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Abstract 

 

        Phosphatidylethanolamine N-methyltransferase (PEMT), a liver 

enriched enzyme, is responsible for approximately one third of hepatic 

phosphatidylcholine (PC) biosynthesis via three sequential methylations of 

phosphatidylethanolamine (PE). PEMT is also expressed in white adipose 

tissue (WAT). When fed a high-fat diet (HF), Pemt-/-mice are protected 

from diet-induced obesity (DIO), but develop steatohepatitis. This thesis is 

endeavored to seek the underlying mechanisms for the resistance to DIO 

and the development of steatohepatitis in HF-fed Pemt-/- mice, mainly 

focusing on the liver, WAT and brown adipose tissue (BAT). 

        The vagus nerve relays signals between the liver and brain, 

regulating energy metabolism. Thus, a possible role of the hepatic branch 

of the vagus nerve in the resistance to DIO and the development of 

steatohepatitis in Pemt-/- mice was first explored. Pemt-/- and Pemt+/+ mice 

were subjected to hepatic vagotomy (HV), compared with sham operation; 

or subjected to capsaicin treatment, which selectively disrupts the afferent 

nerve, versus vehicle-treated mice. After surgery, mice were fed the HF for 

10 weeks. HV abolished the protection against DIO and prevented the 

development of steatohepatitis in Pemt-/- mice. However, disruption of the 

hepatic afferent vagus nerve by capsaicin failed to reverse either the 

protection against DIO or the development of HF-induced steatohepatitis 

in Pemt-/- mice. Thus, neuronal signals, relayed particularly via the efferent 
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vagus nerve, contribute to the development of steatohepatitis and 

protection against obesity in HF-fed Pemt-/- mice. 

        Endoplasmic reticulum (ER) stress is associated with the 

development and progression of steatohepatitis. PEMT is located on the 

ER and mitochondrial-associated membranes. Thus, we proposed that 

PEMT deficiency might cause aberrant composition of PC and PE in the 

ER and consequently ER stress, which sensitized mice to HF-induced 

steatohepatitis. Indeed, chow-fed Pemt-/- mice had reduced PC and 

increased PE in hepatic ER fractions. Chow-fed Pemt-/- mice presented 

ER stress in the livers with higher expression of CHOP and BIP compared 

to Pemt+/+ mice, without activating the unfolded protein response (UPR). 

HF led to more severe ER stress and activated UPR including all three 

branches PERK-eIF2α, IRE1α-XBP1s and ATF6, in the livers from Pemt-/- 

mice than Pemt+/+ mice. Similarly, McArdle cells without PEMT activity 

exhibited ER stress and activated UPR compared with McArdle cells 

expressing PEMT. Furthermore, the chemical chaperone 4-phenyl butyric 

acid (PBA) reversed the activation of UPR and ER stress caused by 

PEMT deficiency in McArdle cells. PBA had a minor impact on hepatic ER 

stress or the development of steatohepatisis in HF-fed Pemt-/- mice. 

However, PBA decreased triglyceride accumulation and alleviated 

apoptotic signaling in the livers from these mice. Together, PEMT 

deficiency leads to hepatic ER stress and sensitizes mice to HF-induced 

steatohepatitis.  
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        The contribution of WAT and BAT to the protection against DIO in 

Pemt-/- mice has also been studied. PEMT deficiency had no effect on 

adipocyte differentiation or lipolysis in WAT, but resulted in a decreased 

lipogenesis in WAT, which at least partially contributes to the lower weight 

gain in HF-fed Pemt-/- mice. Contrary to WAT, BAT is a highly oxidative 

tissue, responsible for non-shivering thermogenesis. In BAT, the protein 

and enzyme activity of PEMT was not detectable, compared to that in the 

liver or WAT. The capability for thermogenesis in mice was evaluated by 

cold exposure at 4˚C. When fed standard chow diet, both Pemt+/+ and 

Pemt-/- mice were able to maintain their body temperature above 33˚C for 

up to 4 h upon cold exposure. However, after fed the HF diet for 2 weeks, 

Pemt-/- mice developed hypothermia, whereas Pemt+/+ mice maintained 

their body temperature throughout the 4 h cold challenge. However, 

thermogenic capacity in BAT remained intact in HF-fed Pemt-/- mice. 

Dietary choline supplementation prevented the cold-induced hypothermia 

in Pemt-/- mice, coinciding with restoration of lower plasma glucose and 

increased expression of hepatic gluconeogenesis-related genes. Thus, 

cold-induced hypothermia in HF-fed Pemt-/- mice is likely due to an 

insufficient glucose supply caused by impaired hepatic gluconeogenesis, 

highlighting the importance of glucose as a substrate for thermogenesis. 
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Preface  

        Contents in Chapter 2 of this thesis were published in Journal of 

Hepatology in 2015, entitled “Vagus nerve contributes to the development 

of steatohepatitis and obesity in phosphatidylethanolamine N-

methyltransferase deficient mice”. [Journal of Hepatology. 62 (2015) 913-

920] 

        Contents in Chapter 4 of this thesis have been accepted by 

Biochimica et Biophysica Acta (BBA)-molecular and cell biology of lipid in 

2015, entitled “Decreased lipogenesis in white adipose tissue contributes 

to the resistance to high fat diet-induced obesity in 
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[Biochimica et Biophysica Acta (BBA)-molecular and cell biology of lipids. 
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1.1 phosphatidylcholine (PC) and phosphatidylethanolamine (PE)  

1.1.1 PC 

        Phosphatidylcholine (PC) was first described in 1847 as a constituent of egg yolk 

and named as lecithin based on the Greek equivalent lekythos (1). PC contains two 

fatty acids esterified to a glycerol backbone and a phosphodiester linkage connecting to 

choline (Figure 1.1) (2). The diversity of PC molecules relies on the differences in the 

length, number and position of double bonds in the two fatty acids (3). There are more 

than 20 different PC species in mammalian cells (3). PC in the liver typically contains a 

saturated fatty acid (e.g., palmitic acid) at the sn-1 position and a polyunsaturated fatty 

acid (e.g., arachidonic acid) at the sn-2 position (3).  

1.1.2 Function of PC 

        PC primarily functions as a structural component of eukaryotic cellular membranes 

(4). PC is the major lipid component of eukaryotic transport pathways, facilitating and 

maintaining the intracellular distribution of PC (5,6). Presumably, the appropriate 

distribution of PC has important consequences for cellular and organelle function (7). 

Physical properties of the membrane such as fluidity and permeability (integrity) are 

altered by phospholipid composition (8,9). It is becoming clear that a direct link exists 

between the lipid environment and the function of some integral membrane proteins 

(10). 

        PC in cellular membranes also serves as a precursor for essential signalling 

molecules. In response to physiological and pathophysiological stimuli such as 

hormones and cytokines, second messengers derived from membrane lipids are rapidly 
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released due to the presence of phospholipases (11,12) (Figure 1.2). PC-derived 

signals include lysophosphatidylcholine (lyso-PC), lysophosphatic acid, phosphatidic 

acid, diacylglycerol (DG), and eicosanoids produced from long chain fatty acids (13). 

The generation of specific lipid signalling molecules is dependent on the extracellular 

stimuli and cell type. Metabolites derived from PC are implicated in a wide range of 

cellular events and provide targets for seeking potential treatments for immune 

diseases, post-ischemic brain injury and cancer (14-16). 

        Beyond being the membrane component, PC in the liver is also an essential 

component for bile and lipoprotein particles. Bile secreted from the liver contains bile 

acids, cholesterol, and phospholipids, and facilitates the digestion and absorption of 

lipids and fat soluble vitamins in the intestinal tract (17). The majority (~95%) of 

phospholipid in bile is PC (18). PC is required to neutralize bile acids and maintain the 

solubility of cholesterol (17). In mice, the amount of PC secreted from the liver into bile 

within 24 h is equivalent to the total pool of hepatic PC (19). Hepatic PC actively 

translocates across the hepatocyte canalicular membrane into bile by a PC-specific 

transport protein (flippase), multiple-drug resistance protein 2 (MDR2, which is called 

ABCB4/MDR3 in humans) (20). In humans, mutations in MDR3 gene were associated 

with progressive familial intrahepatic cholestasis 3 (21), a rare disease characterized by 

persistent blockage of bile ducts, which can progress to irreversible liver damage (22).  

        PC is the major phospholipid in all the lipoprotein classes with levels ranging from 

60-80% (23). In addition to PC, lipoprotein particles also contain other phospholipids 

including sphingomyelin, lyso-PC, phosphotidylethanolamine (PE), phosphatidylserine 

(PS), and phosphatidylinositol (23). Lipoproteins are responsible for transporting the 
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hydrophobic lipids in the hydrophilic circulatory system (24). Structurally on the surface 

of lipoproteins, phospholipids and cholesterol form a monolayer surrounding the 

hydrophobic core containing triacylglycerol (25) and cholesteryl esters (24). Based on 

the density, lipoproteins are classified into chylomicrons, very low density lipoproteins 

(VLDL), low density lipoproteins (LDL) and high density lipoproteins (HDL). Compared 

to VLDL with a TG-rich core, LDL and HDL are denser and have a relatively higher 

proportion of cholesterol (24). Moreover, different lipoprotein classes carry distinctive 

proteins referred to as apolipoproteins; for instance, apolipoprotein B is mainly found in 

VLDL and LDL (24). In general, the higher the total phospholipid component of 

lipoproteins, the greater density and surface area; in HDL, up to 40% of the total 

lipoprotein lipid is composed of PC (23).  

        Notably, PC is also an important component of pulmonary surfactant. Surfactant is 

predominately composed of PC (~70%) and surfactant proteins (26,27). A specific PC 

specie dipalmitoylphophatidylcholine is the major PC in pulmonary surfactant (26,27). In 

addition to its immune function, which mainly depends on surfactant proteins, surfactant 

that coats alveoli is critical for lung function as it intersperses between water and air to 

reduce the surface tension (26,27). Moreover, most recent studies have confirmed that 

PC can be a source of TG in hepatocyte (28,29) and in the liver (30). It is estimated that 

~ 50% of hepatic PC is taken up from plasma lipoproteins, and remarkably that 30% of 

lipoprotein-derived hepatic PC is converted into TG (30). 

1.1.3 PC biosynthesis: CDP-choline pathway 

        In mammals, there are two pathways for de novo PC synthesis: the cytidine 

diphosphate (CDP)-choline pathway and the phosphatidylethanolamine N-
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methyltransferase (PEMT) pathway. In all nucleated cells, the major pathway for PC 

production is the CDP-choline pathway (Figure 1.2), whereas the PEMT pathway (will 

be discussed in section 1.3) is only quantitatively significant in the liver. The CDP-

choline pathway was first characterized by Eugene Kennedy in the 1950s (31); 

therefore, it is occasionally referred to as the Kennedy pathway (4). PC may also be 

generated through base-exchange of the choline head group (4) or by the reacylation of 

lyso-PC (32). 

        The CDP-choline pathway requires dietary choline as substrate and generates PC 

via three enzymatic reactions (Figure 1.3). First, choline, an important essential nutrient, 

is phosphorylated to phosphocholine by choline kinase using adenosine triphosphate 

(ATP). Second, in the presence of cytidine triphosphate (CTP), phosphocholine is 

converted into CDP-choline by CTP:phosphocholine cytidylyltransferase (33). CT is the 

rate-limiting enzyme in the CDP-choline pathway (4). CT is encoded by two 

genes, Pcyt1a and Pcyt1b, and CTα (the product of Pcyt1a) is the predominant isoform 

in the liver (34,35). Whole body deletion of CTα in mice is embryonic lethal at day 3.5, 

indicating a critical role of the CDP-pathway in embryogenesis (36). Mice with liver-

specific deletion of CTα have been generated and exhibit compromised lipoprotein 

secretion (37). The final reaction is catalyzed by CDP-choline:1,2-diacylglycerol 

cholinephosphotransferase, which exchanges cytidine monophosphate for DG to 

generate PC (4).  

1.1.4 PE and its function 

        Historically, PE was first described as a nitrogen- and phosphorus-containing lipid 

in 1884 (4). The first pure preparation of PE was isolated by Rudy and Page in 1930 
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and following that, its structure was demonstrated in 1952 by Baer and et al (4). PE is 

different from PC, with ethanolamine replacing the choline group (Figure 1.1). 

        Similar to PC, one major function of PE is to act as a primary structural component 

of cellular membranes. Typically, PE is the second most abundant phospholipid in 

mammalian cells, comprising of ~ 20% of total phospholipids (4). One exception is in the 

brain, where ~ 45% of total phospholipids are PE (38). The PE content is different 

among cellular organelles. For example, mitochondria contain higher amounts of PE 

than other organelles; the inner mitochondrial membrane is more enriched in PE than 

the outer mitochondrial membrane (4). Convincing in vitro evidence shows that PE is 

involved in membrane fusion (38). Consistent with this notion, PE is required during 

cytokinesis of mammalian cells for the disassembly of contractile ring at the cleavage 

furrow (39). PE also regulates the fusion of mitotic Golgi membranes (40). Lack of PE in 

the parasite T. brucei impairs membrane fusion, alters mitochondrial morphology and 

inhibits progression of the cell cycle (41).  

        Other than its structural role in membranes, PE also performs numerous additional 

functions. PE acts as a substrate for PC production via the PEMT pathway (Figure 1.3). 

PE is the precursor for N-acylethanolamine, a neurotransmitter in the brain (42) and for 

the synthesis of N-arachidonoylethanolamine, the ligand for cannabinoid receptors in 

the brain (38,43). PE also provides the ethanolamine moiety that covalently modifies 

several proteins including the glycosylphosphatidylinositol anchors, which attach many 

signaling proteins to the plasma membrane (44). Recently, PE has been demonstrated 

to play a role in autophagy, a “self-eating” process defined as a lysosome-dependent 

cytoplasm turnover mechanism (45). Autophagy relies on the formation of 
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autophagosomes before their final fusion with lysosomes for the degradation of the 

encapsulated cellular components (45). The formation of autophagosomes in 

mammalian cells requires the lipid modification of ubiquitin-like light chain protein 3 

(LC3), specifically the covalent association of PE with LC3 (46). The origin of PE in 

autophagosomes is still under debate, although some evidence supports PE derived 

from mitochondria and endoplasmic reticulum (ER)/mitochondria connections are used 

for attachment to LC3 (38). Moreover, PE appears to be essential for heart function, 

since a decreased PE content in cardiac myocytes results in cell damage, and during 

ischemia, the asymmetrical distribution of PE in sarcolemmal membranes is altered 

(47). Most recently, PE, rather than PC or PS, was unexpectedly identified as the single 

endogenous factor that is able to facilitate the formation of prion proteins (48). 

        In Drosophila, PE is the major membrane phospholipid (4). In contrast to 

mammalian cells where cholesterol is the master regulator of cellular cholesterol 

homeostasis, in Drosophila, PE regulates the processing of sterol regulatory element 

binding protein (SREBP) (49), the key transcription factor for cholesterol synthesis in 

mammalians (44). In E. coli, PE functions as a “lipid chaperone”, regulating protein 

folding and the topology of integral membrane proteins such as lactose permease 

(4,50).  

1.1.5 PE biosynthesis  

        In eukaryotic cells, PE can be synthesized through four pathways: two major 

pathways and two minor pathways (Figure 1.4). The CDP-ethanolamine pathway and 

the PS decarboxylase (PSD)-mediated PSD pathway are the two major routes for PE 

production, which are discussed in more details below. PE can also be generated via 
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two quantitatively minor pathways: the acylation of lyso-PE and a base-exchange 

reaction catalyzed by PS synthase (PSS)2, where the serine group of PS is replaced by 

ethanolamine (4). The acylation of lyso-PE pathway is active in yeast, which has the 

majority of lyso-PE acyltransferase activity in the mitochondria-associated membranes 

(MAM), and might also be important in mammals (38,51). The base-exchange reaction 

takes place in the ER in a calcium-dependent manner (38). The relative contribution of 

the four pathways to PE synthesis appears to be cell type dependent (4). In rat 

liver/hepatocytes, the CDP-ethanolamine pathway contributes to the majority of PE 

production, and particularly in Trypanosoma brucei, it is the sole pathway (4,52). 

Whereas, in many other types of cells such as baby hamster kidney cells, over 80% of 

PE is generated from the PSD pathway even when additional ethanolamine is provided 

(53). It should be noted that the quantitative contribution of each pathway to PE 

production in each cell type is complex and difficult to determine due to the limitation of 

methodology (38). Moreover, the CDP-ethanolamine pathway is the de novo pathway 

for PE production, since all the remaining pathways rely on the pre-existing 

phospholipids (4). 

        The CDP-ethanolamine pathway was first described by Kennedy and Weiss in 

1956 (31). Parallel with the CDP-choline pathway, the CDP-ethanolamine pathway also 

consists of three sequential enzymatic reactions (Figure 1.4). First, phosphorylation of 

ethanolamine is catabolized by ethanolamine kinases. Ethanolamine in mammalian 

cells derives from diet or breakdown of PE or sphingosine phosphate (38). Two 

ethanolamine kinases have been characterized: one isoform (ethanolamine kinase-1) 

phosphorylates both ethanolamine and choline, whereas the other isoform 

javascript:void(0);
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ethanolamine kinase-2 is ethanolamine-specific (38). Mice with deletion of ethanolamine 

kinase-2 show a comparable amount of hepatic PE compared to control mice, although 

fewer pups are born and have a lower survival rate (54). Second, the rate limiting 

reaction is catalyzed by CTP:phosphoethanolamine cytidylyltransferase, forming CDP-

ethanolamine from phosphoethanolamine and CTP (4). In mice, 

CTP:phosphoethanolamine cytidylyltransferase is encoded by the Pcyt2 gene and its 

global deletion is embryonic lethal (55). The reaction is completed by CDP--

ethanolamine:1,2-diacylglycerol ethanolamine phosphotransferase residing primarily in 

the ER (4).  

        In mammalian cells, the other major pathway for PE production is the 

decarboxylation of PS by PSD that is located on mitochondrial inner membranes (56). 

The substrate PS is synthesized in the ER/MAM from PC via PSS1 or PE by PSS2 

(Figure 1.4). It remains inconclusive regarding which pool of PS is preferably used for 

PE production, the PS from PC or that from PE (38). Disruption of PSD in mice is 

embryonic lethal at day 9.5, supporting its major contribution for PE production and 

embryogenesis (57). It should be noted that embryonic fibroblasts in PSD-deficient mice 

exhibit profoundly altered mitochondrial morphology and extensively fragmented 

mitochondria (57). Reducing the expression of PSD by silencing mRNA in CHO cells 

also results in morphological alteration in mitochondria and defects in mitochondrial 

functions (38). The underlying mechanism for changes in mitochondrial morphology and 

function caused by loss of mitochondrial PE is still an open question (38), although PE 

is known to be implicated in membrane fusion as aforementioned.    
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        Thus, there are at least two spatially distinct pools of PE synthesized in 

mammalian cells: one in the ER by the CDP-ethanolamine pathway and the other in the 

mitochondria via PSD (4). Notably, the PE species generated by these two pathways 

are distinct in their acyl-chain compositions. PE derived from the CDP-ethanolamine 

pathway preferentially contains mono- or di-unsaturated acyl chains, such as 18:2, at 

the sn-2 position; whereas PE derived from the PSD pathway preferentially has 

polyunsaturated acyl chains, such as 20:4, at the sn-2 position (58).  

 

1.2 Phosphatidylethanolamine N-methyltransferase (PEMT) 

        PEMT catalyzes the production of PC by three sequential methylations of PE using 

S-adenosylmethionine (AdoMet) as the methyl-donor, resulting in its conversion into  S-

adenosylhomocysterine (AdoHcy). In 1941, the methyl groups from methionine were 

first shown to be utilized for the generation of choline, which was then incorporated into 

PC (59). It was until 1960s that Bremer and Greenberg demonstrated that PE acted as 

the methyl group acceptor (60,61). Soon after that, PEMT activity was discovered and 

characterized mainly in rat liver (62). Due to the presence of phospholipase D (Figure 

1.2) (63), PC can be converted into choline, which provides substrate for PC production 

via the CDP-choline pathway. Therefore, PEMT is the only known endogenous pathway 

for choline synthesis (4).  

1.2.1 Purification and characterization of PEMT 

        PEMT is a membrane-associated enzyme. It was only in 1987 that the PEMT 

protein was purified by Neale Ridgway and Dennis E. Vance from rat liver (64). PEMT 
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solubilized in Triton X-100 shows enzyme activity with substrates PE, phosphatidyl-N-

monomethylethanolamine and phosphatidyl-N,N-dimethylethanolamine (64,65). Kinetic 

studies suggest that the purified enzyme has a common substrate binding site for these 

3 substrates and the enzyme activity is optimized at pH 10.5 (64,66). The physiological 

relevance of the high pH optimum for PEMT is unclear (67). The pure PEMT protein has 

a molecular weight of 18.3 kDa determined by SDS-polyacrylamide gel electrophoresis 

(64). This is similar to the calculated molecular weight from the cDNA sequence of 

PEMT (22.3 kDa) (68).  

        With the availability of the purified rat PEMT, oligonucleotide probes were designed 

and used to screen for the PEMT cDNA from a rat liver cDNA library (68). One cDNA 

identified was cloned and expressed in COS-1 cells, McArdle RH7777 rat hepatoma 

(McA-RH7777) cells, and Sf9 insect cells (68). The enzyme activity and molecular 

weight of the expressed protein matched with the purified PEMT enzyme (68). 

Subsequently, the rat PEMT cDNA was used to probe for PEMT from a mouse genomic 

DNA library (69) and a human liver cDNA library (70). In human livers, three forms of 

PEMT mRNA have been identified and they are distinctive from each other in the 5′-

region with or without the presence of 15 nucleotides upstream of the codon for initiation 

of translation (70,71). PEMT from rat, mouse and human, encodes a 199-amino acid 

protein with a molecular weight of 22 kDa (68,70,72). The rat PEMT protein shares 

93.5% and 80.4% similarity with mouse and human PEMT, respectively (70,72). 

1.2.2 Location and structure 

        Subsequent to the cloning of PEMT, a specific antibody against PEMT was raised 

in rats using a synthetic peptide encoding the 12 carboxyl terminal amino acids of 
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PEMT (68). The protein expression of PEMT is significantly higher in the liver than in 

other tested tissues in mice, possessing less than 0.5% immunoreactivity of hepatic 

PEMT (73). Among all the non-hepatic tissues examined, the immunoreactivity is only 

relatively high in the white adipose tissue (WAT) and testes (73). Consistently, the 

PEMT activity is high in the liver (74), although low activity, less than 1% of that in the 

liver, is also present in other tissues such as the heart and adipocytes (73,75), where 

the functional significance has not been well characterized. Moreover, PEMT activity 

was also reported in rat brains, with 4-fold higher enzyme activity in neonatal brains 

than in adult brains (76). PEMT deficiency in mice showed altered fetal brain 

development (77). 

        The protein expression and enzyme activity have also been determined in 

subcellular fractions of rat liver (68). The majority (70%) of PEMT activity was found in 

the ER fractions and MAM (68,78). The MAM are defined as a specific region of the ER 

that transiently tethered to mitochondria (79). They are implicated in phospholipid 

translocation from the ER to mitochondria (80) and in various cellular functions such as 

regulation of calcium homeostasis (73). A surprising finding is that the specific antibody 

raised against PEMT did not recognize PEMT in purified ER fractions from rat livers, 

where the highest enzyme activity was detected (68). However, this antibody is able to 

detect PEMT in both ER fractions and MAM in human livers (78). The potential 

difference in PEMT detection in purified ER fractions and MAM remains to be 

determined.  

        The structure of PEMT has not been characterized by X-ray crystallography or 

NMR (nuclear magnetic resonance spectroscopy) (73). A topological model has been 
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proposed based on studies of endoproteinase digestion of epitope-tagged PEMT (78). 

In this model, PEMT contains 4 transmembrane regions spanning the ER membrane, 

with both the N- and C- terminal residues in the cytosol (78). Additional studies have 

identified two separate AdoMet binding motifs, which are located on the 3rd and 4th 

transmembrane domains in proximity to the cytosolic surface of the ER (81). 

Mutagenesis studies show that residues Gly100 and Glu180 are involved in the regulation 

of AdoMet binding (81). The C-terminal residue Lys197 is essential for localizing PEMT to 

the ER, as PEMT was directed to the Golgi when Lys197 was mutated to Cys197 (82). 

However, the activity of PEMT was not affected by this mutation (82). 

1.2.3 Regulation of PEMT activity 

        Substrate Supply 

        PEMT activity is regulated by the availability of substrates and final products. In 

primary cultured hepatocytes, the conversion of PE to PC is doubled in the presence of 

0.2 mM methionine (83,84) and addition of ethanolamine causes 50% increase of PE 

and doubles the rate of PC conversion from PE (85). Similarly, increased availability of 

phosphatidyl-N-monomethylethanolamine and phosphatidyl-N,N-dimethylethanolamine 

by providing N-monomethylethanolamine or N,N–dimethylethanolamine stimulates the 

formation of PC (84). An increased concentration of PE stimulates PE methylation using 

rat liver microsomes (86). In addition, only newly formed PE generated via the CDP-

ethanolamine pathway seems to be methylated into PC in rat hepatocytes (87).  

        Increased intracellular level of AdoMet by exogenous L-methionine also raises the 

rate of PC formation (88). On the contrary, an elevated cellular AdoHcy concentration 

by 3-deazaadenosine, an AdoHcy hydrolase inhibitor, reduces the cellular 



14 
 

AdoMet/AdoHcy ratio and inhibits PEMT activity (89,90). The ratio of AdoMet to AdoHcy 

regulates cellular methylation reactions including PE methylation by PEMT (88-90).  

        Hormonal regulation 

        In the 1980s, numerous studies have shown that various hormones were involved 

in the regulation of PEMT activity (91-95). Preliminary reports indicate that vasopressin, 

angiotensin (96), epidermal growth factor (91), estradiol (97), and calmodulin (98) 

increased PEMT activity. Glucagon is another hormone extensively studied in the 

regulation of PEMT. However, conclusive statements are difficult to reach due to either 

the small effects of hormones or conflicting published results. In one study, 100 nM 

glucagon showed an inhibitory effect on the conversion of PE to PC by 25% (94) in 

isolated rat hepatocytes, whereas, it activated the methylation of PE by 1-fold in another 

study (99). In vitro studies with purified enzyme showed that PEMT was phosphorylated 

by glucagon-activated cyclic AMP (100)-dependent protein kinase (92). However, 

addition of exogenous cAMP to intact hepatocytes failed to promote phosphorylation of 

PEMT (92). 

        Estrogen is a well characterized hormonal regulator of PEMT. The first evidence 

comes from studies on mice, where the expression of PEMT is higher in female mice 

than in male mice (101). Consequently, deletion of PEMT results in reduced plasma PC 

in chow-fed female mice but not in male mice (101). When fed a high fat/high 

cholesterol diet, only female Pemt−/− mice exhibit a significant reduction in the level of 

hepatic PC (101). In humans, postmenopausal women and men are more likely to 

develop muscle and liver damage under choline-restricted condition (102). Subsequent 

analysis implies that PEMT is regulated by estrogen in an isoform-specific fashion 
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(103,104). A common genetic polymorphism (rs12325817) in the PEMT transcript has 

been identified to be associated with increased risk of organ dysfunction in response to 

a choline-deficient diet (CDD) (104). This is likely related to the ablation of the binding 

between the risk allele and estrogen receptor (103). Furthermore, PEMT transcription 

has been shown to be increased by estrogen in a dose-dependent manner in primary 

cultured mouse and human hepatocytes (105). However, it is not clear at the moment 

that the observed induction of Pemt mRNA levels is due to altered regulation of gene 

transcription or increased stability of mRNA (67).  

        Transcriptional Regulation 

        The transcriptional regulation has not been well characterized. Human active 

PEMT transcripts share 50% similarity of the promoter region with mouse PEMT 

(69,71). In both mice and humans, a TATA box is not present in the proximal promoter 

region for PEMT (69,71). Further analysis of the promoter region reveals potential 

transcription factor binding sites including hepatic nuclear factor, activating factor-1, yin 

yang protein 1, GATA and Sp1 (69,71). The regulatory role of majority of these factors 

has not been examined until recently when a suitable cell model was identified. PEMT 

mRNA is low in several immortalized cell lines, including the monkey kidney cell line 

COS-7, the mouse hepatoma cell lines H2.35, McA-RH7777and Hepa-1c1c7, and the 

mouse embryonic fibroblast cell line C3H10T1/2 (106). Although primary hepatocytes 

have high expression of PEMT initially, the mRNA levels of PEMT drop rapidly within 16 

h of isolation and are undetectable with extended culture, which is likely related to the 

de-differentiation of hepatocytes during the primary culture (19,106,107).  
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        Lately, the discovery that the expression of PEMT protein was significantly 

increased during the differentiation of 3T3-L1 cells solves this problem (75). Using 3T3-

L1 cells, a regulatory region is identified by PEMT promoter-luciferase assay between 

− 471 and − 371 bp relative to the transcription start site (106). Sp1 protein binds to this 

GC-rich region and the amount of Sp1 decreases just before the protein level of PEMT 

increases. Furthermore, tamoxifen, a drug commonly prescribed for breast cancer 

treatment, inhibits the expression of PEMT by manipulating the binding of Sp1 to the 

promoter region (108). Thus, Sp1 is suggested to be a negative transcriptional regulator 

of PEMT (106). Additionally, Sp3 and yin yang protein 1 also binds to the promoter 

region of PEMT in 3T3-L1 cells, but neither protein has effect on the protein levels of 

PEMT during cell differentiation (106). Interestingly, Sp1 acts as a positive regulator of 

the expression of CT, the rate-limiting enzyme in the CDP-choline pathway (109-111). 

The CDP-choline pathway is inversely up-regulated in the liver when PEMT expression 

is decreased during hepatic regeneration and growth (112-114). Therefore, Sp1 might 

play an important role in the reciprocal regulation of the PEMT and CDP-choline 

pathways. 

        Other regulation 

        PEMT is inversely correlated with liver cell growth. PEMT expression is negatively 

correlated with the liver growth in rats (112). In rats, the activity of hepatic PEMT is very 

low (0.03 nmol/min/mg protein) before birth, but rapidly increases after birth, peaking at 

10 days (0.45 nmol/min/mg protein), and maintains into adulthood (115). After a partial 

hepatectomy, when two-thirds of the liver is removed, the remaining hepatocytes de-

differentiate and proliferate to recover the liver mass (116,117). The mRNA and protein 
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levels of PEMT were reduced by 90% and the hepatic PEMT activity was decreased by 

45% 24 h after partial hepatectomy in rats (114), whereas the CDP-choline pathway 

was reciprocally activated (118). As the liver size was restored (~48 h post 

hepatectomy), the protein level of  PEMT increased and the reduced PEMT activity was 

restored 3–4 days after the partial hepatectomy (114). Furthermore, Pemt−/− mice fed a 

high fat (119) diet had only a 32% survival rate of that in Pemt+/+ mice after the partial 

hepatectomy (120). Even to date, the regulatory mechanisms for PEMT in these 

observations are still lacking. 

        The above inverse correlation between PEMT and cell growth is also present in 

cell models. As cultured primary hepatocytes de-differented, the expression of PEMT 

was decreased (107), which is consistent with a previous report where the PEMT 

mRNA was undetectable in primary rat hepatocytes after 50 h of culture (19). Moreover, 

PEMT activity is negligible in immortalized hepatoma cell lines, which typically have 

increased expression of genes for cell growth (68,121-123). In contrast, expression of 

PEMT in McA-RH7777 cells stalled cell growth (121).  

        PEMT catalyzes reactions responsible for the production for PC and endogenous 

choline. Thus, it is not surprising that PEMT activity is altered by the availability of 

choline or the presence of CTα, the key enzyme in CDP-choline pathway. Rats fed a 

CDD for 3 weeks had 2-fold increase of PEMT activity, concomitant with the increased 

levels of mRNA and protein (124). Likewise, PC production was doubled via the PEMT-

mediated PE methylation in LCTα−/− mice (125). However, the mechanisms underlying 

these alterations have not been determined. 
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1.3 Physiological function of PEMT  

        The knowledge on the physiological importance of PEMT was limited until 

generation of PEMT knockout mice by C. Walkey (72). A vector was constructed, 

specifically targeting exon 2 of PEMT, and introducing the vector into mice generated 

mice lacking PEMT enzyme activity (Pemt−/− mice) (72). The Pemt−/− mouse is the very 

first mouse model generated with deletion of an enzyme in phospholipid biosynthesis 

(73). Pemt−/− mice appear overly normal with minimal effect on the levels of PC and PE 

in the liver. This is not too surprising since the enzyme is only quantitatively significant 

in the liver (72). In addition, a 60% increase in CT activity in the livers of Pemt−/− mice 

likely minimizes the effect of PEMT elimination on the production of hepatic PC (72). 

Insights into the physiological relevance of PEMT have been gained since mice were 

specially treated with a CDD. We and others have uncovered the physiological 

importance of PEMT in fatty liver, cardiovascular diseases, and obesity and type 2 

diabetes. 

1.3.1 PEMT and non-alcoholic fatty liver 

        Non-alcoholic fatty liver disease (NAFLD) is rapidly rising throughout the world with 

the epidemic of obesity and diabetes (126-128). NAFLD includes a wide spectrum of 

hepatic diseases, from steatosis to non-alcoholic steatohepatitis (NASH) and more 

advanced stages of liver failure (129-132). It is unclear how steatosis progresses into 

NASH. The significance of PEMT in NAFLD has been shown in mice fed the CDD or the 

HF diet and in humans. 

        The first and critical evidence linking PEMT to NAFLD comes from studies on 

Pemt−/− mice fed the CDD. CDD-fed Pemt−/− mice develop severe liver failure with highly 
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elevated plasma alanine aminotransferase, an indicator of liver pathology and typically 

die within 5 days (133). This lethal effect is mainly caused by reduced PC production 

and removal of PC via biliary excretion (73). With depletion of dietary choline, PC 

production via the CDP-choline pathway is essentially attenuated and Pemt−/− mice 

show only 50% hepatic PC compared to control mice (133). The importance of hepatic 

PC is further supported by deletion of MDR2 in Pemt−/− mice, which is a PC-specific 

flippase, responsible for the secretion of PC into bile (20,133). Quantitatively significant 

amounts of hepatic PC are secreted into bile as shown in a 20 g mouse, the liver of 

which contains ~ 20 mg of PC and secretes ~ 23 mg of PC each day into the bile (134). 

When fed the CDD for three days, Pemt−/−/Mdr2−/− mice show only ~20% reduction in 

hepatic total choline-metabolites compared with over 50% decrease in Pemt−/− mice and 

have an negligible level of biliary PC (133). As expected, Pemt−/−/Mdr2−/− mice are able 

to survive over 90 days when placed on the CDD (133). A surprising finding in 

Pemt−/−/Mdr2−/− mice is that hepatic PC is also decreased by 50% as in Pemt−/− mice, 

which is not concomitant with the decrease of other phospholipids such as PE (135).  

        Membranes are constituted of various lipids with distinct physical properties and 

plays different functional roles (136). PC is one major component of lipid bilayer, mainly 

residing in the outer monolayer of the plasma membrane; PE, on the other hand, is 

concentrated on the inner layer of the plasma membrane (137). This leads to the 

speculation that the decreased hepatic PC in Pemt−/− mice might cause redistribution of 

PE on plasma membrane, which consequently affects membrane permeability (73). 

Indeed, a striking correlation was found between hepatic PC/PE ratio in 

Pemt−/−/Mdr2−/− and Pemt−/− mice and plasma alanine aminotransferase (135). 
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Manipulating PC/PE ratio using large unilamellar vesicles also supports the idea that a 

decreased PC/PE ratio induces membrane permeability (135). Furthermore, this PC/PE 

ratio shows clinical relevance, as a decreased ratio has been observed in NASH 

patients compared to control livers (135). Thus, the liver failure in CDD-fed Pemt−/− mice 

is caused by the deprivation of PC and the loss of membrane integrity, resulting from a 

decreased hepatic PC/PE ratio (135).  

        When fed the HF diet, Pemt−/− mice develop NASH quickly within two weeks (120). 

It has been shown that HF-induced NASH in Pemt−/− mice is likely due to both increased 

steatosis and decreased hepatic PC/PE. The steatosis in HF-fed Pemt−/− mice is largely 

caused by an impaired VLDL secretion. Inadequate amount of hepatic PC reduces the 

secretion of TG-rich VLDL particles (138-140). Disruption of either the CDP-choline 

pathway or the PEMT pathway, results in TG accumulation in cells and animal models 

(37,101,141-144). When fed a HF/high cholesterol diet for 3 weeks, Pemt−/− mice 

accumulate ~5-fold more hepatic TG compared to wild-type mice (101). When fed the 

HF diet for 10 weeks, Pemt−/− mice have ~3-fold more hepatic TG than control mice 

(33). The hepatic TG accumulation in Pemt−/− mice could be also attributed to PC 

derived from plasma lipoprotein particles (29). PC derived from plasma lipoprotein 

particles has been shown to be a significant source of hepatic TG in mice, ~ 50% of 

hepatic PC is estimated to be from plasma lipoproteins, and among them, 30% is 

converted into hepatic TG (30). Particularly in Pemt−/− mice, a relatively larger portion 

(49%) of hepatic PC is converted to TG versus control mice, which is not observed in 

LCTα−/− mice (30). Furthermore, HF-fed Pemt−/− mice also exhibit a reduced PC/PE 

ratio, which is associated with the survival rate after partial hepatectomy (120). 
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Additionally, hepatic PC/PE ratio appears to be increased in ob/ob mice (a genetic 

mouse model lacking the functional hormone leptin) compared to control mice, 

concomitant with hepatic ER stress and impaired calcium homeostasis (145). 

Attenuating the PEMT activity by 50–70% in ob/ob mice alleviates hepatic ER stress 

and improves calcium homeostasis (145). Together, the HF diet also induces the 

occurrence of NASH in Pemt−/− mice. 

        In humans, there is evidence for a correlation between PEMT and NAFLD. Zeisel’s 

group first reported the polymorphism at residue 175 of PEMT, at which, a Val-to-Met 

substitution led to ~ 40% reduction of enzyme activity (146). Studies from 59 control 

subjects and 28 humans with non-alcoholic liver disease showed that Met/Met at 

residue 175 occurred in 68% of the subjects with non-alcoholic liver disease but in only 

41% of control subjects (146). The V175M polymorphism was then suspected to confer 

susceptibility to non-alcoholic liver disease in humans (146). This concept was again 

supported from a later study carried out in Japan on 107 NASH patients and 150 

healthy volunteers (147). This association between the V175M polymorphism and 

steatosis did not appear in the Dallas Heart study (148), but was detected when only 

Caucasians were considered. One possible explanation could be that the V175M 

polymorphism is associated with fatty liver on the condition that the secretion of TG into 

plasma VLDL is decreased and/or TG synthesis is increased (149). Another 

polymorphism was identified with the substitution of G to C in the promoter region of 

the PEMT gene (150). This G to C polymorphism is likely associated with the 

development of organ dysfunction in humans consuming a low choline diet (104). 
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Moreover, the C allele in the PEMT gene increased the requirement for choline in both 

post-menopausal and pre-menopausal women (104). 

