
Green Tea (EGCG), Insulin, IGF-1 Suppression of
Atrophy Associated Transcription Factor Foxo1 Activity

in Skeletal Muscle and Mathematical Modeling of
Nuclear Influx Efflux of Foxo1 in Skeletal Muscle

Item Type dissertation

Authors Wimmer, Robert

Publication Date 2014

Abstract Preventing, slowing and reversing skeletal muscle atrophy offers
the potential to substantially improve the quality of life for our
increasingly aging population. In addition to the primary function
of force generation for movement, skeletal muscle ...

Keywords Atrophy; EGCG; FOXO1; IGF1; Insulin; Muscle, Skeletal

Download date 19/05/2023 15:43:51

Link to Item http://hdl.handle.net/10713/4384

http://hdl.handle.net/10713/4384


Curriculum Vitae - Robert John Wimmer Jr. 

Graduate Research Assistant, Department of Biochemistry and Molecular Biology 

University of Maryland School of Medicine 

Baltimore, Maryland 21201 

E-mail: RobWimmer@hotmail.com 

 

 

Education 

2014  Ph.D., Department of Biochemistry and Molecular Biology 

University of Maryland School of Medicine, Baltimore, MD 

 Adviser: Martin F. Schneider Ph.D. 

 

2009 M.S., Biomedical Engineering 

 Drexel University, Philadelphia, PA 

  

1996 B.S., Mechanical Engineering 

 Villanova University, Villanova, PA 

 

 

Peer Reviewed Journal Publications 

Wimmer, R.J., Lui, Y., Schachter, T.N., Stonko, D.S., Peercy, B.E., Schneider, M.F., 

Mathematical modeling reveals modulation of both nuclear influx and efflux of Foxo1 by 

the IGF1/PI3K/Akt pathway in skeletal muscle fibers.  Am J Physiol Cell Physiol. 2014 

Mar;306(6):C570-84. 

 

Wimmer, R.J., Russell, S.J., Schneider, M.F., Green Tea (EGCG), Insulin, and IGF-1 

Suppression of Atrophy Associated Transcription Factor Foxo1 in Skeletal Muscle 

Fibers.  To be submitted to “Skeletal Muscle” Journal. 

 

 

Published Abstracts 

Wimmer, R.J., Schachter, T.N., Peercy, B.E., Schneider, M.F. (2013) Modeling the 

effects of Akt activation/inhibition and green tea compound EGCG on Foxo1-GFP 

nuclear-cytoplasmic movement in adult skeletal muscle fibers, Abstracts of the 

symposium “Regulatory Circuits in Cell Motility” October 11-12, 2013, Philadelphia.  J 

Muscle Res Cell Motil.  2013 Dec 7, [Epub ahead of print] PubMed PMID: 24318370. 

 

Garcia-Pelagio, K.P., Bloch, R.J., Wimmer, R., Gonzalez-Serratos, H. (2010) 

Mechanical Properties of Desmin in Skinned Fibers from Normal and Desmin-Null Mice. 

Biophys J. 2010 Jan, vol. 98, no. 3, sup. 1, pp. 406a-407a.  

 

 

 

 

 

mailto:RobWimmer@hotmail.com


Abstract 

Title of Dissertation: Green Tea (EGCG), Insulin, IGF-1 Suppression of Atrophy 

Associated Transcription Factor Foxo1 Activity in Skeletal Muscle and Mathematical 

Modeling of Nuclear Influx Efflux of Foxo1 in Skeletal Muscle 

Robert John Wimmer Jr., Doctor of Philosophy 2014 

Dissertation Directed by: Martin F. Schneider, Ph.D., Professor, Department of 

Biochemistry and Molecular Biology 

 

Preventing, slowing and reversing skeletal muscle atrophy offers the potential to 

substantially improve the quality of life for our increasingly aging population.  In 

addition to the primary function of force generation for movement, skeletal muscle plays 

an equally important role in maintenance of homeostasis through regulation of metabolic 

critical organic compounds such as amino acids, growth hormones, fatty acids, and 

glucose.  Disruption of the body’s homeostasis during diseases such as cancer, renal 

failure, sepsis, or diabetes leads to significant skeletal muscle atrophy.  Our study utilizes 

over-expression of a skeletal muscle atrophy associated transcription factor, Foxo1, 

tagged with a green fluorescent protein (GFP) to provide a visual indication where within 

the muscle fiber (Nucleus or Cytoplasm) Foxo1 is located.  This provides an indication of 

the activation status of the Foxo1 by comparing nuclear to cytoplasmic ratios with time. 

 A two state mathematical model was created to account for the observed Foxo1-

GFP nuclear concentration time course and presented here in Chapter 2.  This model 

made two interesting observations, one implying that the kinase Akt not the predominant 

enzyme that phosphorylates Foxo1 in the nucleus prior to Foxo1 nuclear efflux.  The 



second indicates that in the presence of IGF, intra-nuclear Akt activity, or possibly the 

activity of another kinase, has become strongly activated with the presence of IGF within 

the muscle fiber nuclei.  

 EGCG is found in green tea, the most popularly consumed beverage in the world 

after water.   Presented in Chapter 3, we show results of reduced Foxo1 activation 

induced by EGCG which are similar to the effects of well established endogenous growth 

hormones, IGF-1 and insulin.  Interestingly EGCG appears to have its effect at least 

partially via parallel signaling pathways that are independent of IGF-1’s (and insulin’s) 

downstream PI3K/Akt/Foxo1 signaling axis.  Future work to further understand EGCG’s 

parallel signaling pathways could have implications both in slowing muscle atrophy as it 

relates to Foxo1 or, more broadly in providing a clinical parallel pathway to IGF-1 and/or 

insulin. 
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CHAPTER 1 : Introduction 

 

1.1 Skeletal Muscle Physiological Roles 

Skeletal muscles generate all voluntary force in the body, and provide the critical 

movement required for maintenance of posture (leg and trunk musculature), production 

of all bodily movement (limb and trunk muscles), as well as for critical functions such as 

breathing and eating.  However, maintenance of skeletal muscle mass is critical not only 

for force generation as described above, but also as a key regulator of whole body 

homeostasis through protein storage, amino acid release, and glycemic control (12).  

Considering that skeletal muscle constitutes 40-50% of the overall mass in humans (58), 

the role for skeletal muscle as a homeostatic regulator of the internal environment within 

the entire body is critical.  Disruption of the body’s homeostasis during diseases such as 

cancer, renal failure, sepsis, or diabetes leads to skeletal muscle atrophy (cachexia) (12).  

This disease induced loss of muscle mass further compounds the disease condition, 

creating a negative cascade as less muscle mass is available to maintain the body’s 

normal levels of metabolism. 

 

1.2 Skeletal Muscle – Protein Synthesis/Breakdown 

Maintenance of muscle mass is determined by the balance between the rate of muscle 

protein synthesis versus the rate of muscle protein breakdown.  Hypertrophy occurs if 

protein synthesis exceeds breakdown, whereas atrophy occurs if breakdown exceeds 

synthesis, so changes in muscle mass can result from changes in protein synthesis, 

breakdown or both.  Under normal physiological conditions, synthesis and breakdown are 
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reciprocally regulated, to help prevent inefficient cycles of synthesis/breakdown from 

occurring.  Potential causes for loss of muscle include reduced physical activity, reduced 

endocrine function (insulin, testosterone, IGF-1, cortisol), reduced neuromuscular 

function, amino acid nutritional deficiencies, diseases states, or direct trauma (65).  In 

this thesis I focus on Foxo proteins as one of the major families of molecules promoting 

muscle atrophy, and on the signaling pathways (Endogenous insulin & IGF-1 and 

exogenous EGCG) that suppress Foxo signaling in muscle fibers.     

 

1.3 Pathways Regulating Skeletal Muscle Protein Levels 

Multiple pathways control muscle protein levels (Fig. 1.1), but a prominent one 

appears to be the PI3K/Akt signaling pathway, which increases protein synthesis while 

blocking degradation (23).  Activated Akt kinase directly interacts with and 

phosphorylates Foxo1 & Foxo3, discussed in more detail later in this thesis, preventing 

expression of ubiquitin ligases and autophagy-related genes to reduce protein degradation 

(23).  Activated Akt increases protein synthesis through the master regulator of growth, 

mTOR (mechanistic Target of Rapamycin), which activates S6 kinase (23,60).  The 

mTOR signaling pathway mediates the cell’s response to nutrient availability, while Akt 

integrates signals from IGF1, IGF2, and insulin to activate mTOR signaling; conversely 

AMP-activated kinase (AMPK) may inhibit mTOR activity (60).  In vivo studies with 

transgenic mice demonstrate the importance of Akt; by showing that constitutive Akt1 

activation caused increased muscle fiber size (hypertophy) while Akt1/Akt2 double 

knockout mice showed skeletal mucle atrophy (23).        
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Anabolic factors such as growth hormone (GH), androgens (testosterone), IGF-1, 

and insulin (23) are important to maintain normal skeletal muscle homeostasis.  IGF-1 

and insulin are both discussed in more detail throughout this thesis.  Interestingly IGF-1 

not only effects preexisting muscle fibers but also has been implicated in stimulating 

proliferation of regenerative muscle cells called satellite cells (23).  Myostatin is a strong 

negative regulator of muscle growth, it acts by stimulating catabolic pathways while also 

suppressing anabolic processes (31).  Myostatin treatment has been shown to block the 

IGF1/PI3K/Akt pathway and activate Foxo1 (59).  Finally, Testosterone is an 

endogenous hormone with anabolic function through activation of Androgen Receptor 

(AR) signaling (31). 

