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     This thesis was an investigation of laforin, malin, and AMPK and the possible relationships 

these proteins share with glycogen content.  Rats underwent a 24 h fast followed by a 24 h re-

feed after which the rectus femoris and a portion of the liver were removed to examine both 

tissues.  Liver glycogen was significantly decreased with 24 h fasting unlike muscle glycogen 

which remained relatively unchanged.  After 24 h re-feeding, significant supercompensation was 

seen in both muscle and liver glycogen.  All quantified proteins for both tissues remained 

unchanged with the exception of laforin in liver after the 24 h re-feed which was significantly 

decreased.  This finding does not support previous findings that report laforin protein content and 

glycogen concentration are closely associated.   
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I. INTRODUCTION 

 

Glycogen metabolism is incredibly dynamic and undergoes constant synthesis and 

degradation which is well documented in the literature (11, 34, 35, 78, 79, 80).  Muscle glycogen 

metabolism has received the most attention whereas knowledge of hepatic glycogen regulation is 

often inferred through studies completed in muscle, though regulation of the two carbohydrate 

stores is vastly different (27, 77, 78).  Glycogen forms granules in a strictly coordinated and 

specific fashion with many proteins being involved.  Several proteins have been identified with 

well-recognized roles in glycogen’s metabolism as discussed later in this review.  However 

additional proteins involved in glycogen metabolism have recently been identified but there is no 

clear understanding as to what their functions are regarding granule regulation.  This thesis 

focuses on laforin and malin, two proteins that are important in glycogen metabolism, however 

little is known concerning their functions and whether they are involved in granule synthesis or 

degradation.  Much of the research dedicated to these proteins is conducted using cell culture and 

models of genetic modification (2, 91, 93, 98, 99, 105).  Currently, very little research exists in 

humans and animals investigating the roles of laforin and malin on glycogen metabolism during 

exercise or fasting/re-feeding conditions, and none have compared these proteins in both muscle 

and liver.  

 This thesis was designed to measure changes in laforin and malin in both muscle and liver 

in rats undergoing a 24 h fast followed by a 24 h re-feed.  Glycogen metabolism is very different 

in muscle and liver during a 24 h fast and results in carbohydrate stores that are altered to varying 

degrees in each tissue.  Thus this model allows for comparison of the two tissues when glycogen is 

highly metabolized in liver while remaining unchanged in muscle.  In order to examine this, one 
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must first understand the following: 

1. Overview of Liver and Muscle Glycogen Granule Structure and Formation 

 

2. Regulation of Glycogen Synthesis and Degradation 

3. Protein Phosphatase 1 and Protein Targeting to Glycogen 

4. Lafora Disease 

5. Laforin and SEX4 

6. Laforin and GSK3 

7. Laforin and Glycogen Phosphorylation 

8. Malin 

9. Laforin-malin Complex 

10. AMPK and the Lf-malin Complex 
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II. LITERATURE REVIEW 

 
 

2.1. Overview of Liver and Muscle Glycogen Granule Structure and Formation  

 
Glycogen is the storage form of carbohydrate (CHO) in mammalian muscle and liver tissue.   

The regulation of the two main stores is vastly different, which is not surprising given that the 

liver stores serve the entire body and are destined to maintain blood glucose concentration while 

muscle uses its stores internally.  Depletion of liver glycogen can occur after a 24 h fast while 

muscle glycogen is close to depletion (in working muscles) after only at least 60 minutes of 

higher intensity exercise (9). 

The amount of CHO stored is limited, with whole-body storage being ~400-800g (9).  There 

are marked contrasts between the liver and muscle CHO storage.  Muscle contains more CHO 

overall compared to liver, but the actual concentration is much less.  Muscle glycogen is 

regulated predominantly by local metabolic status (34) with secondary regulations due to insulin 

and epinephrine.  Obviously, the former is specific to a given muscle and the latter is systemic 

and affects all muscles.   

In contrast, the liver stores less total CHO than muscle, but at a higher concentration and is 

predominantly regulated by endocrine status.  Furthermore liver glycogen regulation is unique 

and complex as the major hormones are released directly into the portal circulation to this tissue 

before they enter the systemic circulation.  Skeletal muscle glycogen is predominantly 

metabolized during muscular contractions and the dominant mode of regulation is by local 

metabolites.  For example, increased intracellular levels of Ca
2+

 and cAMP signal the need for 

energy leading to glycogen breakdown (34).  Both the synthesis and the rate of breakdown are 
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also regulated by muscle concentration of glycogen (74, 75).  While hormones such as insulin 

and epinephrine play roles, the internal signals linked to muscle storage and metabolism are 

more dominant.  This is compatible with muscle using its stores internally and each muscle, even 

each muscle cell, is regulated independently from the others.   

In contrast, liver glycogen is predominantly controlled by insulin and glucagon resulting in 

glycogenesis and glycogenolysis respectively.  These hormones are secreted from beta and alpha 

cells within the pancreas and when released into the pancreatic vein they then go directly to the 

liver prior to entering the systemic circulation.  Epinephrine and norepinephrine are additional 

regulators which, like glucagon, elicit hepatic glycogenolysis (45).  In muscle the catecholamines 

result in reduced glucose uptake by inhibiting insulin action.   

In the case of liver glycogenolysis, the glucose is not metabolized for immediate energy, but 

rather is released into the circulation to maintain blood glucose homeostasis (79).  After 

glycogen depots have been depleted, subsequent re-feeding, particularly with CHO, allows for 

stores to be replenished (31).  Both liver and muscle can supercompensate even when stores are 

not fully depleted resulting in glycogen content 150-200% greater than that of baseline (9, 31). 

The glycogen structure is also strikingly different in liver and muscle.  In muscle, glycogen is 

found in highly organized granules and specific subcellular locations exist and are defined as 

sarcolemmal, intermyofibrillar, and intramyofibrillar (56).  These localized pools may respond 

uniquely to different metabolic perturbations (57, 64).  In liver, glycogen also occurs in granules 

that are highly organized into small clusters, termed rosettes.  Initial glycogen accumulation in 

hepatocytes occurs in the perivenous region (45) and only at the periphery of the cell, but further 

synthesis results in glycogen further inside the cells (24).  Glycogen-degradation occurs in the 
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reverse order of its synthesis with the inner granules being catabolized first followed by the 

granules at the plasma membrane (18).  There have also been reports suggesting metabolic 

differences in the glycogen metabolism for periportal versus perivenous hepatocytes (44, 45).  

Glycogen accumulation begins in perivenous cells and ends in periportal while degradation 

occurs in the opposite fashion (84).  This suggests possible differences in liver enzyme 

functioning and subcellular structures of glycogen.  While the understanding of different 

glycogen depots in liver and muscle are far from fully understood, it is clear that while some 

fundamental elements are identical, the regulation and organization are unique to each tissue 

giving each its own specialized functions within carbohydrate homeostasis.  Even an elementary 

understanding of this regulation demonstrates that it is extremely complex with many 

redundancies and hierarchies of control.  For example, recently, Stapleton et al. (87) analyzed the 

glycogen proteome and discovered ~70 proteins that are associated with hepatic glycogen.  Many 

previously known proteins (glycogen synthase, glycogen phosphorylase, glycogen debranching 

enzyme (GDE) and glycogenin) were identified, however many others were detected illustrating 

the complexity of potential enzymatic regulation involved in liver glycogen.  There has yet to be 

a study examining the proteome of skeletal muscle glycogen.   

While there have been decades of descriptive studies documenting the changes in glycogen 

stores in both tissues, the understanding of the regulation is far from complete.  Little is known 

regarding muscle glycogen regulation and even less has been established regarding hepatic 

carbohydrate stores.  The circulation of liver is complex and both its vascular nature and its 

anatomical location make it a more challenging tissue to study either by catheterization or biopsy 

in humans compared to muscle.  Many studies that have focused on the dynamics of glycogen 

metabolism have investigated solely muscle, (31, 41, 75) yet it is implied that liver glycogen 
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regulation is similar. Exercise is one of the most common perturbations employed to affect 

glycogen content, but fasting and re-feeding is also a very useful paradigm.  The model of 

fasting-re-feeding allows for better control as muscle and liver receive the same systemic signals.  

Traditionally, investigation of regulation has been focused on factors that alter the availability of 

glucose intracellularly, i.e. glucose uptake and the subsequent changes in the concentration of 

glycogen.  In the last two decades a family of proteins (both enzymes and scaffolding proteins) 

(Figure 1) have been identified with specific affinity for the glycogen granule itself and for each 

other. 

2.2. Regulation of Glycogen Synthesis and Degradation 

 
Glycogenin is the self-glucosylating protein required to begin the process of glycogen 

granule formation (72).  Glucose transferred from UDP-glucose to a specific tyrosine residue of 

glycogenin then allows for further glucose molecules to form a chain of 10-20 residues with α-1, 

4-glycosidic bonds.  Further glucose residue additions are carried out by the enzyme glycogen 

synthase (GS) and branching is accomplished by the action of the branching enzyme (BE), which 

then allows GS to continue on.  Branch points occur every 7-11 glucosyl units by α-1, 6, 

glycosidic linkages.  Each branch of glucose residues gives rise to 2 further strands resulting in a 

granule structure that increases its storage exponentially in a tiered fashion with a maximum of 

12 tiers (58).  This equates to ~55,000 glucose residues and a diameter of ~42 nm (33, 79).  