1.3.2 PEMT and cardiovascular disease 

        A possible relationship between methylation of ethanolamine to PC and 

atherosclerosis was reported in 1954 (151). C57BL/6 mice are protected against diet-

induced atherosclerosis (73). To date, there are two commonly used mouse models for 

atherosclerosis: LDL receptor-deficient (Ldlr−/−) mice and mice lacking apolipoprotein E 

(Apoe−/−) (152). Ldlr−/− mice develop atherosclerosis when fed a HF, high-cholesterol 

diet, whereas Apoe−/− mice present atherosclerosis spontaneously with chow-feeding 

(152). The protective role of PEMT against atherosclerosis has been examined in both 

genetic backgrounds (153,154). When fed the HF, high-cholesterol diet for 16 weeks, 

deletion of PEMT in Ldlr−/− mice (Pemt−/−/Ldlr−/−) decreased the atherosclerotic lesions 

by ~ 80% (154). When fed the chow diet for 1 year, Pemt−/−/Apoe−/− mice also showed 

~30% reduction of atherosclerotic lesions compared to Pemt+/+/Apoe−/− mice (153). 

Moreover, deletion of PEMT in Apoe−/− mice improved systolic function examined by 

echocardiography and decreased the accumulation of TG in the heart by 34% (153), 

indicating a beneficial effect of PEMT deficiency in cardiac function. Taken together, the 

lack of PEMT protects mice (Ldlr−/− and Apoe−/−) against the development of 

atherosclerosis. 

        The beneficial effect of PEMT deficiency in atherosclerosis mainly is attributed to 

an improved plasma lipoprotein profile. The VLDL/LDL lipids in Pemt−/−/Ldlr−/− mice was 

significantly lower than that in Ldlr−/− mice, with ~ 70%, 56% and 34% reduction for 

plasma TG, cholesterol and cholesteryl esters respectively (154). Consistently, the 
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levels of plasma apoB100 and apoB48 were also decreased by 30% and 60% in 

Pemt−/−/Ldlr−/− mice (154). Additionally, VLDL from Pemt−/−/Ldlr−/− mice was more rapidly 

cleared from plasma than that from Pemt+/+/Ldlr−/− mice, which is possibly due to 

alterations in lipid content and structure of VLDL (154). Similarly, Pemt−/−/Apoe−/− mice 

also showed a 45% reduction in the level of TG and a 25% decrease in cholesterol in 

plasma VLDL/LDL fractions (153).  

        The improved plasma lipid profile is closely related to the requirement of PEMT in 

VLDL secretion. This notion was first demonstrated in primary rat hepatocytes: when 

cultured in medium lacking both methionine and choline, hepatocytes had increased 

cellular TG accumulation, but decreased VLDL secretion (143). Both methionine and 

choline are relevant to PC biosynthesis: choline is a precursor in the CDP-choline 

pathway, whereas methionine, once converted to AdoMet, acts as the methyl donor for 

PC production via PEMT-mediated methylation of PE (73). Supplementation of either 

methionine or choline normalized VLDL secretion in hepatocytes, suggesting an active 

synthesis of PC via either the PEMT pathway or the CDP-choline pathway satisfies the 

demand of PC for secretion of VLDL in cultured rodent hepatocytes (73,143). Indeed, 

VLDL secretion was defective in Pemt−/− mice, despite an intact CDP-choline 

pathway (101,142). Similarly in LCTα−/− mice, VLDL secretion was decreased even 

though the activity of PEMT was increased by 2-fold in the liver (37). Thus, it seems that 

both the PEMT and CDP-choline pathways are required for normal hepatic VLDL 

secretion. It is still not clear why both pathways are needed. An early study from rat 

hepatocytes showed that VLDL secretion might require specific pools of PC (155). 

Compared to PC made from PE via the CDP-ethanolamine pathway, PC generated 
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from PE originating from PS decarboxylation is preferable for VLDL secretion (73). 

Future studies are required to shed light on this puzzle. It is noteworthy to mention that 

PEMT deficiency decreased hepatic secretion of VLDL in a gender specific manner, in 

male but not female Pemt−/− mice (101).  

        The beneficial effect of PEMT deficiency in atherosclerosis is also associated with 

decreased plasma homocysteine (Hcy). Hcy is a non-protein amino acid. 

Hyperhomocysteinemia,  denoted by elevated level of total Hcy in the blood, is an 

independent risk factor for cardiovascular diseases such as atherosclerotic vascular 

disease in the coronary artery (156,157). In the liver, PEMT-mediated methylation of PE 

to PC is a significant contributor of plasma Hcy. Through the complete methylation of 1 

molecule of PE, 3 molecules of AdoHcy are generated (Figure 1.3). In Pemt−/− mice, the 

plasma levels of Hcy were decreased by 50% in comparison to those 

in Pemt+/+ mice (158). Hepatocytes Isolated from Pemt−/− mice also showed 50% 

reduction in the secreted Hcy than hepatocytes from Pemt+/+ mice (158). In McA-

RH7777 cells, expression of human PEMT caused close to a 3-fold increase in the 

levels of Hcy in medium after 24 h of culture compared to control cells (158). 

Furthermore, in LCTα−/− mice, where PEMT activity was doubled, plasma Hcy was 

elevated by 20–40% compared to control mice (125). Consistently, hepatocytes from 

LCTα−/− mice secreted 40% more Hcy into medium than did control hepatocytes (125). 

In addition, PEMT-mediated hepatic methylation of PE could be a major source of 

plasma Hcy. Mammals are estimated to have at least 50 AdoMet-dependent 

methylation reactions (159). Earlier report showed that in humans, ~ 70% of AdoMet 

was consumed for the biosynthesis of creatine (160). However, with the latest studies 
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on the significance of PEMT in the utilization of AdoMet, the methyl balance in humans 

may need to be re-evaluated and  the contribution of creatine biosynthesis in the 

utilization of AdoMet is likely less than the previous estimation (161,162). 

1.3.3 PEMT and obesity  

        It is unexpected that Pemt-/- mice are resistant to weight gain and protected 

from insulin resistance when fed a HF diet. Over 10 weeks of HF feeding, Pemt-/- mice 

maintain constant body weight, whereas Pemt+/+ mice gain over 10 g of weight and 

show significant WAT hypertrophy (33). Unfortunately, Pemt-/- mice also develop NASH 

(33,120). The subsequent journey to explore the potential mechanisms for the 

resistance to diet-induced obesity (DIO) in Pemt-/- mice has been exciting.  

        Due to its quantitative relevance to hepatic PC production, insufficient PC might 

lead to the resistance to DIO in Pemt-/- mice. However, HF-fed LCTα-/- mice become as 

obese and insulin resistant as the control mice (33). LCTα-/- mice also swiftly develop 

NASH when fed the HF diet (33). Thus, the resistance to DIO in Pemt-/- mice is due to 

factors beyond a compromised PC production and VLDL secretion, which have been 

characterized in both Pemt-/- and LCTα-/- mice (73). Interestingly, dietary choline 

supplementation (2.7 g of choline/kg diet) to HF, which contains 1.3 g of choline/kg diet, 

completely prevents the resistance to DIO in Pemt-/- mice (33). Concomitant with the 

effect on insulin resistance in Pemt-/- mice, choline increases the expression of hepatic 

glucagon receptor, phosphorylated cAMP-activated protein kinase and serine-307-

phosphorylated insulin receptor substrate 1 (163). Thus, choline might regulate hepatic 

gluconeogenesis via increasing glucagon action (163). The insufficiency of dietary 

choline likely causes reduced weight gain, as Pemt+/+ mice demonstrate significant less 

http://en.wikipedia.org/wiki/Insulin_resistance
http://en.wikipedia.org/wiki/Phosphorylation
http://en.wikipedia.org/wiki/AMP-activated_protein_kinase
http://en.wikipedia.org/wiki/IRS1
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weight gain and improved insulin sensitivity when fed the choline-deficient HF diet for 12 

weeks (33). Moreover, ob/ob mice fed a choline-deficient HF diet also gain less weight 

and exhibit improved insulin and glucose tolerance compared to mice fed the choline-

supplemented diet (163).  

        Choline insufficiency in HF-fed Pemt-/- mice leads to the protection against DIO, but 

it remains unclear which choline metabolite(s) is (are) relevant. Betaine, the oxidized 

form of choline, is an important methyl-group donor and osmolyte. Oral addition of 

betaine has shown a beneficial effect on fatty liver conditions caused by alcohol, 

sucrose or others (164,165). But, dietary betaine supplementation has no effect on body 

weight gain or insulin sensitivity in HF-fed Pemt-/- mice (33).  

        The resistance to DIO in Pemt-/- mice could also be attributed to aberrant energy 

homeostasis. One possibility is that lack of PEMT affects adipogenesis or lipid 

hydrolysis in adipose tissue, since PEMT is present in the WAT (75). Most recently, an 

increased mitochondrial PE level caused by PEMT deficiency in mice was shown to 

modulate ATP production and decrease hepatic gluconeogenesis, which contributed to 

the regulation of whole body glucose metabolism (166). Moreover, HF-fed Pemt-/- mice 

exhibit increased oxygen consumption and elevated respiratory exchange ratio 

examined by indirect calorimetry in metabolic cages (33), suggesting an increase of 

energy expenditure and a preference of glucose over lipids as fuel respectively. 

 

1.4 Vagus nerve and metabolism 

1.4.1 Vagus nerve  
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        The vagus nerve, also known as the cranial nerve X, is different from all the other 

cranial nerves due to its most extensive distribution (167). It wanders along the 

esophagus and major arteries, and predominantly innervates the thoracic and 

abdominal cavities (167). The vagus nerve is responsible for the parasympathetic 

innervation of the upper abdominal organs (167,168). It originates from four nuclei in the 

medulla oblongata: dorsal nucleus, nucleus ambiguus, nucleus of tractus solitarius 

(NTS) and spinal nucleus of trigeminal nerve (169). Axons in the dorsal nucleus 

generate the pre-ganglionic parasympathetic visceral efferent (motor) fibers of the 

vagus nerve (169). The motor neurons in the nucleus ambiguus, together with cranial 

nerves IX, X, and XI, give rise to parasympathetic nerve fibers innervating the heart 

(169). The NTS receives signals derived from the respiratory system, the taste buds 

and the visceral gastrointestinal tract via the afferent (sensory) fibers (169). In addition, 

the spinal nucleus of trigeminal nerve obtains general somatic information via afferent 

nerve fibers from the external auditory meatus and the ear (169). The majority (80%) of 

vagus nerve fibers are afferent fibers, which relay neuronal signals to the NTS (167). 

From the NTS, the vagus nerve projects to different aspects of the brain including the 

dorsal raphe nuclei in the brain stem and hypothalamus (167). 

        The understanding of the distribution of the vagal afferent nerve has been largely 

obtained from the retrograde tracing (tracer injected into peripheral organs) and 

anterograde tracing (tracer injected into the nodose ganglia) studies (167). In the 

earliest tracing studies, tritiated amino acids were injected into the nodose ganglia and 

later, DiI (1,1′-dioleyl-3,3,3′,3′-tetramethylindo-carbocyanine), an intensely orange 

fluorescent carbocyanine dye and wheat germ agglutinin-horseradish 
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peroxidase (WGA-HRP) have been widely used for tracing afferent nerve fibers (167). 

The labeling materials have been evolving with the availability of other dyes such as 

diaminobenzidine (DAB) and fluorescently labeled streptavidin (167). Several other 

experimental approaches can also be used to explore the function and anatomy of the 

vagus nerve including immunohistochemistry, electrophysiological recording and 

selective ablation (170). Unlike the sympathetic postganglionics and dorsal root 

afferents, which can be traced by immunohistochemical analysis of their specific 

neurochemical markers such as calcitonin gene-related peptide and tyrosine 

hydroxylase, there are no generally unique neurochemical markers known that are 

exclusively expressed in the vagal nerve (170). However, certain markers may 

reasonably predict the presence of the vagal afferent nerve and its terminal structure in 

specific regions. For instance, calretinin, a calcium binding protein, is a fairly good 

marker for vagal afferent innervation of the esophagus (171) and might be a relatively 

specific marker for vagal afferentation in the liver (170). This is mainly due to the fact 

that the distribution of calretinin-immunoreactive fibers in the liver, portal vein, bile ducts 

and paraganglia is similar to the pattern gained from DiI-tracing study, as well as the 

absence of calretinin in the dorsal root afferent nerve fibers (170). In addition, the 

central terminal of vagal afferent nerve is partly determined by electrophysiological 

recording and c-Fos studies, in addition to the retrograde and anterograde tracing 

studies (170). 

        The left and right cervical vagus nerve is formed as the afferent and efferent 

rootlets converge and leave the cranium through the jugular foramen (167). They run 

through the nodose ganglia, where the afferent neurons are located (167). These 
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neurons contain axonal projections to the periphery and central projections into the NTS 

and other compartments of the dorsal vagal complex (170). They possess a variety of 

transmitters and receptors, and generally release glutamate at the central terminals 

(170). The cervical vagus nerve runs in parallel with the carotid artery (167). The first 

branches, namely the auricular and meningeal branches, leave the cervical vagus at the 

level of the jugular ganglion, and project to the skin of the external acoustic meatus and 

the dura of the posterior cranial fossa, respectively. The pharyngeal branches splitting 

off at the level of the nodose ganglion innervate the larynx, caudal pharynx and upper 

esophagus (167). The cardiac branches mainly contain afferent fibers from barosensors 

of the aortic arch. The recurrent laryngeal nerve, given off from the vagus nerve at the 

level of the subclavian artery (the right side) and the aortic arch (the left side), is closely 

attached to and innervates the trachea and esophagus (167). Overall in the upper 

mediastinum, the vagal branches innervate the main bronchi, lungs, and heart.  

        Passing through the diaphragm along with the esophagus, the left and right 

cervical vagus nerves contiguously become the anterior and posterior vagal trunks, 

respectively in the abdomen (167). The branching and distribution pattern of the 

abdominal vagus nerve has been well characterized in rats, with large similarity to that 

in humans (167,172). The anterior vagal trunk branches into the common hepatic, 

anterior gastric and anterior celiac branches (167). The vagal afferent innervation is 

predominantly wired through the left nodose ganglion and the common hepatic branch 

of the vagus nerve, with minor portions through the right nodose ganglion and the celiac 

branch (170). Based on studies using electron microscopy, subdiaphragmatic vagal 

trunks in rats are estimated to contain about 11,000 nerve fibers, among which ~8000 
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are afferent and the remaining ~3000 are efferent (167). The myelinated nerve fibers 

compose less than 1% of the total fibers. The common hepatic branch is given off 

typically at about one third the distance between the diaphragm and gastric cardia 

(172). It contains about 3000 fibers in total, among which, 2200 are afferent, 200 are 

efferent, and 600 are non-vagal fibers (173). The name of this branch is somewhat 

misleading since the major portion of this branch does not serve the liver, portal vein, 

and bile ducts; instead it innervates the proximal duodenum, pancreas, pylorus, and 

distal gastric antrum (167,170).  

        Vagal preganglionic efferent neurons reside in the dorsal motor nucleus of the 

vagus, projecting to the abdominal organs where they are called postganglionic 

neurons. In the gut, the efferent neurons are located in the enteric plexuses (170). In the 

pancreas, they are present in the interlobular pancreatic ganglia (174). However, the 

location of these parasympathetic ganglia in the liver is still unclear (170). The majority 

of the efferent neurons are cholinergic, whereas up to 10% are catecholaminergic (170). 

The preganglionic neurons are generally cholinergic, whereas the postganglionic 

neurons are catecholaminergic (170). Some postganglionic neurons also contain nitric 

oxide, vasoactive intestinal peptide, gastrin-releasing peptide, neuropeptide Y, and 

other transmitters (170). Notably, in addition to axons and glial cells, the vagal trunks 

also contain dendritic cells, important in the immune defense system, and paraganglia, 

which are demonstrated to be in the major trunks adjacent to branch points (167).  

        The knowledge regarding the function of the vagus nerve has been largely gained 

from disruption of the nerve (167). Vagal rhizotomy is a procedure that selectively 

interrupts the efferent or afferent nerve fibers at an easily accessible level. This 
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technique can be easily applied to cats, where the vagal efferent fibers are relatively 

well separated from the afferent fibers, but not in rats (167). Pharmacologically, 

capsaicin destroys a class of thin, unmyelinated primary afferent nerve fibers (167). Due 

to the presence of the vanilloid receptor on the afferent neurons, binding of capsaicin to 

these receptor causes apoptotic cell death and neurotoxicity (167). Therefore, 

application of capsaicin to the vagal nerve results in non-functional afferent nerve fibers 

and is the best procedure for selective vagal deafferentation (167). However, it should 

be noted that not all vagal afferent nerve fibers are capsaicin-sensitive. Histologically, 

hepatic branch vagotomy has been extensively used to denervate the liver. As 

aforementioned, the common hepatic branch innervates the stomach, pancreas and 

proximal duodenum, in addition to the liver (167,170). This makes it extremely difficult to 

selectively transect the hepatic branch of the vagus nerve (the only vagal fibers that 

terminate in the liver). Herein, cutting the gastroduodenal vagal branch has been 

suggested to be applied as a control procedure for vagotomy studies on the common 

hepatic branch of vagus nerve (167). Extra caution should be taken to interpret the data 

from such studies.  

1.4.2 Vagus nerve and obesity 

        The vagus nerve is a major component in the parasympathetic autonomic nervous 

system. In addition to its regulatory role in the cardiovascular and respiratory function, 

the vagus nerve is implicated in a variety of visceral functions including gastrointestinal 

motility and hormonal secretion, pancreatic secretion, hepatic glucose production, and 

others. Extensive studies over the past decade have unravelled a significant role of the 

vagus nerve in obesity. In humans, obese subjects show reduced activity of the vagus 
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nerve (175-177). Vagus nerve stimulation, a FDA approved approach for the treatment 

of epilepsy and depression, has been demonstrated to inhibit appetite and cause weight 

loss (169,178,179). The amount of weight loss was suggested to be proportional to the 

status of obesity (179). This likely explains a preliminary observation that no significant 

body weight change was observed in 21 patients receiving vagus nerve stimulation for 

the treatment of epilepsy (180). Furthermore, bariatric surgery, currently the most 

efficient approach for treating obesity, is also involved in denervation of the vagus nerve 

(168). The vagus nerve regulates food intake and energy metabolism requiring the 

sensory signals derived from the gastrointestinal tract and other abdominal organs, and 

the efferent motion projecting from the central to the visceral organs. Moreover, it is a 

major constituent of a neural inflammatory reflex—cholinergic anti-inflammatory 

pathway, which is associated with energy homeostasis (181,182).  

        The sensory signals transmitted via the vagus nerve primarily derive from the 

gastrointestinal tract (168,183). The gastrointestinal tract senses all macronutrients 

absorbed from intestinal digestion and regulates food intake and energy balance 

through distinctive mechanisms (183). In the oral cavity, food intake is directly 

monitored via the afferent input from the taste receptors on the tongue and palate (184). 

Additional contribution comes from the trigeminal somatosensory system (168), which is 

composed of a variety of receptors including thermoreceptors, mechanoreceptors and 

chemoreceptors. In the stomach, the vagal nerve senses the ingested food via the 

mechanical touch in the mucosa and the stretch and tension in the external muscle 

layers, the latter of which is also present throughout the esophagus and gastrointestinal 

tract (168). The afferent vagus nerve also innervates the gastric mucosa, where it likely 
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senses hormones locally released from the stomach. Leptin production is rapidly 

motivated by food intake in the mucosa of stomach and this hormone appears to 

activate the vagal afferent nerve (185). Ghrelin, on the other hand, is mainly secreted 

from the mucosa of an empty stomach and its production is rapidly suppressed by food 

ingestion (186). Ghrelin stimulates appetite via the afferent vagus nerve, and this effect 

is abolished in rats with subdiaphragmatic vagotomy or with capsaicin-induced vagal 

deafferentation (187), and in human patients through surgical procedures involving 

vagotomy (188). In the upper small intestine, the vagal afferent nerve does not sense 

luminal nutrients directly, but the locally secreted hormones such as cholecystokinin. It 

is notable to mention that in response to glucose, glucose-dependent insulinotropic 

polypeptide, secreted from K-cells concentrated in the upper small intestine, is not 

sensed by the vagal afferent nerve due to the absence of its receptor 

(168,189). Consistently, the production of this polypeptide is not affected by vagotomy 

or vagal stimulation (168). Moreover, all macronutrients in the gut lumen are able to 

stimulate the secretion of polypeptide YY and glucagon-like peptide-1 mainly from the L-

cells in the lower gut (168,190). These two orexigenic hormones could function through 

firing the vagal afferent nerve, as well as acting directly on the brain though the 

circulation (189,191). Together, the vagal afferent nerve detects the luminal contents in 

the gastrointestinal tract via direct mechanical touch such as distension and stretch, and 

indirect detection mediated by the released peptides and transmitters, which interact 

with the brain and the peripheral organs through the circulation system. 

        In addition to the gastrointestinal tract, the vagal afferent nerve also innervates 

other abdominal organs including the liver, pancreas and adipose tissue. In the liver, the 
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major and possibly only neural route is through the liver hilus, along the hepatic artery, 

portal vein, and bile ducts (170). There is no neuroanatomical evidence supporting the 

direct sensory innervation in the hepatic parenchyma (170). Interestingly, hepatic over-

expression of peroxisome proliferator-activated receptor (PPAR)γ2 in mice increases 

blood pressure, decreases peripheral adiposity and improves insulin sensitivity, and 

these effects require an intact hepatic afferent vagus nerve (192,193). Similarly, the 

hepatic afferent vagus nerve is also essential for the effect of hepatic PPARα activation 

on glucocorticoid-mediated insulin resistance and hypertension (194). The pancreas is 

sparsely innervated by the vagal afferent fibers (195). Thus, it mainly sends metabolic 

signals to the brain via the hormonal route mediated by the pancreatic hormones 

including insulin, amylin, and glucagon, although glucagon also suppresses food intake 

in a vagal afferent nerve-dependent manner (196). As for WAT, its vagal innervation 

status remains inconclusive based on the limited experimental data (197,198).  

        The brain integrates the afferent signals and projects to the gastrointestinal tract, 

pancreas and liver via the vagus efferent nerve (168,183). This vagal efferent outflow 

can affect energy expenditure through several ways. It controls the levels of 

gastrointestinal and pancreatic hormones involved in satiation and hunger through 

regulating the intestinal motility and absorption rate of nutrients, as well as the exposure 

of nutrients to the enteroendocrine cells (168). It also affects pancreatic hormone 

secretion (168). In particular, lesions in the ventromedial hypothalamus cause an acute 

elevation of plasma insulin in a vagal efferent-dependent manner (199). Furthermore, 

vagal efferent innervation to the liver is implicated in glucose and lipid metabolism. 

Central inhibition of fatty acid oxidation suppresses hepatic glucose production via 

javascript:void(0);
javascript:void(0);


35 
 

activating the ATP-sensitive potassium channels in the hypothalamus (200,201). 

Similarly, selective increase of glucose in the hypothalamus also curtails hepatic VLDL 

secretion and this effect of glucose is lost in rats with DIO (202). These central 

regulations of hepatic glucose and lipid metabolism are mediated by vagal efferent 

fibers running through the common hepatic branch (200-202). Additional other studies 

have also highlighted a role of neuronal circuits via the vagus nerve, particularly the 

efferent nerve, in the regulation of metabolism. Activation of extracellular regulated 

kinase signaling in the liver is able to induce the proliferation of pancreatic β-cell through 

the vagus nerve (203). The accumulation of lipid in the upper intestine and the secretion 

of intestinal cholecystokinin suppress hepatic glucose generation via triggering the gut-

brain-liver circuit (204,205).  

        The vagus nerve mediated cholinergic anti-inflammatory reflex can suppress 

obesity associated inflammation, which in turn counteracts obesity and its complications 

(206). Obesity is an inflammation associated metabolic disorder (207,208). Adipose 

tissue is one major origin of pro-inflammatory factors in obese individuals (discussed 

later in section 1.6). The inflammatory pathways are also activated in various other 

tissues including the liver, brain and skeletal muscle (207,208). Recent studies show 

that the onset of inflammation in obese individuals also attributes to gut microbiota 

(209,210).  

        The inflammatory reflex, which is activated by cytokines or pathogen-derived 

products, is integrated by the afferent vagus nerve signalling, the central control of the 

brain and the functional output mediated by the efferent vagus nerve (181,206). It 

regulates the production of cytokines. The absence of this neuronal-inflammatory reflex 
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leads to cytokine toxicity and extensive immune response (206,211). Intraperitoneal 

injection of bacterial endotoxins such as lipopolysaccharide or inflammatory factor such 

as interleukin(IL)-1β activates the vagal afferent nerve with enhanced electrical 

discharge and induces fever, hyperalgesia and other behavior changes (170). These 

reactions could be interrupted by subdiaphragmatic vagotomy or selective vagotomy of 

the common hepatic vagal branch in some cases (170,206). On the other hand, 

activating this inflammatory reflex attenuates the production of proinflammatory 

cytokines and the systematic effect to endotoxin (211).  

        The vagal efferent effect is regulated mainly by the release of acetylcholine in the 

central and the peripheral tissues (212). In the brain, muscarinic acetylcholine receptors 

are expressed and implicated in this regulation of systematic cytokine production 

(212,213). An insufficient supply of acetylcholine impairs the central nervous system 

through muscarinic acetylcholine receptors, which are required for the development of 

DIO (214,215). Central control of the acetylcholinesterase activity can activate the 

efferent cholinergic arm of the inflammatory reflex through the muscarinic receptor 

(212). Additionally, vagus nerve-derived cholinergic signalling through the M3 

muscarinic receptor in the pancreas has been well documented to be implicated in 

promoting insulin release (216,217). In the peripheral tissues, the α7 nicotinic 

acetylcholine receptor (nAChR) plays a principle role in the relay of this inflammatory 

process (211,218). Other than in macrophages, α7nAChR is also expressed in 

monocytes, T cells, dendritic cells, endothelial and other non-neuronal cells (206,219). 

When fed a HF diet, mice lacking α7nAChR develop greater impairment in glucose 

homeostasis, insulin sensitivity and insulin signaling in the muscle and liver than control 
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mice (220). In humans, the expression of α7nAChR in adipocytes is significantly 

reduced in obese individuals, whereas this decrease is restored partially with weight 

loss (221). Administration of nicotine significantly improves glucose homeostasis and 

insulin signalling in the liver, adipose tissue and skeletal muscle in HF-fed mice 

(220). Several selective α7nAChR agonists such as TC-7020 and GTS-21 show anti-

inflammatory properties (206). Application of TC-7020 to db/db mice reduces weight 

gain and food intake, and improves the blood hyperlipidemia and hyperglycemia (222). 

A selective α7nAChR agonist TC-6987 has also been tested in a phase II clinical trial on 

patients with type 2 diabetes mellitus (223). Taken together, activating the vagus nerve-

mediated cholinergic anti-inflammatory pathway provides a potential avenue for 

attenuating the inflammation, insulin resistance and other obesity-related metabolic 

complications. 

 

1.5 ER stress and metabolic syndrome 

1.5.1 ER structure and function 

        In eukaryotic cells, the ER is a main membrane-bound subcellular organelle that is 

implicated in various cellular functions. The ER membrane accounts for over 50% of the 

total cellular membranes (224). The ER, stretching from the nuclear envelope to the 

plasma membrane, is composed of cisternae and microtubules (224). It plays a crucial 

role in protein synthesis, folding and maturation, and presumably it produces around 

one-third of the total proteome (225). It is the main site for protein sorting and trafficking 

(225,226). ER chaperones such as binding immunoglobulin protein (BiP, also known as 

78 kDa glucose-regulated protein or heat shock protein 5), calnexin and calreticulin bind 
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to the hydrophobic domains of proteins, inhibit protein aggregation and facilitate the 

folding of newly synthesized proteins (225). Protein posttranslational modifications 

including the formation of disulfide bond and N-linked glycosylation in the ER are 

important for protein folding (227). The ER is also the major intracellular reservoir for 

Ca2+ (227). The Ca2+concentration in the ER lumen is normally maintained at around 1–

2 mM, whereas the cytosolic concentration is around 0.1 μM (227). The ER Ca2+ 

homeostasis is maintained by the ryanodine receptors and inositol-1,4,5-triphosphate 

receptors mediated efflux and via the ATP-dependent sarco/ER Ca2+-ATPase regulated 

influx (224,227). The ER regulates cellular signaling, metabolism and survival 

particularly via ER Ca2+ through the elaborative communication between the ER and 

other organelles, including the plasma membrane, nucleus, mitochondria and Golgi 

apparatus (227). In addition, several ER chaperones are Ca2+ dependent (227). 

Moreover, the ER is also involved in the biosynthesis of lipid such as sterols and 

phospholipids (4,228). 

        The function of ER can be disturbed by various factors such as altered protein 

glycosylation, disrupted Ca2+ homeostasis, cellular oxidative stress, energy deprivation 

or overload, and inflammatory stimuli (225,226). In particular, the accumulation of 

unfolded and misfolded proteins in the ER lumen is referred to as ER stress (225,226). 

ER stress initiates a series of intracellular signaling pathways known as the unfolded 

protein response (229) to resolve the defect in protein folding and to restore protein 

homeostasis (230). Activated UPR signals increase the ER capacity for protein folding 

and modification, reduce protein synthesis and increase ER-associated protein 

degradation (ERAD). In the case where ER stress is too severe and/or the UPR is not 
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able to restore protein homeostasis, the UPR may also activate numerous apoptotic 

signaling pathways leading to apoptotic cell death (231). ER stress can also be caused 

by impaired lipid homeostasis. Overload of palmitate and cholesterol increases their 

incorporation into the ER and induces ER stress (232,233). Palmitate may also evoke 

ER stress via elevating intracellular reactive oxygen species (232). In contrast, 

polyunsaturated fatty acids suppress ER stress (234). Moreover, in the liver of ob/ob 

mice, reducing the PC/PE ratio by silencing PEMT alleviates ER stress and restore Ca2+ 

equilibrium caused by a long-term feeding of a HF diet (145).  

1.5.2 The unfolded protein response  

        In mammalian cells, the UPR is composed of three canonical branches mediated 

by three ER membrane transducer proteins (Figure 1.5): protein kinase-like ER kinase 

(235), inositol-requiring enzyme-1 (IRE1), and activating transcription factor (ATF)6α 

(226,230). Binding of the ER chaperone BiP inactivates signaling through these 

transducers (230). Upon ER stress, BiP released from the UPR transducers activates 

the UPR and binds to increased cellular unfolded/misfolded proteins (225,230). Three 

branches of the UPR trigger distinct and overlapping pathways to re-establish ER 

homeostasis.  

        Activation of PERK, a transmembrane protein with a cytosolic Ser/Thr kinase 

domain, requires dimerization and trans-autophosphorylation (230). Activated PERK 

phosphorylates the α subunit of eukaryotic translation initiation factor 2 (eIF2α) at 

Ser51, which in turn attenuates translation initiation of global protein synthesis and 

reduces the ER protein folding load (236,237). In addition to PERK, eIF2α can also be 

phosphorylated by three other kinases: double-stranded RNA-activated protein kinase, 
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general control non-derepressible kinase 2 and heme-regulated inhibitor kinase in 

mammals (226). Double-stranded RNA-activated protein kinase has recently been 

shown to be activated during ER stress and involved with the UPR (238). However, the 

relative contribution of these three kinases in ER stress and the UPR is largely unknown 

(226). On the other hand, protein phosphatase PPP1 directly dephosphorylates eIF2α 

(239). Upon ER stress, eIF2α phosphorylation-mediated translation attenuation is 

reversible by growth arrest and DNA damage-inducible protein 34 (GADD34) and CReP 

(the product of Ppp1r5a and Ppp1r5b respectively), two regulatory targeting subunits of 

protein phosphatase PPP1 (239). In addition to global inhibition of protein translation, 

phosphorylated eIF2α is broadly involved in transcriptional regulation (226). Through the 

transcriptional regulation of ribosomal RNA, eIF2α selectively elevates the translation of 

ATF4, Nrf2 (nuclear erythroid 2 p45-related factor 2), and NF-κB (nuclear factor kappa 

β), a master transcription factor in the cellular inflammatory response (226). ATF4 

promotes expression of numerous genes including GADD34, a negative regulator of 

eIF2α, and C/EBP homologous protein (229), a transcription factor crucial in ER stress-

induced apoptosis (230,240,241). Notably, ATF4 also activates genes in glucose 

metabolism such as glucokinase and phosphoenolpyruvate carboxykinase (240,241). 

Moreover, through activation of Nrf2 and ATF4, the PERK signaling pathway is engaged 

in anti-oxidative stress program, regulating the expression of heme oxygenase-1, 

thioredoxin reductase 1, and the glutathione S-transferases (242) 

        IRE1 is a transmembrane protein containing an endoribonuclease domain and a 

Ser/Thr kinase domain in the cytoplasm. The IRE1-mediated UPR branch is the most 

conserved in the evolutionary sense, and one of the major pathways involved in 
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enhancing the protein folding capacity in the ER in response to ER stress (226). In 

mammals, there are two isoforms of IRE1, IRE1α and IRE1β (239). IRE1α is 

ubiquitously expressed, whereas IRE1β is primarily expressed in the intestinal 

epithelium (239). Similar to PERK, IRE1α activation depends on its dimerization and 

trans-autophosphorylation (239). The endoribonuclease activity of IRE1α cleaves a 26 

base-pair intron from the mRNA of the X-box binding protein-1 (XBP1), causing a 

translational frameshift, which is translated into the spliced (active) form of XBP1 

(XBP1s) (243). XBP1s transcriptionally activates a number of genes crucial in protein 

folding such as protein disulfide isomerase and BiP and proteins associated with ERAD 

(for example, ER degradation-enhancing α-mannosidase-like protein). Moreover, the 

IRE1α-XBP1s axis also regulats ER biogenesis and phospholipid synthesis (226). In 

addition to XBP1, IRE1 also degrades a subset of mRNAs in a stress-dependent 

manner (226), and microRNAs, which results in activation of apoptotic and inflammatory 

pathways (244). As a protein kinase, IRE1 interacts with tumour necrosis factor (TNF)α 

receptor-associated factor 2 and activates the c-Jun N-terminal kinase (JNK) and NF-κB 

pathways independent of XBP1s (225,239).  

        The last canonical arm of UPR is mediated by ATF6α (230). In response to ER 

stress, ATF6α translocates to the Golgi, where it is cleaved by the serine protease site-1 

protease and the metalloprotease site-2 protease generating the active form of the 

transcription factor (245). Activated ATF6α proceeds into the nucleus and enhances the 

expression of genes containing ER stress elements, UPR elements and cAMP 

response elements (CRE) in their promoters (230). As a result, ATF6α increases the 

production of chaperones such as BiP and proteins involved in ERAD such as the ER 
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degradation-enhancing α-mannosidase-like protein (230). ATF6α also regulates the 

mRNA expression of XBP1 and directly interacts with the XBP1 protein, targeting 

proteins in the UPR as discussed in the IRE1 branch of the UPR (230). In mammals, 

other proteins including CRE binding protein (CREB) 3, OASIS (CREB3 like-protein1), 

CREB3L2 (CREB3 like-protein2), CREBH (CREB3 like-protein 3) and Tisp40 (CREB4), 

share sequence similarity with ATF6α, a conserved bZIP region adjacent to a 

transmembrane domain, and have been shown to be implicated in the ER stress 

response (246). These ATF6α-like proteins exhibit distinct tissue distribution patterns 

and respond to different stimuli (246). The evolutionary and functional significance of 

these protein remains to be determined (226). 

        When the UPR is insufficient to alleviate ER stress or the stress is excessive or 

prolonged, the UPR can induce apoptosis and cause cell death (230). The signaling 

pathways involved in apoptosis are tightly regulated, although the mechanisms by which 

the UPR leads to cell survival or death remain to be unravelled (230). Activation of the 

PERK and ATF6α pathways induces the expression of CHOP, the master regulator of 

ER stress induced apoptosis (231,239). Activation of the IRE pathway promotes the 

caspase-12 and JNK signaling and activates the proapoptotic Bcl-2 proteins BAX and 

BAK (231,247). Activated IRE1α also recruits TNF receptor-associated factor 2 and 

apoptosis signal-regulating kinase 1 to the cytosolic leaflet of the ER membrane (231). 

All three branches of the UPR are involved in the regulation of the NF-κB signaling 

pathway during ER stress. In addition, ER stress-evoked mitochondrial dysfunction 

contributes to apoptosis (239). In response to ER stress, the ER releases Ca2+, which 

can be taken up by mitochondria via the MAM (248). 
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1.5.3 ER stress and metabolic diseases 

        ER stress and the activated UPR have shown a wide impact on diverse 

pathological conditions including neurodegenerative disorders, cancer, and various 

inflammatory disorders (239,249). Recent studies also suggest a significant contribution 

of ER stress and the UPR to metabolic diseases, including insulin resistance, diabetes, 

obesity, non-alcoholic fatty liver and atherosclerosis (226,239). In particular, the 

association of ER stress with obesity and NAFLD will be briefly overviewed here. 

Targeting ER stress and the UPR provides another avenue for drug design or discovery 

and for seeking potential treatment strategies for the above pathological conditions 

(225,239).  

        The ER stress in the liver and WAT was first described in mice fed a HF diet and in 

ob/ob mice (250). The mechanisms for the emergence of ER stress in various tissues 

including the liver, adipose tissue, and pancreas from obese mice remain inconclusive 

(226). One theory is that ER stress is driven by increased demand of synthesis in 

response to the excessive energy supply. The liver has the highest protein synthesis 

rate and the majority of proteins are generated in the ER (226). Parallel with this notion, 

the adipose tissue, which has a significant endocrine function, also faces high 

requirement for protein synthesis (226). A second possibility derives from the increased 

free fatty acids. Excessive free fatty acids cause ER stress in hepatocytes, pancreatic β 

cells, and macrophages and certain free fatty acids also induce cellular inflammatory 

response (226). However, it should be noted that some fatty acids exhibit beneficial 

effects, for example, C16:1n7-palmitoleate suppresses lipid accumulation in the liver 
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(251,252). Additionally, ER stress could be also linked to other stimuli such as 

inflammatory mediators, reactive oxygen species, nitric oxide and hypoxia (226).  

        ER stress and the UPR are involved in metabolism. Overexpression of BiP in the 

liver of ob/ob mice reduces hepatic ER stress, attenuates hepatic TG and cholesterol 

accumulation and improves insulin sensitivity (253). Similarly, overexpression  of ER 

chaperone oxygen-regulated protein 150 in db/db mice (diabetic mouse model lacking 

leptin receptor) significantly ameliorates insulin resistance and glucose tolerance (254). 

In mice, XBP1s is elevated in the liver coinciding with increased hepatic lipogenesis, 

whereas selective deletion of XBP1s in the liver reduces hepatic lipid production (255). 