Reactive oxygen species (ROS) are constantly produced during normal skeletal 

muscle function.  In physiological conditions when ROS levels exceed an elevated 

signaling threshold, ROS promotes calcium-dependent cysteine proteases (calpains) such 

as Jnk, p38, and Erk1/2 kinases, along with NF-kB pathway, to promote muscle atrophy 

(23).  The transcription factor, NF-kB, has been shown to directly bind the MuRF1 

promoter, which triggers a proteasome-dependent muscle atrophy.  It also stimulates 

expression of iNOS, which leads to increased oxidative stress and increased protein 

degradation (23). 
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Figure 1.1 Physiological and Pathological causes of Atrophy with Implicated Signaling 
Pathways 

Yellow highlighted (EGCG/IGF-1/Insulin – FoxO activation – Proteasome) are further discussed in 
this thesis, Figure modified from (23) 

 

1.4 Muscle Atrophy 

1.4.1  Atrophy - Molecular Mechanisms 

Atrophy is the decrease in size of a tissue due to loss of cytoplasm, organelles, 

and protein which results in cell shrinkage.  Atrophy can result in cellular death if it is 

prolonged or severe (12).  Atrophy can occur with even very small imbalances created 
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between protein synthesis and protein degradation sustained over time (45).  The increase 

in protein degradation is mediated through four major pathways, 1) Calcium-dependent 

cysteine proteases (calpains), 2) Cysteine-aspartic acid proteases (caspases), 3) 

Lysosomal cysteine proteases (cathepsins), and 4) Ubiquitin-mediated proteasome 

activity.  In skeletal muscle, the ubiquitin-mediated proteasome pathway has shown to 

have a significant influence on myofibrillar protein (actin/myosin) degradation (45,59).   

 

1.4.2 Atrophy - Background 

It is remarkable how adaptive and resistant skeletal muscles are to atrophy and 

death, respectively.  This is critical to maintain muscle mass, since human muscle fibers 

are non-dividing and terminally differentiated after their exit from the cell cycle during 

embryogenesis (16).  Skeletal muscle is able to undergo regeneration and repair by fusion 

with a cell population discovered in 1961 by Alexander Mauro, called satellite cells, 

which reside between the basal lamina and plasma membrane of the muscle fiber (48).  

When muscle is injured from either exercise, trauma, or disease, the satellite cells 

activate, start to divide, and then differentiate into myocytes which fuse with the existing 

damaged muscle fiber or form new myofibers (48).   

However despite this innate ability of human skeletal muscle to resist atrophy, 

starting around the third decade of life a gradual decline in muscle mass and strength 

begins to occur (46).  This decline in muscle mass and strength accelerates and levels off 

to a more steady decline upon the fifth decade of life (65), with one study reporting at age 

50 years a steady 1-2% loss of muscle mass per a year (65).  Despite exercise being the 

gold standard to increase muscle function (47), the loss of muscle mass with aging occurs 
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in both active and sedentary adults (65).  Not surprisingly, the loss of muscle mass leads 

to loss of muscle strength, with men aged 75 years showing loss of strength at 3-4% per a 

year and women 2.5-3% per a year (46).  Interestingly, the decline in strength of lower 

limb muscles was shown to be about twice that of upper limb muscles (30,46), which 

further leads to impaired mobility and increased risk of falls and fractures.   

With no present therapeutic intervention to arrest this decline, our ability to 

improve the quality of life of our aging population is severely limited.  An unintentional 

body weight loss of 10% or more after age 50 is associated with a 60% increase in 

morality compared to stable weight individuals (65).    

 

1.4.3 Muscle Wasting Diseases 

Sarcopenia and cachexia are the two most common adult muscle wasting conditions 

(47).  Cachexia is considered a cytokine-associated, inflammatory muscle disorder which 

depletes energy and protein stores due to a systemic inflammation response (65).  There 

are a number of common conditions associated with cachexia which include AIDS, 

cancer, end stage renal disease, cystic fibrosis, crohn’s disease, rheumatoid arthritis, 

congestive cardiomyopathy, and chronic obstructive pulmonary disease (65).  In 

particular cancer-induced cachexia can cause up to 80% reduction in muscle mass (65).     

Sarcopenia is clinically accepted to be the loss of muscle function along with the 

loss of muscle mass (47).  Normal aging causes a steady decline in muscle mass and 

strength beginning in our third decade, which accelerates to a steady decline after our 

fifth decade.  This normal aging-induced loss of muscle mass and function was 

documented as early as 384BC by Aristotle, although Cicero in 44BC rejected the 
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concept that old age is an irreversible illness (50).  Continued understanding of the 

molecular mechanisms of age-related sarcopenia, may allow possible interventions for 

improvement for quality of life.  Potential causes of age-related sarcopenia are reduced 

levels and responsiveness of GH, testosterone, IGF-1, DHEAS, estrogens, and vitamin D 

(65).  Alterations in gene expression and decrease or imbalance in protein metabolism 

may be possible causes for age-related sarcopenia (65).      

 

1.5 Transcription Factor Foxo1 

1.5.1 Foxo Background  

For survival, eukaryotic cells, including skeletal muscle, must precisely regulate 

thousands of genes and make adjustments to increase or decrease gene expression based 

on internal and external changes in their environment.  A well understood mechanism of 

gene regulation is through the use of transcription factors.  The 100 residue DNA binding 

forkhead domain transcription factor known as forkhead box class O (Foxo), are involved 

with cellular signaling of energy metabolism (fatty acid oxidation/glycolytic flux), 

mitochondrial transcription, and cellular survival (atrophy, apoptosis) (58).  Four 

isoforms of Foxo (Foxo1, Foxo3A, Foxo4, and Foxo6) are found in skeletal muscle, with 

Foxo1 & Foxo3A implicated in muscle atrophy due to their promoting transcription of E3 

ubiquitin ligases, MAFbx/atrogin-1 and MuRF1 (58).  Human Foxo1 is a protein 655 

residues long (MW ~70 kDa) coded on chromosome 13 (52,58) and is well conserved 

across mammalian species.    
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1.5.2 Foxo1 – Increased E3 Ubiquitin Ligases 

The ubiquitin-mediated proteasome systems has a major role in muscle protein 

degradation.  Over-expression of the E3 ubiquitin ligases, MAFbx/atrogin-1 and MuRF1, 

occurs in atrophy induced by fasting, denervation and muscle immobilization (58).  E3 

ubiquitin ligases target proteins for degradation by the 26S proteasome (58).  Activation 

of the Foxo1 and Foxo3 pathway leads to increase expression of atrophy genes 

MAFbx/atrogin-1 and MuRF1 (58).  Akt is a negative regulator of both Foxo1 and Foxo3 

via phosphorylation of Foxo1 or Foxo3 in the cytoplasm (and likely nucleus).  In effect, 

Akt activation inhibits Foxo1 activity (59,61,70).  

 

1.6 Regulation of Foxo1 in Skeletal Muscle 

In addition to the common forkhead domain motif (FD), Foxo factors have a nuclear 

localization sequence (NLS) and nuclear export sequence (NES) which regulate their 

residency in either the nucleus or cytoplasm of the cell, [fig. 1.2] (58).  

  

 

Figure 1.2 Human Foxo1 - Key Functional Domains 

Locations of forkhead domain (FD), nuclear localization sequence (NLS), nuclear export 

sequence (NES), helical motif (LXXLL),and Akt phosphorylation sites associated with secluding 

the NLS and NES regions (blue circles) (58) 
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The NLS or NES is hidden or exposed due to conformational changes induced by post- 

translational modifications, such as phosphorylation, acetylations, and glycosylation (58).  