However, Marchand et al. (56) discovered that few granules in muscle ever reach this maximum 

size and that the average granule exists with only 7 tiers at ~25 nm.  As discussed later, during 

synthesis the glucosyl chains infrequently incorporate a phosphate group in apparently random 

locations (53, 54).  The phosphate content of granules in muscle tissue is low, and even lower in 

liver, but is present across species with a ratio for muscle that ranges from 1 phosphate to every 
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600-1500 glucosyl units (53, 54, 90).  Neither the source nor function of these phosphates groups 

is currently understood. 

 

Figure 1: Schematic summarizing proteins known to associate and interact with the 

granule.  Adapted from Graham et al. (33).  Abbreviations: AGL, glycogen-debranching 

enzyme; AMPK, AMP-activated protein kinase; BE, branching enzyme; Gm/PPP1R6, regulatory 

subunits of protein phosphatase 1; GN, glycogenin; GNIP, glycogenin-interacting protein; GS, 

glycogen synthase; GSK, glycogen synthase kinase; GP, glycogen phosphorylase; PhK, 

phosphorylase kinase; PTG, protein targeting to glycogen. 

 

Research has predominantly focused on regulatory proteins involved in muscle glycogen 

metabolism with less being understood regarding those involved in liver.  Glycogen synthase 

exists in 2 different isoforms; one in liver (LGS) which appears to be expressed only within this 

tissue, and one in muscle (MGS) which appears to be more ubiquitously expressed (78).  These 
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proteins are largely very similar, though the phosphorylation sites that regulate activity are not 

entirely conserved between the two isoforms (27).  It has also been noted that the intracellular 

distribution of liver GS and muscle GS differs under low glucose conditions with LGS 

presenting in the cytosol and MGS near the nucleus (23, 26).  Liver and muscle also express 

tissue specific isoforms of glycogen phosphorylase (GP) (LGP and MGP respectively) and 

regulatory mechanisms for the enzyme also prove to be slightly different (26).  Phosphorylation 

of LGP appears to be a stronger regulating factor in comparison to MGP in which allosteric 

regulation can override the muscle isoform’s phosphorylation (27).   These findings illustrate 

some of the tissue-specific roles apparent in well-known proteins for glycogen metabolism and 

that the regulation of glycogen in liver and muscle might differ considerably.  However, very 

little remains known regarding the many other regulatory proteins and their putative distinctive 

roles in muscle and liver glycogen metabolism. 

Both GS and GP are continuously regulated and active to varying degrees which then 

results in a substrate cycle of synthesis and degradation of glycogen (Figure 2).  This allows for 

further sensitivity in regulation as directly altering the net flux on one side of the cycle can 

change the overall net flux.  Phosphorylation of GS renders the enzyme inactive however the 

presence of glucose-6-phosphate (G-6-P) can override GS’s phosphorylated state by 

allosterically activating the protein (79).  Dephosphorylation (activation) of GS can occur via 

type 1 protein phosphatase (PP1) which also acts to dephosphorylate and inactivate GP; the key 

protein responsible for glycogen breakdown.  Both of these actions support glycogen synthesis 

implying that PP1 is an important regulating protein in glycogen metabolism for these two rate 

limiting enzymes.  GP is influenced by allosteric activation of AMP and can also be 

phosphorylated/activated by glycogen phosphorylase kinase (GPK).  GP acts to breakdown α-1, 
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4-linkages between glucose residues and requires coordination with glycogen debranching 

enzyme (GDE) to disassociate α-1, 6-linkages (77).  

 

Figure 2: Schematic of Glycogen Synthase and Glycogen Phosphorylase Regulation.  

Abbreviations: GS, glycogen synthase; GSK3, glycogen synthase kinase 3; G6P, glucose 6 

phosphate; GP, glycogen phosphorylase; GPK, glycogen phosphorylase kinase; PTG: protein 

targeting to glycogen; AMP, adenosine monophosphate. 

 

2.3. Protein Phosphatase 1 and Protein Targeting to Glycogen 

 

Protein phosphatase 1 is thought to require the scaffolding action of protein targeting to 

glycogen (PTG or R5); a ubiquitously expressed protein found in insulin-sensitive tissues (21).  

Differential expression patterns for glycogen targeting subunits exist, for example RGL or GM 
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(found in skeletal and heart muscle) (29, 92), and GL (primarily in liver) (20).  Genetic 

manipulation of these glycogen targeting subunits causing overexpression has shown increased 

activation of glycogen synthesis in hepatocytes (8) and a 3-fold increase in muscle glycogen 

content (5) suggesting that these proteins play an important role in activating GS.  Knockout 

models for RGL exhibit a 10% decrease in muscle glycogen content compared to that of wild-type 

(88) and the activity of GS is restricted (left in the phosphorylated state) under electrically 

stimulated contractile intervention as well as exercise (5).  These findings illustrate the important 

but complex regulatory role PP1-RGL appears to have with glycogen synthesis.  

2.4. Lafora Disease 

 
Two proteins that appear to be critical in the regulation of the granules were identified 

during investigations of Lafora Disease (LD); a disease where 90% of cases are characterized by 

either a mutation in the gene encoding for laforin (Lf) (52, 60) or malin (14, 85).  Mutations in 

either of these proteins results in abnormally formed glycogen and accumulation of glycogen in 

tissues normally void of CHO storage (93). The recent discovery of these 2 proteins and their 

significantly devastating result when mutated has led many researchers to investigate the 

possible function each protein has in glycogen synthesis.  Much of the current research focuses 

on genetic mutations or knock-out models for Lf and malin, and functional roles for each are 

proposed predominantly on the basis of dysfunctional glycogen metabolism.  A hallmark of LD 

is the abnormal accumulation of glycogen whereby improper branching and increased phosphate 

group incorporation create an insoluble form of glycogen referred to as a Lafora body (LB) or 

polyglucosan (90) which is structurally similar to starch (51).  These LB’s accumulate in tissues 

where glycogen is normally found (myocytes and hepatocytes) but are also found in cells that 

should be glycogen-void, particularly neurons (51).  LD is primarily thought of as a glycogen 
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synthesis disorder because overexpression of GS results in an increased accumulation of aberrant 

glycogen resembling LB seen in LD (70).  There have also been comparisons made to other 

glycogen storage diseases.  For example, Tauri disease, caused by a mutation in the muscle 

isoform of phosphofructokinase, displays an excessive increase in glucose-6-phosphate which 

results in glycogen accumulation much like that seen in LD (63).  Glycogen branching enzyme 

deficiency (GBED) also exhibits glycogen accumulation similar to LB’s due to the nature of the 

disease causing an imbalance between GS and BE (55).  Currently it is unknown whether or not 

the aggregates of glycogen in other glycogen storage diseases have increased amounts of 

phosphorylation. 

2.5. Laforin and SEX4 

 
Laforin is a dual specificity phosphatase that is unique in mammalian tissues as it 

contains a CHO-binding domain (97).  In the last decade, evidence of Lf’s protein interactions 

and ability to dephosphorylate CHO structures has led researchers to focus on how Lf’s function 

is so intimately involved in glycogen regulation.  Starch Excess 4 (SEX4), a protein found in 

plant starch metabolism, has been referred to as Lf’s functional homologue (104).  Much like Lf, 

SEX4 contains a phosphatase domain as well as a CHO binding domain.  Plants express two 

kinases (phosphoglucan, water dikinase, and α-glucan, water dikinase) that generate the 

phosphate groups found within the starch molecule (108).   No comparable kinase has been 

identified in mammalian tissues although the presence of phosphate groups within glycogen has 

been well established (53, 54, 90).   

SEX4 is responsible for removal of these phosphate groups which is required for normal 

plant starch breakdown (48).  It has been hypothesized that the phosphate groups, being highly 
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charged, act to ‘open up’ the tight strands of amylopectin to allow degrading proteins access to 

hydrolyzing ends (48).  The function and origin of phosphate groups within glycogen is not 

understood.  Some have hypothesized that the β-phosphate of UDP-glucose is responsible for the 

phosphate groups as a rare, randomly occurring error seen when GS is synthesizing glucose 

residues to glycogen (90).  It appears quite clear that an excess of phosphorylation within 

glycogen (as seen in LD) is what leads to the destabilization of the granule’s highly organized 

structure (89).  In mouse models with deletion of the Lf gene there is also evidence of 

hyperphosphorylated glycogen (91).  These discoveries have led to the hypothesis that Lf’s 

function is to resolve this ‘mistake’ or overabundance of phosphate and remove them to allow 

for proper glycogen metabolism (90, 104).  However, it is not a common occurrence for errors to 

occur regularly in biology and such an interpretation would beg the question ‘why does Lf not 

remove all such phosphate groups?’ as well as ‘why should this be a random error in mammalian 

tissues, when it is a purposeful event in starch formation in plants?’.  The most recent research 

regarding glycogen phosphorylation has indicated the phosphates are not due to GS side chain 

reactions but instead their incorporation is believed to be a purposeful event, much like what 

occurs in starch (67).  Current research continually aims to further elucidate Lf’s role regarding 

glycogen’s phosphate incorporation.   

The structure of starch more closely resembles LB formation rather than glycogen (107) 

with starch and LB’s both exhibiting less frequent branching and an overall insoluble structure.  

Similarly, plant starch (amylopectin) has varying amounts of phosphorylation depending on the 

species but is reported as having a higher phosphate to glucose ratio that is ~1:150-300 (10, 83).  