Recent studies suggest that XBP1s is also involved with regulating hepatic 

gluconeogenesis via interacting with the transcription factor forkhead box O1 and the 

regulatory subunits of phosphoinositide 3-kinase, p85α, and p85β (256,257). Moreover, 

ATF6α inhibits hepatic glucose production, whereas a reduced level of ATF6α 

contributes at least partially to the enhanced hepatic gluconeogenesis in obese mice 

(258). The role of ER stress in adipogenesis remains inconclusive due to the conflicting 

results from the limited available data (249).  

        ER stress is also linked with lipotoxicity, inflammation, apoptosis and steatosis in 

the liver (259). ER stress and activation of the UPR have been described in the livers 

from patients with NAFLD or NASH (260). Reducing phosphorylation of eIF2α by 

overexpressing GADD34 in the liver reduces hepatic glycogen levels in lean mice and 

prevents steatosis when mice are fed a HF diet (261). Mice with hepatocyte-specific 

deletion of IRE1α demonstrate impaired VLDL assembly and secretion due to reduced 

activity of microsomal triglyceride-transfer protein (262). When challenged with a high 
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fructose diet, these mice develop more severe steatosis compared to control mice 

(262). In addition to its central regulatory role in the acute phase response (263), 

CREBH, a liver-specific transcription factor in the UPR, regulates hepatic lipid 

homeostasis via regulating lipogenesis and lipolysis (264). CREBH is also involved in 

plasma TG metabolism via regulating the activity of lipoprotein lipase (265). Mice with 

deletion of CREBH are sensitive to HF-induced steatosis and are hyperlipidemia 

(264,265).  

        Extensive studies are ongoing seeking potential drugs to modulate the UPR and 

ER stress (225,239). Notably, chemical chaperones, a group of compounds with low-

molecular mass, are able to facilitate protein folding, reduce ER stress and improve ER 

function. 4-phenylbutyrate (PBA) and tauroursodeoxycholic acid are two widely studied 

chemical chaperones in a disease setting and have been approved by FDA for the 

treatment of primary biliary cirrhosis and urea cycle disorders respectively. PBA 

improves ER stress in the livers from obese mouse models, and exhibits a beneficial 

impact on insulin sensitivity, leptin sensitivity and glucose homeostasis (266,267). PBA 

also improves the insulin resistance and β-cell dysfunction in obese patients (268). 

Consistently, tauroursodeoxycholic acid alleviates insulin resistance in the liver and 

muscle from obese humans with no significant effect observed in adipose tissue (269). 

Furthermore, administration of PBA or tauroursodeoxycholic acid protects the liver from 

injury caused by ischemia–reperfusion and improves liver regeneration after partial 

hepatectomy (270,271). Due to the significant presence of ER among organs in the 

body, chemical chaperones and other modulators targeting ER stress and the UPR 

might provide potential treatments for diseases beyond obesity and fatty liver (225,239).  
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1.6 Adipose tissue  

1.6.1 Overview of adipose tissue  

        Obesity increases the risk for the development of many other metabolic conditions 

such as hyperinsulinemia, dyslipidemia, NAFLD and cardiovascular diseases. One 

major feature of obesity is the increased fat mass, particularly the visceral fat. The 

epidemic of obesity worldwide has greatly accelerated the understanding of adipose 

tissue. Adipose tissue is an organ with multiple depots, subcutaneous (under the skin) 

depots and visceral (surrounding the internal organs) depots (272,273). In rodents, 

there are two main subcutaneous depots, anterior and posterior, and several visceral 

depots including the mediastinal, mesenteric, retroperitoneal, omental, and abdomino-

pelvic depot (in females) and the epididymal depot (or gonadal depot in males) (274). 

Adipose tissue is divided into two types: WAT and brown adipose tissue (BAT) (275). In 

rodents, most of the anterior subcutaneous depots are composed of BAT, and 

particularly the interscapular region is considered as the classic BAT depot, whereas 

the posterior subcutaneous depots are mostly white (274). For visceral depots, the 

mediastinal is mostly brown, the abdomino-pelvic depot is composed of BAT and WAT 

equally, whereas the omental, mesenteric and epididymal are predominantly white 

(273,276). The composition of BAT and WAT in each depot varies depending on the 

genetic background, age, gender and environmental conditions such as temperature, 

diet, and exercise (273).  

        Both WAT and BAT contribute to balancing energy store and expenditure, and 

serve as therapeutic targets for the treatment of metabolic syndrome (277). WAT used 
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to be classified as an inert storage tissue for excessive energy, but has since emerged 

to be an endocrine organ (277,278). BAT, on the other hand, is distinguished in energy 

expenditure and functions to maintain core body temperature by non-shivering 

thermogenesis through uncoupling protein (UCP)1 (279). In humans, BAT has long 

been assumed to be present in new born babies and disappears in adults (273). BAT 

has now been detected in adult humans by 18F-fluordeoxyglucose positron emission 

tomography/computed tomography (280-282). In addition, both WAT and BAT are 

vascularized and innervated, although BAT is more enriched with vessels and nerves 

than WAT (273,283,284). The nerves are predominantly adrenergic (284,285). 

        Adipose tissue is mainly composed of adipocytes, including white, brown and 

beige adipocytes (277). Other than mature adipocytes, which have high physiological 

adipocyte plasticity, adipose tissue also contains stromal vascular fraction cells, 

including preadipocytes, fibroblasts, endothelial cells and immune cells (273,275). 

Morphologically, white adipocytes are unilocular and contain one single large lipid 

droplet, which counts for 90% of total cell volume (286). The nucleus, usually under-

developed Golgi apparatus, and other cellular organelles such as ER and elongated 

mitochondria with randomly oriented cristae are squeezed by the lipid droplet in the thin 

cytoplasm (274,286). By contrast, brown adipocytes are multilocular and consist of 

many small lipid droplets and dense spherical or ovoid mitochondria, which are enriched 

with laminar cristae (274). The rich mitochondria and the dense vascularity in BAT are 

two major causes of its “brown” colour (274,286). In addition, the nucleus is usually 

spherical and centrally located in brown adipocytes (274). Beige (or “brite”) adipocytes 

are newly defined inducible brown adipocytes, residing in WAT, primarily the 

http://en.wikipedia.org/wiki/Preadipocyte
http://en.wikipedia.org/wiki/Fibroblast
http://en.wikipedia.org/wiki/Endothelial_cell
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supraclavicular region (286,287) and muscle (288,289). Similar to classical brown 

adipocytes, beige cells are multilocular and rich in lipid droplets and mitochondrial 

contents (287). They express markers of the classical brown adipocytes and the beige-

specific genes (286,287).  

        Both WAT and BAT go through active remodeling after establishment in early life 

(289). The capability of adipose expansion and activation in response to environmental 

changes including excessive food and cold environment relies on the presence of 

adipogenic precursor cells in adulthood and adipogenesis. Understanding the lineage 

origin of adipocytes and the process of adipogenesis is essential for seeking potential 

therapeutic treatment by targeting adipose tissue.  

1.6.2 Adipocytes  

        It is generally accepted that mature adipocytes, both brown and white, derive from 

the embryonic mesoderm (289). Thus, they share the same developmental origin as 

other mesodermal tissues such as the skeletal muscle and bone (275,289). The only 

known exception is adipocytes in the skull, which derive from the stem cells residing in 

the ectodermal neural crest (289,290). It has only been recently established that 

adipogenic progenitor cells for both brown and white adipocytes are located within the 

vasculature of the adipose tissue anatomically (291,292). Adipogenic progenitor cells 

residing in other tissues appear to exhibit similar surface marker properties, such as 

PDGFRα (platelet-derived growth factor receptor α), cluster of differentiation (CD)29 

and CD34, with adipose-residing progenitor cells (293,294). However, it is still an open 

question whether they share the functional similarity (289).  
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        Brown adipocyte precursors express muscle-specific microRNAs and transcription 

factors (295,296). Lineage-tracing studies have demonstrated that brown adipocytes 

can derive from myogenic factor (MYF)5+ and PAX7 (paired box 7)+ progenitors in the 

mesoderm as myocytes and also from skeletal muscle satellite cells in adulthood 

(277,297,298). However, white adipocytes and their precursors can derive from both 

MYF5+ and MYF5– lineage (277). White adipocytes would preferentially originate from a 

MYF5– lineage, since they generally lack the characteristics of the myogenic gene 

expression (277,296,298). However, conditional depletion of phosphatase and tensin 

homolog, an ubiquitously expressed protein involved in regulation of cell cycle, driven 

by MYF5-Cre in mice causes a paradoxical overgrowth of specific WAT depots (299). 

Subsequent lineage-tracing studies confirm that some MYF5+ adipocyte precursors are 

also present in WAT (299,300). Unexpectedly, some brown and white adipocytes also 

show endothelial origins in the lineage-tracing studies using an endothelial marker such 

as vascular endothelial cadherin, although not all endothelial markers are expressed in 

adipocytes (292,301).  

        Depending on the fat depots, beige adipocytes arise via two distinctive pathways: 

direct differentiation of brown adipogenic progenitors and transdifferentiation of mature 

white to brown adipocytes (274,289). It has been shown over a decade ago by Himms-

Hagen et al. that beige cells derive from pre-existing adipocytes, which were presumed 

to be mature adipocytes (302). This transformation change from unilocular white 

adipocyte to beige adipocytes is inducible by cold or β3-adrenergic agonists (303). Cold 

stimulates the formation of beige cells from both adipogenic progenitors and mature 

white adipocytes (304,305). A recent study using a pulse-chase fat-mapping technique 
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by Wang et al. show that in responding to cold or β3-adrenergic agonists, the majority of 

newly acquired beige cells arise from precursors rather than pre-existing adipocytes, at 

least in the subcutaneous depot (305). It is noteworthy to mention that the thermogenic 

features of beige cells are reversible: the expression of UCP1 is induced when exposed 

to cold, and is lost after mice are moved to a warm condition (304). Regarding the 

origin, beige adipocytes likely share the MYF5– lineage origin with white adipocytes, 

since they can arise from white adipocyte precursors in vitro when treated with PPARγ 

agonists (306,307). Following this, Spiegelman’s group has cloned preadipocytes from 

the stromal vascular fractions of subcutaneous (inguinal) WAT using limited dilutions 

and identified specific markers, namely CD137 and TMEM26 (transmembrane protein 

26), for beige precursors (308). Maintaining the thermogenic feature of 

CD137+TMEM26+ beige precursors requires constant stimulation (308). In another 

lineage tracing study, PDGFR-α+ precursors are identified as a significant source of 

newly formed beige adipocytes upon adrenergic stimulation, and these precursors 

preserve ‘bipotential’ features because they can generate both beige and white adipo-

cytes in in vitro culture (309). Thus, beige cells may arise from different adipocyte 

precursors in WAT. 

        The differentiation process from adipocyte precursors to mature adipocytes has 

been extensively studied (310,311). Briefly, the PPARγ and CCAAT/enhancer-binding 

protein(C/EBP)s (C/EBPα/β/δ) are the most well established transcription factors in 

directing the differentiation of both brown and white adipocytes (310,311). The brown 

adipogenic program is regulated by PPARγ coactivator (PGC)1α and transcription 

cofactor PRDM16 (PR domain containing 16), the latter of which interacts with C/EBPβ 
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(312). Recent evidence suggests that modulators of PPARγ binding activity may specify 

brown adipogenic lineage transcriptional activity. Deacetylation of PPARγ by NAD-

dependent deacetylase SirT1, which is essential for the recruitment of PRDM16 to 

PPARγ, promotes the browning of white fat (313). Transcription factor EBF2 (early B-

cell factor 2) acts as a transcriptional regulator and is also required for the brown 

adipogenic process via the recruitment and binding of PPARγ to its target genes (314). 

Moreover, SREBPs are a family of well-known transcription factors regulating cellular 

lipogenesis and lipid homeostasis (315). Finally, adipogenesis is also affected by other 

factors such as adipokines, cell cycle regulating proteins and age (119). 

1.6.3 WAT, an energy storage tissue  

        One main function of WAT is to control energy balance between storing fatty acids 

in the form of TG and mobilization of TG (272). TG storage is augmented in 

postprandial state and stimulated by insulin. Under energy surplus, the expansion of 

WAT largely depends on an increase in adipocyte volume, as well as adipocyte number 

(305). The number of adipocytes remains constant in adult humans, with an estimated 

10% yearly turnover rate (316). Consistently, obese patients after bypass surgery 

demonstrate significant weight loss and decrease in adipocyte size, but the quantity of 

adipocytes is not affected (316). In times of energy deprivation such as cold exposure, 

exercise or fasting, stored TG is mobilized, releasing energy substrates glycerol and 

free fatty acids into the circulation for other tissues.  

        In principle, lipid deposition in WAT arises from net uptake from circulation and de 

novo lipogenesis (DNL) locally. The main source of fatty acids in WAT is from 

lipoproteins in the blood, in particular chylomicrons via lipoprotein lipase mediated 
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hydrolysis of TG (317). WAT shows clear preference for the uptake of fatty acids from 

lipoproteins versus non-esterified fatty acids (NEFA), another source of fatty acids in the 

blood. After uptake, re-esterification of fatty acids is required for energy storage in the 

form of TG. WAT contains enzymes such as fatty acid synthase (FAS) and acetyl-CoA 

carboxylase (ACC), which are required for DNL, although DNL only contributes to a 

small portion of fat deposition under most conditions (318). Insulin stimulates fatty acid 

uptake via increasing lipoprotein lipase activity and the translocation of fatty acid 

transporter CD36 and fatty acid transport protein FATP1 (319). Insulin also 

dephosphorylates and activates ACC, resulting in increased malonyl-CoA production, 

dephosphorylates FAS, and eventually promotes DNL (319). In addition, lipogenesis in 

WAT is regulated by transcription factors PPARγ, SREBP1c and carbohydrate response 

element binding protein (319). Meanwhile, insulin increases glucose uptake into 

adipocyte via stimulating the translocation of glucose transporter GLUT4 to the plasma 

membrane (319). This increase of glucose uptake and glyceroneogenesis, namely the 

conversion of pyruvate to glycerol 3-phosphate, act in concert providing substrate 

glycerol 3-phosphate for esterification of fatty acids into TG (319,320). Notably, the 

glyceroneogenesis process could be the limiting step for the esterification of fatty acids 

(320).  

        Intracellular lipolysis in WAT is regulated by a complex enzyme system (Figure 

1.6) (321). It is initiated by adipose triglyceride lipase (ATGL), which specifically 

hydrolyzes TGs to DGs (322). The activity of ATGL is demonstrated to be largely 

dependent on its association with comparative gene identification-58 (322). The DGs 

are then either re-esterified by a DG acyltransferases or hydrolyzed by hormone-
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sensitive lipase (HSL) into monoacylglycerol and free fatty acids. HSL shows substrate 

preference for DG, but possesses a broad substrate specificity, hydrolyzing 

monoacylglycerol, cholesteryl ester, retinyl ester and other ester substrates (321). The 

final step is catalyzed by a monoacylglycerol specific enzyme MGL (monoacylglycerol 

lipase), generating fatty acids and glycerol. ATGL, HSL and MGL work consecutively 

and are responsible for over 95% lipolytic capacity in WAT (321,323). Inactivation of 

ATGL in mice leads to adipose hypertrophy and TG deposition in multiple tissues, in 

particular the heart, resulting in cardiac dysfunction and premature death (324). HSL-

deficient mice have normal body weight, but demonstrate DG accumulation in various 

tissues including WAT, BAT, skeletal muscle and cardiac muscle (321,325). The 

physiological function of MGL is not clear at the moment (321). Other lipases such as 

TG hydrolase might contribute to TG mobilization under certain physiological conditions, 

but play only a quantitatively minor role (321,323,326).  

        Lipolysis is controlled by a complex network composed of hormones, cytokines 

and adipokines (321). The most well characterized stimulators are catecholamines 

acting on adrenergic receptors on white adipocytes (Figure 1.6). In mice, WAT 

expresses all three types of β-adrenergic receptors (β1, β2, and β3), whereas in humans, 

only β1- and β2-adrenergic receptors stimulate lipolysis (327). Catecholamines bind to β-

adrenergic receptors, activate adenylyl cyclase via stimulatory Gs protein-coupled 

receptors to increase the concentration of cytoplasmic cAMP, which further enhances 

protein kinase A (PKA) activity (321). PKA enhances lipolysis by phosphorylating lipid 

droplet protein perilipin and lipolytic enzymes including HSL. Other hormones such as 

glucagon, thyroid hormones and adrenocorticotropin also activate PKA. In contrast, 
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antilipolytic effectors act through their corresponding receptors (e.g. catecholamine 

through α2-adrenergic receptor, prostaglandin through E2 receptor) on their associated 

inhibitory Gi protein-coupled receptors. Herein, the relative distribution of α- and β-

adrenergic receptors determines the lipolytic effect (321). Insulin and insulin-like growth 

factor are the two most potent inhibitory hormones for lipolysis. They act on insulin 

receptors, phosphorylate insulin receptor substrates 1-4, and activate 

phosphatidylinositol-3 kinase and protein kinase B. Their signaling cascade interacts 

with cytokine and extracellular signal-regulated kinase (ERK) signaling (321). Moreover, 

lipolysis is also regulated by other factors including TNFα, growth hormone and the Cide 

domain-containing proteins (CIDEA, -B, and -C), although the mechanisms for these 

regulators remain to be characterized (321). 

1.6.4 WAT, an endocrine organ 

        WAT has also emerged as an important regulator of energy metabolism and 

inflammation via secretion of a number of adipokines, cytokines secreted from adipose 

tissue (328). In the mid-1980s, the Spiegelman laboratory demonstrated for the first 

time that adipocytes were an important source of a specific secretory protein, called 

adipsin (328,329). In 1995, leptin was identified as a protein secreted from adipocytes 

(330). Another protein initially termed Acrp30, which is now known as adiponectin, was 

reported at around the same time (331). Since then, the family of adipokines, has 

largely expanded including prostaglandins, resistin, TNFα, retinol binding protein-4, IL-6, 

IL-8, IL-10, monocyte chemoattractant protein (MCP)-1, interferon-γ-inducible protein 

10, macrophage inflammatory protein-1β, granulocyte colony stimulating factor and 

others (119,328). Adipokines play a fundamental role in the regulation of energy 
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metabolism. For example, leptin, one of the most well characterized adipokines, is a 16 

kDa cytokine, (278). The circulating level of leptin is positively correlated with total body 

fat mass and the secretion of leptin per gram adipose is two times more in obese than in 

lean subjects (332,333). Leptin acts through the leptin receptor centrally in the 

hypothalamus and peripherally as well in the ovary, testis, prostate, and placenta 

(278,334). Leptin deficiency in mice (ob/ob) results in hyperphagia, hypothermia, early 

onset morbid obesity and insulin resistance (330). Leptin deficiency in humans also 

leads to childhood morbid obesity (335).  

        The secretion of adipokines is mainly determined by the adipocyte size or volume 

and the location of adipose tissue (336,337). Large adipocytes generate significantly 

more proinflammatory adipokines than small or medium sized adipocytes (337). In both 

humans and rodents, the onset of obesity and adipocyte hypertrophy are accompanied 

by the macrophage infiltration and tissue inflammation (338,339). The proportion of 

macrophages in normal visceral adipose tissue was estimated to be 15%, which was 

elevated to 45-60% in case of obesity (340). The mechanisms underlying the 

macrophage infiltration have been under intensive investigation. A pivotal event is the 

recruitment of bone marrow derived CD11c+ macrophages, which are stimulated by 

adipocyte-derived MCP-1 (341). Based on the expression of antigens, WAT 

macrophages can be broadly divided into two classes: the M1 population, expressing 

F4/80, IL-6, CD11c and TNFα, and the M2 population, expressing F4/80, CD301, IL-10, 

and arginase 1 (342). Obesity is associated with the transformation of the anti-

inflammatory M2 population to the pro-inflammatory M1 population (342,343). Activated 

M1 macrophages generate pro-inflammatory factors, including MCP-1, IL-6 and TNFα, 
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which likely contribute to obesity associated insulin resistance and inflammation (344). 

The relative contribution of macrophages and adipocytes to production of adipokines, 

insulin resistance and WAT inflammation is still unknown (342). 

        Due to its function in energy storage and endocrinology, WAT appears to be a 

target for the treatment of obesity and its associated metabolic syndrome. Potential 

strategies include direct fat removal, reducing fat overload by limiting food intake, 

promoting “safe” fat storage and modulating adipokines (345). Surgical removal of 

visceral WAT in mice improves glucose homeostasis (345,346). Thiazolidinediones, 

synthetic PPARγ agonists, can stimulate adipocyte differentiation and increase adipose 

tissue mass without adipocyte hypertrophy (347). Consequently, they reduce tissue 

inflammation, normalize adipokine levels and improve insulin sensitivity (347). 

Modulating the levels of adipokines could be an effective approach for treating patients 

with obesity and other associated metabolic conditions. For patients with a mutation in 

leptin, leptin replacement is a beneficial treatment (345). Application of antibodies 

generated against TNFα to patients with metabolic syndrome reduces the inflammatory 

parameters in circulation, but it has no improvement in insulin sensitivity (348). In 

addition, anti-inflammatory drugs such as aspirin can lower the fasting glucose level in 

diabetic patients (349).  

1.6.5 BAT-mediated thermogenesis 

        BAT is a highly oxidative and vascularized tissue, specialized for heat production 

via dissipation of chemical proton gradients generated in the mitochondria (279). This 

process is mediated by a unique inner mitochondrial membrane protein UCP1 (Figure 

1.7), which uncouples the proton gradient generated via mitochondrial oxidative 
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phosphorylation from ATP synthesis to heat generation (279). Thus, beige cells, which 

occur in the “browning” WAT and are featured with UCP1 expression, also possess the 

capability for heat generation. UCP1 activity is constitutively inhibited by purine di- and 

triphosphate nucleotides (350), but activated by cold (351). Cold also stimulates the 

mobilization of free fatty acids from stored TG in lipid droplets via lipolysis, which not 

only provides substrates for BAT mitochondria, but also directly activates UCP1 activity 

(351,352). With cold being the major environmental regulator of BAT-mediated 

thermogenesis, high caloric diet might also activate BAT (353). However, this diet-

induced thermogenesis is highly controversial (354).  

        The sympathetic nervous system is an essential regulator of thermogenesis in 

BAT. In response to cold temperatures, sensory signals from thermoreceptors in the 

peripheral tissues increase the sympathetic tone and the release of the catecholamine 

norepinephrine, initiating a thermogenic program via adrenergic receptors in adipocytes 

(279). Additional to this central neuronal relay, adipocytes can sense the cold via other 

pathways such as transient receptor potential cation channels in brown adipocytes 

(355). Cold activates macrophages in WAT and BAT, which also generate 

catecholamines (356). As discussed earlier in WAT, BAT also expresses all three types 

of β-adrenergic receptors (β1, β2, and β3), among which, the β3- adrenergic receptor is 

most abundant in mature brown adipocytes (279). Mice lacking all three adrenergic 

receptors are cold sensitive (357). Norepinephrine binds to β-adrenergic receptors, 

increases cytoplasmic cAMP concentrations and further enhances PKA activity (Figure 

1.7). PKA drives the thermogenic program including stimulating the expression of UCP1 

in adipocytes via phosphorylation of CREB, a transcription factor, and of p38 mitogen-
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activated protein kinase (279). PKA also stimulates lipolysis via activation 

(phosphorylation) of HSL and deactivation of perilipin, a lipid droplet residing protein 

(279). Ultimately, lipolysis of TG in lipid droplets results in the release of glycerol and 

free fatty acids within the cytosol and most of the released fatty acids are channelled 

into the mitochondria for β-oxidation (279). The generated electrons following the 

respiratory chain are uncoupled by UCP1 for heat production (Figure 1.7) (279). Apart 

from the aforementioned thermogenic and lipolytic effects in brown adipocytes, 

prolonged cold exposure also enhances the browning of WAT and BAT expansion 

(286,287) 

        The thyroid hormones are well-defined regulators of BAT activity. Production of 

triiodothyronine (T3) is tightly controlled by the central nervous system, the so-called 

hypothalamic-pituitary-thyroid axis (358). Hypothyroidism reduces thermogenesis in 

BAT (359), whereas hyperthyroidism increases BAT activity (358,360). Thyroxine T4 

can be taken up by brown adipocytes and converted into the most active thyroid 

hormone T3 by type 2 deiodinase (358). Mice lacking type 2 deiodinase have impaired 

lipolysis and lipogenesis in BAT and are cold-sensitive (358,359). Thyroid hormones are 

essential for the adrenergic activation of BAT (358). BAT presents α1 and β1 thyroid 

hormone receptor (TR)s and the TRα1 isoform is required for normal adrenergic 

response in brown adipocytes (358). Mice with global deficiency of TRα1, TR-α1/β, or 

with deletion of all isoforms of TRα are cold intolerant due to reduced BAT 

thermogenesis, which is caused by the blunted response to norepinephrine, rather than 

the development and recruitment of BAT morphology (100,358,361,362).  
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        Several other neuropeptides and hormones have also been shown to regulate the 

activity of BAT. Brain-derived neurotrophic factors are implicated in the hypothalamic 

control of energy expenditure, which is attributed at least partially to the increased 

activity of BAT (289). Orexin induces sympathetic activation of BAT (363), whereas loss 

of orexin inhibits the proliferation of brown pre-adipocytes and induces the expression of 

PRDM16 and PGC1α (289). Melanocortin in the central nervous system is especially 

important for BAT-mediated thermogenesis via the melanocortin receptor type 4, and 

deletion of this receptor results in abrogating the induction of UCP1 (364,365). The 

transforming growth factor-β family members, notably the bone morphogenetic protein 

(BMP)s, also play critical roles in adipogenesis (366). In line with this function, a few 

BMPs have been identified to regulate BAT activity. In brief, central administration of 

BMP8b results in systemic activation of BAT (367). BMP2 and BMP4 promote the 

browning within WAT depots (368). BMP7 is crucial to reduce body weight via 

increasing energy expenditure and reducing food intake (369). Moreover, cardiac 

natriuretic peptides, both the atrial and ventricular, can induce the browning of WAT, 

and their levels in circulation are enhanced by cold (370). Direct infusion of ventricular 

natriuretic peptide increases energy expenditure in BAT and WAT. Furthermore, 

myokine irisin, inducible by exercise, is an important mediator in the browning of WAT in 

mice, although its physiological relevance in humans is controversial (287,371). In line 

with the contribution of prostaglandins in activation of BAT and the browning of WAT, 

cyclooxygenase-2, a key enzyme in prostaglandin biosynthesis, is also critical in these 

processes (372,373). In addition, fibroblast growth factor 21, generated in the liver and 

BAT, stimulates the browning of WAT in a PGC1α-dependent manner (374). Fibroblast 
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growth factor 19 also appears to regulate BAT, as its administration or overexpression 

in mice increases BAT mass and energy expenditure (25,375). 

1.6.6 BAT and energy metabolism 

        In rodents, it has been well-established that BAT-mediated thermogenesis plays a 

significant role in energy metabolism. Three decades ago, Rothwell and Stock first 

reported that BAT was activated to limit weight gain during voluntary overeating (353). 

Consistently, mice with genetic ablation of BAT develop obesity (376). Mice lacking all 

three known β-adrenergic receptors are cold-sensitive, and develop adipose 

hypertrophy and obesity (357,377). Mice with UCP1-deficiency are cold-sensitive, 

although the effect of UCP1-deficiency on obesity has been controversial for many 

years: it either has no effect or increases susceptibility to DIO (378,379) or even causes 

resistance to the development of obesity (380). Recently, this was clarified by the 

Cannon and Nedergaard group (381), who showed that  UCP1-deficient mice gained 

more weight than control mice when housed under thermoneutral conditions (28–30°C) 

versus mice housed at room temperature (20–22°C). When housed at room 

temperature, mice are under constant cold stress, which activates BAT, and consume 

extra energy to maintain body temperature. In UCP1-deficient mice, alternative 

thermogenic mechanisms are activated to defend their body temperature (382,383). 

The significant effect of environmental temperature on physiological energy metabolism 

has been overlooked particularly in rodent models. Regardless, targeting UCP1-

mediated thermogenesis in BAT or beige cells could provide a potential strategy to 

combat obesity and its associated metabolic syndrome. Experimentally expanding BAT 

activity or beige fat or both in mice via various approaches including genetic 
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manipulation, drugs or transplantation has shown beneficial effect on certain metabolic 

diseases (287,371,384-386). 

        BAT consumes both glucose and lipids for thermogenesis (387). Acute exposure to 

cold is a high energy-consuming process, evidenced by the depletion of lipid in the 

adrenal gland and of glycogen in the liver (388,389). When exposed to cold (5°C) for 7 

days, mice fed a HF diet exhibited a 55% loss of body fat mass, even though they ate 

50% more food (390). Short-term cold exposure also increased the clearance rate of 

TG-enriched lipoproteins from plasma largely due to increased uptake in the BAT, which 

was higher than that in the muscle, liver, and WAT (391). BAT is also a glucose 

consumer, although the exact contribution of glucose for thermogenesis is debatable 

(287). The glucose uptake in BAT is under sympathetic regulation in a UCP1-dependent 

manner (392-395). In responding to norepinephrine or insulin, BAT exhibits high rates of 

glucose uptake (395). Insulin stimulates glucose uptake in BAT independent of its 

thermogenic function (287). Cold exposure further increases the rate of glucose 

disposal in BAT responding to insulin (392). Furthermore, mice with increased BAT or 

beige fat activity exhibit improvement in glucose tolerance and insulin sensitivity 

(287,370,371,386). A most recent study showed that transplantation of BAT into the 

visceral cavity in mice resulted in a marked improvement in glucose homeostasis, which 

was cytokine IL-6 dependent (385) 

        In humans, BAT has long been presumed to function only in infants, until recent 

studies demonstrated that BAT is also metabolically active in adults by 18F-

fluordeoxyglucose positron emission tomography/computed tomography (280-282,396-

398). This expensive technique provides a useful tool for studying human BAT, although 
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there are limitations in terms of sensitivity and particularly accuracy for monitoring BAT 

activity (289). Other approaches such as magnetic resonance imaging may be helpful in 

charactering human BAT (235). Human BAT is composed of both brown and white 

adipocytes (289). It is highly innervated and vascularized as in rodents. Cold stimulates 

the uptake of glucose and NEFA into BAT, and increases the oxidative capacity, 

confirming its functional role in thermogenesis in humans (396,398,399). Notably, cold-

induced BAT activity is significantly higher in lean subjects versus overweight or obese 

subjects and the percentage of body fat and body mass index is negatively correlated 

with BAT activity (398,400). It was suggested that fully activated BAT in humans could 

utilize an equivalent amount of energy to ∼4.1 kg WAT over one year (280). Under 

physiological condition, human BAT exhibits differential rates of glucose uptake in 

response to cold versus insulin stimulation (401). Most recent studies highlight its 

contribution in regulating whole body glucose homeostasis, insulin sensitivity and body 

fat (400,402). Furthermore, brown adipocytes present in the interscapular region in 

human infants vanish with aging (287,403), while a significant portion of recruited beige 

adipocytes are found in the supraclavicular depots in adult humans and some children 

(308,404). Overall, targeting BAT-mediated energy expenditure in humans could have 

physiological benefits for the treatment of obesity and its associated conditions. 

 

1.7 Thesis objectives  

        PEMT is functionally significant in the liver, responsible for ~30% of hepatic PC 

production, whereas the remaining ~70% of hepatic PC is made via the CDP-choline 

pathway (405,406). Inhibition of either the CDP-choline pathway in the liver or the 
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PEMT pathway results in steatosis (407), which is mainly due to decreased hepatic PC 

production and VLDL secretion. Both LCTα-/- and Pemt-/- mice develop severe NASH 

upon HF feeding (33). However, while HF-fed LCTα-/- mice develop obesity, HF-fed 

Pemt-/- mice are protected from DIO (33). Thus, the reason for the resistance to DIO in 

Pemt-/- mice is not simply due to either reduced PC synthesis or decreased VLDL 

secretion (33). The resistance to DIO and the development of NASH in HF-fed Pemt-/- 

mice is prevented and improved by dietary choline supplementation, respectively 

(33,120), indicating a role for choline insufficiency in these phenotypes. I endeavored to 

seek the underlying mechanisms for the resistance to DIO and the development of 

NASH in HF-fed Pemt-/- mice, mainly focusing on the liver, WAT and BAT. 

        Thesis objective #1: 

        The vagus nerve, containing sensor (afferent) and motor (efferent) nerve fibers, 

plays an essential role in regulating energy metabolism (408). It relays signals involved 

in satiety, hormonal secretion and response to hormones (168,170). The hepatic vagus 

nerve is a mixed nerve, carrying both afferent fibers from the liver hilus to the NTS in the 

brain stem, and efferent fibers from the dorsal motor vagal nucleus of the brain stem to 

the liver. Afferent vagus nerve fibers originating from the liver are key for regulation of 

energy metabolism under both pathological (192,194,203) and physiological conditions 

(409). Long-term stimulation of the hepatic vagus nerve in rats results in reduced body 

weight gain (410). Hepatic vagotomy (HV) is a surgical procedure used for the treatment 

of peptic ulcers (411,412), and has recently been applied for the treatment of obesity 

(413). We hypothesized that neuronal signals relayed through the hepatic branch of 

vagus nerve were implicated in the resistance to DIO and the development of NASH in 
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HF-fed Pemt-/- mice. Thus, the first objective was to explore a possible role of the 

hepatic branch of the vagus nerve in the resistance to DIO and the development 

of NASH in HF-fed Pemt-/- mice. The hepatic branch of the vagus nerve in Pemt-/- and 

Pemt+/+ mice were subjected to HV, compared with sham operation; or subjected to 

capsaicin treatment, which selectively disrupts the afferent nerve, versus vehicle-treated 

mice. After surgery, mice were fed the HF diet for 10 weeks. Body weight gain, glucose 

and insulin sensitivity were examined, and the development of HF-induced NASH was 

also evaluated. 

        Thesis objective #2: 

        The ER is an intracellular organelle with various cellular functions (259,414). ER 

stress is associated with metabolic syndrome such as obesity and fatty liver diseases 

(226,250,414,415). In responding to stress caused by aberrant protein metabolism, cells 

activate the UPR to restore the homeostatic equilibrium (230). PEMT is located in the 

ER and MAM (68). Thus, we proposed that PEMT deficiency might lead to aberrant 

composition of PC and PE in the ER and consequently ER stress, which sensitizes the 

liver to HF-induced NASH in Pemt-/- mice. The second objective was to test this 

hypothesis and elucidate a possible role of ER stress in the development of 

NASH in Pemt-/- mice. PC and PE mass in the ER fractions isolated from mouse livers 

were determined in chow- and HF-fed Pemt-/- and Pemt+/+ mice. The expression of 

proteins in ER stress and the UPR pathway was measured in the livers from these mice 

and in McA-RH7777 cells with or without PEMT expression. The chemical chaperone 

PBA was administered to McA-RH7777 cells and HF-fed Pemt-/- mice to alleviate ER 

stress.   
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        Thesis objective #3: 

        PEMT is present at low levels in WAT and 3T3-L1 adipocytes (75,106). The 

expression of PEMT is concomitantly and strongly induced during differentiation of 3T3-

L1 adipocytes. Along with this increase, the levels of PC and PE are greatly increased 

while the PC/PE ratio is reduced (75). Attenuation of PEMT in 3T3-L1 adipocytes 

increases basal TG lipolysis, which leads to a proposed role for PE in lipid droplet 

formation and stability (75). However, it is unclear whether WAT contributes to the 

protection against DIO in Pemt-/- mice. Thus, the third objective was to evaluate the 

contribution of WAT to the protection against DIO in Pemt-/- mice. Pemt-/- and 

Pemt+/+ mice were fed the HF diet for 2 weeks. Adipocyte differentiation and 

adipogenesis in (gonadal) WAT were evaluated. The lipolytic capability was evaluated 

by immunoblotting the lipolytic enzymes using WAT homogenates and by examining the 

release of glycerol and free fatty acids from WAT explants in the absence or presence 

of isoproterenol. Furthermore, the endocrine function of WAT was determined by 

assaying the levels of cytokines and chemokines in WAT.   

        Thesis objective #4: 

        Contrary to WAT, BAT is a highly oxidative tissue, enriched with mitochondria and 

nerve fibers (279). BAT is responsible for non-shivering thermogenesis via UCP1 (279). 

BAT-mediated thermogenesis plays a critical role in regulating the whole body energy 

metabolism (279,400,402). The evidence for PEMT in BAT is limited to the presence of 

PEMT mRNA in BAT from five-day-old Pemt+/+ mice (75). We proposed that a higher 

amount of energy might be used for BAT-mediated thermogenesis in HF-fed Pemt-/- 

mice, which might contribute to the resistance to DIO in these mice. Thus, the fourth 
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objective was to unravel the contribution of BAT (interscapular depot) to the 

resistance to DIO in Pemt-/- mice. The presence of PEMT protein and enzyme activity 

in BAT was first determined. The capacity of thermogenesis was evaluated in both 

chow- and HF-fed Pemt+/+ and Pemt-/- mice by cold exposure at 4˚C. Unexpectedly, we 

found Pemt-/- mice fed the HF diet for 2 weeks were hypothermic upon cold exposure. 

To explore the potential mechanisms for this hypothermia, the thermogenic capacity of 

BAT, cardiac function and hepatic gluconeogenesis were evaluated.  

        The outcomes of these studies will greatly enhance understanding the 

physiological functions of PEMT and provide potential therapeutic strategies for the 

treatment of obesity and fatty liver diseases. 
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Figure 1.1 Structure of phosphatidylcholine and phosphatidylethanolamine 

(A) The typical molecular structure of phosphatidylcholine: 1-palmitoyl-2-arachidonyl-

phosphatidylcholine. (B) The typical molecular structure of phosphatidylethanolamine: 1, 

2-dipalmitolylphosphatdylethanomaine.  
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Figure 1.2 Signalling molecules derived from PC 

Phosphatidylcholine (PC) can be hydrolyzed by different phospholipases, generating 

diverse second messengers. Phospholipase A (PLA) hydrolyses the acyl ester bond at 

the sn-1 (PLA1) or sn-2 (PLA2) position, producing lyso-PC and free fatty acids such as 

arachidonic acid. Phospholipase C (PLC) converts PC into diacylglycerol and 

phosphocholine. Phospholipase D (PLD) catalyzes the release of phosphatidic acid and 

choline. 
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Figure 1.3 Pathways involved in PC biosynthesis 

In all nucleated cells, the major pathway for phosphatidylcholine (PC) production is the 

CDP-choline pathway. PC can also be produced via the PEMT pathway, which is only 

quantitatively significant in the liver. In the CDP-choline pathway, choline is first 

phosphorylated by choline kinase. Phosphocholine is then converted into CDP-choline, 

and this step is mediated by the rate-limiting enzyme CTP:phosphocholine 

cytidylyltransferase. The final step is completed by CDP-choline:1,2-diacylglycerol 

cholinephosphotransferase, which substitutes diacylglycerol (DG) for cytidine 

monophosphate (CMP) generating PC. Particularly in the liver, PC can also be 

generated by phosphatidylethanolamine N-methyltransferase (PEMT), which mediates 

three sequential methylation reactions of phosphatidylethanolamine (PE), using S-

adenosylmethionine (AdoMet) as the methyl-donor. Other abbreviations include: ATP, 

adenosine triphosphate; ADP, adenosine diphosphate; CTP, cytidine triphosphate; 

CDP, cytidine diphosphate; PPi, pyrophosphate; Phosphatidylmonomethylethanolamine 

(PMME); phosphatidyldimethylethanolamine  (PDME); AdoHcy, S-

adenosylhomocysteine; Hcy, homocysteine. 
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Figure 1.4 Pathways involved in PE biosynthesis 

In eukaryotic cells, phosphatidylethanolamine (PE) can be synthesized through four 

pathways, two major pathways including the CDP-ethanolamine pathway and the 

decarboxylation of PS mediated by PS decarboxylase (PSD) and two other minor 

pathways. The CDP-ethanolamine pathway is parallel with the CDP-choline pathway, 

using ethanolamine as substrate. In the PSD pathway, substrate PS can derive from 

either phosphatidylcholine (PC) or PE through head group exchange reactions 

mediated by PS synthase (PSS)1 and PSS2 respectively. PE can also be generated via 

two quantitatively minor pathways: the acylation of lyso-PE catalyzed by lyso-PE 

acyltransferase and a base-exchange reaction catalyzed by PSS2 where the serine 

group of PS is replaced by ethanolamine. Other abbreviations include: ATP, adenosine 

triphosphate; ADP, adenosine diphosphate; CTP, cytidine triphosphate; CDP, cytidine 

diphosphate; PPi, pyrophosphate; DG, diacylglycerol; CMP, cytidine monophosphate. 