When the NES is exposed, it associates with the chaperone protein, 14-3-3, then 

associates with chromosome region maintenance (CRM1) and Ras-related protein (Ran) 

(14).  Exposure of the NES results in transport of the Foxo-(14-3-3)-Ran-CRM1 complex 

out of the nucleus.  Within the cytoplasm, phosphorylation of Foxo1 by activated Akt 

results in phosphorylation of three conserved residues (72) which causes the NLS to be 

secluded, preventing translocation into the nucleus.  Within the nucleus, phosphorylation 

of Foxo1 by activated Akt results in Foxo1 unbinding from DNA from the resulting 

conformational change exposing the NES for translocation out of the nucleus (14,66).  

Fig. 1.3 provides a summary of the IGF/PI3K/Akt signaling pathway which regulates 

Foxo1 nuclear-cytoplasmic based on phosphorylation status (70).    

 

     Figure 1.3 Foxo1 Nuclear-Cytoplasmic distribution based on phosphorylation status 

IGF1 ligand interacts with the IGF receptor (IGFR) at the muscle fiber’s plasma membrane 

causing a conformational change which activates a catalytic domain within the intracellular 

portion of the IGFR to increase the tyrosine kinase activity to activate the kinase PI3K causing 

plasma membrane lipid phosphorylation which results in PDK1 activation and Akt 

phosphorylation.  When Akt becomes phosphorylated it is active and phosphorylates Foxo at 

three conserved residues in both the cytoplasm and possibly the nucleus as well (Fig. 1.3 does not 

show Nuclear Akt).  Only dephosphorylated Foxo can enter the nucleus via the nuclear import 

system, and only phosphorlated Foxo can exit the nucleus via the nuclear export system.  

Intranuclear Foxo promotes transcription of the “atrogenes” MuRF1 and MAFbx/atrogin-1 (70). 



10 

 

 

1.7 IGF-1/PI3K/Akt pathway 

1.7.1 IGF-1 & Insulin Overview 

Insulin-like growth factors (IGFs) and insulin are both polypeptide hormones, 

involved in critical functions of metabolism, cell growth, differentiation, and protein 

synthesis across most mammalian tissues (26,63).  Circulating levels of IGF-1 are 

produced primarily in the liver stimulated from growth hormone (GH) released by the 

anterior pituitary gland.  However, IGF-1 is also produced by multiple non-hepatic 

tissues including skeletal muscle, where it functions as an autocrine and paracrine growth 

factor, independent of GH activation (55).  In contrast to IGFs, insulin is produced solely 

by beta cells located in the pancreas.  Interestingly, IGFs and insulin (not shown in Fig. 

1.4) signaling both converge and activate the same PI3K/Akt signaling pathway which 

helps determine the balance of protein synthesis versus protein degradation (Fig. 1.4).  

The unique specificity observed between IGF-1 and insulin-specific responses are 

thought to be a result of differences in receptor expression and tissue-specific 

downstream targets (63).  
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Figure 1.4 IGF1/PI3K/Akt Signaling in Skeletal Muscle with Exercise and/or IGF-1 

In skeletal muscle exercise directly activates Akt and ERK1/2 while also inducing IGF-1 

synthesis.  Activation of Akt leads to increased protein synthesis via mTOR and GSK3 pathways 

while inhibiting protein degradation via Foxo pathway. (24) 
 

In this thesis, I am interested in the signaling mechanisms that control 

phosphorylation, and subsequent nuclear exclusion and suppression of Foxo1 

transcriptional effectiveness caused by Akt activation.  Despite the overlap in signaling, 

IGF-1 shows more specificity toward mitogenic changes while insulin shows more 

specificity toward metabolic changes (37).  Historically, the IGF family has three ligands; 

IGF-1, IGF-2, and Insulin, three surface receptors IGF-1R, IGF-2R, and Insulin Receptor 

(IR), and six IGF-binding proteins (IGFBPs) (26, 55).  Based on recent work, this 

classical summary is oversimplified.  Recently discovered IGF family ligands include 

peptide LL-37 (26) along with at least two alternatively spliced isoforms of IGF1 in mice 
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(IGF1Ea, IGF1Eb) and three in humans (IGF1Ea, IGF1Eb, MGF) (55,60).  Recently 

discovered receptors include isoforms of Insulin receptor IR-A and IR-B along with 

hetrodimer hybrids between Insulin and IGF receptors, in addition to the Insulin-receptor-

related (IRR) (26).  The number of IGFBPs could possibly increase with inclusion of 

IGFBP7 - IGFBP10 but there is not a unanimous consensus to include these additional 

IGFBPs (7, 26).  IGF1 levels and bioactivity is reduced with age, which have been 

associated with decreased muscle strength and size, along with lower levels of protein 

synthesis, all important in age-related sarcopenia (55).  In addition to research specific to 

skeletal muscle atrophy regulation, continued understanding of the mechanisms of IGF-1 

and insulin signaling could improve outcomes of two directly related diseases, type II 

diabetes and cancer (37). 

 

1.7.2 IGF-1 and Insulin Ligands 

The canonical, mature, human IGF-1 molecule is a polypeptide hormone 70 

amino acids in length with the IGF1 gene spanning more than 90 kb of chromosomal 

DNA coded on human chromosome 12.  It is highly conserved across many mammalian 

species such as; mouse, dog, cow, chimpanzee, just to name a few (44,51).   

Insulin is also highly conserved across many mammalian species.  It is composed 

of 51 amino acids with MW~ 6000 Da (20).  It is coded on human chromosome 11 and 

made up of two polypeptide chains (A & B chains) linked together by two disulfide 

bonds, a third disulfide bond links within the A chain (20).  Due to the very low 

concentration of insulin in the blood (< 1x10
-9 

M), it remains as a monomer which 

maintains it bioavailability for interaction with insulin receptors.  At higher 
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concentrations (>1x10
-6

 M) insulin can form dimers, with higher-order aggregates 

forming at progressively higher concentrations (20).  Similar to IGF-1, insulin is involved 

with signaling that regulates cell growth, differentiation, and metabolism.   Insulin has a 

stimulatory effect on energy metabolism through glucose uptake, glycolysis, lipogenesis, 

and protein synthesis, while inhibiting protein degradation, fatty acid oxidation, and 

gluconeogenesis (20). 

 

1.7.3 IGF-1 and Insulin Receptors 

IGF-1 receptors (IGF1R) and insulin receptors (IR) are both members of the 

family of receptor tyrosine kinases that attach phosphate groups to the amino acid 

tyrosine.  In humans, both IGF1R and IR have two globular extracellular α-subunits 

linked to each other by disulfide bonds, with one β-subunit attached to each α-subunit by 

disulfide bonds as shown in fig. 1.5 (4).  Adding to the complexity of IGF-1 and insulin 

signaling, in addition to receptors specific to only IGF-1, IGF-2 or Insulin there are also 

“hybrid” receptors which are composed of one α-subunit and one β-subunit from 

respective IGF and insulin receptors as shown in fig. 1.5 (4).  The tyrosine kinase activity 

for these receptors is in the intracellular portion of the β-subunit.  As an example, when 

IGF1 ligand binds to IGF1R it causes a conformational change, activating a catalytic 

domain within the intracellular portion of the β-subunit to increase the tyrosine kinase 

activity and subsequent downstream activation of the PI3K/Akt and Ras/MAP kinase 

pathways (4). 
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Figure 1.5 Summary of IGF Signaling 

IGF axis consists of three ligands IGF-1, IGF-II, Insulin (Ins), they bind and can “cross-talk” 

with one of six different IGF axis binding proteins.  Majority of circulating IGF is associated to 

IGF binding protein isoform 3 (IGFBP-3) (4) 

 

 

1.7.4 IGF-binding Proteins 

The bioavailability of IGF1 and IGF2 is determined by their binding to “insulin 

growth factor binding proteins” (IGFBP) (4).  There are six established mammalian 

proteins, IGFBP1-IGFBP6, which have a conserved protein structure and high binding 

affinity for IGF-1 and IGF-2 (7).  IGFBPs are secreted proteins of between 213 and 289 

residues.  Most of the circulating pool of IGF1 and IGF2 are stabilized by either IGFBP-3 

or by a 85kDa glycoprotein, acid-labile subunit (ALS) (7).  The levels of IGFBP, IGF1 or 

IGF2 which regulate gene expression and growth, are influenced by estrogens and 

retinoids, or by systemic environmental cues such as hyperinsulinism (4). 
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1.7.5 PI3K and Akt 

Akt (or PKB) is a serine/theronine protein kinase with three isoforms, Akt1 

(PKBα), Akt2 (PKBβ), Akt3(PKBγ) (43).  Each isoform has been associated with 

specific functions in the cell: Akt1 with cell survival, Akt2 with cell substrate 

metabolism, and Akt3 with brain development (43).  Akt1 is referred to as Akt 

throughout this paper due to previous studies showing the effect of its activation on 

promoting protein synthesis and the inhibition of protein degradation through 

phosphorylation of Foxo1 activation (43).  Related to age-related sarcopenia, total Akt, 

but not phosphorylated Akt, levels are increased by 2.5 fold in older versus young 

skeletal muscle, which lowers the efficiency of Akt phosphorylation by 30% (55).  