Like Lf, SEX4 mutants result in impaired starch degradation and accumulation of polyglucosans 

(65).  Lf has preferential binding to starch over glycogen both in vivo and in vitro (13) supporting 
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the aforementioned hypothesis which suggests Lf’s role may be critical for resolving any 

improper branching that may occur within a granule’s synthesis (51).  As mentioned previously, 

Lf’s function has been implicated as imperative in glycogen synthesis.  Given the many 

similarities Lf shares with SEX4, this is in sharp contrast as SEX4 is essential in starch 

breakdown.  However, it may be that those studying Lf have concentrated on synthesis due to the 

nature of LD.  It stands to reason that the presence of phosphate groups in the CHO chains could 

be problematic to the degradation process and removal would require functional Lf in order to 

allow GP to continue to degrade the granule.   

2.6. Laforin and GSK3 

 
  Some researchers have suggested Lf to be a positive regulator of GSK3 and thus that it is 

involved in the direct regulation of glycogen breakdown, or at least indirectly by impeding 

glycogen synthesis (51).  Lohi et al. (51) reported that GSK3 co-immunoprecipitates with Lf 

whereby Lf could then dephosphorylate and hence activate GSK3, subsequently allowing for the 

phosphorylation (deactivation) of GS.  GSK3 is known to be a main regulator of GS (37).  Since 

glycogen is dynamically and continuously being synthesized and degraded in a substrate cycle, 

such an inhibition could allow Lf to indirectly promote a net breakdown of glycogen.  Lf’s 

proposed interaction with GSK3 is an intriguing finding because LD presents with aberrant 

glycogen accumulation; a possible cause of LD could be that a mutated Lf cannot activate GSK3, 

therefore GS becomes over-active resulting in LB’s.  Interestingly, patients with malin-deficient 

LD have LB’s that stain strongly for GSK3, whereas Lf-deficient LD patient LB’s do not stain 

for GSK3 (13).  These findings suggest Lf may be important for recruiting GSK3 to glycogen 

where it can then proceed to inactivate GS.  Controversy remains regarding GSK3 as a substrate 

for LF as GSK3 overexpression does not result in similar co-immunoprecipitation with Lf in cell 
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cultures as well as some researchers being unable to prove Lf capable of dephosphorylating 

GSK3 (91, 104).  Nevertheless, overexpression of GSK3 is shown to diminish GS activity and 

decrease glycogen accumulation in muscle (69).  The proposed function of Lf to halt glycogen 

synthesis has been supported by other findings.  Fernandez-Sanchez et al. (25) provided evidence 

of interaction between Lf and R5 (PTG) at the same binding site for GS.  The interaction of Lf 

and R5 may lead to potential protein competition which would then not allow the R5-PP1 

complex to dephosphorylate/activate GS.     

2.7. Laforin and Glycogen Phosphorylation 

 
Laforin’s phosphatase ability has proven capable of dephosphorylating the glycogen 

granule itself in rabbit muscle (91).  Interestingly, this phosphatase activity was not found to 

occur in rabbit liver glycogen though the authors did acknowledge that the lower phosphate 

content in this tissue may have been too low for the sensitivity of the assay (104).  It has been 

established that liver glycogen does indeed have less basal phosphate than muscle glycogen (B. 

Minassian, personal communication, July 23, 2013) and the hyperphosphorylation in liver that 

occurs in LD is to a lesser extent than that of muscle (91).  Lf’s phosphatase potential regarding 

proteins associated with glycogen metabolism (malin, GBE, PP1, and AMPK) have been 

addressed and investigations have consistently shown that Lf is incapable of dephosphorylating 

these enzymes (30, 39, 49, 106).  Normally, phosphate exists in trace amounts within muscle 

glycogen (53, 54) although too much negatively affects the structure of the granule causing 

fewer branch points and an overall abnormal, insoluble mass (89).  To date, the mechanism for 

glycogen phosphorylation is unknown.  It has been proposed that Lf functions to control the 

amount of granule phosphorylation by dephosphorylating the structure (89).  In agreement with 

these findings, knockout mice for Lf have a 4-fold increase in phosphate content of muscle 
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glycogen, as well as hyperphosphorylation of liver glycogen but to a lesser degree (91).  This 

understanding supports the hypothesis that the dephosphorylating function of Lf is to preserve 

appropriate glycogen turnover.  Wang et al. (104) examined the muscle of mice with various 

genetic modifications causing altered levels of glycogen and assessed possible correlations with 

proteins associated with glycogen metabolism.  Muscle Lf protein levels were found to positively 

correlate with glycogen content in all but one, a model for Pompe disease where glycogen 

accumulates in lysosomes.  A proposed function of Lf was hypothesized to be a sensor for 

cytosolic glycogen accumulation, which explains why in the model of Pompe disease Lf did not 

follow the trend seen in the other models.  However this observation was across models and did 

not examine the dynamic changes in glycogen metabolism that would be seen in healthy wild-

type controls.   

In studies of humans taking part in exhaustive exercise, a significant decrease in Lf 

protein content has been shown at exhaustion compared to rest (38).  This study examined the 

effects of exercise with one leg of the participant containing high CHO while the other leg was 

manipulated to contain low CHO.  The decrease in Lf for the high CHO leg was correlated with 

the decrease in glycogen, however, this correlation was not found to exist with the low CHO leg, 

even though glycogen content was found to be lower than in the high CHO leg.  Interpretation 

from these results identifies an inconsistent relationship between glycogen content and Lf.  

Further research is required to conclusively say whether or not Lf and glycogen content share 

this proposed correlative relationship.  

As previously discussed, Lf may have an indirect role in inhibiting the action of GS via 

GSK3 and PTG.  Overexpression of Lf and GS in cell models results in co-localization of the 

proteins (97) and immunoprecipitation of Lf and GS has also been shown, however GS was not 
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found to be a substrate of Lf (104).  However, studies have reported that a second protein (malin) 

that associates with Lf can interact with GS.  It is possible that Lf or the Lf-malin complex 

(discussed later) is responsible for colocalization with GS whereby the complex can then act to 

regulate GS by degradation through malin’s interaction.  This would mean Lf would have 

another indirect mechanism to inhibit GS in a malin-dependent manner. 

2.8. Malin 

 
Malin is an E3 ubiquitin ligase with six NCL-1, HT2A, Lin-41, (NHL) domains for protein-

protein interactions (30, 51).  It has been stated that the function of malin is to prevent 

polyglucosan formation since mutations or deletion of malin lead to accumulation of 

polyglucosans (51).  The exact mechanism as to how malin achieves this is still under 

investigation.  Malin’s ability to ubiquitinate proteins is argued to be an important regulatory role 

for glycogen metabolism with the finding that Lf-deficient humans and animals show evidence 

of LB’s in brain with ubiquitin (28, 51); conversely malin-deficient LB’s in brain contain no 

ubiquitin (51).  Lf-deficient mice are known to have LB’s in liver and muscle, however in 

contrast to the above findings these LB’s did not stain for ubiquitin (28).  This may mean malin’s 

functional role is tissue specific and that Lf is required in both liver and muscle in order to allow 

malin’s ubiquitination of polyglucosans.  GS and malin have been shown to have the ability to 

bind and this interaction is proposed to strongly inhibit GS or target it for degradation (51).  The 

aforementioned evidence, along with the indirect regulation of GS via the Lf-complex and PTG 

advocate malin’s role in glycogen breakdown.   

2.9. Laforin-malin Complex 

 
The Lf-malin complex has been implicated as a regulator of GS by interacting first with PTG 
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followed by polyubiquitination and degradation of the entire complex (30, 96).  Co-expression of 

Lf and malin in cell culture resulted in a marked reduction in levels of PTG; a finding that is lost 

when both proteins are not expressed together (96).  An important mechanism for GS activation 

is its dephosphorylation via PTG-PP1.  Intriguingly, PTG mRNA is present in neurons although 

they are normally devoid of glycogen, though the expression of the protein is found to be very 

minimal (4).  Coexpression of Lf and malin with PTG in neurons reduced the levels of PTG and 

MGS, but interestingly did not reduce the liver isoform of GS (96).  The authors suggested that a 

biological function of the Lf-malin complex in neurons is to interact with PTG and MGS, 

promote their degradation (via ubiquitination) and therefore silence glycogen synthesis.  It was 

proposed that this mechanism is likely evident to some degree in tissues such as liver and 

muscle, as they too contain Lf and malin, and that the complex may serve as a control for over-

accumulation of glycogen.  Although the Lf-malin complex had no effect on LGS in neurons, 

this finding has not been investigated in vivo for liver tissue.  However it appears tissue-specific 

differences in the regulation of GS by the Lf-malin complex do exist.  Solaz-Fuster et al. (86) 

concluded similar findings for the Lf-malin complex in hepatoma cells where co-expression of 

Lf and malin resulted in decreased levels of PTG.  While notably this evidence was shown only 

in cell cultures, there was no report of changes in GS.   

An interesting difference from the abovementioned studies was that neuronal cells presented 

degradation of MGS by the Lf-malin complex, however, hepatoma cells showed no changes in 

GS.  This may indicate a tissue-specific action of the Lf-malin complex when regulating 

glycogen synthesis.  Degrading MGS in neurons may act as an additional means to inhibit 

glycogen synthesis in the typically glycogen-absent tissue.  Whereas in liver, a tissue vital to 

glucose homeostasis control and therefore glycogen storage, LGS is preserved but the Lf-malin 
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complex could still regulate synthesis by degrading PTG.   

One might assume an increase in PTG and/or GS would then be seen in models of LD.  