74 
 

 



75 
 

Figure 1.5 The unfolded protein response   

In response to stress, the endoplasmic reticulum (ER) initiates a series of intracellular 

signaling pathways known as the unfolded protein response (229) to restore protein 

homeostasis. The UPR is composed of three canonical branches mediated by three ER 

membrane transducer proteins: protein kinase-like ER kinase (235), inositol-requiring 

enzyme-1 (IRE1), and activating transcription factor (ATF) 6α. PERK activation requires 

its trans-phosphorylation and dimerization. Activated PERK phosphorylates eukaryotic 

translation initiation factor 2α (eIF2α), which in turn attenuates translation initiation of 

global protein synthesis and reduces the ER protein folding load. Phosphorylated eIF2α 

(p-eIF2α) can be dephosphorylated by protein phosphatase PPP1. p-eIF2α also 

selectively elevates the translation of ATF4, which further regulates expression of genes 

encoding ER chaperones and genes involved in antioxidant responses, amino acid 

metabolism, and apoptosis. IRE1 contains an endoribonuclease domain and a Ser/Thr 

kinase domain in the cytoplasm. Similar to PERK, IRE1α activation depends on its 

dimerization and trans-autophosphorylation. The endoribonuclease activity of IRE1 

causes cleavage of the mRNA encoding the X-box binding protein-1 (XBP1), which 

leads to the translation of the spliced (active) form of XBP1. The spliced XBP1 

upregulates a subset of UPR target genes related to protein folding, ER-associated 

protein degradation (ERAD), ER biogenesis and phospholipid synthesis. In addition to 

XBP1 processing, IRE1 also degrades a subset of mRNAs in a stress-dependent 

manner. In response to ER stress, ATF6α translocates to the Golgi apparatus, where it 

is processed by proteases releasing its cytosolic domain. This cleaved form of ATF6α 

regulates the UPR target genes including ER chaperone and ERAD proteins. 
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Figure 1.6 Simplified lipolysis in adipocytes  

Intracellular lipolysis in adipocytes is controlled by extracellular hormones. The 

catecholamine norepinephrine (NE) binds to β-adrenergic receptor (β-AR)s, activates 

adenylyl cyclase (AC) via stimulatory Gs protein-coupled receptors and increases the 

concentration of cytoplasmic cyclic AMP (100), which enhances protein kinase A (PKA) 

activity. PKA enhances lipolysis via phosphorylating proteins including the lipolytic 

enzyme hormone-sensitive lipase (HSL). Catecholamines also play an antilipolytic role 

through α2-adrenergic receptor and their associated inhibitory Gi protein-coupled 

receptors. The relative distribution of α- and β-adrenergic receptors on the adipocytes 

determines the lipolytic effect of catecholamines. Intracellular lipolysis in lipid droplet 

(LD)s is regulated by a complex enzyme system. Adipose triglyceride lipase (ATGL) 

initiates lipolysis via specifically hydrolyzing triglyceride (25) to diacylglycerol (DG) and 

free fatty acids (375). The released DG can be either re-esterified by a DG 

acyltransferase (DGAT) into TGs or further hydrolyzed by the rate limiting enzyme HSL 

into monoacylglycerol (MG)s and FFA. MG are then specifically catabolized by enzyme 

MG lipase (MGL), generating FFA and glycerol. The released FFA and glycerol will be 

either exported for energy utilization or re-incorporated as TG. FFA can also be 

converted into CoA molecules (FA-CoA), which provide substrates for mitochondrial 

fatty acid oxidation. 
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Figure 1.7 Uncoupling protein UCP1 mediated thermogenesis 

Cold environment increases the sympathetic tone, causing the release of 

norepinephrine (NE). NE, acting through the β-adrenergic receptors (β-ARs) expressed 

in mature brown or beige adipocytes, causes increased cytoplasmic cyclic AMP (100) 

concentrations, which further enhances protein kinase A (PKA) activity. PKA drives the 

thermogenic program including stimulating the expression of uncoupling protein 1 

(UCP1) in adipocytes and promoting lipolysis in lipid droplets. The increased lipolysis 

results in the release of free fatty acids (375), which provide substrates for mitochondrial 

fatty acid oxidation. The mitochondrial electron transport chain complexes (I, II, III, IV 

and V) create a proton gradient crossing the inner mitochondrial membrane. This proton 

gradient is the driving force for ATP synthesis via complex V, and specifically in mature 

brown or beige adipocytes, it can also be uncoupled by UCP1, generating heat. 
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2.1 Introduction 

        The prevalence of non-alcoholic fatty liver disease (NAFLD) is rapidly rising 

throughout the world. In the United States, it is estimated that 70% of obese and 

diabetic patients have NAFLD (1). NAFLD includes a wide spectrum of hepatic 

diseases, from steatosis (lipid accumulation) to non-alcoholic steatohepatitis (NASH; 

steatosis with inflammation) and eventually end-stage liver failure (2,3). Currently, it is 

unclear how steatosis progresses into NASH. Recent studies (4,5) by us and others 

have linked NAFLD with aberrant hepatic phospholipid levels. The amount and ratio of 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are essential for 

membrane integrity. Decreased hepatic PC and decreased ratio of hepatic PC/PE 

induces steatosis in mice and has been observed in NASH patients (5). In mice, the 

PC/PE ratio is a strong predictor of liver function and survival rate after partial 

hepatectomy (6).  

        In the liver, PC is synthesized via both the CDP-choline pathway and the PEMT 

pathway (7,8). Under normal conditions, the CDP-choline pathway accounts for ~70% 

hepatic PC biosynthesis, and the remaining 30% is synthesized via the PEMT pathway 

(8). The rate-limiting reaction in the CDP-choline pathway is catalyzed by 

CTP:phosphocholine cytidylyltransferase (9,10). CT is encoded by two 

genes, Pcyt1a and Pcyt1b, and CTα (the product of Pcyt1a) is the predominant isoform 

in the liver (11,12). Inhibition of either the CDP-choline (by liver-specific deletion of CTα) 

or PEMT pathway results in steatosis (13). This is mainly due to decreased hepatic PC 

production resulting in impaired very low density lipoprotein (VLDL) secretion. When fed 

a HF (14) diet for 10 weeks, mice lacking PEMT (Pemt-/- mice) are resistant to diet-
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induced obesity (DIO) but develop severe NASH (9). The reason for the resistance to 

DIO in Pemt-/- mice is not simply due to either reduced PC synthesis or VLDL secretion, 

as the liver specific CTα knockout mice (LCTα-/- mice) are not protected from DIO (9).  

        The inter-organ communication through the autonomic nervous system is an 

essential regulator of metabolism (15). The vagus nerve is an important collection of 

nerve fibers, including sensor (afferent) and motor (efferent) nerves (16). Selective 

vagotomy has uncovered a role of vagus nerve in regulating satiety, hormonal secretion 

(insulin) and response to hormones (ghrelin) (16,17). Adenoviral expression of 

peroxisome proliferator-activated receptor (PPAR)γ2 in the livers of wild-type mice 

increases energy expenditure, decreases adiposity and improves insulin sensitivity, all 

of which are prevented by hepatic vagotomy (HV) (18). Similarly, the vagus nerve is 

involved in linking lower hepatic PPARα expression to insulin resistance (19). 

Consequently, long-term stimulation of hepatic vagus nerve in rats results in reduced 

body weight gain (20). Thus, we hypothesized that neuronal signals relayed via the 

hepatic branch of vagus nerve are implicated in the resistance to DIO and the 

development of NASH in Pemt-/- mice. 

        Here, we performed HV on both Pemt+/+ and Pemt-/- mice to investigate whether 

signals through hepatic vagus nerve contribute to the protection of obesity in Pemt-/- 

mice. Our data show that neuronal signals through hepatic vagus nerve are critical for 

the resistance to DIO in Pemt-/- mice. Surprisingly, HV also completely abolished HF-

induced NASH in these mice. To further examine the contribution of afferent hepatic 

branch of vagus nerve alone, we blunted the afferent nerve with capsaicin. Capsaicin 

did not reverse the protection against DIO, nor improve the HF-induced NASH in Pemt-/- 
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mice. The current study highlights a fundamental role of hepatic vagus nerve in the 

development of adiposity and NASH in Pemt-/- mice. 

 

2.2 Materials and methods 

2.2.1 Animal handling, diets and surgery 

        All procedures were approved by the University of Alberta’s Institutional Animal 

Care Committee in accordance with guidelines of the Canadian Council on Animal 

Care. Male C57BL/6 (backcrossed >7 generations) Pemt+/+ and Pemt-/- mice were 

exposed to a 12 h light-dark cycle and housed with free access to water and standard 

chow diet (LabDiet, #5001) with 58% calories from carbohydrate and 13% from fat,  

before surgery.  

        For HV, the common hepatic-branch of the vagus nerve (both afferent and efferent 

nerves) of 8-week-old Pemt+/+ and Pemt-/- mice was cut and control mice were 

subjected to sham operation, as described (21). All the procedures were performed 

using aseptic microvascular technique. The animals had ophthalmic ointment applied to 

the eyes and were anaesthetized with inhalation of 1.5% isoflurane. After the abdomen 

was opened by a long midline incision, the anterior vagal trunk along the esophagus 

was exposed. Then, the common hepatic vagal branch was freed from surrounding 

tissue and transected. The abdominal incision was closed with 5-0 absorbable vicryl 

suture. For deafferentation study, the hepatic vagal branch was freed from the 

surrounding tissues by paraffin paper and then wrapped with gauze soaked with vehicle 

(Tween 80: olive oil =1:9) alone or 10 mg/ml capsaicin dissolved in the vehicle solution 
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for 30 min as described (19). All surgeries were performed by Dr. Linfu Zhu (department 

of surgery, University of Alberta) between 9:00 a.m.-12:00 p.m. under isofluorane 

anesthesia. For the first 24 h post-surgery, the mice recovered in a warmed nursery 

incubator in a small animal intensive unit of University of Alberta’s Microsurgery 

Transplantation Laboratory with unrestricted access to food and water. The criteria for 

euthanasia included lethargy and dehydration. However, all mice survived the surgery 

and were allowed to recover for a week with free access to water and standard chow 

diet. After the recovery, mice were fed the HF diet (Bio-Serv, #F3282), in which 60% 

calories derive from fat, for 10 weeks. Mice were fasted for 12 h before sacrifice. 

Tissues were collected and stored at -80 °C until analysis or preserved in 10% 

phosphate-buffered formalin for histology. 

2.2.2 In vivo metabolic analysis  

        Metabolic measurements (O2 consumption, CO2 production and heat production) 

were obtained using a Comprehensive Lab Animal Monitoring System (Columbus 

Instruments, OH). Mice were housed individually for 3 days before being placed in 

metabolic cages. Following an initial 24 h acclimatization period, measurements were 

taken every 13 min for 24 h. Mice were fasted for 12 h before a glucose tolerance test. 

Briefly, mice were administered glucose (2 g/kg body weight) by i.p. injection. Blood 

glucose was measured by a glucometer prior to injection and at indicated times 

afterwards.  

2.2.3 Analytical procedures  

        The mass of cholesterol-and cholesteryl ester was measured by gas-liquid 

chromatography (22). The mass of triacylglycerol (23) was either measured by gas-
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liquid chromatography or commercially available kit according to the manufacturer’s 

protocols from Roche Diagnostics. Plasma alanine aminotransferase was measured 

using commercially available kit (Biotron Diagnostics) according to the manufacturer’s 

protocols. Hepatic cytokines and chemokines were quantified using ELISA kits from 

eBioscience or Preprotech. Protein concentrations were determined by the Bradford 

assay (Bio-Rad). Lipid analysis using gas-liquid chromatography was performed by 

Audric Moses (University of Alberta) and the hepatic cytokines and chemokines were 

measured by Marta Ordoñez and Antonio Gomez-Muñoz (University of the Basque 

Country, Spain). 

        Hepatic PC and PE were quantified as previously described by a phosphorus 

assay (24). Hepatic lipids were first extracted from liver homogenate (1 mg of protein in 

1 ml of PBS) with 4 ml of chloroform/methanol (2/1, v/v). The mixture was vortexed 

vigorously for 1 min and then centrifuged for 10 min at 1800 rpm. The lower organic 

phase was collected and dried down under nitrogen. The dried lipids were re-

suspended in 200 μl of chloroform/methanol (2/1; v/v) and 50% of each sample was 

then subjected to lipid separation by thin-layer chromatography. The PC and PE were 

resolved in the solvent system chloroform/methanol/acetic acid/water (50/30/8/4; v/v). 

Bands corresponding to PC and PE loading standards (Avanti) were visualized by 

iodine vapor and scraped for a phosphorus assay in a glass tube. In this assay, 

phosphate standards (sodium phosphate, 0-200 nmol) were first dried at 180°C. When 

the standards were cooled to room temperature, 450 μl of 70% perchloric acid was 

added to each unknown sample or standard. Each tube was covered with a marble on 

the top and then heated at 180°C for 1 h. Following the heating, all tubes were cooled to 
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room temperature before the marbles were removed. 2.5 ml of deionized water was 

added to each tube, followed by 0.5 ml of ammonium molybydate (2.5%, w/v). The 

mixture was vortexed immediately. Then, 0.5 ml of ascorbic acid (10%, w/v) was added 

to each tube. The mixture was vortexed immediately before the colour development 

step by incubation in hot water (90-95°C) for 15 min. Next, samples were centrifuged for 

5 min at 2000 rpm to pellet the silica. The absorbance of the supernatant was read at 

820 nm and the concentration of PC or PE was calculated from the standard curve. 

2.2.4 Histology  

        A portion of the liver and gonadal white adipose tissue (WAT) was subjected to 

hematoxylin and eosin (H&E) staining. Tissue was first fixed in 10% buffered formalin 

for at least 24 hours. Then, tissue was embedded in paraffin, sectioned, and stained 

with H&E by the Histocore of Alberta Diabetes Institute (University of Alberta). Liver 

slides were scored for steatosis, hepatocellular ballooning, and portal inflammation and 

lobular inflammation, using a modified NAFLD activity score system (25). The 

histological analysis of liver slides was performed by pathologist Dr. Todd Chaba 

(University of Alberta). All slides were visualized by a dissecting light microscope (40x 

objective magnification) and images were captured by the ZEISS AxioCam MRc. The 

size of individual adipocytes was quantified using ImageJ software from the National 

Institutes of Health. 

2.2.5 Electron microscopy  

        The common truncal vagus nerve and the hepatic branch of the vagus nerve were 

collected from mice with no treatment and from mice 7 days post-surgically treated with 

or without capsaicin. Samples were processed as described before (9). All samples 
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were first fixed in fixation buffer (2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate 

buffer, pH 7.2) for 2 h at room temperature and then for overnight at 4°C. The samples 

were washed three times (20 min each wash) in the same buffer (0.1 M sodium 

cacodylate, pH 7.2) and were then fixed in 0.1% osmium tetroxide in the same buffer for 

2 h at room temperature. These samples were briefly washed in distilled water and 

dehydrated in a graded series of ethanol solutions (30%, 50%, 70%, 90 and 100%; 15 

min each grade) before two 15-min washes with 100% ethanol. The samples were 

placed in two changes of propylene oxide and embedded in araldite. Blocks were cut at 

Leica EM UC6 ultramicrotome with DiATOME diamond knife. Ultrathin sections (80-100 

nm) were stained with 2% uranyl acetate and 1% lead citrate. Electron micrographs 

were taken with a Jeol JEM-2100 transmission electron microscope.  

2.2.6 Real-time quantitative PCR 

        Total RNA was isolated from snap-frozen liver tissue using TRIzol reagent 

(Invitrogen). Total RNA was treated with DNase I (Invitrogen) to degrade genomic DNA, 

then reverse-transcribed using an oligo(dT)12–18 primer and Superscript II reverse 

transcriptase (Invitrogen). Real-time quantitative PCR was performed using a Rotor-

Gene 3000 instrument (Montreal Biotech). mRNA levels were normalized to cyclophilin 

mRNA using a standard curve. Primers for real-time quantitative PCR were purchased 

from the Institute of Biomolecular Design at the University of Alberta and are listed in 

Table 2.1. 

2.2.7 Immunoblotting 

        Tissues were homogenized in buffer (100 mM Tris–HCl, 150 mM NaCl, 1 mM 

EDTA, 1 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride, pH 7.4) with 
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addition of protease inhibitor cocktail (Sigma #P8340) and phosphatase inhibitor 

cocktail 3 (Sigma #P0044), followed by sonication for 10 sec. Twenty micrograms of 

protein were generally heated for 10 min at 95°C in sample buffer (125 mM Tris-HCl, 

25% glycerol, 2% SDS, 0.25% 2-mercaptoethanol, 0.025% bromophenol blue, pH 6.8) 

and then electrophoresed on a SDS-polyacrylamide gel in electrophoresis buffer (25 

mM Tris-HCl, 192 mM glycine, 0.1% SDS buffer, pH 8.5). One exception is for detecting 

OXPHOS complexes, for which protein samples were brought up to room temperature 

without heating for 10 min before the electrophoresis. Proteins were transferred to a 

polyvinylidene fluoride membrane in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 

10% (v/v) methanol) for 2 h at 100 V. The membrane was then blocked with 5% (w/v) 

skim milk in T-TBS buffer (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.4) for 

1 h. Following the blocking, membrane was then probed with primary antibodies against 

OXPHOS complexes (1:1000 dilution, Abcam ab110413), uncoupling protein 2 (UCP2, 

1:1000 dilution, Abcam ab67241), porin (VDAC, 1:1000 dilution, Abcam ab14734), 

C/EBP homologous protein (CHOP, 1:1000 dilution, Cell signaling #2895), total acetyl-

CoA carboxylase (ACC, 1:1000 dilution, Cell signaling #3662), phospho-ACC (Ser79, 

1:1000 dilution, Cell signaling #3661), fatty acid synthase (FAS, 1:1000 dilution, Cell 

signaling #3189), and protein disulfide isomerase (PDI, 1:1000 dilution, Enzo Life 

Sciences SPA-890) for overnight at 4°C. Primary antibodies were diluted with 5% (w/v) 

bovine serum albumin in T-TBS buffer. Secondary antibodies were goat anti-mouse and 

goat anti-rabbit IgG-horse radish peroxidase conjugate (Bio-Rad) and were diluted 

1:5,000-1:10,000 with 1% (w/v) skim milk in T-TBS buffer. The immunoreactive bands 
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were visualized by enhanced chemiluminescence system (Amersham Biosciences) 

according to the manufacturer's instructions. 

2.2.8 Statistical analysis  

        Data are presented as mean values ± SEM. Comparisons between groups for 

body weight gain, glucose tolerance test and in vivo metabolic data were performed 

using an analysis of variance. For all other comparisons, a two-way ANOVA, followed 

by post hoc Bonferroni’s test of individual group differences was used. P < 0.05 was 

considered significant. Unless otherwise indicated, six to eight animals were used per 

experimental group. 

 

2.3 Results 

2.3.1 HV abolishes the protection against DIO in Pemt-/- mice  

        Pemt+/+ and Pemt-/- mice were subjected to HV or sham operation, followed with a 

10-week HF feeding. HV reduced weight gain in Pemt+/+ mice (Figure 2.1A). In contrast, 

HV stimulated weight gain in Pemt-/- mice throughout the 10-week HF feeding (Figure 

2.1A), although HV-operated Pemt+/+ mice still gained more weight than that of HV-

operated Pemt-/- mice. Similar to our previous observation (9), sham-operated Pemt-/- 

mice had lower fasting plasma glucose than Pemt+/+ mice (Figure 2.1B). A minor but 

significant decrease of plasma glucose was observed in HV-operated Pemt+/+ mice 

compared to sham-operated mice. In accordance with the body weight gain, HV 

reversed glucose tolerance in the Pemt-/- sham group mice (Figure 2.1C). Consistent 

with our previously report (9), Pemt-/- mice had smaller visceral adipocytes than Pemt+/+ 
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mice following sham operation (Figure 2.1D&E). HV increased the size of adipocytes in 

Pemt-/- mice to that of Pemt+/+ mice. In addition, macrophage infiltration was observed in 

Pemt+/+ and HV-operated Pemt-/- mice, but not in sham-operated Pemt-/- mice (Figure 

2.1D, lower panel). Clearly, HV reverses the protection against DIO and glucose 

tolerance in Pemt-/- mice. 

2.3.2 HV reduces whole body energy expenditure in Pemt-/- mice 

        To explain the metabolic changes following hepatic vagotomy, we examined whole 

body energy utilization in mice fed the HF diet for 8 weeks. Consistent with our previous 

data (15), sham-Pemt-/- mice displayed higher oxygen consumption than Pemt+/+ mice 

throughout the light and dark cycles (Figure 2.2A), indicating higher energy expenditure. 

HV reduced oxygen consumption in Pemt-/- mice; however, in Pemt+/+ mice, HV led to a 

slight but significant increase in oxygen consumption through the dark cycle only (Figure 

2.2A). Sham-Pemt-/- mice had an elevated respiratory exchange ratio that was reduced 

by HV (Figure 2.2B). Heat production was higher in sham-operated Pemt-/- mice during 

both the light and dark cycles; and this increase was normalized by HV (Figure 2.2C). 

As previously reported, there was no difference in physical activity between genotypes 

(data not shown). Together, HV decreases energy expenditure in Pemt-/- mice. 

2.3.3 HV protects Pemt-/- mice from HF-induced steatohepatitis 

        Pemt-/- mice develop steatohepatitis when fed a HF diet (6). The livers of sham-

operated Pemt-/- mice were 2.5-fold larger than those from Pemt+/+ mice (Table 2.2). 

Hepatic cholesteryl ester and TG were elevated 3-fold in sham-operated Pemt-/- mice 

compared to Pemt+/+ mice (Table 2.2); HV normalized hepatic cholesteryl ester and TG 

in Pemt-/- mice. As previously reported (6), sham-operated Pemt-/- mice had lower 
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hepatic PC when challenged with HF diet (Table 2.2); HV increased PC in Pemt-/- mice 

to wild-type levels. Hepatic PE levels were not different among groups (Table 2.2). 

Sham-operated Pemt-/- mice had low levels of plasma cholesterol and TG as compared 

to Pemt+/+ mice. Plasma cholesterol, but not TG, was normalized in HV Pemt-/- mice 

(Table 2.2).  

        Histopathological analysis revealed the presence of small lipid droplets in the livers 

from Pemt+/+ mice (Figure 2.3A, upper left). In comparison, liver sections from sham-

operated Pemt-/- mice were filled with large lipid droplets (Figure 2.3A, upper right). 

Accordingly, Pemt-/- mice exhibited severe steatosis, inflammation and hepatocellular 

ballooning; and all these measurements were reversed by HV (Figure 2.3A&C). Plasma 

alanine aminotransferase, a marker of liver damage, was elevated 4-fold in sham-

operated Pemt-/- mice compared to wild-type controls and HV-Pemt-/- mice (Figure 

2.3B). Hepatic mRNA levels of inflammatory genes, tumor necrosis factor (TNF)α, F4/80 

and cluster of differentiation (CD)68, were elevated in Pemt-/- mice; HV normalized the 

expression of these genes (Figure 2.3D). Moreover, the higher amount of hepatic 

chemokine monocyte chemotactic protein (MCP)-1 in sham-operated Pemt-/- mice was 

dramatically decreased by HV (Figure 2.4). A similar reduction was observed for 

chemokine RANTES and pro-inflammatory cytokine interleukin (IL)-1α, although this did 

not reach significant difference. On the other hand, the low level of the anti-inflammatory 

cytokine IL-10 in Pemt-/- mice was increased by HV (Figure 2.4). Together, HV protects 

Pemt-/- mice from HF-induced NASH.   

2.3.4 HV improves hepatic energy metabolism 



129 
 

        To examine the mechanism by which HV alters hepatic lipid metabolism, we first 

examined the expression of mitochondrial proteins. Sham-operated Pemt-/- mice had 

low levels of electron transport chain proteins, including complex I, complex II, complex 

III and complex V, and elevated UCP2 as compared to Pemt+/+ mice. The mitochondrial 

marker VDAC was not different among groups (Figure 2.5A &B). HV had no effect on 

the expression of these mitochondrial proteins in Pemt+/+ mice, but prevented the 

abnormal expression in Pemt-/- mice (Figure 2.5A). HV also prevented the increased 

expression of CHOP, a pro-apoptotic ER stress responsive protein, in Pemt-/- mice 

(Figure 2.5C).  

        Sham-operated Pemt-/- mice exhibited low protein expression of ACC and FAS, 

indicating a potential impairment in de novo lipogenesis; the levels of these proteins 

were restored by HV (Figure 2.5D&E). Low levels of malonyl-CoA decarboxylase 

(MCD), microsomal triglyceride transfer protein (MTTP), glucose-6-P phosphatase 

(G6P), PPARα, sterol regulatory element-binding protein (SREBP)1c and PPARγ 

coactivator (PGC)1α, and elevated PPARγ and cluster of differentiation (CD)36 mRNA 

were observed in sham-operated Pemt-/- mice (Figure 2.6). The expression of these 

genes was normalized in HV-Pemt-/- mice. In combination, HV improves the expression 

genes involved in energy metabolism in the liver. 

2.3.5 Capsaicin does not reverse the protection against DIO or the development 

of NASH in HF-fed Pemt-/- mice 

        HV is involved in dissection of both afferent and efferent vagus nerve between the 

liver and brain. Afferent nerve fibers composed of 80-90% of vagus nerve (26), and the 

majority of the afferent nerve fibers are unmyelinated and sensitive to capsaicin, which 
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is toxic to the afferent nerve (16). To further explore whether the afferent hepatic branch 

of vagus nerve alone is critical to the protection against DIO and the development of 

HF-induced NASH in Pemt-/- mice, hepatic branch of vagus nerve from both Pemt+/+ 

mice and Pemt-/- mice were treated with capsaicin or vehicle as control. Capsaicin 

disrupted the unmyelinated fibers, but not the myelinated fibers in the hepatic branch of 

the vagus nerve as examined by electron microscopy (Figure 2.7A). As control, the 

unmyelinated and myelinated fibers were intact in the hepatic branch of the vagus nerve 

from vehicle treated mice and in the common vagal trunk from all mice (Figure 2.7A). 

There was no difference in the food intake among all four groups of mice over the first 

two weeks of HF feeding (data not shown). Capsaicin did not change the body weight 

gain in either Pemt+/+ mice or Pemt-/- mice throughout the 10-week of HF feeding (Figure 

2.7B). Accordingly, capsaicin did not reverse the glucose tolerance in Pemt-/- mice 

(Figure 2.7C). Capsaicin did not reverse HF-induced NASH in Pemt-/- mice, and this 

was supported by histological data (Figure 2.7D) and the biochemical measurement of 

hepatic TG levels (Figure 2.7E). Plasma ALT levels remained high in capsaicin-treated 

Pemt-/- mice (Figure 2.7F). Plasma TG levels showed a trend toward increase in the 

capsaicin-treated Pemt-/- mice (Figure 2.7G). On the other hand, capsaicin-treated 

Pemt+/+ mice showed an increased amount of lipid droplets examined by histological 

analysis (Figure 2.7D) and 42.1% increase in the hepatic TG levels (Figure 2.7E), 

compared to vehicle-treated Pemt+/+ mice. Plasma TG levels was greatly decreased in 

the capsaicin-treated Pemt+/+ mice (Figure 2.7G).  Overall, capsaicin-caused disruption 

of the afferent nerve fibers does not reverse the protection against DIO or the 

development of HF-induced NASH in Pemt-/- mice. 
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2.4 Discussion 

        The current study supports a role for the vagus nerve in the development of DIO 

and NASH. HV reduced weight gain and increased oxygen consumption in Pemt+/+ 

mice, but failed to prevent glucose intolerance. HV led to white adipocyte hypertrophy, 

reduced oxygen consumption and partially reversed the protection against DIO in Pemt-

/- mice. Moreover, HV prevented hepatic lipid accumulation and progression into NASH 

in HF-fed Pemt-/- mice. However, capsaicin-mediated disruption of the afferent nerve 

alone failed to reverse the protection against DIO or the development of HF-induced 

NASH in Pemt-/- mice. Together, the hepatic branch of the vagus nerve, particularly the 

efferent hepatic vagus nerve, is of great importance in the protection against DIO and 

the development of NASH in Pemt-/- mice. 

2.4.1 HV abolishes the protection against DIO in Pemt-/- mice  

        In our previous studies, we demonstrated that choline, but not PC or betaine, 

deficiency plays a role in protecting Pemt-/- mice from obesity (9). Insufficient dietary 

choline supply also attenuates weight gain in ob/ob mice (27), a genetic model of 

obesity. Choline, in addition to being a substrate for PC biosynthesis, acts as precursor 

for acetylcholine (a neuronal transmitter). In the present study, HV partially reversed the 

protection against HF-induced weight gain in Pemt-/- mice (Figure 2.1A) and attenuated 

glucose tolerance (Figure 2.1C). Apparently, neuronal signals through hepatic vagus 

nerve are also involved in the protection against DIO in Pemt-/- mice.  
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        The inter-organ communication among the liver, muscle, brain and adipose tissue, 

through the autonomic nervous system is an essential component for energy 

metabolism (15). Pemt-/- mice displayed higher oxygen consumption and heat 

production, and adipocyte hypotrophy; these phenotypes depended on an intact hepatic 

vagus nerve. Pemt-/- mice showed higher hepatic levels of CD36 mRNA and UCP2 

protein, and lower mitochondrial electron transport chain proteins (Figure 2.5 and Figure 

2.6), indicating higher fatty acid uptake and dysfunctional mitochondria in the liver. HV 

reduced levels of CD36 mRNA and UCP2 protein, restored the expression of 

mitochondrial electron transport chain proteins (Figure 2.5), and completely abolished 

NASH development in Pemt-/- mice. Thus, HV seems to divert the flow of dietary fat 

from the liver to adipose tissue in Pemt-/- mice, promotes energy store in the adipose 

tissue and alleviates the burden of excess fat to the liver.  

         Hypothalamic sensing of circulating fatty acid has been shown to regulate hepatic 

glucose production (28). Central inhibition of fat oxidation alters hepatic 

gluconeogenesis through the descending fibers within the vagus nerve (29). In addition, 

the vagus nerve has been shown to be important in the regulation of satiety (30), mainly 

through the secretion of hormones, such as insulin, ghrelin and glucose-dependent 

insulinotropic polypeptide (16,17). However, food intake cannot explain the resistance to 

DIO in Pemt-/- mice, since we observed no difference in food intake after 10 days of the 

HF feeding (9). HV did not alter physical activity in Pemt+/+ mice, but increased oxygen 

consumption during the dark cycle that may account for the reduction in weight gain. 

This is consistent with the recent report that subdiaphragmatic vagotomy exerts 

resistance to DIO in rats (31). In contrast, HV reduced oxygen consumption, promoted 
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diet-induced weight gain and glucose intolerance in Pemt-/- mice. It is unclear why 

Pemt+/+ and Pemt-/- mice responded differently to the HF diet following HV.  

2.4.2 HV attenuates the NASH development in Pemt-/- mice  

        The Pemt-/- mice and LCTα-/- mice develop NASH when fed a HF diet (13) primarily 

due to a reduction in VLDL assembly and secretion (9). Interestingly, normalization of 

hepatic TG or PC in LCTα-/- mice was not sufficient to prevent liver dysfunction (13), 

indicating other factor(s) may be involved in NASH development. It has been reported 

that HF diet feeding activates a cholinergic anti-inflammatory pathway (32), controlled 

by the vagus nerve, to prevent systematic inflammatory damage from cytokines  and 

inflammatory diseases (33). Furthermore, acetylcholine attenuates the release of 

cytokines in cultured human macrophages stimulated by lipopolysaccharide (34). Thus, 

insufficient choline in Pemt-/- mice (35) may impair the cholinergic neuronal pathway, 

blunt protection from cytokines, and eventually result in the development of NASH. 

Indeed, mRNA levels for proinflammatory marker TNFα and macrophage markers 

(CD68 and F4/80) were higher in Pemt-/- mice (Figure 2.3C), along with the ER stress 

marker CHOP (Figure 2.5C). The hepatic chemokine MCP-1 was significantly 

increased, while the hepatic IL-10 and IL-6 was dramatically reduced in Pemt-/- mice 

(Figure 2.4). The tissue levels of TNFα were much lower than IL-10, and there was no 

difference between Pemt+/+ mice and Pemt-/- mice (Figure 2.4). We observed no 

significant changes in hepatic lipid accumulation or inflammation in Pemt+/+ mice after 

HV. However, hepatomegaly, hepatic lipid accumulation and inflammation were rescued 

in the HV-operated Pemt-/- mice. Taken Together, we speculate that an intact 

cholinergic neuronal system protects Pemt+/+ mice from NAFLD, however, choline 
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deficiency impairs this mechanism in Pemt-/- mice. The lack of choline (or acetylcholine) 

may cause systematic inflammation in Pemt-/- mice through hepatic vagus nerve 

signals, leading to the development of NASH.  

2.4.3 Deafferentation by Capsaicin does not reverse the protection against DIO or 

the development of HF-induced NASH in Pemt-/- mice 

        Afferent vagus nerve originating from the liver is a neuronal pathway of key 

regulation in energy metabolism under both pathological (18,30) and physiological 

conditions (36). Hepatic over-expression of PPARγ2 in mice promotes HF-induced 

steatosis, increases peripheral lipolysis, decreases peripheral adiposity and improves 

insulin sensitivity in the muscle and WAT via the hepatic afferent vagus nerve (18,37). 

Ironically, afferent vagus nerve also relays signals of key importance in the development 

of obesity related hypertension (37) and glucocorticoid induced metabolic dysfunction 

(19). We observed increased hepatic PPARγ2 in Pemt-/- mice; however, this increase in 

PPARγ2 is unlikely the key player regulating peripheral energy metabolism. This is 

because denervating the afferent vagus nerve from the liver by capsaicin did not 

change the body weight gain, WAT mass, insulin sensitivity (data not shown) or glucose 

intolerance in Pemt-/- mice (Figure 2.7). The HF-induced NASH was not alleviated 

neither, judging by the hepatic TG levels and the histological staining of the liver 

sections (Figure 2.7 D & E). These data clearly highlight the importance of the efferent 

hepatic branch of vagus nerve in both protection against DIO and the development of 

HF-induced NASH in Pemt-/- mice. They are consistent with previous report that 

responding to the increased availability of lipids, the efferent hepatic vagus nerve, rather 

than the afferent flow to the brain is required for hepatic autoregulation (28). 
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        Hepatic afferent nerve is involved in hepatic lipid metabolism in Pemt+/+ mice. Upon 

the 10-week HF feeding, capsaicin-treated Pemt+/+ mice showed a significant increase 

in the hepatic lipid accumulation compared to vehicle-treated Pemt+/+ mice (Figure 2.7 

D&E). Plasma TG was greatly reduced in these mice (Figure 2.7G). These data suggest 

that hepatic afferent vagus nerve also contributes to the regulation of hepatic lipid 

metabolism in responding to increased availability of dietary fat. As in Pemt-/- mice, the 

relevance of the afferent hepatic vagus nerve in the HF-induced NASH development is 

difficult to judge. But in the case of the hypothesis that the impaired cholinergic anti-

inflammatory pathway in Pemt-/- mice caused by choline deficiency results in NASH 

development is valid, both afferent and efferent hepatic branch of vagus nerve will be 

required for the HF-induced NASH in Pemt-/- mice.   

        In summary, the protection from obesity and insulin resistance in the HF-fed Pemt-/- 

mice is eliminated by HV. HV also protects Pemt-/- mice from HF diet-induced 

inflammation and NASH in Pemt-/- mice. Deafferentation of hepatic vagus nerve by 

capsaicin fails to revers either the protection from DIO or the development of HF-

induced NASH in Pemt-/- mice. Collectively, the data highlight a role for the hepatic 

branch of the vagus nerve, particularly the efferent hepatic vagus nerve, in regulating 

energy metabolism and liver function in Pemt-/- mice.  
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Table 2.1 Primers for real-time quantitative PCR  

Abbreviations are: Cd, cluster of differentiation; Tnf, tumor necrosis factor, Pepck, 

phosphoenolpyruvate carboxykinase; Mttp, microsomal triglyceride transfer protein; 

G6p, glucose 6-phosphatase; Mcd, malonyl-CoA decarboxylase; Ppar, peroxisome 

proliferator activated receptor; Pgc, PPARγ co-activator; Srebp, sterol regulatory 

element binding protein. 