Phosphatidylinositol-3 kinase (PI3K) is a lipid kinase which upon activation causes 

phosphorylation of phoshatidylinositol 4,5-bisphosphate [PI(4,5)P2) to 

phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3].  PIP3 then recruits Akt to the 

plasma membrane, where Akt is phosphorylated and activated (9).  There are three 

classes of PI3K, with class I PI3Ks being activated by receptor tyrosine kinases (9).  The 

class IA subgroup of class I PI3Ks have two subunits (regulatory p85 and catalytic p110) 

(9). 

 

1.8 Green Tea Compound (EGCG) 

Nutritional approaches to medicine are studied due to their potential to provide far 

reaching quality of life improvements in a cost-effective manner.  Tea is the second most 

frequently consumed beverage after water, with Green tea (Camellia sinensis) 
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specifically studied due to the presence of high levels of polyphenols, including 

epigallocatechin-3-gallate (EGCG), epigallocatechin (EGC), epicatechin-gallate (ECG), 

and epicatechin (EC) (35).  The galloyl moiety of these catechins is thought to be the 

reason for the beneficial activities of green tea, shown in clinical and animal studies, such 

as anti-oxidative and lipid lowering effects (35).  It should be noted however, that there 

are a number of studies that also show EGCG has a pro-oxidative mechanism of action 

(36).  Within green tea, the compound Epigallocatechin-3-gallate (EGCG) makes up 

about 41% of the total catechins (flavonoid polyphenols) in green tea leaves that are 

soluble in hot water (22), and show the most potent biological activity.  Recent studies 

have shown many additional mechanisms, including interactions with plasma membrane 

proteins, modulation of metabolic enzymes, and specific to our work activation of the 

PI3K/Akt signal transduction pathway (35).   

The biological actions of EGCG are concentration-dependent.  Clinical and in vivo 

studies show that circulating EGCG levels can reach approximatley10 uM after oral 

intake of pure EGCG (35).  In bovine aortic endothelial cells (BAECs), concentrations of 

EGCG ranging from 0.5 to 50 uM showed concentration-dependent increases in 

phosphorylation of Akt and Foxo1 (57), although 6 hour exposure to EGCG at 

concentrations above 10uM were toxic (57).  Based on the experiments showing EGCG 

mediates Akt activation and the established role Akt has in suppressing protein 

breakdown and mediating protein synthesis and cell survival, some recent skeletal muscle 

related studies were performed.   

A 2013 clinical study of 30 healthy men, showed increase in MuRF1, UBE3B, and 

m-calpain expression following eccentric exercise within the experimental group which 
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consumed EGCG, however they had to conclude no effects since when the group was 

compared to placebo group the effects were not significant (34).  One of the reasons may 

be the 6 hour time delay between from eccentric exercise to tissue biopsy, which the 

authors cite as a possible reason for the results (34).  A 2014 study in rats (3), used hind 

limb suspension to unload both fast twitch (type II) plantaris muscles and slow twitch 

(type I) soleus muscles for fourteen days.  This hind lind suspension experiment showed 

EGCG treatment improved muscle weight, muscle cross sectional area, and myogenic 

progenitor cell activation in the plantaris muscle but showed no effect on the soleus 

muscles (3).  A 2012 study in the mdx mouse model of a Duchenne muscular dystrophy, 

recorded creatine kinase, isometric contractions of triceps surae muscles, oxidative stress, 

and fibrosis, and showed that EGCG had reduced the development of dystrophic muscle 

lesions (49).     

   

1.9 Experimental System Overview 

My thesis involves the use of isolated single muscle fibers from 4 – 8 week old adult 

mice, which are cultured on glass bottom petri dishes to allow experimental (ex vivo) 

perturbations and imaging of fluorescently tagged transcription factors and other proteins 

of interest.  The isolation, collagenase digestion, and culturing of isolated flexor 

digitorum brevis (FDB) single adult skeletal muscle fibers, is well established.  Since 

2001 (40), our laboratory has used this ex vivo method with a great deal of success to 

generate data to monitor in real time the nuclear and cytoplasmic distribution of over-

expressed, fluorescently tagged transcription factors.  Other groups use this experimental 

preparation for other purposes (10,42).  The benefits of using adult cultured cells include 



18 

 

the ability to perform live cell imaging, conduct parallel experiments with varying 

temporal pharmacological perturbations, and the adenoviral over-expression of tagged 

proteins. 

   

1.10 Computational Modeling Background 

Modeling is the creation of a tool to characterize molecular and cellular biological 

events to allow a formalized method to extend traditional knowledge and allow dynamic 

databases of interpretable knowledge (2).  Physicochemical modeling specifically looks 

at bimolecular transformations such as the intracellular localization (such as in Chap 2 of 

this thesis), post-translational modifications, and intermolecular associations (2).  

Compartmentalization is used to represent a distinct state or localization (2).    

In my analysis of the transcription factor Foxo1, I used a two compartment model 

(cytoplasm and nuclear localization) and attempted a more complex four compartment 

model (phosphorylated and unphosphorylated states of Foxo in both the cytoplasm and 

nuclear volumes).  The design of the original four state model required critical decisions 

about the scope and level of detail for the Ordinary Differential Equations (ODEs), 

essential to the model.   With any model design, there is always the decision to tradeoff 

the size of scope for predictive power, in addition to decreasing the level of detail to 

decrease the complexity of the model  by “lumping” details of complex mechanisms into 

simplified overall “lumped” rates (2).  Some of the tools to “lump” details are widely 

accepted as valid.  For example, when a reaction is a hundred times or more faster than 

other reactions, it is safe to make the assumption that the fast process is in equilibrium, 

allowing for fewer ODEs in the model and thus easier computation (2).  Related to 
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modeling Foxo, Smith et al. (64), developed a computational model of Foxo’s multiple 

post-translational modifications in aging-related signaling.  As compared to our two state 

translocation model, Smith et al. increased the level of detail with the intent of gaining 

insight into the molecular processes for post-translational modifications. 
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CHAPTER 2: Mathematical modeling reveals modulation of both nuclear influx 

and efflux of Foxo1 by the IGF1/PI3K/Akt pathway in skeletal muscle fibers
1
 

1
 Chapter contains work previously published by Robert Wimmer, Yewei Liu, Tova Neustadt Schachter, 

David Stonko, Bradford Peercy, and Martin Schneider in the American Journal of Physiology (2014). 

 

2.1 Introduction 

Transcription of a given gene is controlled by numerous regulatory proteins, 

including transcription factors, which are primary activators of transcription, as well as 

numerous other activators, coactivators, repressors, and corepressors (27,38).  These 

factors combine to form macromolecular transcriptional regulatory complexes assembled 

on the promoter regions of the gene in question (39).  To participate in such regulatory 

complexes, the regulatory molecules must be resident in the nucleus.  Thus an important 

aspect of transcriptional regulation is control of the nuclear-cytoplasmic distribution of 

these regulatory molecules, and the mechanisms controlling nuclear-cytoplasmic 

movements of transcriptional regulatory molecules can thus be important determinants of 

transcription.  Post-translational modification of transcriptional regulatory molecules can 

modulate their nuclear-cytoplasmic distribution by causing selective exposure of nuclear 

import signals or nuclear export signals, depending on the post-translational modification 

status of the molecule (21,33).  This, in turn, results in nuclear entry or exclusion of the 

regulatory molecule and a corresponding effect on the transcriptional process.  However, 

the roles of transcriptional modifications in the cytoplasm and relative to those in the 

nucleus have not been thoroughly studied.  Here we establish new modeling and analysis 
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techniques for identifying intranuclear or cytoplasmic phosphorylation/dephosphorylation 

events that modulate the nuclear-cytoplasmic distribution of the transcription factor 

forkhead box class O (Foxo) 1 in skeletal muscle fibers.  Skeletal muscle atrophy and 

wasting occur during disuse and aging or as an accompaniment of cancer, diabetes, heart 

disease, septicemia, or other severe systemic disease states and they cause debilitating 

limitations on mobility and breathing.  The Foxo transcription factors, including Foxo1 

studied here, serve as key activators of muscle protein breakdown during atrophy by 

promoting transcription of the atrophy-related ubiquitin ligases muscle-specific RING 

finger protein (MuRF1) and muscle atrophy F-box (MAFbx)/atrogin-1, leading to 

increased protein breakdown via the proteosomal pathway, and by promoting the 

lysosomal autophagy pathway for protein breakdown (58).  Foxo proteins shuttle into and 

out of muscle fiber nuclei, primarily depending on phosphorylation status (Fig. 2.1).   