Research with malin-knockout mice demonstrated no increase in PTG or GS in skeletal muscle, 

though liver unfortunately was not analyzed (17).  Lf-knockout mice have reported no change for 

GS or PTG in both skeletal muscle and liver (17, 89, 91).  Despite these findings, a double-

knockout mouse was produced lacking both Lf (to model LD) and PTG (to downregulate GS) 

(93).  These mice exhibited a normal lifespan with skeletal muscle that is absent of LB’s and 

contains normal glycogen levels.  This recent finding supports the purported function of the Lf-

malin complex as a regulator of PTG.  Further investigation is warranted as to the tissue-specific 

regulatory mechanism that the Lf-malin complex may have for GS and PTG. 

2.10. AMPK and the Lf-malin Complex 

 
AMPK’s relationship with glycogen regulation is not clear, however AMPK contains a 

CHO-binding domain and has proven to directly bind to glycogen (39, 59, 73), and AMPK 

activity is shown to be inversely related to glycogen concentration (35, 76, 101).  Colocalization 

of AMPK with GS and GP has been noted to occur (73) although the result of this colocalization 

has yet to be determined.  The role of AMPK as a possible regulator of GS has been proposed as 

AMPKα has been shown to phosphorylate, and therefore inactivate, GS in vitro (12).  Solaz-

Fuster et al. (86) believe AMPK is critical in the regulation of the laforin-malin complex.  Yeast 

cells were used and the orthologue of the human catalytic subunit of AMPKα, sucrose-

nonfermenting kinase (Snf1 kinase), activity was measured under low and high glucose 

conditions.  Under low glucose conditions, normal co-transformed yeast displayed a 3-fold 

increase in the laforin-malin interaction however mutant yeast that lacked the Snf1 kinase did not 
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exhibit the same result.  When normal yeast cells were given the activated Snf1 under high 

glucose conditions, the laforin-malin interaction was increased to that seen in the low glucose 

condition.  These findings are supported by the inverse relationship AMPK has with glycogen 

content (35, 59).  This implies that low glucose conditions increased AMPK activity which could 

encourage the Lf-malin interaction.  Demonstrations with cell cultures have shown that AMPKα 

has the ability to phosphorylate Lf which may indicate some form of regulatory control.  It is 

postulated that the phosphorylation of Lf by AMPKα may then promote the Lf-malin complex 

(81).  This proposed interaction is compatible with AMPK’s action of decreasing glycogenic 

activity and the Lf-malin complex function to downregulate glycogenic proteins like GS and 

PTG.  Although this work reveals interesting findings, some groups criticize the cultured cell 

model (17) and caution any implications that can be made to ‘real-life’ applications. 

2.11. Summary   

 
Research remains very limited regarding Lf and malin and their roles in glycogen 

metabolism.  Phosphate incorporation within normal glycogen has been established for both liver 

and muscle and consistent evidence exists that shows Lf is a phosphatase that is capable of 

dephosphorylating CHO-structures.  Less is known about malin.  Although this protein’s 

function as an E3 ubiquitin ligase is indisputable, its protein targets for ubiquitination remain 

controversial.  The Lf-malin complex appears to target proteins involved in glycogen synthesis.  

Given the strong similarity between Lf and SEX4, this suggests that Lf functions to 

dephosphorylate glycogen during breakdown.  Taken together, one could propose that Lf and 

malin are responsible for regulating glycogen synthesizing proteins and Lf allowing appropriate 

catabolism through phosphate removal. 
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2.12. Thesis Design 

 
The current study was designed to compare changes in laforin, malin, AMPKα, and P-AMPK 

following 24 hours fasting and 24 hours re-feeding in both rat liver and muscle.  This model 

allows for the same systemic signaling for both muscle and liver, but very different effects on 

glycogen content as liver is known to deplete CHO stores within a 24 hour fast (47, 66, 80) 

whereas little to no effect in muscle glycogen is seen (32, 82).  Thus the design makes it possible 

to examine the dynamics of regulatory proteins simultaneously within a single animal when 

stores are altered to different degrees.  The effects of fasting and re-feeding on malin and laforin 

have not yet been examined and comparisons between muscle and liver after such an 

intervention are also novel.  Therefore the questions addressed are as follows:  

1) do changes occur in muscle proteins with 24 hr fasting and 24 hr re-feeding even though 

muscle glycogen is expected to remain stable,  

2) do changes occur in liver proteins as dynamic alterations in liver glycogen are expected 

with 24 hr fasting and 24 hr re-feeding, and 

1) do changes in liver or muscle proteins have a relationship with changes in glycogen 

content? 

It was hypothesized that there would be no changes in muscle proteins as muscle glycogen is 

not expected to change with 24 h fasting and re-feeding.  Liver proteins were also hypothesized 

to remain unchanged even after the 24 h fast that is expected to deplete liver CHO stores.  With 

no observable changes hypothesized in protein content for muscle and liver, it was therefore 

hypothesized that no observable relationship would be seen with any changes in glycogen 

content. 
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III. METHODS 

 

3.1. Initial Experimental Design (Part 1) 

 
The initial phase of the study was conducted with muscle and liver tissues donated by Dr. Carole 

Lavoie (Département des sciences de l’activité physique, Université de Québec à Trois-Rivières, 

Québec, Canada).  Dr. Lavoie and her group had conducted a study using female Sprague-

Dawley rats purchased from Charles River (St-Hyacinthe, Québec, Canada) and kept in 

individual cages with a 12-hour light/12-hour dark cycle, in a facility that met the Canadian 

Council on Animal Care guidelines.  Animals were given free access to a standard rat chow, and 

tap water ad libitum.  Protocols were approved by The Animal Care Committee of the Université 

du Québec à Trois-Rivières.  Animals were randomly assigned to groups for control (CON), 

fasted (6, 12, and 24 h), or re-fed (6, 12, and 24 h).  On surgery days, animals were anesthetized 

with sodium pentobarbitol (6 mg/100 g body wt) via intraperitoneal injection.  The rectus 

femoris and liver were quickly removed, frozen in liquid nitrogen, and stored at -80°C for 

subsequent analysis.  The tissue that remained following their analysis had been stored at -80°C 

for 2 to 4 yr and subsequently shipped on dry ice to the University of Guelph, ON.  Some of 

these samples did not appear ‘normal’ and as described in the results section of this thesis, 

analysis of the tissue indicated possible degradation and the integrity of the tissues was 

questioned.  As a result, ATP concentration was determined to assess tissue viability (as 

described below).  Based on the interpretation of these data, a second complementary 

investigation was designed based on Dr. Lavoie’s study and conducted at the University of 

Guelph, ON. 
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3.2. Experimental Design and Surgical Preparation 

 
All procedures were carried out in accordance with the recommendations of the Canadian 

Council of Animal Care, and were approved by the Animal Care Committee at the University of 

Guelph (Animal Utilization Protocol 11R017).  Female Sprague-Dawley rats were purchased 

from Charles River (Charles River, St Constant, QC ) and maintained on a 12:12 h light–dark 

cycle.  Rats were allowed ad libitum access to standard chow (Harlan Teklad, Madison, WI) and 

water.  Rats were randomly separated into groups for control (CON, n=8), fasted 24 h (F24, 

n=8), and re-fed 24 h (RF24, n=9) before surgery days.  Animals were anaesthetized with an 

intraperitoneal injection of sodium pentobarbital (6 mg/kg body weight) before all experimental 

procedures, which took place on 2 separate mornings after a 24 hour fast for group F24, and after 

24 hour fast then subsequent 24 hour re-feed for group RF24.  Hind-limb muscles and liver were 

removed and immediately freeze-clamped, placed in liquid nitrogen, and stored at ˉ80°C for later 

analysis.    

3.3. Muscle and Liver Glycogen Analysis 

3.3.1. Glycogen Extraction 

 
Approximately 20 mg wet weight muscle tissue and 50 mg wet weight liver tissue were freeze-

dried then powdered and dissected free of visible blood, fat, and connective tissue.  A 2-3 mg 

portion of powdered tissue was carefully measured for both muscle and liver samples.  Each 

sample received 1 mL of 1M HCl and remained on ice as the tissue was agitated 3 times with 

plastic rods each for 20 s.  Samples were boiled at 100°C for 2 h then neutralized with 2M Tris 

base, vortexed, and centrifuged at 840 x G for 5 min at 4°C.  Supernatant was removed from 

each sample and stored at -20°C for later analysis of glucosyl units via a glucose assay. 
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3.3.2. Glucose Assay 

 
Muscle and liver glycogen extract supernatant was thawed on ice and 5 µL were pipetted from 

each into standard, 96 well, opaque plates.  Reagent (Triethanolamine, MgCl2, ATP, NADP, 

G6PDH, Glucose standard) was made fresh and 250 µL were added to each sample well.  A 

baseline recording was measured using a fluorometer and then 10 µL of hexokinase (diluted 1:10 

with H2O) was added to each sample well and left to stand for 1 h after which a second 

fluorometric reading was taken.  

3.4. Analysis of Tissue Viability 

3.4.1. PCA Extraction 

 
Muscle and liver tissue was kept frozen with liquid nitrogen at all times and carefully segmented 

into approximately 50 mg wet weight fractions and then freeze-dried.   