 

 

 

 

 

gene forward primer (5' -> 3') reverse primer (5' -> 3') 

Cyclophilin TCC AAA GAC AGC AGA AAA CTT TCG TCT TCT TGC TGG TCT TGC CAT TCC 

Cd68 GCG GCT CCC TGT GTG TCT GAT GGG CCT GTG GCT GGT CGT AG 

F4/80 CCC TCG GGC TGT GAG ATT GTG TGG CCA AGG CAA GAC ATA CCA G 

Tnfα GTC TAC TGA ACT TCG GGG TGA CAC CAC TTG GTG GTT TGC TAC GAC 

Pepck GAA CTG ACA GAC TCG CCC TAT TTC CCA CCA TAT CCG CTT C 

Mttp TGA GCG GTC TGG ATT TAC AAC CAA GCA CAG CGG TGA CA 

G6p GGA TTC CGG TGT TTG AAC GTC CGG AGG CTG GCA TTG TAG ATG 

Cd36 TGG CTA AAT GAG ACT GGG ACC ACA TCA CCA CTC CAA TCC CAA G 

Mcd TTC TGC ATG TGG CTC TGA CTG GT GGG TCA GGC TGA TGG AGT AGA AG 

Pparγ TTG ACA TCA AGC CCT TTA CCA GGT TCT ACT TTG ATC GCA CTT T 

Pgc1α ATA CCG CAA AGA GCA CGA GAA G CTC AAG AGC AGC GAA AGC GTC ACA G 

Pparα GAC CTG AAA GAT TCG GAA ACT CGT CTT CTC GGC CAT ACA C 

Srebp1c ATG GAT TGC ACA TTT GAA GAC CTC TCA GGA GAG TTG GCA CC 
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Table 2.2 Plasma and liver parameters in HV- and sham-operated mice 

8-week-old male Pemt-/- and Pemt+/+ mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. Data are 

presented as mean values ± SEM. (n = 5-7). *P < 0.05, versus Pemt+/+ mice on the 

same surgery; #p < 0.05, sham-operated mice vs HV-operated mice of the same 

genotype. Abbreviations are: B.W., body weight; C, cholesterol; CE, cholesteryl ester; 

TG, triacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine. 

Operation  Sham HV 

PEMT genotype Pemt+/+ Pemt-/- Pemt+/+ Pemt-/- 

Liver (% B.W.) 4.2 ± 0.3 10.1 ± 0.3* 3.3 ± 0.2 4.7 ± 0.7#
 

Plasma C (mg/l) 15.7 ± 0.6 6.7 ± 1.0* 11.1 ± 0.9 12.2 ± 2.5# 

Plasma CE (mg/l) 23.7 ± 3.8 2.3 ± 0.3* 16.7 ± 3.1 15.9 ± 4.3# 

Plasma TG (mg/l) 18.4 ± 2.2 10.8 ± 2.5* 18.8 ± 2.5 12.7 ± 2.1 

Hepatic C (µg/mg) 7.09 ± 0.74 7.73 ± 0.68 6.52 ± 0.55 7.13 ± 0.49 

Hepatic CE (µg/mg) 1.73 ± 0.31 5.26 ± 1.24* 1.58 ± 0.19 2.58 ± 0.25# 

Hepatic TG (µg/mg) 86.4 ± 34.4 326.0 ± 85.7* 88.7 ± 14.6 112.1 ± 21.0# 

Hepatic PC (nmol/mg) 87 ± 3 73 ± 1* 86 ± 4 86 ± 1# 

Hepatic PE (nmol/mg) 64 ± 8 55 ± 1 40 ± 1 47 ± 1 
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Figure 2.1 HV abolishes the protection against HF-induced obesity in Pemt-/- mice 

8-week-old male Pemt-/- and Pemt+/+ mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. (A) Body weight 

gain. (B) Blood glucose. (C) Glucose tolerance test. (D) Visceral fat histology 

(macrophage infiltration indicated by arrows). (E) Adipocyte size. For panels A and C, 

data were analyzed by a one-way ANOVA analysis of variance. For panels B and E, 

data were analyzed by a two-way ANOVA, followed by post hoc Bonferroni’s test. *P < 

0.05, versus Pemt+/+ mice on the same surgery; #p < 0.05, sham-operated mice vs HV-

operated mice of the same genotype.  
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Figure 2.2 HV decreases energy utilization in Pemt-/- mice 

8-week-old male Pemt-/- and Pemt+/+ mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. (A) Oxygen 

consumption. (B) Respiratory exchange ratio (RER). (C) Heat production. Data were 

analyzed by a two-way ANOVA, followed by post hoc Bonferroni’s test. *P < 0.05, 

versus Pemt+/+ mice on the same surgery; #p < 0.05, sham-operated mice vs HV-

operated mice of the same genotype.  
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Figure 2.3 HV protects Pemt-/- mice from HF-induced steatohepatitis 

8-week-old male Pemt-/- and Pemt+/+ mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. (A) Liver 

histology. (B) Plasma alanine aminotransferase (ALT) levels. (C) NAFLD activity score: 

steatosis, inflammation, and cell ballooning. (D) mRNA expression of inflammatory 

genes in the liver. Data were analyzed by a two-way ANOVA, followed by post hoc 

Bonferroni’s test. *P < 0.05, versus Pemt+/+ mice on the same surgery; #p < 0.05, sham-

operated mice vs HV-operated mice of the same genotype.  
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Figure 2.4 HV alters the levels of hepatic cytokines 

8-week-old male Pemt+/+ and Pemt-/- mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. The in-tissue 

levels of chemokines in the liver: monocyte chemotactic protein (MCP)-1, RANTES; and 

cytokines in the liver: interleukin (IL)-10, IL-1α, IL-4, IL-6, tumor necrosis factor (TNF)α, 

transforming growth factor (TGF)-β and Leptin (n = 3). Data were analyzed by a two-

way ANOVA, followed by post hoc Bonferroni’s test. *P < 0.05, versus Pemt+/+ mice on 

the same surgery; #p < 0.05, sham-operated mice vs HV-operated mice of the same 

genotype.  
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Figure 2.5 HV improves liver function of Pemt-/- mice 

8-week-old male Pemt-/- and Pemt+/+ mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. (A) 

Representative immunoblots of mitochondrial proteins: electron transport chain complex 

I, II, III, IV and V; uncoupling protein (UCP)2, porin (VDAC) and protein disulfide 

isomerase (PDI). (B) Densitometry for (A). (C) ER stress responsive C/EBP 

homologous protein (229). (D) Representative immunoblots of acetyl-CoA 

carboxylase (ACC), phospho-ACC (Ser79) and fatty acid synthase (FAS). (E) 

Densitometry for (D).  (n = 3). Data were analyzed by a two-way ANOVA, followed by 

post hoc Bonferroni’s test. *P < 0.05, versus Pemt+/+ mice on the same surgery; #p < 

0.05, sham-operated mice vs HV-operated mice of the same genotype.  

http://en.wikipedia.org/wiki/Endoplasmic_reticulum
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Figure 2.6 HV normalizes hepatic glucose and lipid metabolism in Pemt-/- mice 

8-week-old male Pemt-/- and Pemt+/+ mice were subjected to hepatic vagotomy (HV) and 

sham operation. After surgery, mice were fed the HF diet for 10 weeks. The mRNA 

expression of genes in the liver: fatty acid uptake and metabolism related malonyl-CoA 

decarboxylase (MCD), Stearoyl-CoA desaturase (SCD)1, cluster of differentiation 

(CD)36, microsomal triglyceride transfer protein (MTTP) and uncoupling protein (UCP)2; 

glucose metabolism related phosphoenolpyruvate carboxykinase (PEPCK) and 

glucose-6-phosphatase (G6P); and transcriptional factors peroxisome proliferator-

activated receptor (PPAR)α, sterol response element-binding protein (SREBP)1c, 

PPARγ2, and PPARγ coactivator (PGC)1α (n = 3). Data were analyzed by a two-way 

ANOVA, followed by post hoc Bonferroni’s test. *P < 0.05, versus Pemt+/+ mice on the 

same surgery; #p < 0.05, sham-operated mice vs HV-operated mice of the same 

genotype.  

http://en.wikipedia.org/wiki/Stearoyl-CoA_desaturase-1
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Figure 2.7 Capsaicin does not reverse the protection against DIO or the 

development of HF-induced NASH in Pemt-/- mice 

Pemt+/+ and Pemt-/- mice were subjected to capsaicin (Cap) or vehicle (Veh) treatment. 

After surgery, mice were fed the HF for 10 weeks. (A) Electron microscopy assessment 

of hepatic branch of vagus nerve: unmyelinated fibers (empty arrowheads), myelinated 

fibers (arrows) and disrupted unmyelinated fibers (solid arrowheads); magnification 

10,000×. (B) Body weight gain. (C) Glucose tolerance test. (D) Liver sections stained 

with hematoxylin and eosin. (E) Hepatic triacylglycerol (25). (F) Plasma alanine 

aminotransferase (ALT). (G) Plasma TG. For panel B, data were analyzed by a one-way 

ANOVA analysis of variance. For panels E-G, data were analyzed by a two-way 

ANOVA, followed by post hoc Bonferroni’s test. *P < 0.05, versus Pemt+/+ mice on the 

same treatment. 
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3.1 Introduction 

        The global incidence of non-alcoholic fatty liver disease (NAFLD) is rapidly rising 

as a complication of obesity and diabetes (1-3). Recent studies (4,5) have linked 

NAFLD with a reduced molar ratio of hepatic phosphatidylcholine (PC) to 

phosphatidylethanolamine (PE). A decrease in hepatic PC/PE ratio induces steatosis in 

mice and is also a feature of non-alcoholic steatohepatitis (NASH) patients (5). 

Moreover, in mice, the PC/PE ratio strongly predicts liver function and survival after 

partial hepatectomy (6).  

       In mice, ~70% of hepatic PC is synthesized via the CDP-choline pathway and 30% 

via the phosphatidylethanolamine N-methyltransferase (PEMT) pathway (7,8). Inhibition 

of either pathway results in steatosis (9), which is mainly due to decreased hepatic PC 

production and impaired very low density lipoprotein secretion (10). Mice lacking PEMT 

develop NASH when fed a HF (11) diet for 2 weeks (6,12).  

        The endoplasmic reticulum (ER) is responsible for the synthesis, folding, trafficking 

and maturation of proteins, for the synthesis of cholesterol, PC, PE, triacylglycerol (13) 

and for calcium homeostasis and drug metabolism (14,15). ER stress is associated with 

chronic syndromes such as obesity, diabetes, cardiovascular diseases and fatty liver 

(15-18). In response to ER stress, cells activate the unfolded protein response (19)  to 

restore the homeostatic equilibrium caused by aberrant protein metabolism (20). The 

UPR is mediated by three transducers: protein kinase-like ER kinase (21), inositol-

requiring enzyme-1 (IRE1) and activating transcription factor (ATF)6α (17,20), each of 

which triggers distinct and overlapping pathways to re-establish ER homeostasis. PERK 

inhibits protein translation and decreases protein production via phosphorylation of the 
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eukaryotic initiation factor 2α (eIF2α) (22). PERK activation also increases the pro-

apoptotic proteins: C/EBP–homologous protein (19) and GADD34 (growth arrest and 

DNA damage-inducible protein 34) (23,24). IRE1 activation increases the spliced form 

of X-box binding protein-1 (XBP1s) mRNA, the product of which translocates to the 

nucleus and regulates the production of ER chaperones and proteins involved in ER-

associated protein degradation (25). The cytosolic domain of IRE1 also activates the 

JNK pathway independent of XBP1s (26). The third canonical arm of the UPR involves 

ATF6α which, in response to ER stress, translocates to the Golgi and is cleaved to an 

active form which migrates to the nucleus and regulates expression of ER chaperones 

(27). 

        PEMT is active in the ER and ER-derived mitochondrial-associated membranes 

(28). Lack of PEMT leads to accumulation of hepatic PE (29). In the livers of Pemt-/- 

mice fed either a choline-deficient diet or a HF diet, PC is reduced and PE is increased 

resulting in a decreased PC/PE ratio (5,6). We hypothesized that an aberrant ER 

phospholipid composition in the livers of Pemt-/- mice leads to ER stress which 

sensitizes the liver to HF-induced NASH.  

 

3.2 Materials and Methods  

3.2.1 Animal handling, diets and treatments 

        All procedures were approved by the University of Alberta’s Institutional Animal 

Care Committee in accordance with guidelines of the Canadian Council on Animal 

Care. Male C57BL/6 (backcrossed >7 generations) Pemt+/+ and Pemt-/- mice (8-9 weeks 
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old)11 were housed with free access to water and fed either standard chow diet 

(LabDiet, #5001) or a HF diet (Bio-Serv, #F3282) for 2 weeks. In separate experiments, 

Pemt+/+ and Pemt-/- mice were administered 4-phenylbutyric acid (PBA, Scandinavian 

Formulas, dissolved in water) twice daily (total 1 g/kg body weight/day) or water by oral 

gavage during the HF feeding. All mice were fasted for 12 h before sacrifice. Tissues 

were collected and stored at -80°C until analysis or preserved in 10% phosphate-

buffered formalin for histology. 

3.2.2 Cell culture 

        McA-RH7777 cells stably expressing the pCI vector (pCI-McA) or human PEMT 

(PEMT-McA) (30) were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen) 

containing 10% fetal bovine serum (Invitrogen) and geneticin G418 (0.2 mg/ml, 

Invitrogen). Cells were cultured at 37°C in 10 cm culture dishes in 5% CO2, 90% relative 

humidity. PEMT activity in PEMT-McA cells was comparable to that in the livers from 

chow-fed Pemt+/+ mice (30). In some experiments, cells were incubated for 24 h ± 1 mM 

PBA (dissolved in distilled water).  

3.2.3 Isolation of ER 

        The protocol for isolation of ER from mouse liver was adapted from Croze and 

Morre (31). The purity of ER isolated by this method has been extensively characterized 

(32). Age-matched male Pemt+/+ and Pemt-/- mice were fed a chow or HF diet for two 

weeks, then fasted overnight and anesthetized by isoflurane. The livers (~1.0 g) were 

immediately dissected and transferred to 10 ml ice-cold homogenization buffer (0.5 M 

sucrose, 1% dextran, 37.5 mM Tris, 5 mM MgCl2, 1 mM dithiothreitol and 0.1 mM 

phenylmethylsulfonyl fluoride, pH 7.4). The liver was chopped into small pieces and 



160 
 

homogenized with a polytron for 30 sec at 4,000 rpm. The homogenate was centrifuged 

at 5,000 g for 15 min and the ER fraction was isolated from the supernatant by 

ultracentrifugation on a sucrose gradient (from the top to the bottom: 8 ml 1.3 M 

sucrose, 8 ml 1.5 M sucrose, 6 ml 2 M sucrose). The ER fraction was collected and 

washed with ice-cold buffer (55 mM Tris, 5 mM MgCl2, 1 mM dithiothreitol and 0.1 mM 

phenylmethylsulfonyl fluoride, pH 7.4). After centrifugation, the ER pellet was re-

suspended in ice-cold buffer (0.25 M sucrose, 10 mM Tris, 1 mM dithiothreitol, and 0.1 

mM phenylmethylsulfonyl fluoride, pH 7.4) containing a protease inhibitor cocktail 

(Sigma #P8340). The ER fraction was snap frozen in liquid nitrogen for further analysis.  

3.2.4 Analytical procedures 

        Triacylglycerol (13) mass was measured by a commercially available kit (Roche 

Diagnostics) according to manufacturer’s protocols. Hepatic lipids were extracted as 

described in section 2.2.3. Hepatic PC and PE were separated by thin-layer 

chromatography and quantified by a phosphorus assay (33) as described in section 

2.2.3. Plasma alanine aminotransferase was measured using a kit (Biotron Diagnostics) 

according to manufacturer’s protocols. Hepatic cytokines and chemokines were 

quantified at Eve Technologies Corp. (Calgary, Alberta) with the Bio-Plex™ 200 system 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA), a Milliplex TGF-β 3-plex kit (Millipore, 

St. Charles, MO, USA) and a Milliplex Mouse Cytokine/Chemokine 32-plex kit (Millipore, 

St. Charles, MO, USA) according to manufacturers' protocols. The transforming growth 

factor (TGF)-β 3-plex kit quantified TGF-β1, TGF-β2 and TGF-β3. The 32-plex 

consisted of Eotaxin, G-CSF (granulocyte colony-stimulating factor), GM-CSF 

(granulocyte-macrophage colony-stimulating factor), interferon (IFN)γ, interleukin (IL)-
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1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-

15, IL-17, IP-10 (IFN-γ-inducible protein 10), KC (keratinocyte-derived cytokine), LIF 

(leukemia inhibitory factor), LIX (C-X-C motif chemokine 5), MCP (monocyte 

chemotactic protein)-1, M-CSF (macrophage colony-stimulating factor), MIG (CXCL9, 

chemokine C-X-C motif ligand 9), macrophage inflammatory protein (MIP)-1α, MIP-1β, 

MIP-2, RANTES (CCL5, chemokine C-C motif ligand 5), TNF (tumor necrosis factor)α, 

and VEGF (vascular endothelial growth factor). 

3.2.5 Histology 

        A portion of liver was first fixed in 10% buffered formalin for at least 24 hours. 

Then, tissue was embedded in paraffin, sectioned, and subjected to hematoxylin and 

eosin (H&E) staining by the Histocore of Alberta Diabetes Institute (University of 

Alberta). Liver slices were scored for steatosis, hepatocellular ballooning, portal 

inflammation and lobular inflammation using a modified NAFLD scoring system (34). 

The histological analysis of liver slides was performed by pathologist Dr. Aducio 

Thiesen (University of Alberta). 

3.2.6 Immunoblotting 

         Tissues homogenization and immunoblotting procedure were described in section 

2.2.7. The membranes were probed with primary antibodies from Cell Signaling 

Technology (Danvers, MA) raised against phospho-PERK (p-PERK, thr980, 1:1,000 

dilution, #3179), PERK (1:1,000 dilution, #3192), phospho-eIF2α (p-eIF2α, ser51, 

1:1,000 dilution, #9721), eIF2α (1:1,000 dilution, #9722), IRE1α (1:1,000 dilution, 

#3294), XBP1s (1:1,000 dilution, #12782), CHOP (1:1,000 dilution, #2895), integrin β1 

(1:1,000 dilution, #4706), α-Tubulin (1:1,000 dilution, #2144), phospho-JNK (p-JNK, 
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Thr183/Tyr185, 1:1,000 dilution, #4668), cleaved Caspase-3 (1:1,000 dilution, #9661), 

Caspase-3 (1:1,000 dilution, #9665), Cytochrome c (1:1,000 dilution, #4272), p62 

(1:1,000 dilution, #5114), autophagy-related protein 7 (ATG7, 1:1,000 dilution, #2631), 

light chain 3 (LC3) (1:1,000 dilution, #2775) and BCL-2 (1:1,000 dilution, #2876, B-cell 

lymphoma 2); primary antibodies from Abcam against ATF6α (1:1,000 dilution, 

ab37149), phospho-IRE1α (p-IRE1α, Ser724, 1:1,000 dilution, ab48187), OXPHOS 

complexes (1:500 dilution, ab110413), uncoupling protein 2 (UCP2, 1:1,000 dilution, 

ab67241), actin (1:3,000 dilution, ab14128) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH, 1:1,000 dilution, ab8245); primary antibodies against protein 

disulfide isomerase (PDI, 1:1,000 dilution, SPA-890), glucose-regulated protein 78 (BIP, 

1:1,000 dilution, SPA-826) and calnexin (1:1,000 dilution, SPA-865) from Enzo Life 

Sciences, and primary antibody against Golgi-β1,4-galactosyltransferase from Santa 

Cruz Biotechnology (1:1,000 dilution, sc-22292-R). All primary antibodies were diluted 

with 5% (w/v) bovine serum albumin in T-TBS buffer (20 mM Tris-HCl, 150 mM NaCl, 

0.1% Tween 20, pH 7.4). Secondary antibodies were goat anti-mouse and goat anti-

rabbit IgG-horse radish peroxidase conjugate (Bio-Rad) and were diluted 1:5,000-

1:10,000 with 1% (w/v) skim milk in T-TBS buffer. The immunoreactive bands were 

visualized by enhanced chemiluminescence system (Amersham Biosciences) according 

to the manufacturer's instructions and protein levels were quantified using ImageJ 

software. 

3.2.7 Real-time quantitative PCR 

        Total RNA was isolated from snap-frozen liver using TRIzol reagent (Invitrogen). 

Total RNA was treated with DNase I (Invitrogen) then reverse-transcribed using an 
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oligo(dT)12–18 primer and Superscript II reverse transcriptase (Invitrogen). Primers 

(Table 3.1) were purchased from the Institute of Biomolecular Design, University of 

Alberta. mRNA levels were quantified by real-time quantitative PCR using a Rotor-Gene 

3000 instrument (Montreal Biotech) and normalized to cyclophilin mRNA using a 

standard curve. 

3.2.8 Statistical analysis  

        Data are mean values ± SEM. Comparisons between two groups were performed 

using Student’s t-test. For all other comparisons, a two-way ANOVA, followed by post 

hoc Bonferroni’s test of individual group differences was used. P < 0.05 was considered 

significant. 

  

3.3 Results 

3.3.1 ER stress in chow-fed Pemt-/- mice is associated with altered phospholipid 

levels in the ER  

        Chow-fed Pemt-/- mice developed steatosis and inflammation as shown by both 

H&E staining (Figure 3.1A) and histological NAFLD scoring (Figure 3.1B). In Pemt+/+ 

mice, steatosis, inflammation and ballooning were scored as zero. To determine 

whether PEMT deficiency induced hepatic ER stress, we measured protein levels of 

BIP, CHOP, PDI and calnexin in the livers. BIP and CHOP were significantly higher in 

Pemt-/- mice than in Pemt+/+ mice, whereas PDI and calnexin were comparable in the 

two genotypes (Figure 3.1C&D). We also examined proteins associated with the UPR to 

determine if the ER stress could be attributed to an activated UPR. However, p-PERK, 
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PERK and eIF2α were equivalent in both genotypes, while p-eIF2α, the downstream 

signal of p-PERK, was significantly lower in Pemt-/- mice (Figure 3.1C&D). In the IRE1 

pathway, p-IRE1α was 69% lower in Pemt-/- mice than Pemt+/+ mice, whereas IRE1α 

and the downstream protein, XBP1s, were equivalent (Figure 3.1C&D). Moreover, 

ATF6α was unaffected by PEMT deficiency (Figure 3.1C&D). Thus, chow-fed Pemt-/- 

mice exhibit hepatic ER stress without activation of the UPR.  

        An increased hepatic PC/PE ratio has been associated with ER stress in obese 

mice (35). To determine if ER stress in the livers of chow-fed Pemt-/- mice could have 

been caused by an altered ER phospholipid composition, we isolated ER from mouse 

livers. Purity of the ER fractions was indicated by enrichment of the ER proteins 

calnexin and PDI in the ER compared to the liver homogenate, and very low levels of 

markers of other cellular compartments including plasma membrane protein integrin β1, 

Golgi marker protein Golgi-β1,4-galactosyltransferase, mitochondrial protein UCP2 and 

cytosolic protein α-tubulin in the ER fraction (Figure 3.1E). The amount of PC in the ER 

from livers of Pemt-/- mice was lower, whereas PE was higher, than in Pemt+/+ mice. 

Consequently, the PC/PE ratio in hepatic ER from Pemt-/- mice was significantly lower 

than in Pemt+/+ mice (Figure 3.1F). Thus, ER stress in the livers of chow-fed Pemt-/- mice 

coincides with a lower PC/PE ratio in the ER. 

3.3.2 Pemt-/- mice are more sensitive to HF-induced ER stress 

        To determine if pre-existing ER stress sensitized the liver to stress induced by HF, 

we compared levels of proteins involved in ER stress and the UPR pathway in the livers 

of Pemt+/+ and Pemt-/- mice fed the HF diet for two weeks. CHOP and PDI were higher in 

Pemt-/- mice than in Pemt+/+ mice, whereas BIP and calnexin were the same in the two 
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genotypes (Fig 2A&B). The UPR was more activated in the livers of Pemt-/- mice than 

Pemt+/+ mice, and p-PERK, PERK and p-eIF2α were also higher in Pemt-/- mice 

whereas IRE1α was not altered. p-IRE1α was markedly lower in the livers of HF-fed 

mice of both genotypes than in chow-fed mice (data not shown). Despite no change in 

IRE1α, the amount of its downstream target XBP1s was 34% higher in Pemt-/- mice than 

in Pemt+/+ mice (Figure 3.2A&B). Similarly, ATF6α was 50% higher in Pemt-/- mice than 

Pemt+/+ mice (Figure 3.2A&B). The amount of PC and the PC/PE ratio, were also lower 

in hepatic ER from Pemt-/- mice than Pemt+/+ mice (Figure 3.2C). Thus, upon HF feeding 

of the mice, PEMT deficiency increases ER stress in the liver and the induction of ER 

stress correlates with activation of the UPR. 

3.3.3 PEMT deficiency increases ER stress in McA-RH7777 cells 

        McA-RH7777 cells lack PEMT enzymatic activity (28). To determine if PEMT 

deficiency increased ER stress in a cell model, levels of proteins associated with ER 

stress and the UPR were assessed in pCI-McA cells (McA-RH7777 cells expressing 

empty vector) and PEMT-McA cells (McA-RH7777 cells expressing human PEMT) (30). 

pCI-McA cells contained slightly more TG than did PEMT-McA cells (Figure 3.3A). 

Compared to pCI-McA cells, PEMT-McA cells contained the same amount of cellular 

PC, but 31% less PE, which increased the PC/PE ratio by 41% (Figure 3.3A). 

Consistent with data from the animal model, BIP, CHOP and PDI were higher in pCI-

McA cells than in PEMT-McA cells, whereas, calnexin was the same (Figure 3.3B&C). 

In addition, p-PERK was significantly higher in pCI-McA cells than in PEMT-McA cells, 

whereas PERK, p-eIF2α, and eIF2α were unaltered by PEMT deficiency (Figure 

3.3B&C). Although levels of p-IRE1α were comparable in pCI-McA and PEMT-McA 
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cells, IRE1α and its downstream signal XBP1s were significantly higher in pCI-McA cells 

(Figure 3.3B&C). ATF6α was not detectable in either pCI-McA or PEMT-McA cells (data 

not shown). These results indicate that PEMT deficiency in McA-RH7777 cells induces 

ER stress and activates the UPR. 

3.3.4 PBA alleviates ER stress in McA-RH7777 cells 

        The chemical chaperone PBA protects primary hepatocytes from palmitate-

mediated ER stress (36). We, therefore, determined if PBA alleviated ER stress in pCI-

McA cells lacking PEMT. As expected, PBA largely prevented the elevation of p-PERK, 

IRE1α, XBP1s, BIP, CHOP and PDI in pCI-McA cells (Figure 3.3D&E) and other UPR 

proteins (PERK, p-eIF2α, eIF2α and p-IRE1α) and chaperone calnexin were unaltered 

by PBA (Figure 3.3D&E). Moreover, PBA did not significantly alter the amounts of all the 

above proteins in PEMT-McA cells. Thus, PBA alleviates ER stress in McA-RH7777 

cells and attenuates activation of the UPR caused by PEMT deficiency. 

3.3.5 PBA does not prevent HF-induced NASH in Pemt-/- mice 

        To determine if PBA attenuated NASH in HF-fed Pemt-/- mice, we administered 

PBA to HF-fed Pemt+/+ and Pemt-/- mice at the same dosage and route of administration 

of PBA (oral gavage) as described (37). PBA did not alter body weight, brown or white 

adipose mass in either genotype (Figure 3.4A-C). PBA did not affect the mass of 

hepatic PC or PE in either genotype (Figure 3.4D). Nor did PBA prevent hepatomegaly 

or the increase in plasma ALT in Pemt-/- mice (Figure 3.5A, B). These observations are 

consistent with the pathological scoring of the liver sections in which HF-fed Pemt-/- 

mice exhibit profound lipid accumulation, and severe inflammation and ballooning, 

which were not improved by PBA (Figure 3.5C). However, PBA reduced hepatic TG 
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mass in Pemt-/- mice (Figure 3.5D). Thus, although PBA does not prevent NASH in HF-

fed Pemt-/- mice, PBA alleviates hepatic TG accumulation. 

        We also determined if PBA attenuated macrophage infiltration and fibrogenesis in 

HF-fed Pemt-/- mice. mRNA encoding macrophage marker CD68 was higher in vehicle-

treated Pemt-/- mice than in Pemt+/+ mice (Figure 3.5E), and this increase was not 

prevented by PBA. Similarly, PBA had no significant effect on the mRNA level of F4/80 

in either genotype (Figure 3.5E). The livers of vehicle-treated Pemt-/- mice also exhibited 

fibrogenic features with higher levels of TGF-β1 and TGF-β2 compared to Pemt+/+ mice, 

although TGF-β3 was lower in PEMT-deficient livers (Figure 3.5F). PBA did not reduce 

the amounts of any TGF-β family members in Pemt-/- or Pemt+/+ mice (Figure 3.5F). 

Consequently, it appears that PBA does not diminish macrophage infiltration or 

fibrogenesis in HF-fed Pemt-/- mice. 

3.3.6 PBA increases expression of genes involved in fatty acid oxidation 

        To unravel mechanisms underlying the decrease in hepatic TG in PBA-treated 

Pemt-/- mice (Figure 3.5D), we measured the amounts of TG and apoB in plasma, 

indicators of very low density lipoproteins. TG and apoB48 were markedly lower in 

plasma of vehicle-treated Pemt-/- mice compared to Pemt+/+ mice (Figure 3.6A-C). 

However, PBA did not significantly increase the plasma content of TG, apoB100 or 

apoB48 in Pemt+/+ or Pemt-/- mice (Figure 3.6A-C). These data suggest that in Pemt-/- 

mice the reduction of hepatic TG in response to PBA is not due to increased lipoprotein 

secretion. 

        We also analyzed the hepatic expression of mitochondrial electron transport chain 

proteins and genes related to fatty acid oxidation. In vehicle-treated Pemt-/- mice, 
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electron transport chain proteins, including complexes I, III, IV and V, but not complex II, 

were at least 50% lower than in Pemt+/+ mice suggesting reduced capacity for 

mitochondrial energy production in Pemt-/- mice (Figure 3.7A). PBA increased 

complexes I and V in Pemt-/-, but not Pemt+/+ mice (Figure 3.7A). In vehicle-treated 

Pemt-/- mice, mRNAs encoding proteins involved in fatty acid oxidation [peroxisome 

proliferator-activated receptor (PPAR)α, CPT (carnitine palmitoyltransferase)1α, MCAD 

(medium-chain acyl-CoA dehydrogenase)] were lower than in Pemt+/+ mice (Figure 

3.7B). The mRNAs encoding CYP2E1 (cytochrome p450 2E1) and ACO (acyl-CoA 

oxidase 1), important in peroxisomal fatty acid oxidation, were also decreased by PEMT 

deficiency in vehicle-treated mice (Figure 3.7B). However, PBA doubled the mRNA level 

of CPT1α in Pemt-/- mice, suggesting an increased capacity for fatty acid oxidation 

without changing mRNAs encoding PPARα, MCAD, LCAD, CYP2E1 or ACO (Figure 

3.7B). In Pemt+/+ mice, PBA decreased mRNAs encoding PPARα, CPT1α and ACO 

with no effect on LCAD, MCAD or CYP2E1 (Figure 3.7B). In combination, these data 

suggest that PBA decreases hepatic TG at least partially through promoting fatty acid 

oxidation.  

3.3.7 PBA minimally reduces ER stress in HF-fed Pemt-/- mice 

        Since PBA supressed ER stress in the livers of ob/ob mice (37), we determined if 

PBA alleviated HF-induced ER stress in the livers of Pemt-/- mice. As shown above, 

PEMT deficiency induced hepatic ER stress in HF-fed mice and also increased the 

amounts of CHOP, p-eIF2α, and ATF6α. However, PBA did not significantly reduce 

these proteins in Pemt-/- mice (Figure 3.8A&B). We conclude, therefore, that PBA 

minimally reduces hepatic ER stress in HF-fed Pemt-/- mice. 
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3.3.8 PBA reduces apoptosis but does not improve impaired autophagy in the 

livers of HF-fed Pemt-/- mice 

        Prolonged ER stress leads to apoptosis (14). Thus, we determined if apoptosis 

were more pronounced in the livers of HF-fed Pemt-/- mice than Pemt+/+ mice. Indeed, 

the amounts of marker proteins of apoptosis (cytochrome c and cleaved-caspase 3) 

were higher in Pemt-/- mice than Pemt+/+ mice, while uncleaved caspase 3 levels were 

equivalent (Figure 3.8C). In Pemt-/- mice, PBA reduced cytochrome c and cleaved-

caspase 3 approximately to their levels in Pemt+/+ mice (Figure 3.8C). However, PBA 

did not reduce the anti-apoptotic protein, BCL-2, or p-JNK, a stress/inflammation-

induced transcription factor (Figure 3.8C). Thus, PBA reduces apoptosis in the livers of 

HF-fed Pemt-/- mice. 

        Impaired autophagy can contribute to hepatic lipid accumulation (38). We, 

therefore, compared levels of autophagy markers in the livers of Pemt-/- mice and 

Pemt+/+ mice. When fed standard chow diet, Pemt-/- mice showed reduced level of 

ATG7, but comparable amounts of LC3 proteins and autophagy target protein p62 in 

comparison to Pemt+/+ mice (Figure 3.9A). When challenged with the HF diet, the 

autophagosomal marker protein, LC3-II, in the livers of Pemt-/- mice was higher than in 

Pemt+/+ mice. However, autophagic flow appeared to be impaired in Pemt-/- mice, since 

ATG7 was lower and, more importantly, p62 was higher than in Pemt+/+ mice (Figure 

3.9B). Moreover, PBA did not reduce the hepatic level of p62 in HF-fed mice of either 

genotype (Figure 3.9C). Thus, PBA appears to alleviate the HF-induced apoptosis in 

Pemt-/- mice but does not normalize the impaired autophagy.  

3.3.9 Cytokine and chemokine levels in HF-fed Pemt-/- mice 
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        Cytokines are critical mediators of hepatic inflammation and play a fundamental 

role in pathophysiology of acute and chronic fatty liver diseases (39). We, therefore, 

compared levels of cytokines and chemokines in HF-fed Pemt+/+ and Pemt-/- mice with 

or without PBA treatment (Table 3.2). Compared to vehicle-treated Pemt+/+ mice, 

vehicle-treated Pemt-/- mice had higher levels of chemotactic chemokines IP-10, MCP-1 

and MIG, but lower levels of the anti-apoptotic cytokines IL-2, IL-9, IL-12 and IL-15. 

Vehicle-treated Pemt-/- compared to Pemt+/+ mice also had reduced cytokines important 

for an immune response such as eotaxin, IFNγ, KC and MIP1α. VEGF, which is 

important for angiogenesis, was also decreased in vehicle-treated Pemt-/- mice. PBA 

reduced IL-7 and IL-12 (p40) in Pemt+/+ mice. In Pemt-/- mice, PBA increased eotaxin, 

but decreased RANTES. Overall, levels of macrophage attractant chemokines in Pemt-/- 

mice were higher than in Pemt+/+ mice, whereas levels of anti-apoptotic ILs were lower. 

Thus, PBA has only minor effects on levels of cytokines and chemokines in the livers of 

both genotypes. 

 

3.4 Discussion 

        We report that PEMT deficiency leads to hepatic ER stress by altering 

phospholipid composition. We show that PEMT deficiency decreased PC and increased 

PE in the ER, coincident with ER stress. Similarly, expression of PEMT in McA-RH7777 

cells, which lack PEMT activity, increased the PC/PE ratio and reversed activation of 

the UPR and ER stress. The pre-existing ER stress in the livers of chow-fed Pemt-/- 

mice promoted the development of HF-induced NASH. PBA alleviated ER stress 

caused by PEMT deficiency in McA-RH7777 cells and modestly reduced hepatic TG 
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accumulation in HF-fed Pemt-/- mice. Nevertheless, PBA only slightly attenuated ER 

stress and failed to suppress the development of NASH in HF-fed Pemt-/- mice.  

3.4.1 Aberrant phospholipid composition of the ER induces ER stress 

        The composition of membrane lipids is a known regulator of ER stress. For 

example, palmitate and cholesterol induce ER stress in cells when these lipids are 

incorporated into the ER (40,41). In contrast, polyunsaturated fatty acids suppress ER 

stress (42). We made the surprising finding that even in chow-fed mice, lack of PEMT 

led to hepatic ER stress, despite only a small increase in TG content (Figure 3.1) (12) 

(33) (33) (33) (33) (11). Thus, TG accumulation is unlikely to be the primary trigger for 

this type of hepatic ER stress. In addition, the ER stress showed in the livers from chow-

fed Pemt-/- mice is not accompanied with elevation of the UPR pathway (Figure 3.1D) 

(12) (33) (33) (33) (33), suggesting the ER stress caused by alteration of PC and PE in 

the ER is UPR-independent. Interestingly, the hepatic PC content and PC/ PE ratio 

were lower in hepatic ER from both chow-fed and HF-fed Pemt-/- mice than in Pemt+/+ 

mice (Figure 3.1F and Figure 3.2C). A similar observation was made in McA-RH7777 

cells without PEMT activity (Figure 3.3). Introduction of PEMT into McA-RH7777 cells 

reduced PE, increased the PC/PE ratio and suppressed ER stress (Figure 3.3). 

Furthermore, a higher PC/PE ratio in hepatic ER from ob/ob mice was reported to 

disrupt ER calcium homeostasis (35). We conclude, therefore, that PEMT deficiency 

likely induces hepatic ER stress by altering the PC and PE composition of the ER.  

  Our study reveals some differences compared to a recent report on ob/ob mice 

(35), in which the PC/PE ratio in hepatic ER was higher than in lean mice, possibly 

because the CDP-choline and PEMT pathways were stimulated (35). We show that in 
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both chow-fed and HF-fed Pemt-/- mice the PC/PE ratio in the ER was lower than in 

Pemt+/+ mice (6) (Figure 3.1F and Figure 3.2C). Even in chow-fed mice that exhibited 

only minor steatosis, PEMT deficiency caused hepatic ER stress (Figure 3.1). However, 

reduction of PEMT activity in ob/ob mice reduced the hepatic PC/PE ratio, alleviated ER 

stress, and reduced hepatic TG (35). The difference between these two studies might 

be explained by the distinct mechanisms for induction of ER stress in the different 

mouse models. As in ob/ob mice, hepatic fat accumulation in HF-fed Pemt-/- mice  

stimulated ER stress, but in chow-fed Pemt-/- mice, the amounts of hepatic TG, 

cholesterol and cholesteryl esters were very low compared to those in HF-fed Pemt-/- 

mice or ob/ob mice (12,43). Furthermore, absolute values for the PC/PE ratio were 

different in the two studies, perhaps due to different methodologies for ER isolation and 

lipid analysis (35). For example, in ob/ob mice the average PC/PE ratio was 1.97 

compared to 1.30 for lean mice. In contrast, in our study, the PC/PE ratio was 2.59 ± 

0.13 in chow-fed Pemt+/+ mice and 1.58 ± 0.08 in chow-fed Pemt-/- mice. When 

challenged with the HF diet, the ratio in Pemt+/+ mice was 2.14 ± 0.06 and in Pemt-/- 

mice was 1.30 ± 0.11. Thus, the PC/PE ratio appears to exhibit a “U-shaped” correlation 

with ER stress (Figure 3.10): an aberrant PC/PE ratio, either increased or decreased, 

would induce ER stress. Normalization of the PC/PE ratio in ob/ob mice improved 

hepatic ER function (35).  

        Recently, Hotamisligil’s group reported that a chronically enhanced physical 

association between ER and mitochondria in ob/ob mice caused mitochondrial 

dysfunction (44). However, contradictory results were reported elsewhere (45). In 

primary hepatocytes, the absence of PEMT changed mitochondrial morphology and 
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increased mitochondrial respiration and ATP production (30). It is possible that the 

morphological and functional changes in mitochondria in Pemt-/- mice are caused by ER 

stress. Nevertheless, we ascribe the induction of ER stress to decreased PC/PE ratio.  