 

Figure 2.1 Foxo1 Nuclear-Cytoplasmic distribution based on phosphorylation status 

IGF1 activation of the IGF receptor (IGFR) at the plasma membrane (top) activates PI3K causing 

plasma membrane lipid phosphorylation resulting in PDK1 activation and Akt phosphorylation.  

Active (phosphorylated) Akt phosphorylates Foxo in cytoplasm and PP2A dephosphorylates Foxo, 

in the cytoplasm and possibly in the nucleus as well (nuclear Akt and PP2A action are not 

indicated).  Only dephosphorylated Foxo can enter the nucleus via the nuclear import system, and 

only phosphorylated Foxo can exit the nucleus via the nuclear export system.  Intranuclear Foxo 

promotes transcription of the “atrogenes” MuRF1 and MAFbx/atrogin-1 
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In response to IGF-I, the pathway including IGF receptorphosphatidylinositol 3-kinase 

(PI3K)Akt (PKB) leads to phosphorylation of Foxo1 or Foxo3A (hereafter referred to 

collectively as “Foxo”) by Akt on three conserved residues (69), which causes the nuclear 

localization signal in Foxo to be masked and, thus, prevents nuclear entry (7) (Fig. 2.1).  

Dephosphorylation exposes the nuclear localization signal, allowing nuclear entry of 

dephosphorylated Foxo via the nuclear import system (54).  Within the nucleus, Foxo can 

bind to DNA sites via its highly conserved DNA-binding domain, causing transcriptional 

activation. Phosphorylation of nuclear Foxo by Akt and the resulting conformational 

change cause unbinding of Foxo from DNA (6,66) and are required for binding of Foxo 

to the chaperone protein 14-3-3, followed by binding to chromosome region maintenance 

1 (CRM1) and Ras-related protein (Ran) binding (15) and exposure of the nuclear export 

sequence, resulting in transport of the Foxo-(14-3-3)-Ran-CRM1 complex out of the 

nucleus via the nuclear export system.  In several models of skeletal muscle atrophy, 

nuclear Foxo promotes expression of the ubiquitin ligases MuRF1 and MAFbx/atrogin-1, 

resulting in an increase in muscle protein breakdown and, thus, contributing to muscle 

wasting (11,59,69).  Although steady changes in Foxo nuclear-cytoplasmic distribution 

have been studied in muscle, there has been little analysis of the kinetics of the nuclear-

cytoplasmic redistribution of Foxo, and little is known regarding the relative roles of 

nuclear vs. cytoplasmic signaling events in regulating these changes, which we address 

here.  In previous studies, we made extensive use of adult skeletal muscle fibers 

maintained in culture and transduced to express fluorescent fusion protein constructs of 

the transcriptional regulators, nuclear factor of activated T cells (NFAT) and histone 
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deacetylase (HDAC), to study the nuclear-cytoplasmic distribution of these proteins 

under a variety of experimental conditions (40,41).  We recently applied the same general 

experimental approach to study the time course of nuclear-cytoplasmic distribution of 

Foxo1-green fluorescent protein (GFP) (61). Here we develop a simplified mathematical 

model that accounts for several of our previous observations concerning Foxo1-GFP 

nuclear movements.  We previously observed a gradual increase in nuclear Foxo1-GFP 

with time after change from culture to control experimental conditions (61), which is now 

modeled as the time-dependent approach to a new steady state.  This dynamic now 

provides values for the apparent rate constants for unidirectional nuclear influx and efflux 

of Foxo1-GFP in the model.  By changing the values of the apparent rate constants for 

unidirectional nuclear influx and efflux, we also use the model to account for our 

previous observations of changes in the time course of Foxo1-GFP nuclear concentration 

after experimental modulation of the activity of the Foxo1 kinase Akt in cultured adult 

muscle fibers (61).  Our modeling indicates that intranuclear phosphorylation of Foxo1 is 

potentiated more than sevenfold by application of the Akt-activating growth factor IGF-I. 

 

2.2 Methods 

2.2.1 Muscle fiber culture and imaging 

Here we describe the monitoring of the time course of net nuclear movements of 

Foxo1-GFP in living cultured adult muscle fibers by live-cell confocal fluorescence 

imaging.  Recently, we described in detail our procedures for monitoring the time course 

of nuclear and cytoplasmic concentrations of Foxo proteins in living adult muscle fibers 

isolated from flexor digitorum brevis muscles and maintained in culture (61).  All 
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procedures involving mice were carried out according to a protocol approved by the 

University of Maryland School of Medicine Animal Care and Use Committee. Briefly, 

muscle fibers isolated from young adult mice were maintained in culture and adenovirally 

transduced to express Foxo1-GFP.  After 2–3 days in culture, culture dishes were 

transferred from the tissue culture incubator to the microscope stage [room temperature 

(~23°C)], and the bathing medium was changed from the serum-free medium in which 

the fibers were maintained in culture to fresh serum-free experimental solution, as we 

described previously (61), unless otherwise specified.  A computer-controlled stage and 

focus were used to select a number of nuclei.  The chosen nuclei were imaged at 10- to 

20-min intervals throughout the recording period, with or without addition of various 

pharmacological agents to the experimental solution.  With this protocol, we acquired a 

time series of high-spatial-resolution fluorescence confocal images of fibers previously 

adenovirally transduced to express exogenous Foxo1-GFP fusion protein.   

 

2.2.2 Image Analysis 

By image analysis, we then calculate the mean nuclear pixel fluorescence (N), 

which is proportional to the mean nuclear concentration of Foxo1-GFP, in selected nuclei 

in several fibers as a function of time.  We normalize N to the mean cytoplasmic pixel 

fluorescence (C) in the image of the same fiber to control for differences in Foxo1-GFP 

expression from fiber to fiber.  All graphs of the Foxo-GFP fluorescence time course 

presented here are nuclear-to-cytoplasmic pixel fluorescence ratios (N/C).  Note that 

because the nuclear volume is only a small fraction (~5% or less) (61) of the cytoplasmic 

volume, in the records considered here C remained essentially constant over the course of 
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an experiment, even though N may have changed considerably.  We previously showed 

that adenovirally expressed Foxo1-GFP is a good model for endogenous Foxo1 (61).  Our 

previously reported studies of Foxo1-GFP, as well as our new photobleaching studies 

described below, were carried out on fibers cultured in serum-free MEM and studied 

experimentally in L-15 medium (28,61).  In one group of new experiments reported here 

(see Fig. 2.6), we used MEM with HEPES (Invitrogen 12360-038), in which fibers could 

be transferred directly from the culture incubator to the microscope stage and then 

studied without need of solution change.  For comparability with the MEM used in the 

previously reported experiments, we added 2mM L-glutamine to the MEM with HEPES.   

 

2.2.3 Protocol for cytoplasmic photobleaching of Foxo1-GFP   

To test for linearity of the nuclear uptake system for Foxo1, we monitored net 

nuclear uptake of Foxo1-GFP before and after partial photobleaching of cytoplasmic 

Foxo1-GFP.  For these studies, the fibers were oriented parallel to the long axis of the 

confocal image, and the peripheral nucleus under study was positioned in the center of 

the long axis.  Net nuclear uptake of Foxo1-GFP was monitored before and after 

bleaching of a large cytoplasmic rectangle that extended almost from end to end of the 

fiber image and included most of the fiber width in the image plane, but not the 

peripheral nucleus, under study.  Photobleaching was carried out over a 1-min period 

using full laser power.  For reference, all routine imaging (not photobleaching) exposures 

utilized <10% of full laser power.  The Foxo1-GFP nuclear uptake rates before and after 

photobleaching were measured in the presence of leptomycin B to block nuclear efflux, 

so net influx was equal to unidirectional influx.   
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2.2.4 Data acquisition  

The time course of Foxo1-GFP was tracked simultaneously in multiple fibers by 

using a computer-controlled stage with positions for two culture dishes, so that fibers can 

be monitored under two different experimental conditions during the same experiment 

(see Fig. 2.3, A and C, Fig. 2.4, A and C, and Fig. 2.5, A and C).  The data in Fig. 2.6A 

were acquired using a chamber with the well partitioned into four compartments.  Most 

of the Foxo1-GFP N/C time course data analyzed here were previously published by 

Schachter et al. (see Fig. 2.4, A–D, and Fig. 2.7 in Ref. 24) for control conditions and for 

pharmacological manipulation of Akt activation but are presented again for further 

analysis using the mathematical model developed here.  These data were previously 

described qualitatively (61) but were not analyzed in terms of apparent rate constants for 

unidirectional nuclear influx and efflux to establish relative effects of nuclear compared 

with cytoplasmic phosphorylation/dephosphorylation; such an analysis is carried out in 

the present study.  Other data presented here are from new experiments that were not 

previously reported (see Figs. 2.6 and 2.7).  Values are means +/-SE.  Student’s t-test was 

used to determine the significance of difference. P < 0.05 was considered significant. 
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2.3 Theory : Kinetic Models for Foxo Nuclear Fluxes 