Freeze-dried tissues were powdered, weighed (~10mg) and used for immediate extraction or 

stored at -80°C until later extraction.  Appropriate amounts of 0.5M PCA (1M EDTA) were pre-

determined based on precise tissue sample weight and added to each sample.  Samples were kept 

on ice and vortexed 3 times each then centrifuged at 5000 x G for 5 min at 4°C.  Supernatant was 

removed (80% of PCA volume added to each sample) and transferred to a separate tube on ice 

for neutralization.  Pre-determined volumes of 2.2M KHCO3 (80% of PCA volume divided by 4) 

were added to each corresponding sample and vortexed 3 times consecutively (CO2 by-product 

was released briefly in between each vortex).  Samples were centrifuged again at 5000 x G for 15 

min at 4°C.  After centrifugation, samples were kept on ice, supernatant was removed and 

transferred to a different tube and either used immediately for assay or stored in -80°C for further 

analysis. 



 

24 
 

3.4.2. ATP Assay 

 
Reagent for the assay was made with 1M Triethanolamine (pH 7.5), 100mM Mg(Ac), 10 mM 

EDTA, 50 mM DTT, 25 mM NADP, 10 mM ADP, 125 mM Glucose, undiluted G6PDH, H2O.  

30 µL of extracted sample and 250µL of reagent were pipetted into each well on a clear, standard 

96 well plate.  Background absorbance was recorded using a photometer, then 2 µL of 

Hexokinase (diluted 1:1 with H2O) was added followed by absorbance recording, and finally 2 

µL of creatine phosphokinase (15mg/mL), followed by a final absorbance recording. 

3.5. Muscle and Liver Protein Analysis 

3.5.1. Homogenization and Protein Concentration Determination 

 
Approximately 50 mg wet weight muscle tissue was diluted in 1 mL lysis buffer (1% Triton X-

100, 50mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 10 mM sodium β-glycerol 

phosphate, 5 mM sodium pyrophosphate, 2 mM DTT, 1 mM Na orthovanadate, 1 mM PMSF, 

10µg/mL of each aprotinin, leupeptin, pepstatin A, pH 7.5).  Approximately 50 mg of wet weight 

liver tissue was diluted in 1 mL lysis buffer (135 mM NaCl, 1 mM MgCl2, 2.7 mM KCl, 20 mM 

Tris, 0.5 M Na orthovanadate, 10 mM NaF, 0.2 mM PMSF, 10µg/mL Leupeptin, Triton 1%, 

Glycerol 10%).  Samples were homogenized twice for 15 s while being kept on ice then 

centrifuged at 2600 x G for 10 min at 4°C followed by collection of supernatant to later be 

analyzed for total protein concentration using a BSA assay. 

3.5.2. BSA Assay 

 
Lysate from tissue homogenization was diluted (1:20) and 25µL was pipetted from each sample 

(analysed in triplicate) into wells in a clear, standard 96 well plate.  Samples were assayed 

against a standard curve made with fresh diluted albumin.  Reagent was added to each well 
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(250µL), gently shaken to mix, and left to incubate at 37°C for 30 min, following which 

absorbance was measured. 

3.5.3. Western Blotting 

 
Samples were solubilized in 5 × Laemmli's buffer to a dilution of 2µg/µL then denatured by 

boiling (100 °C for 5 min), resolved by SDS-PAGE on 10% 1.5mm SDS-polyacrylamide gels, 

and wet-transferred to polyvinylidene difluoride (PVDF) membranes (1 h, 100 V).  The 

membranes were blocked for 1 h at room temperature (5% skim milk powder in Tris-buffered 

saline and 0.1% Tween (1X TBS-T) for malin and laforin, 5% BSA in 1X TBS-T for AMPKα 

and P-AMPKα) then incubated with gentle shaking overnight at 4°C with primary antibodies 

(anti-malin 1:1000, anti-laforin 1:1000, anti-AMPKα 1:10,000, anti-P-AMPKα 1:1000).  After 

overnight incubation membranes were washed 4 times for 10 min in 1X TBS-T followed by 

secondary antibody incubation at room temperature for 1 h (anti-rabbit Ig-G HRP for AMPKα 

and p-AMPKα (1:10,000 and 1:1000 in 5% skim milk powder diluted in 1X TBS-T), anti-mouse 

Ig-G HRP for malin and laforin (1:1000 and 1:3000 in 1X TBS-T)).  After 4 more washes, 

membranes were detected using chemiluminescent detection reagents and band densitometry was 

determined using ImageJ 1.46r (Rasband, W.S., National Institutes of Health, Bethesda, 

Maryland, USA).  Muscle membranes probed for α-tubulin were left overnight at 4°C in anti-α-

tubulin primary (1:10,000 in 5% BSA diluted in 1 X TBST) and washed the following morning 4 

times for 10 min (1X TBS-T).  Secondary antibody was applied for 1 h at room temperature with 

anti-mouse Ig-G HRP (1:10,000 in 5% skim milk powder diluted in 1 X TBST) followed by 4 

washes.  Membranes were visualized using chemiluminescent detection reagents and 

densitometry was carried out using ImageJ.  Liver membranes probed for GAPDH were put in 

primary anti-GAPDH (1:10,000 in 5% BSA in 1X TBS-T) for 1 h at room temperature followed 
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by 4 washes each 10 min in 1X TBS-T.  Secondary anti-rabbit Ig-G-GRP was then applied 

(1:10,000 in 5% skim milk powder in 1X TBS-T) for 1 h at room temperature followed by 

washes.  Membranes were visualized using chemiluminescent detection reagents and 

densitometry was carried out using ImageJ. 

3.7. Statistical Analyses 

 
Statistical analysis was completed using Prism Version 3.03 (GraphPad Software, San Diego 

CA, USA).  All data are presented as mean ± SD.  Comparisons between groups for Part 1 and 2 

ATP and glycogen were performed using an unpaired, two-tailed t-test analysis with a 95% 

confidence interval.  A one-way analysis of variance (ANOVA) was performed to compare 

control, 24 h fasted, and 24 re-fed groups for muscle and liver protein content and a Tukey’s 

multiple comparison post hoc test was used to determine pair wise differences.  Statistical 

significance was accepted at P ≤ 0.05. 

 

 

 

 

 

 



 

27 
 

IV. RESULTS 

 

4.1. Muscle Glycogen Content for Part 1 

 
 Control and fasted rectus femoris had very low glycogen content. While re-fed samples 

had higher glycogen values, there was great variability between samples (Appendix A).  Due to 

these unexpected low values, assays were repeated from another portion of the tissue samples (to 

identify possible errors made during freeze-drying and extraction protocols) and this re-

evaluation verified that the glycogen concentrations were indeed low and highly variable.  

Alterations in the rodents activity patterns was hypothesized as a factor as foraging or other 

activity as such could have contributed to the low fasted values.  However, personal 

communication with Dr. Carole Lavoie confirmed that no increases in rodent activity could have 

accounted for the decreased glycogen.  Sample tissue with known glycogen content was also 

assessed to determine the reproducibility and assay sensitivity.  Results from this assessment 

concluded accurate assay technique and that the data were valid.       

4.2. Western Blot Results for Part 1 

 
Representative blots for each protein for samples from part 1 are in Appendix B-D.  Western 

analysis for part 1 samples was carried out for Lf, malin, AMPKα, and P-AMPK in both muscle 

and liver tissue and the results were extremely variable and inconsistent.  Inaccurate protein 

loading was initially considered as the reason for the inconsistent results and measures were 

taken to reassess protein assays and recalculate loading samples.  However, these data together 

with the low muscle glycogen results led to questioning regarding the tissue viability.   
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4.3. ATP for Muscle and Liver 

 
ATP measurements were made for part 1 and part 2 tissue samples due to concerns about 

tissue viability (see Table 1 – Muscle, and Table 2 - Liver).  ATP data for the samples in part 1 

control (part 1 - CON) were dramatically and significantly less than part 2 control (part 2 - CON) 

muscle (5.6 ± 1.2 mmol/kg d.w., and 36.7 ± 7.0 mmol/kg d.w. respectively, p < 0.0001) and 

similarly ATP in P1-CON liver was significantly decreased compared to P2-CON liver.  For 24 h 

fasted, and re-fed time points, ATP from part 1 were consistently significantly lower than part 2 

for both muscle and liver samples. 

Decreased ATP content in tissue supported the interpretation that cellular degradation 

had occurred due to tissue age, and/or improper handling and storage.  Due to the low ATP 

content found in both muscle and liver from older samples, the tissue was deemed unusable and 

was not to be used for further experimental work.  

Table 1:  Muscle (rectus femoris) ATP for Part 1 and Part 2 

Part 1 ATP (mmol/kg d.w.) Part 2 ATP (mmol/kg d.w.) 

CON 6.0 ± 1.2 CON 36.7 ± 7.0* 

F24 2.0 ± 1.2 F24 41.5 ± 7.1* 

RF24 2.9 ± 5.2 RF24 40.5 ± 3.4* 

All data are presented as mean  SD for control (CON), fasted 24 h (F24), and re-fed 24 h 

(RF24).  

*p < 0.0001 vs. corresponding Part 1 group 

 

 

 

Table 2:  Liver ATP for Part 1 and Part 2 

Part 1 ATP (mmol/kg d.w.) Part 2 ATP (mmol/kg d.w.) 

CON -0.2 ± 0.2 CON 9.1 ± 2.1* 

F24 0.5 ± 0.8 F24 9.5 ± 1.8* 

RF24 0.7 ± 0.4 RF24 11.0 ± 2.3* 

All data are presented as mean  SD for control (CON), fasted 24 h (F24), and re-fed 24 h 

(RF24). 