3.4.2 HF-fed Pemt-/- mice are useful for studying NASH 

        Our studies indicate that HF-fed Pemt-/- mice are a useful model for studying 

mechanisms underlying NASH. Pemt-/- mice experience liver failure when fed a choline-

deficient diet for 3 days (5). When fed the HF diet for 2 weeks, they develop NASH (6). 

Due to choline insufficiency, Pemt-/- mice show little weight gain and are more insulin 

sensitive than Pemt+/+ mice after 10 weeks of HF feeding (12). Interestingly, mice fed a 

methionine- and choline-deficient diet, a widely used NASH mouse model, are also 

insulin sensitive, but they show significant weight loss (46). Another factor that might 

contribute to the induction of NASH in HF-fed Pemt-/- mice is an impairment of 

autophagic flow (Figure 3.9). Furthermore, neuronal signals via the hepatic branch of 

the vagus nerve contribute to the development of NASH in HF-fed Pemt-/- mice (47). We 

have shown that hepatic vagotomy prevents HF-induced NASH in Pemt-/- mice (47). 

Thus, HF-fed Pemt-/- mice appears to be a very good mouse model for studying 

mechanisms underlying NASH.  

3.4.3 PBA alleviates steatosis but not NASH in HF-fed Pemt-/- mice 

        PBA is a small chemical chaperone that stabilizes protein conformation and 

increases folding capacity of ER proteins (37,48,49). It is a FDA-approved drug used for 

treatment of urea cycle disorders and sickle cell disease (49). Induction of hepatic ER 

stress has been associated with obesity in genetic and dietary mouse models (18). Oral 

ingestion of PBA completely restores insulin signaling and glucose homeostasis in 
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ob/ob mice and improves hepatic lipid accumulation and hepatic ER stress (37). PBA 

also alleviates ischemia/reperfusion injury to the liver in mice by reducing ER stress and 

apoptosis (49). Moreover, pre-treatment of mice with PBA reduces oleate-mediated ER 

stress (50). On the basis of these studies, we delivered the same dosage of PBA via the 

same route (oral gavage) (37) to HF-fed Pemt-/- mice. PBA reduced hepatic lipid 

accumulation possibly via stimulating fatty acid oxidation, rather than by enhancing 

lipoprotein secretion (Figure 3.6 and Figure 3.7). The increased expression of fatty acid 

oxidation related genes such as CPT1α and the elevated protein levels of electron 

transport chain proteins (Figure 3.7) in PBA-treated Pemt-/- mice suggest an increased 

fatty acid oxidation. Whereas, the plasma TG and apoB proteins in Pemt-/- mice were 

not changed by PBA treatment (Figure 3.6 and Figure 3.7) suggests the reduced 

hepatic TG is unlikely caused by the alteration in the secretion of hepatic VLDL. 

However, in HF-fed Pemt-/- mice, PBA only slightly alleviated ER stress and 

inflammation and did not prevent fibrosis or NASH progression (Figure 3.5 and Figure 

3.8). A similar result was obtained in methionine-choline-deficient mice, which also 

exhibit hepatic ER stress (51,52). In these mice, PBA alleviated ER stress but did not 

reverse NASH (53), although perhaps the small dosage of PBA (1/5 of that used in our 

study) diminished its efficacy. Taken together, these data show that PBA improves 

steatosis but does not effectively prevent NASH in HF-fed Pemt-/- mice. 

        In summary, PEMT deficiency disrupts the balance between PC and PE in hepatic 

ER, thereby leading to ER stress without activating the UPR. Pre-existing hepatic ER 

stress renders chow-fed Pemt-/- mice prone to the development of HF diet-induced 

NASH. In McA-RH7777 cells, PEMT deficiency activates the UPR and increases ER 
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stress, both of which are reversed by PEMT expression and alleviated by PBA. 

However, PBA has only a minor benefit in relieving HF-induced ER stress in Pemt-/- 

mice and fails to prevent HF-induced NASH.  
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 Table 3.1 Primers used for real-time quantitative PCR 

Abbreviations are:  Cd, cluster of differentiation; Ppar, peroxisome proliferator activated 

receptor; Cpt, carnitine palmitoyltransferase; Mcad, medium-chain acyl-CoA 

dehydrogenase; Lcad, long-chain acyl-CoA dehydrogenase; Cyp2E1,  cytochrome p450 

2E1 and Aco, acyl-CoA oxidase 1. 

 

 

 

 

 

 

 

 

 

gene forward primer (5' -> 3') reverse primer (5' -> 3') 

Cyclophilin TCC AAA GAC AGC AGA AAA CTT TCG TCT TCT TGC TGG TCT TGC CAT TCC 

Cd68 GCG GCT CCC TGT GTG TCT GAT GGG CCT GTG GCT GGT CGT AG 

F4/80 CCC TCG GGC TGT GAG ATT GTG TGG CCA AGG CAA GAC ATA CCA G 

Pparα GAC CTG AAA GAT TCG GAA ACT CGT CTT CTC GGC CAT ACA C 

Cpt1α TGA GTG GCG TCC TCT TTG G CA GCG AGT AGC GCA TAG TCA TG 

Mcad TTA CCG AAG AGT TGG CGT ATG ATC TTC TGG CCG TTG ATA ACA 

Lcad GCA AAA TAC TGG GCA TCT GAA TCC GTG GAG TTG CAC ACA TT 

Cyp2E1 GGT AAT GAG GCC CGC ATC CA AGA GAA TAT CCG CAA TGA CA 

Aco CAG CAG GAG AAA TGG ATG CA GGG CGT AGG TGC CAA TTA TCT 
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Table 3.2 Hepatic cytokines and chemokines in Veh- and PBA-treated mice 

Pemt-/- and Pemt+/+ mice were fed the HF diet for 2 weeks concurrently with treatment 

with vehicle (Veh) or PBA. Levels of cytokines and chemokines were measured in the 

livers of 4-6 mice in each group. Data are means (pg/mg protein) ± SEM. Data were 

analyzed by a two-way ANOVA, followed by post hoc Bonferroni’s test. *P < 0.05 for 

Pemt-/- vs Pemt+/+ mice with the same treatment; #p < 0.05 for Veh-treated vs PBA-

treated mice of the same genotype. L, lower than detection limit.  

Treatment  Veh  PBA 

Pemt genotype  Pemt+/+ Pemt-/- Pemt+/+ Pemt-/- 

Eotaxin 18.40 ± 0.69 9.69 ± 0.90* 17.70 ± 1.34 13.00 ± 0.83*#
 

G-CSF L L L L 

GM-CSF 10.90 ± 2.31 L 9.84 ± 1.37 L 

IFNγ 5.68 ± 0.57 1.87 ± 0.10* 5.00 ± 0.73 1.54 ± 0.30* 

IL-1α 29.20 ± 0.95 26.31 ± 1.58 29.13 ± 1.24 16.10 ± 4.49* 

IL-1β 8.12 ± 0.91 3.44 ± 1.82 4.58 ± 1.74 4.97 ± 0.70 

IL-2 14.50 ± 0.65 7.16 ± 1.13* 12.50 ± 0.43 8.83 ± 0.42* 

IL-3  L L L L 

IL-4  0.26 ± 0.02 0.51 ± 0.15 0.21 ± 0.01 0.26 ± 0.02 

IL-5 0.15 ± 0.03 0.01 ± 0.01 0.05 ± 0.03# 0.04 ± 0.02 

IL-6 1.87 ± 0.18 1.34 ± 0.34* 1.40 ± 0.08 1.48 ± 0.16 

IL-7 9.45 ± 0.90 6.27 ± 1.17 6.29 ± 0.65# 5.76 ± 0.56 

IL-9 35.90 ± 0.59 17.60 ± 2.90* 35.80 ± 4.37 18.10 ± 0.80* 

IL-10 4.79 ± 1.46 2.67 ± 0.75 3.18 ± 0.43 1.43 ± 0.20* 
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Table 3.2 cont. 

Treatment  Veh PBA 

Pemt genotype Pemt+/+ Pemt-/- Pemt+/+ Pemt-/- 

IL-12 (p40) 26.20 ± 1.17 8.35 ± 4.42* 20.00 ± 0.99# 3.22 ± 1.41# 

IL-12 (p70) 6.49 ± 5.05 11.30 ± 5.68 1.23 ± 0.21 4.59 ± 3.21 

IL-13 1.04 ± 0.30 L 0.92 ± 0.26 L 

IL-15 25.50 ± 4.51 1.52 ± 0.39* 18.70 ± 5.40 2.44 ± 0.45* 

IL-17 0.19 ± 0.05 L L L 

IP-10 8.87 ± 0.32 19.80 ± 1.29* 8.63 ± 1.06 23.80 ± 2.33* 

KC 57.50 ± 5.43 35.50 ± 6.06* 83.10 ± 17.25 42.20 ± 1.86 

LIF 0.54 ± 0.13 0.43 ± 0.14 0.25 ± 0.07 0.48 ± 0.06 

LIX  2.66 ± 1.09 2.76 ± 1.47 1.94 ± 1.58 3.01 ± 1.78 

MCP-1  13.10 ± 2.24 39.60 ± 5.95* 8.98 ± 1.69 33.40 ± 2.20* 

M-CSF 3.12 ± 0.84 0.97 ± 0.08 1.26 ± 0.23 0.97 ± 0.28 

MIG 33.10 ± 4.44 87.50 ± 12.72* 41.60 ± 12.77 51.60 ± 4.92 

MIP-1α 18.60 ± 1.08 9.15 ± 0.84* 16.90 ± 0.85 10.70 ± 0.42* 

MIP-1β L L L L 

MIP-2 15.20 ± 4.97 7.15 ± 1.34 9.82 ± 1.89 7.97 ± 2.53 

RANTES 4.99 ± 0.3 5.21 ± 0.35 5.44 ± 1.81 4.00 ± 0.16# 

TNFα 2.98 ± 0.84 0.55 ± 0.00 2.15 ± 0.22 1.01 ± 0.37* 

VEGF 1.01 ± 0.08 0.68 ± 0.09* 0.83 ± 0.06 0.88 ± 0.05 
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Figure 3.1 Chow-fed Pemt-/- mice exhibit hepatic ER stress and steatosis 

Pemt-/- and Pemt+/+ mice were fed standard chow diet. (A) H&E staining of liver 

sections; bar size: 50 µm. (B) NAFLD scores of liver H&E staining. For (A) and (B), 3 

mice of each genotype were used. (C) Representative immunoblots for proteins 

implicated in ER stress and the UPR: BIP (glucose-regulated protein 78), CHOP 

(C/EBP–homologous protein), PDI (protein disulfide isomerase), calnexin, PERK 

(protein kinase-like ER kinase), p-PERK, eIF2α (the eukaryotic initiation factor 2α), p-

eIF2α, IRE1α (inositol-requiring enzyme-1), p-IRE1α, XBP1s (the spliced form of X-box 

binding protein-1), ATF6α (activating transcription factor 6α), and loading control 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the liver homogenates. (D) 

Densitometric analysis of immunoblots in (C). (E) Immunoblotting of subcellular markers 

in homogenates and ER fractions isolated from mouse livers. Plasma membrane protein 

Integrin β1; Golgi marker β1,4-galactosyltransferase; ER markers PDI and calnexin; 

cytosolic marker α-tubulin; mitochondrial marker UCP2 (uncoupling protein 2). The 

same amount of protein was loaded in each lane. (F) Mass of phosphatidylcholine (PC) 

and phosphatidylethanolamine (PE) and PC/PE ratio in hepatic ER. Data were analyzed 

by Student’s t-test. For panels D and F, data were from 6-7 mice of each genotype; *p < 

0.05, Pemt+/+ vs Pemt-/-. 
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Figure 3.2 Increased ER stress in the livers of HF-fed Pemt-/- mice 

Pemt-/- and Pemt+/+ mice were fed the HF diet for 2 weeks. (A) Representative 

immunoblots of proteins implicated in ER stress and the UPR in the liver homogenates. 

(B) Densitometric analysis of immunoblots in (A). (C) Mass of phosphatidylcholine (PC) 

and phosphatidylethanolamine (PE) and PC/PE ratio in hepatic ER. Data were analyzed 

by a two-way ANOVA, followed by post hoc Bonferroni’s test. All data were from 6-7 

mice of each genotype; *p < 0.05, Pemt+/+ vs Pemt-/-. 
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Figure 3.3 ER stress in McA-RH7777 cells lacking PEMT is alleviated by 4-

phenylbutyric acid (PBA) 

(A) Mass of triacylglycerol (25), phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE), and PC/PE ratio in pCI cells and McA cells expressing 

human PEMT (PEMT). (B and D) Representative immunoblots of proteins implicated in 

ER stress and the UPR in pCI and PEMT cells under basal conditions (B), and ± PBA 

(D). (C and E) Densitometric analysis of immunoblots in (B) and (D) respectively. Data 

were analyzed by a two-way ANOVA, followed by post hoc Bonferroni’s test. *P < 0.05, 

pCI vs PEMT; #p < 0.05, PBA-treated pCI-McA vs PBA-treated PEMT-McA. Data were 

collected from three independent experiments.  
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Figure 3.4 PBA does not alter body mass, hepatic PC or PE in both Pemt+/+ and 

Pemt-/- mice 

Pemt+/+ and Pemt-/- mice were fed the HF diet ± PBA for two weeks. (A) Body weight 

(B.W.) gain. (B) Weight of white adipose tissue as % B.W. (C) Weight of brown adipose 

tissue as % of B.W. (D) Mass of hepatic phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE)  and PC/PE ratio in the livers from HF-fed Pemt+/+ or 

Pemt-/- mice. Data were analyzed by a two-way ANOVA, followed by post hoc 

Bonferroni’s test. Data were from 4-7 mice of each genotype, *p < 0.05 for Pemt+/+ vs 

Pemt-/- with the same treatment.  
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Figure 3.5 PBA does not reverse NASH but improves steatosis in HF-fed Pemt-/- 

mice 

Pemt+/+ and Pemt-/- mice were fed the HF diet ± PBA for two weeks. (A) Percentage of 

liver weight to body weight (B.W.). (B) Plasma alanine aminotransferase (ALT). (C) H&E 

staining of liver sections (left) and NAFLD scores (right); size bar: 50 µm. (D) Hepatic 

triacylglycerol (25) mass. (E) Levels of mRNAs encoding cluster of differentiation 

(CD)68 and F4/80. (F) Levels of transforming growth factor (TGF)-β1, TGF-β2 and TGF-

β3 in total liver homogenates. All data were from 6-7 mice of each genotype and 

treatment. Data were analyzed by a two-way ANOVA, followed by post hoc Bonferroni’s 

test. *p < 0.05, Pemt+/+ vs Pemt-/- (same treatment); #p < 0.05, PBA treatment vs Vehicle 

(Veh) for the same genotype. 
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Figure 3.6 PBA does not alter plasma levels of TG and apoB 

Pemt+/+ and Pemt-/- mice were fed the HF diet ± PBA for two weeks. (A) Plasma TG 

mass. (B) Representative immunoblots of plasma apoB100 and apoB48, and 

coomassie blue staining of membrane as loading control. (C) Densitometric analysis of 

immunoblots in panel B. All data were from 6-7 mice of each genotype and treatment. 

Data were analyzed by a two-way ANOVA, followed by post hoc Bonferroni’s test. *p < 

0.05, Pemt+/+ vs Pemt-/- with the same treatment. 
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Figure 3.7 PBA increases expression of fatty acid oxidation-related genes 

Pemt+/+ and Pemt-/- mice were fed the HF diet ± PBA for two weeks. (A) Representative 

immunoblots and densitometric analysis for mitochondrial electron transport chain 

proteins in the liver homogenates. (B) Levels of mRNAs encoding peroxisome 

proliferator-activated receptor (PPAR)α, CPT1α (carnitine palmitoyltransferase 1α), 

LCAD (long-chain acyl-CoA dehydrogenase), MCAD (medium-chain acyl-CoA 

dehydrogenase), CYP2E1 (cytochrome p450 2E1) and ACO (acyl-CoA oxidase 1). All 

data were from 6-7 mice of each genotype and treatment. Data were analyzed by a two-

way ANOVA, followed by post hoc Bonferroni’s test. *p < 0.05, Pemt+/+ vs Pemt-/- for the 

same treatment; #p < 0.05, PBA treatment vs Vehicle (Veh) for the same genotype. 
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Figure 3.8 PBA slightly improves ER stress and decreases apoptosis in HF-fed 

Pemt-/- mice 

Pemt+/+ and Pemt-/- mice were fed the HF diet and treated ± PBA for two weeks. (A) 

Representative immunoblots of proteins implicated in ER stress. (B) Densitometric 

analysis of immunoblots in panel A. (C) Representative immunoblots of cytochrome c, 

cleaved caspase-3, caspase-3, p-JNK, BCL-2 (B-cell lymphoma 2) and loading control 

GAPDH, and their densitometric analysis. All data were from 6-7 mice of each genotype 

and treatment. Data were analyzed by a two-way ANOVA, followed by post hoc 

Bonferroni’s test. *p < 0.05, Pemt+/+ vs Pemt-/- for the same treatment; #p < 0.05, PBA 

treatment vs Vehicle (Veh) within the same genotype. 
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Figure 3.9 PBA does not improve the impaired autophagy in HF-fed Pemt-/- mice  

(A) Representative immunoblots for LC3 (light chain 3), p62, ATG7 (autophagy-related 

protein 7), calnexin and PEMT in the livers of chow-fed mice, and densitometric analysis 

of the immunoblots. (B) Representative immunoblots for LC3, p62, ATG7, calnexin and 

PEMT in the livers of HF-fed mice and densitometric analysis of the immunoblots. (C) 

Representative immunoblots for p62 in the livers from Pemt+/+ and Pemt-/- mice fed the 

HF diet and treated ± PBA for two weeks, and densitometric analysis of the 

immunoblots. Data were from 4-7 mice of each genotype. Data were analyzed by a two-

way ANOVA, followed by post hoc Bonferroni’s test; *p < 0.05 for Pemt+/+ vs Pemt-/-.  
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Figure 3.10 PC/PE ratio in hepatic ER correlates with ER stress according to a 

hypothetical “U-shaped” curve 

An aberrant PC/PE molar ratio, either higher or lower than optimum, leads to ER stress. 
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4.1 Introduction 

        Phosphatidylethanolamine N-methyltransferase (PEMT) is a small integral 

membrane protein (~22 kDa) that catalyzes the production of phosphatidylcholine (PC) 

via three sequential methylations of phosphatidylethanolamine (PE) using S-

adenosylmethionine as a methyl donor (1-3). PEMT is enriched in the liver and 

contributes ~30% of hepatic PC biosynthesis, while the remaining 70% of hepatic PC is 

synthesized via the CDP-choline pathway (4,5). Hepatic PC is required to maintain 

membrane integrity (6) and normal very low density lipoprotein secretion (7-9). In mice, 

inhibition of either the CDP-choline pathway in the liver by liver-specific deletion of 

CTP:phosphocholine cytidylyltransferase (LCT) α, the rate limiting enzyme in the CDP-

choline pathway, or the PEMT pathway results in steatosis (10). The reduction of 

hepatic PC and the decreased PC/PE ratio lead to steatosis (6,11). Despite contributing 

to a relatively small portion of hepatic PC synthesis, the importance of the PEMT 

pathway has been highlighted by feeding Pemt-/- mice a choline-deficient diet (6) or a 

HF diet (12). The choline-deficient diet limits the substrate availability for the CDP-

choline pathway. On this diet, Pemt-/- mice develop severe liver failure and typically die 

in five days (6,13,14). When fed the HF diet for 10 weeks, Pemt-/- mice develop severe 

non-alcoholic steatohepatitis, but these mice are resistant to diet induced obesity (DIO) 

and insulin resistance (12). In contrast to Pemt-/- mice, LCTα-/- mice are not protected 

from DIO (12), although they also develop steatohepatitis (10-12). Thus, the resistance 

to DIO in Pemt-/- mice does not appear to rely on decreased very low density lipoprotein 

secretion, which is present in both Pemt-/- and LCTα-/- mice (7,8), and the potential 

mechanisms remain to be explored. 
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        Other than in the liver, PEMT is also present in mature 3T3-L1 adipocytes and 

mouse white adipose tissue (WAT) (15,16). During 3T3-L1 differentiation, mRNA levels 

of PEMT, along with those of adipocyte differentiation markers such as peroxisome 

proliferator-activated receptor (PPAR)γ and fatty acid binding protein 4 (FABP4), are 

induced (15). PEMT protein expression and enzyme activity, both of which are absent in 

the 3T3-L1 fibroblast, are induced after 5 days of differentiation (16). PC is required for 

lipid droplet expansion (16-18), and the lack of PC may affect lipid droplet morphology 

by preventing lipid droplet coalescence (19,20). On the other hand, a relative increase 

in the amount of PE on the surface of lipid droplet may directly induce lipid droplet 

fusion (21). During 3T3-L1 differentiation, levels of both PC and PE are greatly 

increased (16). However, a reduced PC/PE ratio is concomitant with lipid droplet 

formation during cell differentiation (16). Attenuation of PEMT in 3T3-L1 adipocytes 

increases basal triacylglycerol (22) lipolysis (16). Thus, a role for PE in lipid droplet 

formation and stability has been proposed (16).  

        Although the presence of PEMT in WAT has been recently reported (16), it 

remains unclear whether WAT contributes to the resistance to DIO in Pemt-/- mice. To 

address this topic, we fed Pemt-/- and Pemt+/+ mice the HF diet for 2 weeks, as both 

Pemt+/+ and Pemt-/- mice showed a slight but significant weight gain after fed one week 

of HF diet (data not shown). We compared adipocyte differentiation, adipogenesis and 

lipolysis in gonadal WAT. We also examined endocrine function of WAT by comparing 

the tissue levels of cytokines and chemokines from mice fed the HF diet for 2 weeks 

and mice fed the HF diet for 10 weeks. Our data suggest that the capability for 
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differentiation and lipolysis in WAT is unaffected in Pemt-/- mice, while decreased 

lipogenesis contributes to the resistance to DIO in these mice.  

 

4.2 Materials and methods 

4.2.1 Animal handling and diets 

        All procedures were approved by the University of Alberta’s Institutional Animal 

Care Committee in accordance with guidelines of the Canadian Council on Animal 

Care. Male C57Bl/6 Pemt+/+ and Pemt-/- (backcrossed >7 generations) mice were 

housed with free access to water and standard chow diet (LabDiet, #5001). 8-9 weeks 

old Pemt+/+ and Pemt-/- mice were fed the HF diet (Bio-Serv, #F3282) for 2 or 10 weeks. 

Tissues were collected in the morning (9:00-11:00 a.m.) from mice fasted for 12 h or 

without fasting. Blood was collected by cardiac puncture. Tissues were either used 

immediately for fatty acid incorporation and lipolysis studies, or stored at -80 °C until 

analysis. 

4.2.2 Analytical procedures 

        Plasma triacylglycerol (22) levels and non-esterified fatty acids (NEFA) were 

determined using commercially available kits according to the manufacturer’s protocols 

(Roche Diagnostics and Wako Chemicals GmbH, USA). Tissue levels of cytokines and 

chemokines were quantified using ELISA kits from eBioscience or Preprotech. Protein 

concentrations were determined by the Bradford assay (Bio-Rad) using bovine serum 

albumin as standard.  

4.2.3 Mass spectrometric analysis of PC and PE 
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        WAT homogenates (100 μg protein) from both Pemt+/+ and Pemt-/- mice were used 

for lipid extraction (23). Internal phospholipid standards were added to the homogenates 

for quantification of the lipid species. The lipids were quantified using liquid 

chromatography–mass spectrometry (LC–MS) (24). The acyl residues of the lipid 

species were determined using fragmentation analysis (25). This analysis was 

performed by Dr. Martin Hermansson (University of Alberta). 

4.2.4 PC synthesis 

        WAT explants were freshly dissected from fasted mice fed the HF diet for 2 weeks. 

The explants were then sliced into small pieces (~40 mg/piece, on ice) and incubated 

for 4 h in DMEM containing 1% fatty acid-free bovine serum albumin with 5 µCi/ml [3H]- 

oleic acid and 200 µM oleic acid (Sigma). After 4 h of incubation, WAT was extensively 

washed with cold-PBS for three times, and then homogenized. Lipids were extracted 

from WAT homogenates. Phospholipids were separated by thin-layer chromatography 

in chloroform:methanol:acetic acid:water (25:15:4:2, v/v). Bands corresponding to PC 

were scraped and radioactivity was determined a scintillation counter (PerkinElmer). 

4.2.5 Immunoblotting 

        Tissues were homogenized in buffer (25 mM Tris–HCl, 500 mM sucrose, 1 mM 

EDTA, 1 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride, pH 7.4) with 

addition of protease inhibitor cocktail (Sigma #P8340) and phosphatase inhibitor 

cocktail 3 (Sigma #P0044), followed by sonication for 10 sec. Twenty micrograms of 

protein were heated for 10 min at 95°–100°C in sample buffer (125 mM Tris-HCl, 25% 

glycerol, 2% SDS, 0.25% 2-mercaptoethanol, 0.025% bromophenol blue, pH 6.8) and 

electrophoresed on a SDS-polyacrylamide gel. Proteins were transferred to a 
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polyvinylidene fluoride membrane and the membrane was then probed with primary 

antibodies against FABP4 (1:1000 dilution, Cell signaling #2120), PPARγ (1:1000 

dilution, Cell signaling #24443), CCAAT/enhancer-binding protein β (C/EBPβ, 1:500 

dilution, Santa Cruz sc150), total acetyl-CoA carboxylase (ACC, 1:1000 dilution, Cell 

signaling #3662), phospho-ACC (Ser79, 1:1000 dilution, Cell signaling #3661), and fatty 

acid synthase (FAS, 1:1000 dilution, Cell signaling #3189), total hormone-

sensitive lipase (HSL, 1:1000 dilution, Cell signaling #4107), phospho-HSL (Ser660, 

1:1000 dilution, Cell signaling #4126), adipose triglyceride lipase (ATGL, 1:1000 

dilution, Cell signaling #2138), triacylglycerol hydrolase (TGH, gift from Dr. Richard 

Lehner, University of Alberta, 1:1000 dilution) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH, 1:12,000 dilution, Abcam #ab8245). The immunoreactive 

bands were visualized by enhanced chemiluminescence system (Amersham 

Biosciences) according to the manufacturer's instructions. 

4.2.6 Real-time quantitative PCR 

        Total RNA was isolated from snap-frozen liver tissue using TRIzol reagent 

(Invitrogen). Total RNA was treated with DNase I (Invitrogen), then reverse-transcribed 

using oligo(dT)12–18 primers and Superscript II reverse transcriptase (Invitrogen). 

Real-time quantitative PCR was performed using a Rotor-Gene 3000 instrument 

(Montreal Biotech). Data analyses were performed using the Rotor-Gene 6.0.19 

program (Montreal Biotech). mRNA levels were normalized to β-Actin mRNA using a 

standard curve. Primer sequences are listed in table 4.1. 

4.2.7 Histology 
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        A portion of the gonadal WAT was fixed in 10% buffered formalin and subjected to 

hematoxylin and eosin staining as described in section 2.2.4. The size of individual 

adipocytes was quantified using ImageJ software from the National Institutes of Health. 

4.2.8 De novo lipogenesis 

        Pemt+/+ and Pemt-/- mice were fed the HF diet for 2 weeks. Mice were fasted for 2 h 

and de novo TG synthesis was estimated by i.p. injection of these mice with 25 µCi 

[14C]acetate (4.175 nmol) in 250 μM cold sodium acetate in saline (total volume of 200 

μl). WAT was collected 2 h after injection. Lipids were extracted from WAT 

homogenates (1 mg of protein in 1 ml of PBS) with 4 ml of chloroform/methanol (2/1, 

v/v) as described in section 2.2.3. Neutral lipids were separated by thin-layer 

chromatography in hexane:diisopropylether:acetic acid (65:35:2, v/v) and visualized by 

iodine vapor. Bands corresponding to TG were scraped and radioactivity was 

determined by a scintillation counter. 

4.2.9 Fatty acid oxidation 

        The rate of WAT fatty acid oxidation was determined as described before with 

minor modification (26). Freshly isolated gonadal WAT was gently homogenized in ice-

cold buffer (25 mM Tris-HCl, 500 mM sucrose, 1 mM EDTA, pH 7.4) followed by 

sonication for 10 sec. After centrifugation at 500 ×g for 10 min at 4°C, supernatant was 

collected and protein concentration was determined as described earlier. The rate of 

([1-14C]palmitate oxidation was determined by measuring the amount of 14CO2 released 

(complete oxidation) and the amount of 14C labeled acid-soluble metabolites 

(incomplete oxidation) over 1 h of incubation. Briefly, 300-500 μg protein homogenate 

(in volume of 200 μl) was preincubated with the reaction mixture at 37°C for 5 min in a 
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25 ml glass vial. The glass vial was fitted with a center Eppendorf tube containing 

Whatman filter paper and was then capped with a rubber stopper. The final 

concentrations of assay mixture were 115 mM NaCl, 2.6 mM KCl, 10 mM Tris-HCl 

(pH=7.4), 1.2 mM KH2PO4, 10 mM NaHCO3, 0.2 mM EDTA, 0.3% (w/v) fatty acid-free 

BSA, 2 mM L-carnitine, 5 mM ATP, 0.5 mM malate, 0.1 mM coenzyme A. The reaction 

was initiated by injecting the substrate, BSA-conjugated 0.2 mM palmitate (with molar 

ratio 6:1 for palmitate:BSA) containing 0.5 μCi/ml [1-14C]-palmitate through the rubber 

stopper. After 60 min of incubation at 37°C, 300 μl of 3 M percholoric acid was injected 

to stop the reaction, followed by an injection of 150 μl of 1 M NaOH to the filter paper to 

capture the released CO2. The vials were left at room temperature for 2 h to capture the 

released CO2. The radioactivity of CO2 captured by the filter papers and the radioactivity 

in acid-soluble metabolites (the supernatants of the assay mixture) were then measured 

by a scintillation counter. 

4.2.10 TG lipolysis  

        To measure the capability for TG lipolysis, gonadal WAT explants were freshly 

dissected from fasted mice fed the HF diet for 2 weeks. The explants were then sliced 

into small pieces (~20 mg/piece, on ice) and cultured for up to 3 h in DMEM containing 

4% fatty acid-free bovine serum albumin with or without addition of 20 µM isoproterenol 

bitartrate (Sigma). After 1, 2 and 3 h of incubation, the culture medium was collected 

and the released NEFA and glycerol were determined using the HR Series NEFA-HR(2) 

kit (Wako diagnostics) and the Serum Triglyceride Determination Kit (Roche 

Diagnostics, USA), respectively. 

4.2.11 Statistical analysis  
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        Data are presented as mean values ± standard error of the mean (27). For all 

comparisons, an unpaired two-tailed Student’s t-test was employed. P <0.05 was 

considered significant. Unless otherwise indicated, six to eight animals were used per 

experimental group.  

 

4.3 Results 

4.3.1 WAT mass is reduced in Pemt-/- mice after 2 weeks of HF diet feeding 

        Pemt-/- mice are protected from DIO (12). After 2 weeks of HF diet, Pemt-/- mice 

showed less body weight gain (Figure 4.1A) and reduced WAT mass than Pemt+/+ mice 

(Figure 4.1B). However, at this stage, Pemt-/- mice already developed hepatomegaly 

and fatty liver (Figure 4.1C&D) as reported before (11). Plasma TG and NEFA were 

also lower in Pemt-/- mice compared to Pemt+/+ mice (Figure 4.1E&F), which was similar 

to our previous observations in mice fed the HF diet for 10 weeks (12).  

        When mice were fed chow diet, there was no difference in PC and PE mass or the 

ratio of PC/PE in WAT between genotypes (Figure 4.2A&B). We also quantified the PC 

and PE molecular species by tandem mass spectrometry. As we have seen before in 

the liver (12), the amounts of long chain, polyunsaturated PC species (16:0/18:2, 

18:0/18:2, 18:0/18:3) in WAT were slightly but significantly decreased in Pemt-/- mice 

versus Pemt+/+ mice (Figure 4.2C). In both genotypes, the two most abundant PC 

species were 16:0/18:2 and 18:0/18:2, and together they constituted ~50% of total PC 

species. There was no difference among other PC species. In addition, no difference 

was present in the amounts of PE species between Pemt+/+ mice and Pemt-/- mice 
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(Figure 4.2D). To investigate the synthesis of PC, we labeled WAT explants from 

Pemt+/+ and Pemt-/- mice fed the HF diet with [3H]-oleic acid. Pemt-/- mice had less [3H]-

oleic acid incorporated into PC than Pemt+/+ mice (Figure 4.2E). Together, Pemt-/- mice 

have similar amounts of PC and PE in WAT as Pemt+/+ mice, although the incorporation 

of [3H]-oleic acid into PC is reduced compared to Pemt+/+ mice.  

4.3.2 PEMT deficiency does not impair adipocyte differentiation 

        Histological analysis revealed that WAT from Pemt-/- mice fed the HF diet for 2 

weeks had smaller adipocytes than that from Pemt+/+ mice (Figure 4.3A&B), which is 

consistent with our previous report in mice fed the HF diet for 10 weeks (12).  PEMT 

expression is upregulated in 3T3-L1 adipocytes during cell differentiation (15,16). To 

evaluate whether deletion of PEMT in mice results in impaired adipocyte differentiation 

in WAT, we examined the protein levels of the adipose differentiation markers FABP4, 

PPARγ and C/EBPβ. Protein levels of these markers were not different between Pemt-/- 

and Pemt+/+ mice fed either chow (Figure 4.3C) or the HF diet for 2 weeks (Figure 

4.3D). In addition, the levels of mRNA for PPARγ and its downstream genes cluster of 

differentiation (CD)36 and lipoprotein lipase in Pemt-/- mice were comparable to that in 

Pemt+/+ mice (Figure 4.3E). Hence, PEMT deficiency in mice does not impair adipocyte 

differentiation in WAT. 

4.3.3 PEMT deficiency and lipogenesis in WAT 

        To explore further the explanation for lower WAT mass in Pemt-/- mice after 2 

weeks of HF diet, we first assayed protein expression of enzymes involved in de novo 

lipogenesis (DNL) by immunoblotting ACC and FAS, two key enzymes in de novo fatty 

acid synthesis. While the expression of FAS in Pemt-/- mice was not different from that 
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in Pemt+/+ mice (Figure 4.4A&B), total-ACC was significantly lower in Pemt-/- mice 

compared to Pemt+/+ mice (Figure 4.4A&B). The level of phospho-ACC (Ser79), an 

inactive form of ACC, was not altered by the genotype, and this led to a higher ratio of 

phospho-ACC to total ACC in Pemt-/- mice than Pemt+/+ mice (Figure 4.4B), indicating a 

down-regulation of ACC enzyme activity. Levels of mRNAs encoding FAS, ACC and 

sterol regulatory element-binding protein (SREBP)-1c, a key transcriptional regulator for 

lipogenesis, in Pemt-/- mice were indistinguishable from those in Pemt+/+ mice (Figure 

4.4C). Except for a slight increase in the expression of ATP citrate lyase (ACLY) in 

Pemt-/- mice, expression of other lipogenenic genes, including acyl 

CoA:monoacylglycerol acyltransferase (MGAT)-1, glycerol-3-phosphate acyltransferase 

(GPAT)-1, acyl CoA:diacylglycerol acyltransferase (DGAT)-1, DGAT-2 and stearoyl-

CoA desaturase (SCD)-1, was not different between genotypes (Figure 4.4C). Most 

importantly, we estimated in vivo lipogenesis by i.p. injecting mice with [14C]acetate. 

Pemt-/- mice incorporated significantly less [14C]acetate into TG than Pemt+/+ mice in 

WAT (Figure 4.4D), while plasma [14C]TG was too low to detect by scintillation counter. 

Thus, impaired DNL may contribute to the lack of WAT hypertrophy in HF-fed Pemt-/- 

mice. 

4.3.4 PEMT deficiency does not affect TG mobilization from WAT 

        In humans, plasma NEFA contribute over 50% of hepatic TG accumulation 

compared with only ~15% contribution from the diet, and the remaining from DNL (28). 

Plasma NEFA are mainly derived from WAT. To examine whether lower WAT mass in 

HF-fed Pemt-/- mice is caused by enhanced lipolysis, the lipolytic capability of WAT was 

first examined ex vivo. Under basal conditions, the release of glycerol and NEFA from 

http://www.jbc.org/content/288/38/27299.short
http://www.jbc.org/content/288/38/27299.short
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WAT explants was comparable between Pemt+/+ and Pemt-/- mice (Figure 4.5A). When 

incubated with isoproterenol, which stimulates lipolysis, the production of glycerol and 

fatty acids from WAT explants from Pemt+/+ mice was doubled after 3 h of incubation 

(Figure 4.5B). Compared with Pemt+/+ mice, Pemt-/- mice showed the same rate for the 

release of glycerol (Figure 4.5B). But after 3 h of culture, explants from Pemt-/- mice 

released 50% fewer fatty acids into the culture medium than from Pemt+/+ mice (Figure 

4.5B). The lower amounts of fatty acids released from WAT in Pemt-/- mice suggested a 

higher rate of fatty acid re-esterification. Overall, both basal and stimulated lipolytic 

capabilities of WAT explants are not affected by PEMT deficiency. 

        We also determined the expression of lipolytic enzymes by immunoblotting. In 

mice, ATGL and HSL are two major enzymes for TG hydrolysis in WAT, responsible for 

more than 95% TG hydrolase activity (29,30). After 2 weeks of HF diet, the expression 

of ATGL and phospho-HSL (Ser660, activates HSL enzyme activity) in Pemt-/- mice was 

indistinguishable from that in Pemt+/+ mice (Figure 4.5C&D). The total-HSL protein in 

Pemt-/- mice was less than half of that in Pemt+/+ mice, which led to a trend toward an 

increase in the ratio of phospho-HSL to total-HSL in Pemt-/- mice (Figure 4.5D), 

suggesting the presence of an activation of HSL enzyme activity in these mice. 

However, after feeding the HF diet for 10 weeks, the protein levels of phospho-HSL, 

total-HSL and ATGL were significantly lower in Pemt-/- mice than those in Pemt+/+ mice 

(Figure 4.6). Moreover, the protein level of TGH, a TG hydrolase abundantly expressed 

in the liver as well as adipose tissue (31-33), was higher in Pemt-/- mice than that in 

Pemt+/+ mice when mice were fed the HF diet for either 2 or 10 weeks (Figure 4.5D and 

Figure 4.6). The differences in the expression of phospho-HSL and ATGL in Pemt-/- 
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mice after 10 weeks of HF diet could be explained by an increased lipolysis in Pemt+/+ 

mice caused by WAT hypertrophy, which did not occur in Pemt-/- mice. Together, the 

lack of significant difference in the lipolytic enzyme expression in Pemt-/- mice versus 

Pemt+/+ mice after 2 weeks of HF diet suggests that the reduced WAT mass in Pemt-/- 

mice is not due to increased lipolysis.  