2.3.1 Four-state model for Foxo nuclear fluxes   

Our starting model for Foxo nuclear-cytoplasmic movements (Fig. 2.2A) 

considers four states of Foxo in muscle fibers: phosphorylated Foxo in the nucleus (Pn), 

unphosphorylated Foxo in the nucleus (Un), phosphorylated Foxo in the cytoplasm (Pc), 

and unphosphorylated Foxo in the cytoplasm (Uc).  We assume that Foxo molecules can 

be enzymatically unphosphorylated or phosphorylated, with respective rate constants kUc 

or kPc in the cytoplasm and kUn or kPn in the nucleus.  Nuclear influx and efflux of 

Foxo occur via two parallel and independent unidirectional transport processes that 

transport Foxo in opposite directions through the nuclear pores (Fig. 2.2) (1,19,54).  Only 

unphosphorylated Foxo is carried into the nuclei by the nuclear import system, and only 

phosphorylated Foxo is carried out of the nuclei by the nuclear export system (6,59,72).  
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Figure 2.2 Kinetic reaction schemes for Foxo nuclear-cytoplasmic movements 

A.  Four state scheme including Foxo phosphorylation /dephosphorylation in both cytoplasm and 

nucleus, with nuclear influx of only dephosphorylated cytoplasmic Foxo (Uc; unidirectional 

influx rate =  kI Uc) and nuclear efflux of only phosphorylated nuclear Foxo (Pn; unidirectional 

nuclear efflux rate = kE Pn). Pc is phosphorylated cytoplasmic Foxo, and Un is nuclear 

unphosphorylated Foxo.   B.  Reduced two state scheme where C is the total cytoplasmic Foxo 

(i.e..,Pc + Uc; see Fig. 2.2A) and N is the total nuclear Foxo (i.e., Pn + Un; see Fig. 2.2A).  The 

apparent rate constants for nuclear influx and efflux are given by kI’ = kI [Uc/(Uc + Pc)] and 

kE’ = kE [Pn/(Pn + Un)].  See text for further details. 

 

Nuclear influx is thus proportional to the cytoplasmic concentration of unphosphorylated 

Foxo (Uc), whereas nuclear efflux is proportional to the nuclear concentration of 

phosphorylated Foxo (Pn).  Nuclear transport is driven by the RanGTP concentration 

gradient across the nuclear envelope, as well as by concentrations of the cotransported 

molecules: importins for import and 14-3-3 and CRM1 for export (54) (not illustrated in 

Fig. 2.1 or 2.2; assumed to contribute to determining the respective constitutive values of 
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the corresponding nuclear influx and efflux rate constants kI and kE).  The vector sum of 

the unidirectional nuclear influx and efflux via the two separate transport systems (Fig. 

2.2A; influx - efflux) equals the net flux of Foxo into or out of the muscle fiber nuclei, 

which determines the time course of change of nuclear Foxo.  Using Foxo-GFP fusion 

proteins, together with live muscle fiber confocal imaging, we can experimentally image 

and quantify the total nuclear and cytoplasmic concentrations (N and C) of Foxo-GFP as 

a function of time in living fibers (see below), but we cannot experimentally distinguish 

the separate contribution of Pn and Un to N or the contribution of Pc and Uc to C.   

 

2.3.2 Two-state “reduced” model for Foxo nuclear-cytoplasmic fluxes  

If the rates of phosphorylation and dephosphorylation in the cytoplasm and nuclei 

are rapid compared with the nuclear influx and efflux rates, then 

phosphorylation/dephosphorylation will be essentially at equilibrium in the cytoplasm 

and nucleus. In this case, the four-state model in Fig. 2.2A reduces to an effective two-

state model (Fig. 2.2B), where C is the total concentration of cytoplasmic 

unphosphorylated + phosphorylated Foxo (C = Uc + Pc) and N = Un + Pn is the total 

nuclear concentration of Foxo. Note that when Foxo1-GFP is used, C and N are 

proportional to the cytoplasmic and nuclear mean pixel fluorescence, respectively, the 

parameters that we measure experimentally as a function of time using confocal imaging 

of live muscle fiber.   
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2.3.3 Mathematical description of nuclear fluxes of Foxo1-GFP in muscle fibers   

The measured net rate of change dN/dt of nuclear mean pixel fluorescence (N) 

due to nuclear fluxes of Foxo1-GFP at any instant in time is given by the difference 

between the rate of nuclear influx (I) and the rate of nuclear efflux (E) 

dN ⁄ dt = I - E   (1) 

Unphosphorylated cytoplasmic Foxo1 (Uc), but not phosphorylated cytoplasmic Foxo1 

(Pc), is carried into the nucleus by the nuclear import system, whereas phosphorylated 

nuclear Foxo1 (Pn), but not unphosphorylated nuclear Foxo1 (Un), is transported out of 

the nucleus by the nuclear export carrier.  If it is assumed that influx is proportional to Uc 

and efflux is proportional to Pn, I = (kI)(Uc) and E = (kE)(Pn), where kI and kE are the 

rate constants for unidirectional Foxo1 nuclear influx and efflux, respectively.  Thus 

dN ⁄ dt = (kI)(Uc – kE)(Pn)  (2) 

Although, in principle, we could explicitly include the individual time courses of Uc and 

Pn in a mathematical model, in our experiments we can only directly measure the total 

cytoplasmic mean pixel fluorescence (C) due to Uc + Pc (which is proportional to the 

total cytoplasmic concentration of Foxo1-GFP) and the total nuclear mean pixel 

fluorescence (N) due to Pn + Un (which is proportional to the total nuclear concentration 

of Foxo1-GFP), where Pc is the cytoplasmic phosphorylated Foxo1-GFP and Un is the 

nuclear unphosphorylated Foxo1-GFP.  We thus introduce the apparent rate constants kI’ 

and kE’, such that kI’ =  (kI)f(Uc) and kE’ = (kE)f(Pn), where the fraction (f) of 

cytoplasmic Foxo that is unphosphorylated is f(Uc) = Uc/(Uc + Pc) and the fraction of 

nuclear Foxo1 that is phosphorylated in the nucleus is f(Pn) = Pn/(Pn + Un), so 
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dN ⁄ dt = (kI’)(C) – (kE’)(N)   (3) 

C is the total measured cytoplasmic fluorescence (proportional to Uc + Pc), and N is the 

total nuclear fluorescence (proportional to Pn + Un).  Note that dN/dt, C, and N are 

directly measurable from the fluorescence image at any time during the course of an 

experiment.  If the cytoplasmic volume is large compared with the nuclear volume, then 

C will be essentially constant, and  

d(N ⁄ C) ⁄ dt = kI’ – (kE’)(N / C)  (4) 

If the phosphorylation and dephosphorylation rate constants, which depend on the Foxo 

kinase [presumably Akt (29)] and phosphatase [presumably protein phosphatase 2A 

(PP2A) (5)] activities, respectively, remain constant during a particular time interval and 

if phosphorylation/dephosphorylation in the nucleus and cytoplasm is fast compared with 

nuclear influx and efflux, then kI’ and kE’ will be constants during the given time 

interval and the differential equation (Eq. 4) can be solved to give 

N/C(t) = [N/ Cstart – (kI’ ⁄  kE’)] [exp(- (kE’)(t)] + [kI’ ⁄ kE’]  (5) 

where the steady-state (ss) condition [when d(N/C) dt = 0] is N/Css = (kI’ / kE’) and 

N/Cstart is the value of N/C at the start of the analyzed interval.  Note that Eq. 5 applies 

only when the cytoplasmic volume is very large compared with the total nuclear volume, 

so C is constant.  The APPENDIX presents a general solution that applies to any ratio of 

nuclear to cytoplasmic volume, which can be applied to nonsyncitial cells, where 

cytoplasmic volume does not far exceed the nuclear volume, as is the case for the skeletal 

muscle fibers studied here.  The apparent rate constants kI’ and kE’ for nuclear influx and 

efflux provide information regarding cytoplasmic and nuclear 

phosphorylation/dephosphorylation of Foxo, respectively. The apparent rate constants kI’ 
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for nuclear influx and kE’ for efflux in Fig. 2.2B and above are given by kI’ = f(Uc)(kI) 

and kE’=f(Pn)(kE).  Since in the phosphorylation equilibrium k(Uc)/k(Pc) = Uc/Pc and 

k(Un)/k(Pn) = Un/Pn we can also write fUc = kUc/(kUc + kPc) and  

fPn = kPn/(kPn + kUn), the values of kI’ and kE’ provide information regarding the 

relative extents of phosphorylation/dephosphorylation of Foxo1 in cytoplasm and nuclei 

and, in turn, the phosphorylation/dephosphorylation rate constants and the corresponding 

enzymatic activities that determine these fractions. 