*p < 0.0001 vs. corresponding Part 1 group 
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4.4. Glycogen Content for Muscle and Liver of Part 2 

 
Muscle and liver glycogen are summarized in Table 3.  Fasting for 24 h resulted in no 

significant change in glycogen content of the rectus femoris compared to CON.  In marked 

contrast, glycogen content in liver was significantly reduced with 24 h fasting (485.3 ± 124.9 

mmol/kg d.w. in CON, and 55.0 ± 11.3 mmol/kg d.w. in F24, p < 0.0001) resulting in almost 

complete depletion of glycogen stores.  Muscle glycogen content in RF24 (204.0 ± 27.0 

mmol/kg d.w.) was significantly greater than CON and F24 (p = 0.0052, and p = 0.0002 

respectively).  Liver glycogen content from RF24 was also significantly higher than CON and 

F24 (p < 0.0001, and p < 0.0001 respectively).  It is interesting to also note the difference 

between tissues in both the initial (CON) and final (RF24) glycogen concentrations.  As expected 

the changes in liver glycogen were vast and those in muscle were modest.  Both muscle and liver 

exhibited supercompensation of glycogen stores with 24 h re-feeding; a phenomenon seen for 

both tissues even when stores are not completely depleted (9, 31).   

 

Table 3: Muscle and Liver Glycogen (mmol/kg d.w.) for Part 2 

Tissue CON F24 RF24 

Muscle 159.9 ± 31.1 143.9 ± 11.7 204.0 ± 27.0*† 

Liver 485.3 ± 124.9 55.0 ± 11.3*** 711.6 ± 62.6***† 

All data are presented as mean  SD for control (CON, muscle n= 8, liver n=7), fasted 24 h (F24, 

muscle and liver n=8), re-fed 24 h (RF24, muscle and liver n=9). 

*p < 0.05 vs. CON, ***p < 0.0001 vs. CON 

†p < 0.0001 vs. F24 
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4.5. Western Blot Analysis for Skeletal Muscle Protein Content 

 
Part 2 rectus femoris skeletal muscle was assessed for laforin protein content in CON, 

F24, and RF24 (Fig. 3).  Although glycogen increased after re-feeding, neither 24 h fasting, or 24 

h re-feeding had any significant effect on Lf protein content compared to CON, or when 

conditions were compared to each other (CON vs. F24 p = 0.9986, CON vs. RF24 p = 0.8338, 

F24 vs. RF24 p = 0.8605).  Similarly, no significant changes were found for malin after 24 h 

fasting or 24 h re-feeding when compared to CON or when compared to each other (Fig. 4) 

(CON vs. F24 p = 0.8811, CON vs. RF24 p = 0.5657, F24 vs. RF24 p = 0.8544).              

AMPKα protein content remained unchanged in CON, F24, and RF24 for the rectus 

femoris (Fig. 5) (CON vs. F24 p = 0.9584, CON vs. RF24 p = 0.4203, F24 vs. RF24 p = 0.2806).  

When P-AMPK protein content was normalized to AMPKα, no significant changes were found 

for P-AMPK/AMPKα across all groups (Fig. 6) (CON vs. F24 p = 0.3323, CON vs. RF24 p = 

0.5199, F24 vs. RF24 p = 0.9207).  
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Figure 3: Laforin protein abundance in muscle for control (CON, n=8), fasted 24 h (F24, n=8), 

and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 

 

 

                                  

                                                 
 

                    
Figure 4: Malin protein abundance in muscle for control (CON, n=8), fasted 24 h (F24, n=8), 

and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 
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Figure 5:  AMPKα protein abundance in muscle for control (CON, n=8), fasted 24 h (F24, n=8), 

and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 

 

 

                                    

                                                  
 

                      
Figure 6:  P-AMPK/AMPKα protein abundance in muscle for control (CON, n=8), fasted 24 h 

(F24, n=8), and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 
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4.6. Western Blot Analysis for Liver Protein Content 

 
Laforin protein content in liver was not different for CON vs. F24 (p = 0.5750) despite 

the large decrease in glycogen stores.  While Lf was different after 24 h of re-feeding (CON vs. 

RF24 p = 0.064, and F24 vs. RF24 p = 0.0042) the Lf protein content was actually lower at this 

time even though glycogen was at its highest level (Fig. 7).   

Malin protein content in liver for CON, F24, and RF24 resulted in no significant changes 

(Fig. 8) (CON vs. F24 p = 0.7070, CON vs. RF24 p = 0.6268, F24 vs. RF24 p = 0.2082).              

AMPKα protein content remained unchanged throughout the study (Fig. 9) (CON vs. F24 

p = 0.9275, CON vs. RF24 p = 0.2850, F24 vs. RF24 p = 0.4795).  P-AMPK protein content was 

normalized to AMPKα and similarly had no significant changes (Fig. 10) (CON vs. F24 p = 

0.9979, CON vs. RF24 p = 0.4823, F24 vs. RF24 p = 0.4463). 
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Figure 7:  Laforin protein abundance in liver for control (CON, n=8), fasted 24 h (F24, n=8), 

and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 

*P < 0.06 vs. CON 

††P < 0.01 vs. F24 

 

                                 

                                                 

                       
Figure 8:  Malin protein abundance in liver for control (CON, n=8), fasted 24 h (F24, n=8), and 

re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 
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Figure 9:  AMPKα protein abundance in liver for control (CON, n=8), fasted 24 h (F24, n=8), 

and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 

 

 

 

                                                    

                 
Figure 10:  P-AMPK/AMPKα protein abundance in liver for control (CON, n=8), fasted 24 h 

(F24, n=8), and re-fed 24 h (RF24, n=9).  All data are presented as mean  SD. 
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V. DISCUSSION 

 

5.1. Overview 

 
The purpose of this thesis was to determine whether changes would occur in muscle Lf 

and malin with 24 h fasting and 24 h re-feeding even when muscle glycogen was expected to 

remain stable.  Another focus was to compare muscle and liver, and examine whether changes 

would occur in liver Lf and malin as dynamic alterations in liver glycogen were expected with 24 

h fasting and 24 h re-feeding.  Finally, if changes in liver or muscle proteins were evident, would 

there be relationship with changes in glycogen content?   

 Intricacies regarding regulation of glycogen metabolism are far from understood for 

skeletal muscle and even less so for liver.  Recent discoveries of proteins laforin and malin, and 

their devastating metabolic result when mutated, have illustrated the complex and highly 

regulated system of glycogen metabolism.  Gaining an understanding of how these proteins 

function will offer tremendous insight as to how regulation of glycogen granules is managed.  

The first major finding was the noticeable depletion of ATP in part 1 samples.  Once 

discovered, the decision to conduct a second study (part 2) was made and a conservative design 

was adopted since it was felt to be an initial, exploratory investigation.  Time points for 6 and 12 

h fasting and re-feeding were not included leaving only 24 h fasting and re-feeding.  Part 2 tissue 

ATP values were in very marked contrasts to those of part 1 for both muscle and liver.  Samples 

from part 1 CON had ATP values that were ~84% lower than those in part 2 CON.  Similar 

findings for the ATP in fasted 24 h and re-fed 24 h groups with part 1 F24 being ~95% less that 

part 2 F24, and part 1 RF24 ATP ~93% lower than part 2 RF24.  Although 6 and 12 h time 
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points (for both fasting and re-feeding) were not available for part 2, samples from part 1 (both 

liver and muscle) were also found to have marked depletion (data not shown).  Phosphocreatine 

(PCr) had also been measured for part 1 tissues along with ATP (data not shown).  Results from 

the PCr assay completed on muscle and liver samples further supported the above findings that 

part 1 tissue had been exposed to thawing or natural storage degeneration.  The low glycogen 

values and inconsistent Western results for part 1 are very likely due to these issues.  This is a 

clear illustration of how processing of older tissues, or those improperly stored, could produce 

erroneous results and would be very misleading if a check of tissue viability was not performed. 

 The fasting and re-feeding protocol presents a simple design whereby glycogen stores in 

skeletal muscle and liver can be manipulated to varying degrees.  This study utilized a 24 h fast 

followed by a 24 h re-feed in order to deplete liver glycogen stores while maintaining glycogen 

content in muscle.  The other common protocols of prolonged exercise could lower glycogen in 

both tissues and the regulatory factors would be a complex combination of endocrine and 

intracellular signaling.  To my knowledge, this is the first study to evaluate Lf and malin in either 

muscle or liver under conditions of fasting and re-feeding (i.e. under the conditions of this 

unique set of metabolic regulatory signals).   

5.2. 24 Hour Fasting 

 
The treatments were successful in altering CHO stores in liver as glycogen was almost 

completely depleted after 24 h fasting; an effect of fasting that has been shown reproducible in 

many studies (47, 66, 80, 82).  As expected, glycogen in muscle remained unchanged after the 24 

h fast.  Even though the endocrine responses would have been systemic, and therefore similar for 

both tissues, the regulation of the two stores differs greatly suggesting the metabolic mechanisms 
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controlling glycogen degradation at the protein level may be tissue-specific.  However, due to 

insulin and glucagon first entering the portal vein, the liver would be exposed to more extreme 

changes in these hormones than would muscle.  During times of nutritional deprivation such as 

fasting, hormonal shifts allow physiological adaptations which act to inhibit energy-consuming 

or anabolic pathways and instead increase energy-yielding or catabolic pathways.  Fasting for as 

little as 12 h results in decreased insulin and increased glucagon secretion (47).  As mentioned 

previously, liver glycogen serves to maintain blood glucose homeostasis.  Glucagon and 

glucocorticoids acts on liver resulting in glycogenolysis, consequently eliciting the release of 

glucose into the bloodstream.  Longer term effect of these hormones results in hepatic 

gluconeogenesis in an attempt of the liver to continue to release glucose from non-CHO 

substrates (42).  Research has investigated the role of hepatic glucagon receptors in exercised 

and fasted states.  With 24 h fasting, an increased affinity between glucagon and its receptors is 

seen which could further enhance gluconeogenic activity in the liver (50).     