        An increased energy catabolism in WAT is unlikely to account for the resistance to 

the DIO in Pemt-/- mice. We attempted to determine the rate of fatty acid oxidation ex 

vivo using WAT explants (26). As expected, the fatty acid oxidation rate in WAT 

explants was significantly lower than that in brown adipose tissue and liver (data not 

shown). Although complete fatty acid oxidation was too low to be quantified in WAT 

explants, we determined that incomplete fatty acid oxidation rate (~30 nmol/mg 

protein/min) in Pemt-/- mice was not distinct from that in Pemt+/+ mice (Figure 4.5E). 

4.3.5 PEMT deficiency does not affect endocrine function of WAT 

        Beyond being an energy storage tissue, WAT is also an important endocrine organ 

for secretion of cytokines and chemokines (34). After 2 weeks of HF diet, Pemt-/- mice 

had comparable levels of the tissue cytokines, including leptin, interleukin (IL)-1, IL-4, 

tumor necrosis factor (TNF)α and IL-10, and chemokine RANTES in WAT, compared 

with Pemt+/+ mice (Figure 4.7A). However in the liver, Pemt-/- mice already showed 

higher levels of inflammatory cytokine TNFα, anti-inflammatory cytokine IL-10, and 

chemokine RANTES than Pemt+/+ mice (Figure 4.7B). There was no significant 

difference in the levels of IL-1, IL-4 or leptin in the liver between Pemt+/+ and Pemt-/- 

mice (Figure 4.7B).  



217 
 

        In contrast to the mice fed the HF diet for 2 weeks, levels of cytokines and 

chemokines in WAT were strikingly different in mice fed the HF diet for 10 weeks. 

Compared to mice fed the HF diet for 2 weeks, the leptin level was greatly increased in 

Pemt+/+ mice after being fed the HF diet for 10 weeks (Figure 4.7A and Figure 4.8). In 

contrast, the leptin level in Pemt-/- mice fed the HF diet for 10 weeks was not different 

from Pemt-/- mice fed the HF diet for 2 weeks (Figure 4.7A and Figure 4.8). Pemt-/- mice 

fed the HF diet for 10 weeks also displayed lower levels of inflammatory cytokine TNFα 

and chemokines, MCP-1 and RANTES, but significantly higher levels of anti-

inflammatory cytokine IL-10 than Pemt+/+ mice (Figure 4.8).  

 

4.4 Discussion 

        PEMT is present in WAT and induced by the HF diet (16), although the enzyme 

activity is insignificant compared with that in the liver (<1%). When fed chow diet, PEMT 

deficiency in mice did not change the mass of PC and PE in WAT (Figure 4.2). Beyond 

being a storage tissue, WAT also plays an important role in regulating whole body 

energy metabolism by secreting adipokines such as adiponectin and leptin (34). After 

10 weeks of HF diet, plasma levels of adiponection and leptin are 20 and 85% reduced, 

respectively, in Pemt-/- as compared to Pemt+/+ mice (12). Thus, the question whether or 

not WAT contributes to the resistance to DIO in Pemt-/- mice remains. We fed Pemt+/+ 

and Pemt-/- mice the HF diet for 2 weeks to investigate the contribution of WAT to the 

resistance to DIO in Pemt-/- mice. Both Pemt+/+ and Pemt-/- mice showed a slight but 

significant weight gain after fed one week of HF diet (data not shown). While Pemt+/+ 

mice continued gaining weight throughout the 10 weeks of HF diet feeding, Pemt-/- mice 
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failed to gain further weight over the rest of feeding period (data not shown). Thus, 2 

weeks of HF diet feeding is the best choice to clarify the importance of PEMT in WAT to 

the resistance to DIO and development of HF-induced steatohepatitis. Here we provide 

strong evidence supporting that a reduced lipogenesis in WAT, rather than an impaired 

differentiation or an increased lipolysis, contributes at least partially to the lack of WAT 

hypertrophy in HF-fed Pemt-/- mice.  

4.4.1 Decreased lipogenesis, rather than altered differentiation, accounts for the 

lack of WAT hypertrophy in HF-fed Pemt-/- mice 

        PEMT expression is greatly induced during 3T3-L1 cell differentiation (15,16). 

Thus, attenuation of PEMT could hinder adipocyte differentiation and lipogenesis, 

resulting in lack of adipose hypertrophy in HF-fed Pemt-/- mice. However, this is unlikely 

to be the case, since the protein levels of adipose differentiation markers, FABP4, 

PPARγ and C/EBPβ, were not different between Pemt+/+ and Pemt-/- mice fed either 

chow diet or the HF diet (Figure 4.3). 

        PPARγ belongs to the nuclear hormone receptor family and is highly expressed in 

adipose tissues (35). Upon binding to its ligands such as fatty acids and its obligate 

receptor retinoid X receptor, PPARγ is one of the master regulators for gene expression 

in adipogenesis, lipid metabolism and glucose homeostasis, thereby regulating whole 

body energy metabolism and insulin sensitivity (35,36). Thiazolidinediones, drugs used 

for treatment of type 2 diabetes, mainly act via PPARγ (37). In our study, the 

transcriptional levels of PPARγ and downstream genes CD36 and lipoprotein lipase (35) 

were similar between the two genotypes of mice (Figure 4.3).  
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        Furthermore, the lack of adipose hypertrophy in HF-fed Pemt-/- mice could be 

explained by aberrant adipogenesis. In comparison to Pemt+/+ mice, a reduction in the 

expression of ACC in Pemt-/- mice suggests that an impaired DNL might take place in 

these mice. Indeed, the in vivo study clearly showed less incorporation from 

[14C]acetate into TG in WAT of Pemt-/- mice than in Pemt+/+ mice (Figure 4.4D). 

4.4.2 Lipolysis in WAT is unaffected 

        In 3T3-L1 adipocytes, PEMT deficiency results in an increase in basal TG lipolysis 

(16). Defective lipolysis leads to adipose hypertrophy, while a stimulated lipolysis may 

result in adipose hypotrophy. We hypothesized that increased lipolysis in WAT from 

Pemt-/- compared to Pemt+/+ mice releases fatty acids which would then be distributed to 

other metabolic tissues for energy metabolism in the muscle and/or brown adipose 

tissue or stored in the liver, resulting in HF-induced steatohepatitis in Pemt-/- mice. 

However, our data show that lipolysis was not increased in WAT of Pemt-/- mice. In the 

ex vivo assay, the release of glycerol and fatty acids from WAT explants was 

comparable between Pemt+/+ and Pemt-/- mice under basal condition (Figure 4.5A), and 

isoproterenol stimulated lipolysis to a similar extent in Pemt+/+ and Pemt-/- mice (Figure 

4.5B).  

        ATGL and HSL are two major enzymes for TG hydrolysis in mouse WAT, 

accounting for over 95% TG hydrolase activity (29,30). Absence of ATGL impairs TG 

mobilization from WAT, greatly decreases plasma fatty acids and causes massive TG 

accumulation in the muscle, heart and WAT (38). Although HSL deficient mice are not 

obese or overweight, they have diacylglycerol accumulation in various tissues (39-41). 

Moreover, the HSL enzyme activity is regulated by a complicated protein 



220 
 

phosphorylation mechanism (30). In the current study, the expression of ATGL and 

phospho-HSL (Ser660) in Pemt-/- mice was indistinguishable from that in Pemt+/+ mice 

when mice fed the HF diet for 2 weeks (Figure 4.5C&D). However, after 10 weeks of 

feeding, the expression of ATGL and phospho-HSL in Pemt-/- mice was dramatically 

lower than in Pemt+/+ mice (Figure 4.6). This could be a compensatory mechanism to 

maintain WAT mass in Pemt-/- mice, or it could be due to the up-regulation of ATGL and 

phospho-HSL in Pemt+/+ mice fed the HF diet for 10 weeks compared with Pemt+/+ mice 

fed the HF diet for 2 weeks. Taken together, there is no indication for either an 

increased lipolysis or impaired lipolysis in WAT from Pemt-/- mice and the WAT 

hypotrophy in Pemt-/- mice is unlikely to be caused by a hyperactive lipolysis process.  

4.4.3 WAT functions normally as an endocrine organ 

        Other than being a tissue for energy storage, WAT has also emerged to play an 

active role in energy metabolism and inflammation by producing adipokines (34). 

Adipose dysfunction, reflected by impaired mitochondrial function, adipose hypoxia or 

adipose inflammation, is linked to obesity and its related metabolic syndrome via its 

primary role in altering its pro-inflammatory adipokine secretion pattern (42). We 

compared the tissue levels of cytokines (IL-1, IL-4, IL-10 and TNFα) and chemokines 

(MCP-1 and RANTES) in mice fed the HF diet for 2 weeks or 10 weeks. In contrast to 

the difference in cytokines and chemokines between Pemt+/+ and Pemt-/- mice after 10 

weeks of HF diet feeding (Figure 4.8), the lack of difference in mice fed the HF diet for 2 

weeks (Figure 4.7A) suggests that this difference could be caused by aberrant 

metabolism in both Pemt+/+ and Pemt-/- mice after long-term feeding. Indeed, the HF diet 

causes around 20 g of body weight gain over 10 weeks of feeding in Pemt+/+ mice (12), 
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while Pemt-/- mice does not gain weight but develop severe steatohepatitis (11,12). This 

increment of WAT in Pemt+/+ mice stimulates the secretion of the satiety hormone leptin. 

Contrarily in Pemt-/- mice after 10 weeks of HF diet, the lack of WAT hypertrophy results 

in the low level of plasma leptin (12). This lower level of leptin in Pemt-/- mice fed the HF 

diet for 10 weeks leads to a higher food intake than in Pemt+/+ mice (12). Consistent 

with our data, the food intake is not different between Pemt+/+ and Pemt-/- mice after fed 

the HF diet for 10 days (12). 

        Moreover, alterations of the levels of cytokines and chemokines in the liver from 

Pemt-/- mice fed the HF diet for 2 weeks (Figure 4.7B) is unlikely caused by WAT, since 

there was no difference in the levels of cytokines and chemokines in WAT at this stage 

(Figure 4.7A). Additionally, after 10 weeks of the HF diet, Pemt-/- mice presented an 

anti-inflammatory pattern of cytokines and chemokines in WAT with dramatically lower 

pro-inflammatory cytokine TNFα and chemokine RANTES, but significantly higher anti-

inflammatory cytokine IL-10 level than Pemt+/+ mice (Figure 4.8).  

        Collectively, the lack of PEMT does not alter adipocyte differentiation, the 

capability for TG mobilization or the role of adipose as an endocrine organ. Impairment 

in DNL in WAT contributes at least partially to the protection against obesity in HF-fed 

Pemt-/- mice. However, that the difference of cytokines and chemokines and in the 

expression of lipolytic enzymes in WAT in Pemt-/- mice is seen at 10 weeks but not at 2 

weeks suggests that the resistance to DIO phenotype is subsequent to the fatty liver 

phenotype. 
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Table 4.1 Primers for real-time quantitative PCR  

Abbreviations are: Acc, acetyl-CoA carboxylase; Fas, fatty acid synthase; Lpl, 

lipoprotein lipase; Cd,  cluster of differentiation; Srebp, sterol regulatory element binding 

protein; Ppar, peroxisome proliferator activated receptor; Mgat, acyl 

CoA:monoacylglycerol acyltransferase; Gpat, glycerol-3-phosphate acyltransferase; 

Dgat, acyl CoA:diacylglycerol acyltransferase; Scd, stearoyl-CoA desaturase; Acly, ATP 

citrate lyase. 

 

 

 

 

gene forward primer (5' -> 3') reverse primer (5' -> 3') 

β-Actin AAG GCC AAC CGT GAA AAG AT GTG GTA CGA CCA GAG GCA TAC 

Acc GGC GAC TTA CGT TCC TAG TTG AGG TGT CGA TAA ATG CGG TCC 

Fas TTC CGT CAC TTC CAG TTA GAG TTC AGT GAG GCG TAG TAG ACA 

Lpl CCT ACT TCA GCT GGC CTG ACT GGT ACT GCT GAG TCC TTT CCC TTC TGC 

Cd36 TGG CTA AAT GAG ACT GGG ACC ACA TCA CCA CTC CAA TCC CAA G 

Pparγ TTG ACA TCA AGC CCT TTA CCA GGT TCT ACT TTG ATC GCA CTT T 

Srebp-1c ATG GAT TGC ACA TTT GAA GAC CTC TCA GGA GAG TTG GCA CC 

Mgat-1 GCT ATT TCC TGG CTT TAC ATC G AAC CCT TTG CGC TGG CGG AT 

Gpat-1 CAA CAC CAT CCC CGA CAT C TTT TTC CGC AGC ATT CTG ATA A 

Dgat-1 GGA TCT GAG GTG CCA TCG T CCA CCA GGA TGC CAT ACT TG 

Dgat-2 GGC TAC GTT GGC TGG TAA CTT TTC AGG GTG ACT GCG TTC TT 

Scd-1 GTT GCC AGT TTC TTT CGT G GGG AAG CCA AGT TTC TAC ACA 

Acly GCC CTG GAA GTG GAG AAG AT CCG TCC ACA TTC AGG ATA AGA 

http://www.jbc.org/content/288/38/27299.short
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Figure 4.1 Pemt-/- mice fed the HF diet for 2 weeks lack WAT hypertrophy but 

develop fatty liver 

After 2 weeks of HF diet, Pemt-/- mice showed less body weight gain (A), less adiposity 

(B), larger liver (C), higher amounts of hepatic triacylglycerol (25) accumulation (D), but 

lower levels of plasma TG (E), compared with Pemt+/+ mice under both fasting and non-

fasting states. (F) NEFA (non-esterified fatty acids) in Pemt+/+ and Pemt-/- mice under 

both fasting and non-fasting states. n=5-6, *p < 0.05 by Student’s t-test, Pemt+/+ vs 

Pemt-/-; and #p < 0.05 by Student t-test, non-fasting vs fasting within the same 

genotype. 
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Figure 4.2 PC and PE in WAT in Pemt+/+ and Pemt‐/‐ mice 

(394) WAT was collected from 14-16 weeks old male Pemt+/+ and Pemt‐/‐ mice fed chow 

diet. Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) extracted from WAT 

were determined by liquid chromatography–mass spectrometry. (A) PC and PE values 

were expressed as nmol/mg protein. (B) PC/PE ratio. (C) PC species and (D) PE 

species. (E) The synthesis of PC was determined by incubating WAT explants from 

Pemt+/+ and Pemt‐/‐ mice fed the HF diet for 2 weeks with [3H]-oleic acid for 4 h. n=5-6, 

*p < 0.05 by Student’s t-test, Pemt+/+ vs Pemt-/-.  
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Figure 4.3 Expression of differentiation markers in WAT 

Pemt+/+ and Pemt-/- mice were fed the HF diet for 2 weeks. (A) Hematoxylin and eosin 

staining of gonadal WAT. (B) Adipocyte area quantified by Image J. (C-D) 

Representative immunoblots for fatty acid binding protein 4 (FABP4), CCAAT/enhancer-

binding protein β (C/EBPβ) and peroxisome proliferator-activated receptor (PPAR)γ in 

WAT from Pemt+/+ and Pemt-/- mice fed chow (C) or the HF diet for 2 weeks (D). 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was loaded as a loading 

control. (E) The relative levels of mRNAs encoding PPARγ, cluster of differentiation 

(CD)36 and lipoprotein lipase (LPL) in WAT. mRNA levels were determined by RT-

qPCR. Data were presented relative to mRNA of β-actin in the same samples. n=4-6, *p 

< 0.05 by Student’s t-test, Pemt+/+ vs Pemt-/-.    
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Figure 4.4 Lipogenesis in WAT 

(A and B) De novo lipogenesis related enzyme expression in non-fasting Pemt+/+ and 

Pemt-/- mice fed the HF diet for 2 weeks: (A) Representative immunoblots for phospho- 

acetyl-CoA carboxylase (p-ACC), total acetyl-CoA carboxylase (ACC) and fatty acid 

synthase (FAS); glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was loaded as 

a loading control. (B) The densitometry for panel A. (C) The relative levels of mRNAs 

encoding sterol regulatory element-binding protein (SREBP)-1c, ACC, FAS, acyl 

CoA:monoacylglycerol acyltransferase (MGAT)-1, glycerol-3-phosphate acyltransferase 

(GPAT)-1, acyl CoA:diacylglycerol acyltransferase (DGAT)-1, DGAT-2,  stearoyl-CoA 

desaturase (SCD)-1 and ATP citrate lyase (ACLY) in WAT Pemt+/+ and Pemt-/- mice fed 

the HF diet for 2 weeks. RNA was isolated from WAT of non-fasted mice (4-5 

mice/group) and mRNA levels were determined by RT-qPCR. Data are presented 

relative to mRNA of β-actin in the same samples. (D) De novo lipogenesis was 

determined by i.p. injection of [14C]acetate into Pemt+/+ and Pemt-/- mice fed the HF diet 

for 2 weeks. Labeled TG was extracted from WAT, separated by thin-layer 

chromatography, and quantified by a scintillation counter. n=4-6, *p < 0.05 by Student’s 

t-test, Pemt+/+ vs Pemt-/-.        

http://www.jbc.org/content/288/38/27299.short
http://www.jbc.org/content/288/38/27299.short
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Figure 4.5 Intact lipolytic capability in WAT  

Pemt+/+ and Pemt-/- mice were fed the HF diet for 2 weeks. The release of glycerol and 

NEFA (non-esterified fatty acids) under (A) basal state and under (B) stimulation by 

isoproterenol. (C) Representative immunoblots for lipolytic enzymes: phospho-HSL (p-

HSL), total-HSL (HSL), adipose triglyceride lipase (ATGL) and triacylglycerol hydrolase 

(TGH). (D) The densitometry for the immunoblots in panel C. (E) The incomplete fatty 

acid oxidation rate of WAT homogenate was measured by incubation of WAT 

homogenate with [1-14C]palmitate: acid-soluble metabolites (ASM). n=5-7, *p < 0.05 by 

Student’s t-test, Pemt+/+ vs Pemt-/-.  
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Figure 4.6 Lipolytic enzyme expression in WAT from Pemt+/+ and Pemt-/- mice fed 

the HF diet for 10 weeks 

Pemt+/+ and Pemt-/- mice were fed the HF diet for 10 weeks. Representative 

immunoblots (left) for lipolytic enzymes, phospho-hormone-sensitive lipase (p-HSL), 

total hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL), triacylglycerol 

hydrolase (TGH), and loading control glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). The densitometry for the immunoblots (right). n=5-6, *p < 0.05 by Student’s t-

test, Pemt+/+ vs Pemt-/-.    
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Figure 4.7 Cytokines and chemokines in WAT and liver from Pemt+/+ and Pemt-/- 

mice fed the HF diet for 2 weeks 

Pemt+/+ and Pemt-/- mice were fed the HF diet for 2 weeks. Levels of cytokines and 

chemokines in (A) WAT and (B) liver: RANTES, tumor necrosis factor (TNF)α, 

interleukin (IL)-10, IL-4, IL-1α and leptin. n=3, *p < 0.05 by Student’s t-test, Pemt+/+ vs 

Pemt-/-.  
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Figure 4.8 Cytokines and chemokines in WAT from Pemt+/+ and Pemt-/- mice fed 

the HF diet for 10 weeks 

Cytokines and chemokines in WAT from Pemt+/+ and Pemt-/- mice fed the HF diet for 10 

weeks, including tumor necrosis factor (TNF)α, interleukin (IL)-10,IL-4, IL-1α and leptin. 

n=3, *p < 0.05 by Student’s t-test, Pemt+/+ vs Pemt-/-. 
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5.1 Introduction 

        Phosphatidylethanolamine N-methyltransferase (PEMT) catalyzes 

phosphatidylcholine (PC) biosynthesis via three sequential methylation steps of 

phosphatidylethanolamine (PE) (1). In the liver, PEMT contributes ~30% of hepatic PC 

production, whereas the remaining 70% of hepatic PC is synthesized via the CDP-

choline pathway (2,3). Normal levels of hepatic PC are required to maintain membrane 

integrity (4) and normal very low density lipoprotein (VLDL) secretion (5-7). In mice, 

inhibition of either the CDP-choline pathway, by liver-specific deletion of 

CTP:phosphocholine cytidylyltransferase (LCT)α or elimination of the PEMT pathway 

reduces hepatic PC content and causes hepatic steatosis (8). The importance of the 

PEMT pathway has been highlighted in Pemt-/- mice fed either a choline-deficient diet 

(4) or a HF diet (9). When fed the HF diet for 10 weeks, Pemt-/- mice develop severe 

non-alcoholic steatohepatitis, but are protected against diet-induced obesity (DIO) and 

insulin resistance (9). HF-fed Pemt-/- mice also exhibit higher oxygen consumption and 

heat production than HF-fed Pemt+/+ mice (9). LCTα-/- mice fed the HF diet develop 

steatohepatitis (8-10), but are not protected from DIO (9). Thus, we conclude that 

resistance of Pemt-/- mice to DIO does not appear to rely primarily on decreased hepatic 

PC or decreased VLDL secretion (5,6).   

        BAT is a highly oxidative and vascularized tissue, enriched with mitochondria and 

nerve fibers (11). An unique feature of BAT is the presence of uncoupling protein  

(UCP)1, which uncouples proton gradients (generated via oxidative phosphorylation) 

from ATP synthesis thereby generating heat (11). BAT-mediated thermogenesis is 

critical for maintaining body temperature for small mammals and is also involved in 
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regulation of energy metabolism (11-13). Moreover, BAT is also present in adult 

humans (14-16). Thus, selective activation of BAT-mediated thermogenesis opens a 

potential avenue for treatment of metabolic syndrome such as DIO and diabetes (17). 

         In this study, the contribution of BAT to the resistance of Pemt-/- mice to DIO is 

investigated. We hypothesized that more energy were utilized for BAT-mediated 

thermogenesis, which contributes to the resistance to DIO in HF-fed Pemt-/- mice. After 

consuming the HF diet for 2 weeks, Pemt-/- mice failed to maintain body temperature 

above 28˚C during a cold challenge. Choline supplementation completely reversed the 

hypothermia in HF-fed Pemt-/- mice. Our results suggest that in HF-fed Pemt-/- mice, 

reduction in substrate supply (plasma glucose), caused by compromised hepatic 

glucose production, rather than an impaired capability for thermogenesis in BAT, 

causes cold-induced hypothermia.   

 

5.2 Materials and methods 

5.2.1 Animal handling and diets  

        All procedures were approved by the University of Alberta’s Institutional Animal 

Care Committee in accordance with guidelines of the Canadian Council on Animal 

Care. Male C57Bl/6 Pemt+/+ and Pemt-/- mice were housed with free access to water 

and chow (LabDiet, #5001). Pemt+/+ and Pemt-/- mice (8-9 weeks old) were fed the HF 

diet (Bio-Serv, #F3282) for 2 weeks. Tissues were collected from mice that had either 

been fasted for 12 h or not fasted. Blood was collected by cardiac puncture. Tissues 

were either used immediately for assessment of fatty acid oxidation, or stored at -80°C.  
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        The procedure for the cold challenge was adapted from a previous study (18). 

Mice were fasted for 4 h then transferred to the cold room (4°C) with individual housing, 

no bedding, food or water for up to 4 h. Rectal body temperature was determined hourly 

using a mouse rectal probe (model 4600 Precision Thermometer). When the body 

temperature dropped below 28°C, the mice were removed from the cold room. Tissues 

were collected immediately after the cold exposure. 

5.2.2 Analytical procedures 

        Plasma triacylglycerol (19) and TG extracted from tissue (liver and BAT) 

homogenates were quantified using a commercially available kit from Roche 

Diagnostics according to manufacturer’s protocols. Plasma non-esterified fatty acids 

and glucose were quantified using commercially available kits from Wako Chemicals 

GmbH and BioAssay Systems (20), respectively, according to manufacturers’ protocols. 

Plasma thyroid hormones, triiodothyronine (T3) and its prohormone thyroxine (T4), were 

quantified by commercially available ELISA kits (Leinco Technologies, Inc.) according to 

the manufacturer’s protocols. Plasma epinephrine and norepinephrine were quantified 

with a commercially available 2-CAT (A-N) research ELISA kit (Labor Diagnostika Nord) 

according to manufacturer’s protocols. PC and PE extracted from BAT homogenates 

were quantified as previously described (21) in section 2.2.3. Protein concentrations 

were determined by the Bradford assay (Bio-Rad).  

5.2.3 Fatty acid oxidation 

        The rate of fatty acid oxidation was determined as described with minor 

modifications (22). Freshly isolated interscapular BAT was homogenized as described 

http://en.wikipedia.org/wiki/Triiodothyronine
http://en.wikipedia.org/wiki/Prohormone
http://en.wikipedia.org/wiki/Thyroxine
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in section 4.2.9. 1.5-2 mg protein homogenates (in volume of 250 μl) were used to 

determine the rate of ([1-14C]palmitate oxidation as described in section 4.2.9. 

5.2.4 Real-time quantitative PCR and qnalysis of mitochondrial DNA content  

        RNA isolation, cDNA synthesis and real-time quantitative PCR were performed as 

described previously (23). mRNA levels were normalized to β-actin mRNA. 

Mitochondrial DNA content was determined as described previously (23). Total genomic 

DNA from BAT was isolated by a DNEasy kit (Qiagen) according to manufacturer’s 

protocols. The mitochondrial DNA content was calculated using real-time qPCR by 

measuring a mitochondrial gene Nd1 versus a nuclear gene Lpl. Primer sequences 

were listed in Table 5.1.  

5.2.5 Immunoblotting 

        Tissues homogenization and immunoblotting procedure were described in section 

2.2.7. Proteins were transferred to a polyvinylidene fluoride membrane and the 

membrane was then probed with primary antibodies against FABP4 (1:1000 dilution, 

Cell signaling #2120), PPARγ (1:1000 dilution, Cell signaling #24443), 

CCAAT/enhancer-binding protein β (C/EBPβ, 1:500 dilution, Santa Cruz sc150), PGC1α 

(1:1000 dilution, Abcam #ab54481), phosphoenolpyruvate carboxykinase (PEPCK, 

1:1000 dilution, Abcam #ab70358), UCP1  (1:1000 dilution, Abcam #ab10983), porin 

(VDAC, 1:1000 dilution, Abcam # ab14734), OXPHOS complexes (1:500 dilution, 

Abcam #ab110413), calnexin (1:1000 dilution, Enzo Life Sciences, SPA-865), total 

hormone-sensitive lipase (HSL, 1:1000 dilution, Cell signaling #4107), phospho-HSL 

(Ser660, 1:1000 dilution, Cell signaling #4126), adipose triacylglycerol lipase (ATGL, 

1:1000 dilution, Cell signaling #2138), TG hydrolase (TGH, gift from Dr. Richard 
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Lehner), α-Tubulin (1:12,000 dilution, Abcam #ab4074) or glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH, 1:12,000 dilution, Abcam # ab8245). The immunoreactive 

bands were visualized by enhanced chemiluminescence system (Amersham 

Biosciences) according to the manufacturer's instructions and protein levels were 

quantified using ImageJ software. 

5.2.6 Systolic Blood Pressure  

        Systolic blood pressure was measured of conscious animals indirectly using a 

commercially available computerized tail cuff plethysmography system (Kent Scientific 

Corporation, Torrington, CT) (24). 

5.2.7 Assessment of Cardiac Function  

        Transthoracic echocardiography was performed as described (25) on mildly 

anesthetized mice using a Vevo 770 High-Resolution Imaging System equipped with a 

30-MHz transducer (RMV-707b; VisualSonics, Toronto, Canada). The mice were placed 

on a heated electrocardiograph platform to acquire physiological parameters. The 

transducer was placed at the suprasternal notch, so that the ascending aorta, aortic 

arch, origin of the brachiocephalic vessels, descending thoracic aorta and right 

pulmonary artery can be visualized. The leaflets of the aortic valve in the aortic root can 

often be seen as well. Pulse Doppler flows were acquired from the ascending and 

descending arteries, as well as m-modes for the transverse arch. The transducer was 

placed just below the sternum using minimal pressure and angled toward the apex of 

the heart in order to obtain images for analysis of cardiac and aortic structures and 

function. Aortic diameter was measured at the level of the Valsalva sinus from the m-

mode image. For transmitral recordings a depth setting of 4-7 mm was used and 6-9 
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mm was used for trans-aortic recordings. The transthoracic echocardiography analysis 

of cardiac function was performed and analyzed by Ms Donna Beker in Cardiovascular 

Research Center, University of Alberta.  

5.2.8 Histology  

        A portion of BAT was fixed in 10% buffered formalin and subjected to hematoxylin 

and eosin staining as described in section 2.2.4 by the Histocore of Alberta Diabetes 

Institute (University of Alberta). 

5.2.9 Statistical Analysis 

        Data are means ± SEM. Comparisons between two groups were performed using 

Student’s t-test. For all other comparisons, a two-way ANOVA, followed by post hoc 

Bonferroni’s test of individual group differences was used. P < 0.05 was considered 

significant. Unless otherwise indicated, 5-7 animals were used per group.  

 

5.3 Results 

5.3.1 PEMT deficiency does not alter thermogenic features of BAT  

        PEMT is highly expressed in the liver and is present at very low levels in WAT (1). 

PEMT protein (Figure 5.1) and its enzymatic activity (data not shown) were 

undetectable in BAT. When fed standard chow diet, BAT from Pemt-/- mice contained 

the same amount of PC, but higher level of PE, compared to BAT from Pemt+/+ mice 

under both fasting and non-fasting condition (Figure 5.2A). However, the PC/PE molar 

ratio in BAT (1.22 ± 0.00) was significantly lower than in the liver (10). Moreover, the 

PC/PE ratio in BAT of Pemt-/- mice under non-fasting conditions was lower than in 
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Pemt+/+ mice (Figure 5.2A). Furthermore, the mass of TG in BAT was not different 

between Pemt genotypes (Figure 5.2A).  

        We next explored the thermogenic capacity of BAT. The protein levels of the 

adipocyte differentiation markers FABP4 and C/EBPβ were not different between Pemt 

genotypes (Figure 5.2B&C), suggesting that PEMT deficiency did not impair the 

differentiation of brown adipocytes. Nor was the protein level of PGC1α, a key regulator 

of oxidative metabolism and UCP1-meditated thermogenesis in BAT (26), different 

between the genotypes. Moreover, levels of electron transport chain proteins 

(complexes I to V) were the same in BAT from Pemt-/- and Pemt+/+ mice (Fig. 2B&C). In 

contrast, the amount of UCP1 protein in Pemt-/- mice was higher than in Pemt+/+ mice 

(Figure 5.2B&C). Together, chow-fed Pemt-/- mice show no defect in thermogenic 

features in BAT.  

        To assess the oxidative capacity of BAT, we measured the rate of fatty acid 

oxidation ex vivo using BAT homogenates. The rates of complete fatty acid oxidation 

(measured by amount of released 14CO2) and incomplete fatty acid oxidation (measured 

by the amounts of 14C-labeled acid-soluble metabolites) were equivalent in Pemt-/- and 

Pemt+/+ mice (Figure 5.2D). To evaluate the capacity for thermogenesis, we transferred 

chow-fed Pemt-/- and Pemt+/+ mice to 4°C. Mice of both genotypes maintained their 

body temperature above 33°C throughout the cold exposure (Figure 5.2E). Thus, chow-

fed Pemt-/- mice show normal thermogenesis in BAT. 

        Pemt-/- mice are resistant to DIO because of higher energy expenditure as 

indicated by higher oxygen consumption and heat production than in Pemt+/+ mice (9). 

To determine whether or not BAT-mediated thermogenesis contributed to the protection 
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against DIO, we evaluated the properties of BAT from Pemt-/- and Pemt+/+ mice fed the 

HF diet for 2 weeks. The mass of BAT, the levels of PC and PE and the PC/PE ratio in 

BAT were not different between Pemt-/- and Pemt+/+ mice (Figure 5.2A&C). However, 

BAT from Pemt-/- mice contained slightly less TG than did BAT from Pemt+/+ mice under 

non-fasting condition (Figure 5.2A&D). Fasting greatly reduced TG storage in both 

genotypes (Figure 5.3A), indicating that the rate of fasting-induced lipolysis was intact in 

BAT from Pemt-/- mice. The levels of PPARγ and FABP4 proteins were the same in HF-

fed Pemt-/- mice and HF-fed Pemt+/+ mice, but the amount of C/EBPβ protein was 

reduced by PEMT deficiency (Figure 5.3B). Moreover, the amounts of PGC1α, UCP1, 

mitochondrial marker protein VDAC and electron transport chain proteins were similar in 

the two genotypes (Figure 5.3E). PEMT deficiency did not alter mitochondrial number 

(Figure 5.3F). Furthermore, the rates of complete and incomplete fatty acid oxidation in 

Pemt-/- mice were similar to those in Pemt+/+ mice (Figure 5.3G). Overall, these data 

demonstrate that BAT of Pemt-/- mice fed the HF diet exhibits normal thermogenic 

features. 

5.3.2 HF-fed Pemt-/- mice are hypothermic upon cold exposure 

        To determine whether or not PEMT deficiency affected thermogenesis, we 

transferred HF-fed Pemt-/- and Pemt+/+ mice to 4°C. Unexpectedly, HF-fed Pemt-/- mice 

were unable to maintain their body temperature upon cold exposure, as the rectal body 

temperature rapidly (within 2-3 h) dropped below 28°C (Figure 5.4). In contrast, Pemt+/+ 

mice were able to maintain their body temperature above 30°C throughout the 4 h cold 

exposure (Figure 5.4). Thus, it appears that HF-fed Pemt-/- mice are hypothermic upon 

cold exposure. 
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        Cold activates the sympathetic nervous system, particularly via the release of 

norepinephrine which stimulates BAT-mediated thermogenesis to maintain core body 

temperature (11). Plasma levels of epinephrine and norepinephrine were not lower in 

Pemt-/- mice than in Pemt+/+ mice (Figure 5.5A). Following cold exposure, the protein 

levels of phospho-HSL total-HSL and ATGL in BAT from Pemt-/- mice were 

indistinguishable from those in Pemt+/+ mice (Figure 5.5B). In contrast, the amount of 

TGH protein was lower in BAT from Pemt-/- mice than Pemt+/+ mice (Figure 5.5B). In 

addition, the amount of the mitochondrial protein VDAC and the mitochondrial number 

(Figure 5.5C&D) were not influenced by Pemt genotype. The level of PGC1α in BAT 

from Pemt-/- mice was slightly lower than that in Pemt+/+ mice, whereas the amount of 

UCP1 protein was 2-fold higher in Pemt-/- mice. Moreover, the amounts of mitochondrial 

electron transport chain proteins were equivalent in BAT from Pemt+/+ and Pemt-/- mice, 

except for a slightly higher amount of complex V in Pemt-/- mice (Figure 5.5C). 

Additionally, BAT from Pemt-/- mice contained higher levels of mRNAs involved in fatty 

acid oxidation including CPT1α (carnitine palmitoyltransferase 1α) and LCAD (long-

chain acyl-CoA dehydrogenase) than did Pemt+/+ mice (Figure 5.5E). The amounts of 

mRNAs encoding MCAD (medium-chain acyl-CoA dehydrogenase) and PDK4 

(pyruvate dehydrogenase kinase isozyme 4) were not different between genotypes 

(Figure 5.5E). Consequently, cold exposure reduced the amount of TG in BAT from 

mice of both genotypes compared to BAT collected from non-fasted mice (Figure 5.3A 

and Figure 5.5F). After cold exposure, however, BAT from Pemt-/- mice contained 49% 

less TG than BAT from Pemt+/+ mice (Figure 5.5F). Thus, in Pemt-/- mice the HF-

induced hypothermia is not caused by an impaired thermogenic capacity of BAT.  
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        Cold exposure also stimulates peripheral lipolysis in white adipose tissue (WAT) to 

provide substrates for thermogenesis (11). Following cold exposure, WAT from Pemt-/- 

mice contained 1.7-fold more phospho-HSL and the same amount of total-HSL (Figure 

5.6A) than did Pemt+/+ mice. Thus, the ratio of phospho-HSL/HSL in WAT of Pemt-/- 

mice was higher than in Pemt+/+ mice, indicating more activated HSL in Pemt-/- mice. In 

addition, the amounts of ATGL and TGH proteins in WAT from Pemt-/- mice were higher 

than in Pemt+/+ mice (Figure 5.6A). These data suggest that capability for lipolysis in 

WAT was increased in Pemt-/- mice. Thus, the exacerbation of cold-induced 

hypothermia in Pemt-/- mice does not appear to be caused by inefficient lipolysis in 

WAT.  

        Cold exposure is known to stimulate cardiac output and blood flow to BAT (27,28). 

To determine if the cold-induced hypothermia in HF-fed Pemt-/- mice could be attributed 

to an insufficient circulation system, we first measured systolic blood pressure in 

Pemt+/+and Pemt-/- mice with a computerized tail cuff plethysmography system (24). 

Systolic blood pressure in HF-fed Pemt-/- mice was 20% higher than in HF-fed Pemt+/+ 

mice (Figure 5.7A), but heart weights were the same in mice of both genotypes (Figure 

5.7B). To examine cardiac function, the mice were subjected to echocardiography. In 

Pemt-/- mice, the ejection fraction, fraction shortening and cardiac output were 17%, 

21% and 25% lower than in Pemt+/+ mice respectively (Figure 5.7C). However, heart 

rate was not altered by the Pemt genotype (Table 5.2). Consistently, Pemt-/- mice 

exhibited lower mitral early and late ventricular filling velocities, suggesting that Pemt-/- 

mice had diastolic dysfunction and longer left ventricle isovolumic contraction time than 
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Pemt+/+ mice (Table 5.2). These data indicate that the HF-induced hypothermia in Pemt-

/- mice is likely linked to hypertension, accompanied by reduced cardiac output.  