 

 

2.4 Results 

2.4.1 Control – Rate Constants for Foxo1-GFP nuclear influx and efflux  

The following describes how the apparent rate constants for Foxo1-GFP nuclear 

influx and efflux was determined during the approach to steady state after change from 

culture medium to experimental recording conditions.  We have previously shown that 

“control” fibers that were not exposed to any agent other than transfer from their culture 

medium to the “control” experimental solution exhibit a relatively slow gradual rise in 

nuclear Foxo1-GFP (Fig. 2.3; replot of control data previously published in Fig. 2.4 of ref 

61).  We hypothesized that the slow rise in N/C after changing solutions under control 

conditions is due to removal of humoral factors, including IGF, that were previously 

secreted by the cultured fibers, accumulated in the bathing medium during culture and 

then were removed with the solution change from culture medium to recording solution 

(61; here substantiated in Fig. 2.6, below).  
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Figure 2.3 “Control” Time course and apparent rate constants of Foxo1 movement with 

Medium change 

A. Average time course of nuclear/cytoplasmic (N/C) mean pixel fluorescence  recorded under 

control conditions.  Here and in all subsequent figures except Fig. 2.7, 30 min prior to the start of 

recording the isolated FDB fibers were removed from the tissue culture incubator and 

transferred to the control experimental solution.  Mean pixel fluorescence was then monitored in 

both cytoplasm (C) and nuclei (N) and the mean value of N/C was plotted against time.  A single 

exponential plus constant (line) was fit to the N/C time course.  The resulting fit parameters 

provided values for the apparent unidirectional rate constants of kI’ = 0.110 min-1, kE’ = 0.013 

min-1 (N/Css = 8.45). Data from all nuclei under control conditions in ref 24, Fig. 2.4 are now 

included in Fig. 2.3A, except for the omission of 2 nuclei where the individual nucleus N/C time 

course could not be fit by a single exponential time course.  B. Mean values for the respective 

apparent unidirectional rate constants kI’ = 0.119 +/- 0.014 min-1 and kE’ = 0.014 +/- 0.003 

min-1 for Foxo1-GFP nuclear influx and efflux, obtained by fitting the individual records (not 

shown) that were averaged to give the data points in A. The mean value of N/Css from the same 

fits was 8.96 +/- 0.69. Data from 14 nuclei in 13 fibers.  Here and in other figures error bars 

show +/- 1 SEM. 

 

We first use our mathematical model to determine the apparent unidirectional rate 

constants for Foxo fluxes under the control conditions using the previously published 

data (61) shown again in Fig. 2.3A. Based on the solution (Eqn 5) of the differential 

equation (Eqn. 4) for the rate of change of N/C, after a change to a new steady Foxo 

phosphorylation fraction in cytoplasm and/or nucleus, the system will approach a new 
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steady state along a single exponential time course in which the final (steady state) level, 

(N/C)ss of N/C is given by kI’/kE’, and the rate constant for approach to the steady state 

is kE’.  Fits of a single exponential plus a constant to the approach to steady state gives 

values for these 2 parameters, which in turn provides a value for kI' as kI’ = (kE')(N/C)ss. 

The theoretical time course generated by fitting a single exponential plus constant 

to the mean control data in Fig. 2.3A closely reproduces the observed Foxo1-GFP N/C 

mean time course under our control conditions. The fit to the average control time course, 

the apparent rate constants for nuclear influx and efflux under control conditions were 

respectively kI’ = 0.110 min-1 and kE’ = 0.013 min-1, with (N/C)ss = 8.45.  In addition, 

each individual Foxo1-GFP N/C time course (not shown) that was included in the average 

in Fig. 2.3A was also separately fit by a single exponential plus constant.  From the 

parameter values for fits to the individual control time courses, the average values (+/- 

SEM) of the rate constants were found to be  kI’ = 0.119 +/- 0.014 min-1  and kE’ = 

0.014 +/- 0.003 min-1 (average values for 14 nuclei from 13 fibers; Fig. 2.3B), with 

N/Css = 8.96 +/- 0.69.  The parameter values obtained by fitting the mean N/C time 

course (Fig. 2.3A) agree within a few percent of the mean values of the same parameters 

obtained by fitting the individual N/C time course records (not shown), but the 

parameters obtained from fits to individual records also provide estimates of the SE, and 

are thus used whenever available for graphical display of the apparent rate constants kI’ 

and kE’ (Fig. 2.3B). The considerably larger value for kI' compared to kE' under control 

conditions (about 8.5 to 9 times larger; Fig. 2.3B) is consistent with the value of the 

predicted final level (N/C)ss of N/C of 8.45 (Fig. 2.3A) or 8.96 (Fig. 2.3B) obtained from 
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the single exponential fits of the average (Fig. 2.3A) or individual (Fig. 2.3B) N/C time 

courses. 

We note again that the Foxo1-GFP N/C time course data in Fig. 2.3A, as well as the 

time course data presented in Figs. 2.4A and C and Figs. 2.5A and C, have all been 

published previously (61), but were not previously fit by any model.  Now we introduce a 

mathematical model to interpret such data, and fit the model to our previously published 

data sets in order to obtain new insights regarding effects of pharmacological manipulations 

on apparent rate constants for unidirectional nuclear influx and efflux of Foxo1-GFP, as 

shown here in Figs. 2.3B, 2.4B and D, and 2.5B and D.  

 

2.4.2 Akt Inhibition – Rate Constants for Foxo1-GFP nuclear influx and efflux 

The following describes how the apparent rate constants for Foxo1-GFP nuclear 

influx and efflux was determined during the approach to steady state after directly or 

indirectly inhibiting Akt.  We next used our mathematical model to determine the 

apparent unidirectional rate constants for Foxo fluxes under various conditions of 

modulation of activity of the IGF1/PI3K/Akt pathway, again using our previously 

published data (61).  We first consider the effects of suppression of Akt activity.  Fig. 

2.4A and C present the time courses of Foxo1-GFP N/C in two sets of control fibers, and 

in two corresponding sets of fibers studied for 30 min under control conditions and then 

for a subsequent 80 min during exposure to a direct (Fig. 2.4A) or indirect (Fig. 2.4C) 

inhibitor of Akt.  Blocking the IGF1/PI3K/Akt pathway with an inhibitor of either Akt 

(Akt1/2 inhibitor VIII; 24; 1 M; Fig. 2.4A) or inhibitor of PI3K (LY294002, 25 M; 

Fig. 2.4C) caused a net increase in nuclear uptake of Foxo1-GFP compared to the 
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matched controls (61), consistent with block of Akt activity and consequent decreased 

phosphorylation of Foxo1-GFP, which would be expected to result in increased 

unidirectional nuclear influx and/or decreased unidirectional nuclear efflux of Foxo1-

GFP.  The use of our model now allows us to evaluate these anticipated changes in 

apparent rate constants of influx or efflux. 
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Figure 2.4 Inhibitor of IGF-I/PI3K/Akt Pathway Time course and apparent rate constants of 

Foxo1 movement 

A and C. Time course of Foxo1-GFP N/C under control conditions (black squares) and in the 

presence of pharmacological inhibitors (blue triangles) of Akt (Akt-Inhibitor-VIII; A) or of PI3K 

((LY294002, 25 M; C; 28). A single exponential plus constant was fit to the control data (black 

squares) over the entire recording interval, and to the time course in drug (blue triangles) 

starting 20 min after drug addition, giving good fits to both the control (black line) and drug 

addition (blue line) records.    Parameter values for the single exponential plus constant fits 

(lines) to the mean N/C time courses in control and drug respectively   gave kI’ of 0.031 min-1 

and 0.112 min-1 and kE’ = 0.0058 min-1 and 0.0101 min-1  (N/Css = 5.44 and 11.1) in A, and 

kI’ = 0.089 min-1 and 0.241 min-1 and kE’ = 0.011 min-1 and 0.021 min-1  (N/Css = 8.28 and 

11.3) in C. B and D. Apparent rate constants kI' for nuclear influx and kE’ for nuclear efflux 

under control conditions (open bars) and during application of inhibitors (filled blue bars) of Akt 

(AktI-1,2; B) or the upstream kinase PI3K in the pathway to Akt activation (28; D). In both B and 

D, kI' and kE' values are the means of values obtained from fits to the individual records 

averaged to give the records in Fig. A and C, except that the control values for AktI-1,2  were 

obtained from a fit to the mean time course (and thus have no error bars, and no corresponding p 

values) since the individual records were noisy. * indicates p < 0.05, and ** indicates p < 0.01.  