Skeletal muscle lacks glucagon receptors and therefore is unaffected by this hormone 

(46).  Instead, catecholamines and internal cellular metabolite changes are the main factors 

responsible for the glycogenolysis that occurs in skeletal muscle tissue where stores are primarily 

serving internal metabolic requirements (15).  Fasting studies report evidence of increased 

plasma catecholamine levels within 24 h (6), which initiate cyclic AMP mediated activation of 

GP leading to glycogenolysis in muscle tissue. However, these results are conflicting with those 

of other investigations.  Some reports conclude that muscle glycogen remains unchanged with 

fasting (82) while others found decreased glycogen content (47) and some even found increased 

muscle glycogen after prolonged fasting (95).  The disparity seen from these studies may be a 

result of fasting time period (which ranges from 12-72 h), species-specific differences, skeletal 
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muscle fiber type, and activity status of subjects/animals.  Only a ~10%, insignificant decrease in 

muscle glycogen was observed in the current study after the 24 h fast.  This is not surprising 

given that the liver’s stores were depleted by almost 90%, indicating their use for maintenance of 

blood glucose.  If the fasting time was extended, perhaps later time-points would begin to show a 

greater reduction in muscle glycogen.   

As hypothesized, skeletal muscle showed no significant changes for Lf, malin, AMPKα, 

and P-AMPK after the 24 h fast.  These results are not surprising as one would not necessarily 

expect significant degradation or upregulation of these proteins involved in glycogen metabolism 

when the substrate itself is relatively unchanged. Nevertheless it suggests that altering circulating 

insulin concentration over this period does not have any impact on Lf, malin, or AMPK.  In 

contrast, the large decrease in liver glycogen might have caused increases in the hepatic 

AMP/ATP ratio which in turn would increase the activity of AMPK in order to help preserve an 

energy balance.  Indeed, there are reports of an increase in hepatic P-AMPK after 48 h of fasting 

in rats (62).  However, only a modest, insignificant increase was seen in mice at 24 h fasted (32), 

and no change in mouse liver P-AMPK after an 18 h fast (40).  The present data for the liver is 

consistent with these studies.  It appears that 24 h of fasting may not be a severe enough 

metabolic challenge to induce large changes in hepatic P-AMPK.   

AMPKα has been implicated as an important regulator of the Lf-malin complex with cell 

culture research showing that AMPKα promotes the Lf-malin interaction and subsequently 

causes downregulation (via ubiquitination) of proteins involved in glycogen synthesis, as well as 

degradation of the complex itself (81, 86).  Others have found the Lf-malin complex not only 

ubiquitinates these glycogenic proteins but also AMPK as well, but this did not lead to 

degradation (61).  In the current study there was no change in AMPK or P-AMPK during the 24 
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h fast for either muscle or liver which is compatible with no changes seen in protein content for 

Lf or malin after the 24 h fast.  An important future study would be to examine a more prolonged 

fast in order to increase AMPKα and P-AMPK, and then evaluate the impact on Lf and malin 

protein content.   

AMPK has more recently been proposed to act as a glycogen sensor (58) and an inverse 

correlation has been shown to exist with AMPK activity and glycogen content (59, 76), however 

these findings have been accomplished in cell culture (35) and contracting muscle (101, 102).  

Exercise is a known activator of AMPK (16) and the degree of activation is dependent upon 

exercise intensity as higher intensities elicit a greater metabolic stress and therefore greater 

AMPK activation (103).  Although fasting also presents a metabolic stress on the cell, the 

magnitude is dependent on the length of the fast and may also be tissue-specific (liver vs. 

muscle).   

5.3. 24 Hour Re-Feed 

 
Following the 24 h re-feed, liver CHO stores were not only completely replenished but 

were also significantly supercompensated by almost 50% greater than CON.  This finding is 

compatible with previous literature (9, 31).  During the fed-state, an increase in plasma glucose 

stimulates the release of insulin from pancreatic cells causing insulin-dependent glucose uptake 

via GLUT-4 (the main glucose transporter found in skeletal tissue) in muscle tissue (1).  Hepatic 

glucose uptake differs from skeletal muscle in that its main transporter is GLUT-2 which acts to 

bring glucose into the hepatocyte based on the equilibrium between intracellular and 

extracellular glucose concentrations (7, 100).  The influence of insulin and insulin receptors on 

liver glucose uptake is not as well known compared to insulin sensitivity in skeletal muscle.  
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As cellular glucose uptake is increased in either tissue, an increase in cellular glucose-6-

phosphate (G-6-P) allosterically activates GS to promote glycogen synthesis (68).  Even with this 

dynamic change in liver glycogen content, there were no significant changes in malin, AMPKα, 

and P-AMPK.  Surprisingly, there was a small, significant decrease seen in Lf.  This was in the 

face of a large supercompensation in liver glycogen. Thus, not only was Lf not related to changes 

in glycogen content as reported by Wang et al. (98) but it also demonstrated the opposite 

response. 

Although muscle glycogen remained unchanged with 24 h fasting, it significantly 

increased with 24 h re-feeding.  Like liver, this supercompensation is a common finding even 

when CHO stores have not been decreased (9, 31) but the increase in muscle was not as robust as 

seen in liver (~28% vs. ~50% greater than rest levels respectively) even without considering that 

the liver began the re-feeding phase with very little glycogen remaining while muscle had a 

normal concentration.  The muscle’s supercompensation was not associated with changes in any 

quantified proteins and it is noteworthy that Lf protein content decreased in liver while liver 

glycogen stores were supercompensated.    

These results for both tissues are in contrast to research that shows correlations with 

muscle glycogen levels and its regulatory proteins (98), however it is in agreement with the 

results of Hill (38) who found no correlation between muscle glycogen content and Lf.  A 

possible reason for this could be that the supercompensation may not result in increased granule 

number, but rather the existing granules got larger, in which case the amount of protein per 

granule might remain constant.  However Elsner et al. (22) found that glycogen restoration in 

myotubes resulted in the creation of new granules first rather than increasing the size of existing 

granules.  This observation was made after fasting myotubes and evaluating immediate 
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resynthesis.  The mechanisms involved regarding granule size or increases in granule amount 

during supercompensation are unknown.  However, Marchand et al. (57) reported that the initial 

phase of restoring of muscle glycogen post exercise involves the formation of new granules 

followed later by an increase in granule size.  

It is important to note that Wang et al. (98) examined muscle glycogen and Lf in various 

rodent models with genetic manipulations and the tissues analyzed were resting, i.e. the glycogen 

stores and the metabolic conditions were not dynamically altered as in the present investigation 

and that of Hill (38).  The present findings are in agreement with those of other studies in which 

exercise to exhaustion was employed to deplete muscle glycogen.  Mice which ran to exhaustion 

exhibited a significant decrease in glycogen but no changes were found in Lf (17).  In humans 

whose muscle glycogen was significantly depleted through a series of exhaustive cycling 

protocols, Lf levels decreased but were not correlated to changes in glycogen (38).  I believe the 

present data are the first to examine the possible relationship in liver and the first to examine the 

impact of fasting and re-feeding in either tissue, as well as supercompensation following 

fasting/re-feeding.  The latter point is important as fasting creates a vastly different metabolic 

condition and alters different regulators.  Nevertheless the present findings agree with those in 

which exercise was the perturbation. 

Liver glycogen is phosphorylated but to a lesser extent than that of muscle (B. Minassian, 

personal communication, July 23, 2013).  During liver glycogen depletion, the granule must be 

dephosphorylated.  Lf’s phosphatase activity during the fast in liver would therefore be important 

for proper degradation of glycogen.  Based on the findings of the investigations that focused on 

LD, it appears that Lf is also critical for glycogen resynthesis.  As feeding commences and 

glycogen stores begin to resynthesize, Lf’s phosphatase action is likely important to ensure 
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proper branching and synthesis and this would then be especially true in the supercompensated 

state.  It is unknown if Lf concentration is a reflection of its activity, but the decrease in Lf 

following hepatic supercompensation may have resulted in establishing the upper limit for this 

response.  However, if this is true, then it is puzzling that the same response was not seen in 

muscle, although this could be due to the more modest rise in this store. 

5.4. Malin Antibody 

 
 There were no changes for malin in liver or muscle with 24 h fasting and re-feeding.  

However, caution must be taken when interpreting these findings as a reputable antibody for 

malin has not yet been established.  The antibody produced a strong band that was imaged at the 

60 kD mark much like that which was shown by the manufacturer.  Recently new secondary 

antibodies from a different manufacturer were employed in our laboratory due to problems with 

non-specific binding in other protein blots.  When this new secondary was used to probe for 

malin in muscle, no signal was able to be detected.  This surprising finding was also associated 

with the lack of the non-specific band at 60 kD found previously in the Lf blots in muscle.  

Perplexingly, probing for malin in liver with the new secondary antibody still resulted in a band 

at 60kD.  These findings demonstrate how careful interpretation must be used when dependable 

antibodies are still being developed. 