5.3.3 Choline supplementation reverses cold-induced hypothermia in HF-fed 

Pemt-/- mice  

        Pemt-/- mice are resistant to DIO due to choline insufficiency (9) and HF-induced 

steatohepatitis in Pemt-/- mice is improved by dietary addition of choline (10). To 

determine whether the hypothermia in HF-fed Pemt-/- mice was also related to choline 

insufficiency, we increased the amount of choline by 2-fold in the HF diet that we fed for 

2 weeks. Remarkably, choline supplementation completely prevented the hypothermia 

in HF-fed Pemt-/- mice (Figure 5.8A). All Pemt+/+ mice that were fed either the HF or the 

choline-supplemented-HF (HFCS) diet maintained their body temperature upon cold 

exposure. Moreover, the HFCS diet increased body weight in Pemt-/- mice without 

significantly increasing the weight of BAT and WAT (Figure 5.8B-D). In Pemt+/+ mice, 

HFCS did not alter body weight gain or the mass of BAT or WAT (Figure 5.8B-D). The 

weights of heart and kidney were not different among the four groups of mice (Figure 

5.8E-F). The HFCS diet increased blood pressure in Pemt+/+ mice but not in Pemt-/- 

mice (Figure 5.8G), implying that the change in blood pressure was not a critical factor 

for the hypothermia. Surprisingly, in HF-fed Pemt-/- mice the cold-induced weight loss 

was less than in Pemt+/+ mice and was normalized by choline supplementation (Figure 

5.8H). However, a 4 h fasting period prior to the cold exposure led to the same amounts 

of weight loss in the four groups of mice (Figure 5.8I). These data demonstrate that 

choline supplementation prevents cold-induced hypothermia in HF-fed Pemt-/- mice and 

the higher blood pressure in the HF-fed Pemt-/- mice does not contribute to this process. 
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5.3.4 Choline supplementation normalizes plasma glucose in HF-fed Pemt-/- mice 

        The attenuation of cold-induced weight loss was completely reversed by choline 

supplementation of the HF diet (Figure 5.8H). Since thyroid hormones are also involved 

in the regulation of thermogenesis in BAT (11), we measured plasma levels of these 

hormones in Pemt+/+ and Pemt-/- mice fed the HF diet and the HFCS diet. In comparison 

to HF-fed Pemt+/+ mice, the plasma level of T4 was 38% higher in HF-fed Pemt-/- mice 

and this increase was prevented by choline supplementation (Figure 5.9). However, the 

plasma level of T3, the more active form of the hormone, was 69% lower in Pemt-/- mice 

compared to Pemt+/+ mice, and this difference was not eliminated by the HFCS diet 

(Figure 5.9). Thus, cold-induced hypothermia in HF-fed Pemt-/- mice is not likely due to 

insufficient thyroid hormone. 

        To gain further insight into the mechanism underlying the severe cold sensitivity of 

Pemt-/- mice, we investigated the status of energy supply in plasma after cold exposure. 

As shown in Figure 5.6B, the levels of fatty acids in plasma of HF-fed Pemt-/- mice were 

the same as in Pemt+/+ mice, and were not changed by the HFCS diet (Figure 5.10A). 

Plasma of HF-fed Pemt-/- mice and Pemt+/+ mice also contained the same amounts of 

TG (Figure 5.9A). The HFCS diet increased the amounts of plasma TG in Pemt+/+, but 

not in Pemt-/- mice (Figure 5.10A). However, the levels of plasma glucose in HF-fed 

Pemt-/- mice were 49% lower than in Pemt+/+ mice (Figure 5.10A). Although the HFCS 

diet did not alter plasma glucose levels in Pemt+/+ mice, plasma glucose was increased 

by 180% in Pemt-/- mice (Figure 5.10A). Thus, these data suggest that impaired 

gluconeogenesis reflected by insufficient plasma glucose level, rather than TG, 

contributes to the cold-induced hypothermia in HF-fed Pemt-/- mice. 
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        Liver is the major site of glucose production (29). HF-fed Pemt-/- mice, but not HF-

fed Pemt+/+ mice, developed hepatomegaly and contained 1.6-fold more hepatic TG 

than did the Pemt+/+ mice (Figure 5.10B). Supplementation of the HF diet with choline 

greatly improved the hepatomegaly in Pemt-/- mice. In addition, the HFCS diet doubled 

the amounts of hepatic TG in Pemt+/+ mice, but did not change hepatic TG in Pemt-/- 

mice (Figure 5.10B). To further determine if differences in plasma glucose in Pemt+/+ 

and Pemt-/- mice were due to different regulation of hepatic gluconeogenesis in the liver, 

we measured the amounts of PEPCK and its transcriptional regulator PGC1α (Figure 

5.10C). Compared to the livers of HF-fed Pemt+/+ mice, the livers of HF-fed Pemt-/- mice 

contained 46% less PEPCK protein. Choline supplementation completely restored the 

amounts of this protein to that in HF-fed Pemt+/+ mice. Similarly, the amounts of PGC1α 

in the livers of Pemt-/- mice were 68% lower than in HF-fed Pemt+/+ mice and the HFCS 

diet restored the levels of this protein to that in HF-fed Pemt+/+ mice. Moreover, the 

HFCS diet increased the low levels of TG in BAT from Pemt-/- mice to that in Pemt+/+ 

mice (Figure 5.10D). Thus, it appears that impaired hepatic gluconeogenesis in HF-fed 

Pemt-/- mice and insufficient plasma glucose contribute to hypothermia upon cold 

exposure.  

 

5.4 Discussion  

        We initiated our study to unravel the contribution of BAT to the resistance to DIO in 

Pemt-/- mice. PEMT activity is undetectable in BAT. HF-fed Pemt-/- mice show intact 

thermogenic features in BAT. Unexpectedly, HF-fed Pemt-/- mice are cold sensitive and 

this is prevented by supplementary choline. Further studies strongly suggest that the 
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hypothermia of Pemt-/- mice upon cold exposure is caused by reduced supply of 

substrate, particularly glucose, as a fuel for thermogenesis. The results strongly support 

a critical role for glucose as an energy substrate for thermogenesis in BAT. 

5.4.1 HF-fed Pemt-/- mice develop hypothermia upon cold exposure, but does not 

show a dysfunctional BAT 

        Cold exposure activates the sympathetic nervous system and stimulates energy 

utilization for thermogenesis, particularly in BAT, to maintain core body temperature 

(11). Cold-induced sympathetic activity stimulates β-adrenergic receptors on brown 

adipocytes and promotes lipolysis for UCP1-mediated thermogenesis. Cold exposure 

also challenges the cardiovascular system because of the high demand for energy 

supply to BAT for heat production. Thus, maintenance of body temperature upon acute 

exposure to cold is a high energy-consuming process, as indicated by the depletion of 

glycogen in the liver (30,31). We found that HF-fed Pemt-/- mice were hypothermic upon 

cold exposure, while chow-fed Pemt-/- mice were not (Figs. 1D and 3). The hypothermia 

in HF-fed Pemt-/- mice is unlikely due to differences in the mass of adipose tissue since 

chow- and HF-fed Pemt-/- mice have a similar body weights (32).  

        As in chow-fed Pemt-/- mice, the amounts of PGC1α, UCP1 and mitochondrial 

electron transport chain proteins in BAT from HF-fed Pemt-/- mice were equivalent to 

those in HF-fed Pemt+/+ mice (Figure 5.3E). The mitochondrial number and the capacity 

for fatty acid oxidation in BAT were not different between genotypes either (Figs. 2). 

Moreover, upon cold exposure, levels of mitochondrial electron transport chain proteins 

and mitochondrial number were the same in BAT from both genotypes (Figure 5.5C). 

Although the level of PGC1α was slightly lower in BAT from Pemt-/- mice than in Pemt+/+ 
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mice, the amount of UCP1 was higher (Figure 5.5C). In addition, levels of mRNAs 

encoding CPT1α and LCAD were higher in Pemt-/- mice than in Pemt+/+ mice (Figure 

5.5E). Although HF-fed Pemt-/- mice were cold-sensitive, they consumed more oxygen 

and generated more heat than the HF-fed Pemt+/+ mice (9,33). Together, the 

hypothermia in HF-fed Pemt-/- mice is not caused by an impaired oxidative capacity in 

BAT.  

        Norepinephrine is considered to be the main effector of the sympathetic nervous 

system (11). Mice lacking dopamine β-hydroxylase, which is responsible for the 

synthesis of norepinephrine and epinephrine, are cold sensitive due to impaired 

activation of UCP1-mediated thermogenesis in BAT and peripheral vasoconstriction 

(34). Furthermore, mice lacking all three known β-adrenergic receptors exhibit reduced 

lipolysis in WAT, leading to adipose hypertrophy, and are intolerant to cold due to 

defective thermogenesis (35,36). We have shown that following cold exposure, plasma 

levels of norepinephrine and epinephrine were the same between genotypes (Figure 

5.5A).  

        Cold exposure is known to stimulate lipolysis in both BAT and WAT to provide 

energy for thermogenesis. In BAT from Pemt-/- mice, the amounts of phospho-HSL and 

ATGL were the same as in Pemt+/+ mice (Figure 5.5B), consistent with the observation 

that cold exposure reduced TG levels in BAT in both genotypes (Figure 5.5F vs Figure 

5.3A). Cold exposure also raised plasma levels of fatty acids to the same levels in HF-

fed Pemt+/+ and Pemt-/- mice (Figure 5.6B), However, protein levels of phospho-HSL, 

ATGL and TGH proteins in WAT were higher in Pemt-/- mice than in Pemt+/+ mice 
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(Figure 5.6A). Therefore, the hypothermia in HF-fed Pemt-/- mice is not due to 

impairment of cold-induced sympathetic activation of BAT or WAT.  

        BAT is highly vascularized (17) and cold exposure increases cardiac output and 

promotes blood flow to BAT (27). We found that systolic blood pressure was higher in 

HF-fed Pemt-/- mice than in HF-fed Pemt+/+ mice (Figure 5.7A), consistent with the 

observation that hypertensive patients are often sensitive to cold (37); the HF-fed Pemt-

/- mice also exhibited reduced cardiac output (Figure 5.7C), which might compensate for 

the high blood pressure. It is unlikely, however, that the increased blood pressure 

accounts for the hypothermia in HF-fed Pemt-/- mice because blood pressure was not 

decreased by choline supplementation and choline elevated blood pressure in Pemt+/+ 

mice (Figure 5.8G).  

5.4.2 Insufficient glucose supply is the primary cause of HF-induced hypothermia 

in Pemt-/- mice 

        BAT consumes not only fatty acids but also large amounts of glucose from blood 

(38,39). Cold exposure profoundly increases (by 95-fold) glucose uptake by BAT in rats 

(40). Chronic infusion of norepinephrine into rats via subcutaneously implanted mini-

pumps also markedly increases (by ~50-fold) glucose uptake by BAT (41). Moreover, 

mice with transplanted BAT have lower body weight, improved glucose tolerance and 

increased insulin sensitivity, providing strong support for a fundamental role of BAT in 

global glucose homeostasis (42). Moreover, in humans, glucose uptake by BAT is 

reported to be temperature-sensitive (43,44), and cold exposure stimulates glucose 

uptake by BAT (45). Recent studies demonstrate that BAT in humans plays a 
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physiologically significant role in whole body glucose homeostasis, insulin sensitivity 

and energy expenditure (12,13).  

        Levels of plasma fatty acids and TG in HF-fed Pemt-/- mice were comparable to 

those in HF-fed Pemt+/+ mice (Figure 5.10A), indicating an intact capability for 

mobilization of energy storage and fat supply for thermogenesis. Thus, the 49% lower 

level of plasma glucose in Pemt-/- mice compared to Pemt+/+ mice (Figure 5.10A) might 

explain why these mice are hypothermic. Indeed, dietary choline supplementation 

completely reversed the hypothermia and the hypoglycemia in Pemt-/- mice (Figs. 7A 

and Figure 5.10A). In addition, the amounts of PEPCK and PGC1α in the livers of Pemt-

/- mice were only 46% and 32%, respectively, of those in Pemt+/+ mice (Figure 5.10C). 

These observations are consistent with the findings that PEMT deficiency impairs 

hepatic gluconeogenesis and reduces hepatic glycogen stores (10,46). The increased 

plasma glucose in HFCS-fed Pemt-/- mice is in agreement with the restored protein 

expression of PEPCK and an increase in PGC1α in the liver (Figure 5.10C). Indeed, 

HF-fed Pemt-/- mice show an attenuated hepatic gluconeogenesis and reduced hepatic 

glycogen; choline supplementation increases hepatic gluconeogenesis, plasma glucose 

and hepatic glycogen in HF-fed Pemt-/- mice (46). Thus, we conclude that compromised 

hepatic gluconeogenesis and diminished glycogen stores reduces plasma glucose in 

HF-fed Pemt-/- mice, leading to reduced supply of energy to BAT and consequently cold 

intolerance.  

        In summary, HF-fed Pemt-/- mice become hypothermic upon cold exposure. Our 

data show that the thermogenic capacity of BAT is intact in HF-fed Pemt-/- mice and also 

exclude hypertension as the main determinant of the hypothermia. Choline 
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supplementation prevents the hypothermia and restores the lower levels of plasma 

glucose. Thus, the impairment of hepatic gluconeogenesis in HF-fed Pemt-/- mice limits 

the supply of glucose to BAT and causes cold-induced hypothermia.  
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Table 5.1 Primers for real-time quantitative PCR 

Abbreviations are: Cpt1α, carnitine palmitoyltransferase 1α; Lcad, long-chain acyl-CoA 

dehydrogenase; Mcad, medium-chain acyl-CoA dehydrogenase; Pdk4, pyruvate 

dehydrogenase kinase isozyme 4, Nd1, NADH dehydrogenase, subunit 1 (complex I); 

and Lpl, lipoprotein lipase. 

 

 

 

  

gene forward primer (5' -> 3') reverse primer (5' -> 3') 

β-Actin AAG GCC AAC CGT GAA AAG AT GTG GTA CGA CCA GAG GCA TAC 

Cpt1α TGA GTG GCG TCC TCT TTG G CA GCG AGT AGC GCA TAG TCA TG 

Mcad TTA CCG AAG AGT TGG CGT ATG ATC TTC TGG CCG TTG ATA ACA 

Lcad GCA AAA TAC TGG GCA TCT GAA TCC GTG GAG TTG CAC ACA TT 

Pdk4 CCA GGC CAA CCA ATC CAC A AAC TAA AGA GGC GGT CAG TAA 

Nd1 ACA CTT ATT ACA ACC CAA GAA CAC AT TCA TAT TAT GGC TAT GGG TCA GG 

Lpl GAA AGG TGT GGG GAG ACA AG TCT GTC AAA GGC ACT GAA CG 
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Table 5.2   PEMT deficiency results in reduced cardiac output 

Cardiac function was determined by echocardiography. Data were expressed as means 

± SEM. *P<0.05 vs wild type by Student t-test. Abbreviations are: HR, heart rate; s, 

systolic; d, diastolic; LVPW, left ventricle posterior wall thickness; LVID, left ventricle 

internal diameter; IVS, intraventricular septum thickness; LV, left ventricle; Vol, volume; 

Vel, velocity; IVRT, the left ventricle isovolumic relaxation time; IVCT, the left ventricle 

isovolumic contraction time; LA, left atrium inner diameter. 

 

 

 

 

 

 

Parameters 
Pemt+/+ 

n=6 
Pemt-/- 

n=6 

HR (bpm) 522 ± 17.6 491 ± 2.7 
LVPW:s (mm) 1.22 ± 0.05 1.07 ± 0.08 
LVID:s (mm) 2.80 ± 0.09 2.95 ± 0.16 
IVS:s (mm) 1.27 ± 0.04 1.10 ± 0.06* 
LV Vol: s (µL) 29.18 ± 3.0 35.44 ± 4.4 
LVPW:d (mm) 0.85 ± 0.02 0.80 ± 0.05 
LVID:d (mm) 3.91 ± 0.12 3.79 ± 0.14 
IVS:d (mm) 0.90 ± 0.03 0.85 ± 0.03 
LV Vol:d (µL) 65.2 ± 4.9 65.0 ± 5.2 
Stroke Vol. 36.1 ± 2.8 29.5 ± 1.9 
Mitral E/A 1.28 ± 0.08 1.23 ± 0.03 
Mitral E Vel (mm/sec) 904.6 ± 81.1 596.3 ± 40.7* 
Mitral A Vel (mm/sec) 704.4 ± 40.5 488.8 ± 37.4* 
IVRT (ms) 19.3 ± 0.6 21.0 ± 1.5 
IVCT(ms) 11.54 ± 1.11 15.6 ± 0.79* 
LA (mm) 1.91 ± 0.15 2.15 ± 0.09 
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Figure 5.1 PEMT protein is undetectable in BAT 

Pemt+/+ and Pemt-/- mice were fed the HF diet for 2 weeks. Immunoblots of PEMT and 

loading control calnexin in the liver, BAT, and WAT homogenates. The same amount of 

protein was loaded in each lane. 
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Figure 5.2 Chow-fed Pemt-/- mice do not develop hyperthermia upon cold 

exposure 

Pemt+/+ and Pemt-/- mice (10-11 weeks old) were fed standard chow diet. (A) The mass 

of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and triacylglycerol (25), 

and the PC/PE ratio in BAT from mice with or without overnight fasting. (B) 

Representative immunoblots of fatty acid binding protein 4 (FABP4), CCAAT/enhancer-

binding protein β (C/EBPβ), PPARγ coactivator 1α (PGC1α), uncoupling protein 

(UCP)1, electron transport chain complexes I-V and loading control glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). (C) Densitometric analysis for panel B. (D) Rates 

of complete (14CO2) and incomplete [14C-acid-soluble metabolites (ASM)] fatty acid 

oxidation in BAT homogenates were measured by incubation with [1-14C]palmitate. (E) 

Rectal temperature (temp.) during cold challenge. Mice were fasted for 4 h then placed 

at 4°C without bedding, food or water. All data were from 4-7 mice of each group; *p < 

0.05 by two-way ANOVA for Pemt+/+ vs Pemt-/-.  
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Figure 5.3 Oxidative capacity in BAT from HF-fed Pemt-/- mice and Pemt+/+ mice 

Pemt+/+ and Pemt-/- mice (8-9 weeks old) were fed the HF diet for 2 weeks. (A) The 

mass of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and triacylglycerol 

(25) and the PC/PE ratio in BAT from mice with or without overnight fasting. (B-G) Data 

were from mice after overnight fasting. (B) Representative immunoblots of C/EBPβ, 

FABP4, PPARγ and their densitometric analysis relative to the loading control calnexin. 

(C) Weight of BAT as % body weight (B.W.). (D) Hematoxylin and eosin staining of 

BAT; size bar = 50 µm. (E) Representative immunoblots of PGC1α, UCP1, VDAC and 

electron transport chain complexes I-V and their densitometric analysis relative to the 

loading control calnexin. (F) Mitochondrial copy number was assessed as the ratio of 

mitochondrial DNA (Mito ND1) to nuclear DNA (nLPL). (G) The rates of complete 

(14CO2) and incomplete (14C-ASM) fatty acid oxidation were measured in BAT 

homogenates. All data were from 4-7 mice of each group; *p < 0.05 by two-way ANOVA 

for Pemt+/+ vs Pemt-/- ; #p < 0.05 by two-way ANOVA, for the same genotype under 

fasting and non-fasting conditions. 
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Figure 5.4 HF-fed Pemt-/- mice are hypothermic upon cold exposure 

Pemt+/+ and Pemt-/- mice (8-9 weeks old) were fed the HF diet for 2 weeks, followed by 

4 h fasting and cold exposure. Rectal temperature was monitored during cold exposure 

hourly. Data were from 5-6 mice of each genotype; *p < 0.05 by Student t-test for 

Pemt+/+ vs Pemt-/-. 
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Figure 5.5 Oxidative capacity of BAT is not impaired in HF-fed Pemt-/- mice upon 

cold challenge 

Pemt+/+ and Pemt-/- mice (8-9 weeks old) were fed the HF diet for 2 weeks, followed by 

4 h fasting and cold exposure. (A) Plasma levels of epinephrine (E) and norepinephrine 

(NE). (B) Representative immunoblots of lipolytic enzymes in BAT: phospho-hormone-

sensitive lipase (p-HSL), total-HSL (HSL), ATGL (adipose triacylglycerol lipase), TGH 

(TG hydrolase). Amounts of the proteins were quantified by densitometric analysis 

relative to the loading control calnexin. (C) Representative immunoblots of PGC1α, 

UCP1, mitochondrial marker VDAC and the electron transport chain complexes I-V in 

BAT and their densitometric analysis relative to the loading control calnexin. (D) 

Mitochondrial copy number in BAT was assessed as the ratio of mitochondrial DNA 

(Mito ND1) to nuclear DNA (nLPL). (E) Levels of mRNAs encoding CPT1α 

(carnitine palmitoyltransferase 1α), LCAD (long-chain acyl-CoA dehydrogenase), MCAD 

(medium-chain acyl-CoA dehydrogenase) and PDK4 (pyruvate dehydrogenase kinase 

isozyme 4) in BAT. (F) Mass of TG in BAT. All data were from 4-7 mice of each group; 

*p < 0.05 by Student t-test for Pemt+/+ vs Pemt-/-. 
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Figure 5.6 Capacity for cold-stimulated TG lipolysis in WAT 

Pemt+/+ and Pemt-/- mice (8-9 weeks old) were fed the HF diet for 2 weeks followed by a 

4 h fast and cold exposure. (A) Representative immunoblots of lipolytic enzymes: 

phospho-hormone-sensitive lipase (p-HSL), total-HSL (HSL), ATGL (adipose 

triacylglycerol lipase), TGH (TG hydrolase) and their densitometric analysis relative to 

the loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) Levels of 

plasma non-esterified fatty acids (NEFA). All data were from 5-7 mice of each group; *p 

< 0.05 by Student t-test for Pemt+/+ vs Pemt-/-. 
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Figure 5.7 Blood pressure and cardiac output in HF-fed Pemt+/+ and Pemt-/- mice 

The mice were fed the HF diet for 2 weeks. (A) Systolic blood pressure was measured 

by a computerized tail cuff plethysmography system. (B) Heart mass was presented as 

% of body weight (B.W.) and as % of tibia length (cm). (C) In vivo cardiac function was 

determined by echocardiography: left ventricle ejection faction, fraction shortening and 

cardiac output. All data were from 5-6 mice of each genotype; *p < 0.05 by Student t-

test for Pemt+/+ vs Pemt-/-.   
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Figure 5.8 Choline supplementation prevents hypothermia in HF-fed Pemt-/- mice 

Pemt+/+ and Pemt-/- mice were fed the HF or choline-supplemented HF (HFCS) diet for 2 

weeks followed by a 4 h fast and cold exposure. (A) Rectal temperature during cold 

challenge. (B) Body weight (B.W.) gain during the 2 weeks of HF feeding. (C) BAT 

weight as % of B.W. (D) WAT weight as % of B.W. (E) Heart weight as % of B.W. (F) 

Kidney weight as % of B.W. (G) Systolic blood pressure in mice fed the HF or HFCS 

diet for 2 weeks without fasting or cold exposure. (H) Cold-induced weight loss in g (left 

panel) and as % of B.W. (right panel). (I) Fasting-induced weight loss in g (left panel) 

and as % of B.W. (right panel). All data were from 4-7 mice of each group; *p < 0.05 by 

two-way ANOVA for Pemt+/+ vs Pemt-/-; #p < 0.05 by two-way ANOVA for HF diet vs 

HFCS diet with the same genotype. 
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Figure 5.9 Plasma thyroid hormones in Pemt+/+ and Pemt-/- mice fed the HF or 

HFCS diets for 2 weeks, followed by cold exposure 

Plasma thyroid hormones: thyroxine T4 (left panel) and triiodothyronine T3 (right panel). 

All data were from 4-7 mice of each group; *p < 0.05 by two-way ANOVA, Pemt+/+ vs 

Pemt-/-; #p < 0.05 by two-way ANOVA, the same genotype under HF-feeding vs HFCS 

feeding. 

http://en.wikipedia.org/wiki/Thyroxine
http://en.wikipedia.org/wiki/Triiodothyronine
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Figure 5.10 Choline normalizes reduced plasma glucose in HF-fed Pemt-/- mice 

Pemt+/+ and Pemt-/- mice were fed the HF diet or choline-supplemented HF diet (HFCS) 

for 2 weeks, followed by a 4 h fast and cold exposure. (A) Plasma levels of fatty acids 

(NEFA), triacylglycerol (25) and glucose. (B) Left panel: liver weight as % of body 

weight (B.W.); right panel: mass of hepatic TG. (C) Representative immunoblots of 

phosphoenolpyruvate carboxykinase (PEPCK), PGC1α, protein disulfide isomerase 

(PDI) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH); amounts of proteins 

were quantified by densitometric analysis and normalized to amount of GAPDH. (D) 

Mass of TG in BAT. Data were from 4-7 mice of each group; *p < 0.05 by two-way 

ANOVA for Pemt+/+ vs Pemt-/-; #p < 0.05 by two-way ANOVA for HF diet vs HFCS diet 

for the same genotype. 
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6.1 Conclusion 

        PEMT is only quantitatively significant for PC production in the liver, contributing to 

~30% of hepatic PC production, with the remaining ~70% deriving from the CDP-choline 

pathway (1,2). Inhibition of either the PEMT pathway or the CDP-choline pathway 

results in steatosis (3), which is largely due to reduced hepatic PC production and 

impaired VLDL secretion from the liver (4). Unexpectedly, Pemt-/- mice are protected 

from HF-induced obesity, whereas LCTα-/- mice are not (5). Upon HF feeding, both 

Pemt-/- and LCTα-/- mice develop NASH (5). The experiments outlined in this thesis 

provide insights into the underlying mechanisms (summarized in Figure 6.1) by which 

HF-fed Pemt-/- mice are protected from DIO but develop NASH. 

        The vagus nerve is implicated in regulating energy metabolism via relaying signals 

through afferent and efferent nerve fibers (6). In chapter 2, complete hepatic vagotomy 

(HV), disrupting both the afferent and efferent vagus nerve, prevents the development 

of HF-induced NASH in Pemt-/- mice, but also promotes diet-induced weight gain and 

insulin resistance. These effects are associated with elevated hepatic PC, improved 

hepatic energy metabolism, and reduced global energy metabolism. It appears that in 

Pemt-/- mice HF-induced NASH and obesity are closely related to each other. In 

addition, HV decreases the elevated heat production throughout light and dark cycles in 

HF-fed Pemt-/- mice, indicating the alteration of global metabolism could be at least 

partially attributed to thermogenesis. Regardless, these experiments clearly show that 

neuronal signals relayed through the hepatic vagus nerve are involved in the protection 

against DIO and the development of NASH in HF-fed Pemt-/- mice. The majority (80%) 

of vagus nerve fibers are afferent fibers (7). Afferent vagus nerves originating from the 
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liver have been shown to be of great importance in energy metabolism (8-11). However, 

deafferentation of the hepatic vagus nerve by capsaicin has no significant effect on 

either the protection against DIO or the HF-induced NASH in Pemt-/- mice. Together, 

these studies highlight the physiological importance of neuronal signals via the hepatic 

branch of the vagus nerve, in particular the efferent nerves, in the protection against 

DIO and the development of NASH in HF-fed Pemt-/- mice.  

        Acetylcholine is the major neurotransmitter released from the vagal efferent 

endings (12). Acetylcholine acts through acetylcholine receptors in the central and 

peripheral tissues. In the brain, muscarinic acetylcholine receptors mediated cholinergic 

signals are implicated in the development of DIO (13,14). In the peripheral tissues, α7 

nicotinic acetylcholine receptor (nAChR) plays a principle role in the cholinergic 

inflammatory reflex (15,16). Interestingly, the protection against DIO in HF-fed Pemt-/- 

mice is prevented by dietary addition of choline (5). The development of NASH in HF-

fed Pemt-/- mice is also alleviated by dietary choline supplementation (17). Furthermore, 

ongoing studies in our lab suggest that HF-fed Pemt-/- mice are choline deficient (i.e. 

exhibiting reduced levels of choline metabolites in plasma, including choline, 

phosphocholine and glycerophosphocholine (unpublished data). PEMT is the only 

known endogenous pathway for choline production. Thus, our studies on the hepatic 

vagus nerve also underscore the importance of PEMT-mediated endogenous choline 

production in the transmission of neuronal signals via the vagus nerve, in response to 

excess calories. 

        The ER is involved in various cellular functions such as the synthesis of proteins 

and lipids, calcium homeostasis and drug metabolism (18,19). In response to ER stress 
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caused by protein overload, the UPR is activated to restore cellular homeostasis (20). 

ER stress is associated with symptoms of metabolic syndrome, including obesity and 

fatty liver disease (19,21-23). In mouse livers, PEMT is located in the ER and MAM 

(mitochondrial-associated membranes) (24). Lack of PEMT leads to accumulation of 

hepatic PE (25). In Chapter 3, PEMT deficiency results in lower PC and higher PE in the 

ER fractions isolated from chow-fed mouse livers, resulting in a reduced PC/PE ratio. 

The livers from chow-fed Pemt-/- mice, where there is negligible amount of TG 

accumulation, exhibit ER stress, but no activation of the UPR. Similarly, McA-RH7777 

cells, lacking PEMT activity, also show increased cellular PE and a decreased PC/PE 

ratio, in comparison to McA-RH7777 cells expressing human PEMT. Although the 

cellular TG levels are comparable, McA-RH7777 cells demonstrate ER stress and an 

activated UPR. Thus, PEMT deficiency appears to lead to ER stress by altering the 

phospholipid composition and PC/PE ratio in the ER. Taking the previous finding in 

ob/ob mice, where an increased PC/PE ratio in hepatic ER is associated with ER stress, 

into consideration, it is proposed that an altered PC/PE ratio, either higher or lower than 

the normal value will lead to ER stress (Figure 3.10). Furthermore, the HF diet causes 

more intensive ER stress and more active UPR in the livers from Pemt-/- mice than from 

Pemt+/+ mice. Thus, the predisposition to ER stress in Pemt-/- mice likely sensitizes the 

livers to HF-induced NASH. Based on these findings, PBA, a FDA-approved chemical 

ER chaperone, has been applied to alleviate ER stress in McA-RH7777 cells and HF-

fed Pemt-/- mice. PBA improves ER stress and inactivates the UPR in McA-RH7777 

cells. However, PBA does not reduce hepatic ER stress or the progression of NASH in 

HF-fed Pemt-/- mice. Moreover, PBA treatment did reduce hepatic lipid accumulation 
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and apoptotic signalling in HF-fed Pemt-/- mice. Together, for the first time, alteration of 

phospholipid compositions in the ER, in particular a reduction in the PC/PE ratio was 

identified to be a cause for ER stress. Predisposition to the ER stress in the liver caused 

by PEMT deficiency sensitizes the liver to HF-induced NASH.  

        WAT functions as an energy storage tissue and an active endocrine organ. PEMT 

has been reported to be present in WAT, as well as in 3T3-L1 adipocytes (26,27). 

PEMT is concomitantly and strongly induced during 3T3-L1 adipocyte differentiation and 

attenuation of PEMT in 3T3-L1 adipocytes increases basal TG lipolysis (27). Following 

these findings, (gonadal) WAT in Pemt-/- mice were closely examined in Pemt+/+ and 

Pemt-/- mice fed the HF diet for 2 weeks, after which Pemt-/- mice already show WAT 

hypotrophy and fatty liver versus Pemt+/+ mice (Chapter 4). The PC and PE mass in 

WAT is not different between genotypes, although polyunsaturated PC species 

(16:0/18:2, 18:0/18:2, 18:0/18:3) are slightly decreased in Pemt-/- versus Pemt+/+ mice. 

In addition, WAT explants from Pemt-/- mice show reduced incorporation of PC from 

oleic acid and a reduction in lipogenesis. PEMT deficiency has no effect on adipocyte 

differentiation and lipolytic capability in WAT. Moreover, the endocrine function of WAT 

appears to be intact in Pemt-/- mice, since the levels of cytokines and chemokines in 

WAT are the same Pemt+/+ mice. Together, a reduced lipogenesis in WAT contributes to 

the resistance to DIO in Pemt-/- mice.  

        Contrary to WAT, BAT is a highly oxidative and innervated tissue (28). BAT-

mediated thermogenesis through UCP1 is critical in regulating the whole body energy 

metabolism (28-30). PEMT mRNA has been detected in BAT from five-day-old Pemt+/+ 

mice (27). But the contribution of BAT-mediated thermogenesis to the protection against 
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DIO in Pemt-/- mice is unknown. Thus, the capability of thermogenesis under cold 

stimulation in Pemt-/- mice fed either standard chow diet or the HF diet was explored in 

Chapter 5. PEMT protein and enzyme activity are undetectable in BAT from adult mice. 

Pemt-/- mice fed standard chow diet show intact thermogenic features and are able to 

maintain their body temperature upon cold exposure. However, when placed on the HF 

diet for 2 weeks, Pemt-/- mice are cold sensitive, although the capacity for 

thermogenesis and lipolysis in BAT remain intact. The cold-stimulated energy 

mobilization from WAT is also normal in Pemt-/- mice as in Pemt+/+ mice. Interestingly, 

HF-fed Pemt-/- mice are hypertensive, accompanied with reduced cardiac output. 

However, dietary addition of choline prevents the HF-induced hypothermia in Pemt-/- 

mice upon cold exposure, but not the higher blood pressure. On the other hand, dietary 

addition of choline increases plasma glucose, potentially via improving the impaired 

hepatic gluconeogenesis in HF-fed Pemt-/- mice. The alteration of plasma glucose 

appears to be associated with levels of stored TG in BAT. Together, we have shown a 

functional link between PEMT and thermogenesis, although it remains to be determined 

whether the heat production in BAT from HF-fed Pemt-/- mice under physiological 

condition is indeed increased. Moreover, our findings highlight the importance of 

glucose as a substrate for thermogenesis during cold exposure in mice. 

        In summary, PEMT is functionally significant in the liver, and also present in WAT, 

but not in BAT. The vagal signals, particularly transmitted through the hepatic vagal 

efferent nerve, are directly involved in the protection against DIO and HF-induced NASH 

in Pemt-/- mice. PEMT deficiency in the liver causes ER stress via altering the 

phospholipid composition in the ER, which predisposed the liver to the HF-induced 
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NASH progression. PEMT deficiency results in reduced lipogenesis in WAT, which 

contributes to the lack of WAT hypertrophy in HF-fed Pemt-/- mice. While it remains to 

be determined whether BAT-mediated thermogenesis is increased under physiological 

conditions, PEMT is important for maintaining body temperature during cold exposure, 

through regulating the supply of plasma glucose. 

        Beyond revealing the mechanisms for the protection against DIO and the 

development of HF-induced NASH in Pemt-/- mice, this thesis also suggests potential 

treatment strategies for obesity and NASH in humans. Hepatic vagotomy, a surgical 

procedure for treating peptic ulcers (31,32), could be applied to patients with obesity 

(33) and NASH. Targeting ER stress could also be beneficial to alleviate ER stress-

associated metabolic conditions (34). Although PBA does not fully prevent the NASH 

progression in HF-fed Pemt-/- mice, it does improve lipid accumulation and apoptosis in 

their livers. Herein, other chemical chaperones or alternative strategies targeting ER 

stress might be beneficial for treatment of NASH.  

        The studies outlined in this thesis further support that HF-fed Pemt-/- mice could be 

a useful mouse model for studying NASH. To understand the development of NASH, 

from onset to progression, and to further pursue potential treatments, NASH models 

with adequate resemblance to human NASH are in demand. However, there are 

limitations for all current mouse models (35,36). As in humans, mice fed the HF or 

western-type diet display weight gain and insulin resistance, but they do not develop 

severe NASH as other mouse models such as mice fed methionine and choline 

deficient (MCD) diet (36). In addition, the development of NASH in such mouse models 

requires long periods of feeding (37,38). Mice with genetic defects such as lack of leptin 
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(ob/ob mice) have also been extensively studied. The drawbacks of this genetic mouse 

model rely on the controversial association between leptin and NAFLD in humans 

(36,39), and on the requirement for a “second hit” such as HF for the progression from 

steatosis to NASH (36,40). The MCD model is by far the most widely used NASH 

mouse model. Mice rapidly develop steatosis within one week of the MCD diet, mainly 

due to the increased uptake of fatty acids and reduced secretion of VLDL (35). Unlike 

obesity associated NASH in humans, these mice are insulin sensitive and exhibit 

dramatic weight loss (35% over four weeks of feeding) (41,42). Due to these limitations, 

consideration should be taken into extrapolating studies in these mouse models to 

causes for progression of NASH in humans.  

        HF-fed Pemt-/- mice are a useful model for NASH as supported by the current 

studies, as well as previous reports. Pemt-/- mice show liver failure within three days 

when fed a choline deficient diet (43). When fed the HF diet, Pemt-/- mice develop 

NASH within two weeks (17). HF-fed Pemt-/- mice are insulin sensitive as in the MCD 

model, but they exhibit no weight loss (5,17). Thus, HF-fed Pemt-/- mice are better than 

the MCD model in the sense of no body weight loss. The thesis further unravels the 

underlying mechanisms for NASH development in HF-fed Pemt-/- mice: both neuronal 

signals via the vagus nerve and predisposition to ER stress in the liver are involved; and 

an impaired autophagy might also contribute to HF-induced NASH in Pemt-/- mice.  

 

6.2 Future directions 

        While studies here have greatly enhanced our understanding of PEMT and its 

functional significance in obesity, fatty liver and thermogenesis, a few aspects might be 
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worthwhile for future investigation. Following the lead in Chapter 2, it is likely that 

acetylcholine is the signal transmitted through the vagus nerve that is implicated in the 

protection against DIO and NASH progression in HF-fed Pemt-/- mice. To support this 

hypothesis, the resistance to DIO in HF-fed Pemt-/- mice is reversed by dietary choline 

supplementation (5) and NASH development in these mice is also alleviated by choline 

(17). In addition to acting as a substrate for PC production via the CDP-choline 

pathway, choline is also the precursor for acetylcholine. The vagal efferent effect is 

regulated mainly by the release of acetylcholine in the central and the peripheral tissues 

(12). Future investigations would shed light on the role of acetylcholine and further on 

how it functions: in the peripheral via the nAChR, or in the central via muscarinic 

acetylcholine receptor, or both. A second interesting finding is the impaired autophagy 

in the livers from HF-fed Pemt-/- mice in Chapter 3. Autophagy, a newly defined cell 

“self-eating” process, has been shown to be implicated in various pathological 

conditions, as well as in fatty liver (44,45). Although the accumulation of cellular PE in 

the livers from Pemt-/- mice increases lipidation of LC3, which is required for the 

extension and formation of autophagosomes, the autophagic flow is impaired, reflected 

by accumulation of autophagy target protein p62. It would be interesting to determine 

whether HF-induced NASH in Pemt-/- mice is attributed to this impaired autophagy. One 

last unresolved puzzle is located in Chapter 5, where HF-fed Pemt-/- mice are 

hypertensive and show a reduced cardiac output. It is largely unknown regarding the 

mechanisms by which these mice are hypertensive and the correlation between 

hypertension and the resistance to DIO and/or NASH in HF-fed Pemt-/- mice. 

 



298 
 

Figure 6.1 Summary of mechanisms for the resistance to DIO and the 

development in HF-fed Pemt-/- mice 

PEMT is functionally significant in the liver, and also present in WAT, but not in BAT. 

Studies in Chapter 2 suggest that the vagal signals, particularly transmitted through the 

hepatic vagal efferent nerve, are implicated in the protection against DIO and the 

development of NASH in HF-fed Pemt-/- mice. Studies in Chapter 3 demonstrate that 

PEMT deficiency in the liver alters the phospholipid composition in the ER, causes ER 

stress, and this predisposition to ER stress sensitizes the liver to the HF-induced NASH 

progression. In Chapter 4, PEMT deficiency is shown to result in reduced lipogenesis in 

WAT, which contributes to the protection against DIO in HF-fed Pemt-/- mice. Although it 

remains to be determined whether BAT-mediated thermogenesis is increased under 

physiological conditions, studies in Chapter 5 show that PEMT is important for 

maintaining body temperature during cold exposure, through regulating the supply of 

plasma glucose derived from the liver. 
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