody was
performed with cell homogenates from E. coli. 1, GST-PEMT expression in E.
coli strain BL21 (DE3); 2, 3, 4 and 5, GST-PEMT expressions in different
colonies of E. coli strain C41 (DE3). MW markers or at least put an arrow

pointing to the PEMT band or where the PEMT bands should be.
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Fig. 16 Purification of GST-His*Tag-S*Tag-PEMT (GST-PEMT) fusion
proteins

Comassie Blue staining of a 12% SDS-PAGE gel was used to identify the
purity of FGST protein. His*Tag involved affinity purification was performed with a
Ni-exchange column and showed in lane 3. 1, cell homogenates; 2, insoluble

fractions; 3, purified proteins.
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Urea (M): 6.0 2.0 1.0

Fig. 17 Cleavage of PEMT from GST-PEMT fusion proteins.

Western blotting analysis with purified anti-PEMT2 antibody was
performed to identify the cleavage of purified GST-PEMT fusion proteins. Purified
fusion proteins (in 6.0 M urea) were dialyzed to low concentrations of urea buffer

(2.0 M, 1.0 M) and then digested by enterokinase.
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Antigen: rPEMT-F
F1 F2 F3 F4

6XHis

Antigen: rPEMT-FG

F1 F2 F3 F4

6XHis 6XGly 6XGly

Fig.18 Construct scheme of rPEMT-F and rPEMT-FG recombinant proteins

F1 ~ F4 fragments were linked together with a 6 XHis<Tag insertion
between F1 and F2 fragments to construct a recombinant protein, rPEMT-F. F1 ~
F4 fragments were linked together with a 6XHis*Tag insertion between F1 and
F2 fragments and two 6XGly (glycine) linkers between F3 to F5 fragments to

construct a recombinant protein, rPEMT-FG.

321

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 2 3 1 2 3
rPEMT-F rPEMT-FG

Fig. 19 Purification of rPEMT-F and rPEMT-FG recombinant proteins
Comassie Blue staining of a 12% SDS-PAGE gel was used to identify the

purity of rPEMT-F and rPEMT-FG recombinant proteins. His*Tag involved affinity

purification was performed with a Ni-exchange column and shown in lane 1. 1,

purified proteins; 2, purified inclusion bodies; 3, cell homogenates.
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Fig. 20 Anti-rPEMT-F .Antibody did not bind to natural PEMT

Western blotting analysis with anti-rPEMT-F serum was performed with
liver homogenates and subcellular fractions. 1, WT, liver homogenates from
Pemt"* mice; 2, microsome fractions from livers of Pemt”* mice; 3, MAM,

mitochondria associated membrane.

323

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



«— PEMT —

Fig. 21 Anti-rPEMT-FG Antibody did not bind to natural PEMT

Western blotting analysis with anti-rPEMT-FG serum was performed with
cell homogenates and subcellular fractions. 1, E. coli cell homogenates with
GST-PEMT expression; 2 & 3, E. coli cell homogenates with PEMT expression;
4. E. coli cell homogenates with rPEMT-FGWT,; 5, liver homogenates from Pemt

t+/+

* mice; 6, liver homogenates from Pemt™" mice; 7, MAM, mitochondria

+/+

associated membrane; 8, microsome fractions from livers of Pemt”™ mice.
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Fig. 22 Dephosphorylation increased binding of anti-PEMT2 antibody to

PEMT

Dephosphorylation was performed by incubating samples with alkaline
phosphatase. Western blotting analysis with anti-PEMT2 serum was performed
with liver homogenates and subcellular fractions. 1, 3, 5 & 7, without
dephosphorylation; 2, 4, 6 & 8, with dephosphorylation. 1 & 2, liver homogenates
from Pemt” mice; 3 & 4, liver homogenates from Pemt"* mice; 5 & 6, microsome

+/+

fractions from livers of Pemt™ mice; 7 & 8, MAM, mitochondria associated

membrane.
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Fig. 23 PEMT expressions and activities in ER and MAM
(A) Levels of PEMT expression were quantified by densitometry of
western blotting analysis in Fig. 22. (B) PEMT activities were assayed in ER and

MAM fractions (adopted from Z. Cui’'s JBC paper give reference not what you

have here).
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Fig. 24 Dephosphorylation reduced PEMT activities.

Assays of PEMT activities in liver homogenates were performed with
(Dephosphorylation) or without the treatment with alkaline phosphatase (Control).
Old, liver homogenates stored in -70°C freezer for 6 months; New, freshly made

liver homogenates.
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Fig. 25 Phosphorylation inhibited the binding of anti-PEMT2 antibody to
PEMT

PKA catalytic subunits were used for phosphorylation. Western blotting
analysis with anti-PEMT2 serum was performed with liver homogenates and
subcellular fractions. 1 & 3, without phosphorylation; 2 & 4, with phosphorylation.
1 & 2, liver homogenates from Pemt™ mice; 3 & 4, MAM, mitochondria

associated membrane.
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Fig. 26 Phosphorylation inhibited the binding of anti-PEMT2 antibody to F5-
BSA conjugates.

PKA catalytic subunits were used for phosphorylation. Western blotting
analysis with anti-PEMT2 serum was performed with F5-BSA conjugates, the
antigen used for raising anti-PEMT2 antibody. Levels of PEMT expression were
quantified by densitometry of Western blotting analysis. 1.25, 2.5 and 5.0 g F5-

BSA conjugates were incubated with (PKA) or without PKA catalytic subunits

(control).
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