5.5 Perspective 

 
In attempting to apply the present findings to the whole body and specifically to humans, 

it is important to appreciate the composition of the body.  Exercise protocols are advantageous 

when interpreting results as only the muscle groups that were active would be affected by the 

activity, muscle reactions to a fast would presumably involve the entire skeletal muscle mass.  
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Although at first, the 10% decrease in muscle glycogen may seem modest, if such a decrease 

occurred in all muscles, then due to the total mass of muscle, this would result in a very major 

change in CHO storage.  It has been stated that the liver stores ~100 g and muscle ~300-600 g in 

humans (9).  While estimates of muscle glycogen can have great variations due to fiber type 

distribution and training status, if one assumes an average of 450 g stored and then applies the 

findings of the present study (i.e. assuming the rat is a good model for the human) the respective 

changes of 90 and 10% in liver and muscle glycogen respectively during the fasting, would 

suggest that net of 90 g + 45 g (135 g total) of CHO would be metabolized.  Similarly, after 

feeding, recovery of CHO stores by 50 and 30% above rest levels for liver and muscle, 

respectively, would represent 50 g plus 135 g above that of control.  This calculation 

demonstrates that due to the total mass of muscle it actually would store more than twice as 

much as liver.  Furthermore, examining the net increase from the end of the fast, the liver would 

be estimated to have had a net uptake of 140 g (90 g+50 g) compared to that of 180 g (45 g +135 

g) for muscle mass.  

Given that Lf is essential for dephosphorylating glycogen, and that phosphorylation 

occurs in liver and especially in muscle glycogen, then it is logical to assume that Lf must be 

very active during both the fasting and re-feeding processes in order to facilitate more complete 

degradation of hepatic stores during fasting and proper branching and synthesis in both tissues 

during re-feeding.  Despite these dynamic and large changes in glycogen, these activities of Lf 

appear to take place without changes in Lf protein content.  There must be underlying 

mechanisms that alter Lf activity without changes in protein abundance.  These may include the 

complex Lf forms with malin as it is unclear whether this interaction acts to enhance or down-

regulate Lf’s function.  AMPK’s proposed interaction and phosphorylation of Lf may reduce its 
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catalytic ability (81).  It is unknown whether other proteins are capable of phosphorylating Lf 

and what the result of this protein’s phosphorylation is.  Others have shown the interaction of 

AMPK and the Lf-malin complex resulting in ubiquitin chains that are not involved in 

proteasomal degradation (61) which could suggest an alternate function of malin’s 

ubiquitination, such as translocation.  Further research is needed to identify the metabolic 

regulation of Lf. 

The estimates above are limited as they are based on the data for humans and applying 

the findings of the current study from rodents. However, this process demonstrates that while the 

liver is dramatically affected (and regulated) by fasting and re-feeding; due to its mass, muscle is 

also of major significance to the whole body actions.  It also illustrates that one needs to integrate 

and apply such data in a truly whole body, physiological manner in order to obtain a complete 

understanding of the metabolic processes involved in CHO homeostasis.  This perspective 

presents even greater challenges in interpreting the metabolic processes. 

5.6. Study Limitations 

 
The time points of 24 h fasting and 24 h re-feeding may have resulted in the missing of 

important responses, especially regarding liver as CHO stores are already depleted and 

replenished beyond that of CON with 24 h.  Further research is required to uncover the functions 

and regulation of proteins associated with glycogen degradation and resynthesis and the effects 

fasting and re-feeding may have.  Extending the fast time would also allow for greater metabolic 

stress to occur in both liver and muscle which could then bring about changes in AMPKα 

activity and possibly subsequent changes in Lf and malin.  AMPKα was the only metabolic 

regulator measured.  Including measurements of hormones specifically epinephrine, 
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norepinephrine, and cortisol would have assisted in determining the degree of metabolic stress. 

Western blotting was the technique used to assess protein content changes in liver and 

muscle tissue.  This method provides important insight regarding protein dynamics during 

specific interventions, however results indicating no change in protein content does not always 

mean activity or essential functional aspects of certain proteins did not occur.   

As mentioned previously the malin antibody may not be dependable and therefore results 

from this study should be interpreted with caution.  Having access to malin knock-out/down/up 

tissue would help to resolve some concern, as well as running careful, secondary, negative 

control experiments to assess the non-specific binding the secondary antibodies might be 

experiencing.    

5.7. Future Directions 

 
Including more time points (short-term and long-term) during fasting/re-feeding 

investigations would provide a more detailed understanding of metabolic perturbations relating 

to glycogen degradation/resynthesis and regulatory proteins associated with the granule.   

 Many studies have investigated the interaction and co-immunoprecipitation for Lf and 

malin and their proposed protein targets, however they were executed in cell culture and often 

employed genetic manipulations (2, 90, 94, 99, 105).  Exploring co-immunoprecipitation for in 

vivo work (such as the current study) would offer greater insight as to the protein interactions 

that occur in otherwise healthy subjects/animals and could be examined under fasted or exercised 

conditions.  

Proteins can undergo phosphorylation/dephosphorylation which can result in activation or 
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inhibition therefore regulating protein function.  Ubiquitination, although primarily results in 

degradation can also cause translocation, changes in activity, and binding capacity of proteins (3, 

71). Also, glycosylation of proteins is comparable to phosphorylation in that it can affect protein 

activity/function and protein interaction (43).  Recently, O-linked β-N-acetyl glucosamine (O-

GlcNAc) has been discovered as an important regulatory post-translational modification 

particularly for metabolism and during times of cellular stress (19, 36).  Drawing conclusive 

statements regarding protein function relying solely on Western blotting data may neglect critical 

alterations made to the state of the protein that could be imperative when determining how a 

protein functions.  Recent evidence indicates that Lf can be phosphorylated which may decrease 

its catalytic abilities (81).  Malin’s function to ubiquitinate proteins along with Lf in a complex is 

under current investigation with reports that the specific ubiquitin chain the Lf-malin complex is 

responsible for mediating functions different than the initially proposed degradation (61). 

Evaluating the resynthesis and supercompensation of glycogen for granule number, size, and 

location for both muscle and liver would provide greater insight to allow possible interpretation 

of protein regulation.  As discussed previously, changes in granule size vs. granule number as 

well as location may have impact on regulatory protein. 

Fluorescent imaging techniques could also be used to visualize changes in glycogen’s 

regulatory proteins.  Implementing a fasting/re-feeding design or exercise to affect glycogen 

content, then imaging muscle and liver at varying time-points would help to determine if certain 

proteins associate more with others.  Translocation could also be examined to see whether 

proteins localize at specific and or different cellular locations as glycogen is depleted and 

replenished.  Specifically, visualization of Lf, malin, and AMPK could reveal how much of these 

proteins are associated with each other during times of high and low glycogen.  Alternative 
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proteins like PTG and PP1 could be imaged along with Lf and malin to again assist in the 

understanding of their association with the Lf-malin complex.  This technique used in 

conjunction with a more detailed analysis of granule formation (stated above) would provide a 

more comprehensive evaluation regarding glycogen metabolism. 

5.8. Conclusions 

 
This study was the first to assess changes in Lf and malin in both liver and muscle under 

fasted and re-fed conditions.  Liver glycogen followed the expected dynamic changes seen 

during fasting and re-feeding, yet proteins for Lf, malin, AMPKα, and P-AMPK remained 

unchanged and in fact Lf decreased after re-feeding.  Muscle glycogen was maintained during 

the 24 h fast followed by supercompensation after 24 h re-feeding.  As in liver, the proteins Lf, 

malin, AMPKα, and P-AMPK were unchanged in muscle.  This is the first examination of Lf and 

malin, and their possible relationship to glycogen changes in liver as well as the first examination 

of muscle under fasted/re-fed conditions.  The data do not support previous reports that Lf 

protein content and glycogen concentration are closely associated.   

Also the initial phase of the thesis is a clear demonstration of the critical need to handle 

and store tissues properly and is an excellent example of how one could produce erroneous 

findings. 
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VII. APPENDIX 

 
                                         CON F6 F12 F24 RF6 RF12 RF24 

Glycogen 
(mmol/kg 

d.w.) 

70.3 ± 

29.8 

42.5± 

20.6 

25.0 ± 

21.4 

18.5 ± 

3.8 

63.9 ± 

16.9 

83.3 ± 

30.0 

110.5 ± 

32.3 

Appendix A: Muscle glycogen content from Part 1 control (CON), fasted 6 h (F6), fasted 12 h 

(F12), fasted 24 h (F24), re-fed 6 h (RF6), re-fed 12 h (RF12), and re-fed 24 h (RF24).  All data 

are presented as mean ± SD.   

 

 

 

                               

Appendix B: A representative blot for malin in muscle illustrating the presumed protein 

degradation.  Samples are ordered from left to right as control, fasted 6 h, fasted 12 h, fasted 24 

h, re-fed 6 h, re-fed 12 h, and re-fed 24 h. 
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Appendix C: A representative blot for AMPKα in muscle illustrating the presumed protein 

degradation.  Samples are ordered from left to right as control, fasted 6 h, fasted 12 h, fasted 24 

h, re-fed 6 h, re-fed 12 h, and re-fed 24 h. 

 

                               

Appendix D: A representative blot for laforin in liver control samples illustrating the presumed 

protein degradation.  

 

 

                       

 

Appendix E: A representative blot for P-AMPK in muscle control samples illustrating the 

presumed protein degradation. 