Note that each pair of values (control and drug) for the same apparent rate constant in B and D 

is displayed on a different vertical scale, but that all control values were scaled so as to have the 

same height. Values of apparent rate constants kI’ and kE’ are thus displayed normalized to their 

value in the paired control using the normalized vertical scale on the right of both B and D.  A: 

data from ref 24,Fig. 4D; C: data from ref 61, Fig. 4C. 
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To interpret data from experiments such as those in Fig. 2.4, where an inhibitor of 

the IGF1/PI3K/Akt pathway was added and the resulting time course of N/C compared to a 

matched control time course, a single exponential plus constant function of time was fit to 

the inhibitor records starting 20 min after drug addition in order to allow time for the full 

effect of the added agent to develop, whereas the corresponding control record was fit over 

the entire recording interval, as in Fig. 2.3A, since there was no change in condition in the 

control case over the full recording interval.  Over these specified time intervals a single 

exponential plus constant fit again provided an excellent fit to both the control data (as in 

Fig. 2.3A, above), and to the data in the presence of added drug Fig. 2.4A and C).   

 Figs. 2.4B and D present mean values for the apparent rate constants kI' and kE' 

obtained from fitting the individual records that were averaged to give the corresponding 

drug and matched control time courses in Figs. 2.4A and C.  It is anticipated that 

application of inhibitors of either Akt or of PI3 kinase (PI3K), the upstream kinase for 

Akt activation, should both decrease Akt activity, thereby decreasing Foxo1 

phosphorylation, thus tending to increase nuclear accumulation of Foxo1-GFP as 

observed (Figs. 2.4 A and C, and ref. 61).  Based on comparison of mean parameter 

values from single exponential plus constant fits to the individual N/C time courses 

averaged to give the time courses in Figs. 2.4A and C during drug application and during 

the matched control runs, the direct Akt inhibitor caused a 3.7 fold increase in kI’ and the 

PI3K inhibitor (indirect inhibitor of Akt) caused a 2.7 fold increase in kI’ (Figs. 2.4B and 

D, left pair of bars). An increase in kI’ is in the direction anticipated for decreased Foxo1-

GFP phosphorylation (ie, increased Foxo1-GFP dephosphorylation) in the cytoplasm, 

which should increase the rate of Foxo1-GFP unidirectional nuclear influx and thus 
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increase the extent of Foxo1-GFP net nuclear accumulation, as observed.  On the other 

hand, the apparent rate constant for nuclear efflux (kE'), which is expected to decrease 

when Akt activity is inhibited in the nucleus (thereby decreasing Foxo1 intranuclear 

phosphorylation and thereby nuclear efflux, was hardly changed or even increased 

somewhat compared to matched controls on addition of Akt inhibitor or PI3K inhibitor 

(Figs. 2.4B and D, right pair of bars).  The lack of suppression of kE' by the direct or 

indirect inhibition of Akt could indicate that under control conditions Akt is not the 

predominant enzyme that phosphorylates Foxo1 in the nucleus prior to Foxo1 nuclear 

efflux.  

 

2.4.3 Relative phosphorylation of nuclear or cytoplasmic Foxo1-GFP 

The following shows how the relative phosphorylation of nuclear or cytoplasmic 

Foxo1-GFP under various experimental conditions was determined.  As considered above 

for Akt inhibition, and below for Akt activation by IGF1, under various conditions of 

activity of the kinases and phosphatases that phosphorylate and dephosphorylate Foxo1, 

the values of fCP and fNP will vary.  Assuming that the values of the actual rate 

constants kI and kE for Foxo nuclear influx and efflux are independent of Foxo 

phosphorylation status (i.e., assuming that the properties of the nuclear import and export 

systems, and the concentrations of all or their co-factors, are not altered by the applied 

drugs), the ratio kI'a / kI'b of kI' values under two such conditions ("a" and "b") equals the 

ratio fUca / fUcb; and k’Ea / k’Eb equals fPna / fPnb. These are the ratios of the 

fractional unphosphorylation of Foxo1-GFP in the cytoplasm and phosphorylated Foxo1-

GFP in the nuclei, respectively, in condition a relative to condition b.  These ratios thus 
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reveal condition-dependent changes in relative phosphorylation status of the Foxo1-GFP 

in the cytoplasm and nuclei respectively, which we evaluate here.  

 

2.4.4 IGF – Rate Constants for Foxo1-GFP nuclear influx and efflux 

 Apparent rate constants for Foxo1-GFP nuclear influx and efflux change 

dramatically during application of IGF.  Application of IGF1 caused a dramatic rapid, 

pronounced and maintained decline of nuclear fluorescence to a small fraction of its 

control value (Fig. 2.5A; data replotted from ref 61, Fig. 2.4A).  Since the decline of 

nuclear Foxo1-GFP was almost completed at the start of the fit at 20 min after application 

of IGF (Fig. 2.5A), another set of experiments using IGF1 addition was carried out on 

different fibers using a higher sampling rate (2 min sampling interval; Fig. 2.5C), 

compared to the 10 or 20 min sampling intervals used in Fig. 2.5A and all previous 

Figures.  The high time resolution IGF1 experiment was not carried out with a paired 

control, so we compared the parameter values obtained for the high time resolution IGF1 

response to the mean of the parameter values obtained from fits to each of the control 

records in Fig. 2.3 (61).  The apparent rate constants for these experiments with IGF1 are 

presented in Figs. 2.5B and D.  IGF1 application would be anticipated to increase Akt 

activity in the cytoplasm, resulting in decreased fractional dephosphorylation of Foxo1 in 

the cytoplasm, which should decrease kI', as observed, since unphosphorylated but not 

phosphorylated Foxo1 can be moved into the nucleus via the nuclear import system.  Our 

data suggest that kI' was decreased to about 0.50 or 0.20 of the control values (Fig. 2.5B 

and D, respectively; left pairs of bars).   
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 Application of IGF1 also caused a pronounced increase in kE' for each of the 2 

types of experiments using IGF1 (Fig. 2.5B and D, right pairs of bars). These results 

clearly and dramatically demonstrate a 10.4 or 7.9 fold increase the apparent rate constant 

for nuclear efflux of Foxo1 in the presence of IGF1.  This novel observation implies a 

dramatic increase in fractional phosphorylation of Foxo1-GFP within the nucleus, which 

indicates that in the presence of IGF, Akt activity, or possibly some other kinase activity 

activated in the presence of IGF1, has markably increased within the muscle fiber nuclei. 
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Figure 2.5 Activator of IGF-I/PI3K/Akt Pathway time course and apparent rate constants of 

Foxo1 movement 

The general layout of panels, symbols and lines is similar to Fig. 2.4.  A and C. Time course of 

Foxo1-GFP N/C in control and the presence of IGF1. (100 ng/ml).  The standard sampling 

interval of 10 or 20 min used in A and other figures  was decreased to 2 min in C in order to 

capture the rapid time course of decay of N/C after addition of IGF1.  There was no control 

record taken at the higher sampling rate (C) since there was very little change of N/C at this time 

scale under control conditions.  Parameter values for the single exponential plus constant fits 

(lines) to the mean N/C time courses in control and IGF1 respectively gave kI’ of 0.126 min-1 

and 0.064 min-1 and  kE’ = 0.0132 min-1 and 0.137 min-1  (N/Css = 9.57 and 0.47) in A, and kI’ 

= 0.0241 min-1 and  kE’ = 0.109 min-1  (N/Css = 0.22) in IGF1 in C (note that there was no 

matching control record for the IGF1 record in C).  B and D.  Apparent rate constants for Foxo1 

nuclear cytoplasmic unidirectional fluxes determined under control conditions or in the presence 

of IGF1. Since the rate of decay of N/C was fast compared to the standard 20 min sampling interval 

used in the preceding figures, there was insufficient information to carry out single exponential fits 

to the time course data from individual nuclei, so the kI’ and kE’ bars in B lack error bars and p 

values.  Since there was no “control” record matched to the IGF1 record in C, the control apparent 

rate constants presented in D were those from all of the control fibers (Fig. 2.3B). ** indicates p < 

0.01. A: data from ref 24, Fig. 4A; C: data from ref 61, Fig. 7.   
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2.4.5 Basis for the time dependent increase in N/C under control conditions  

Time courses of change in Foxo1-GFP recorded under our standard “control” 

conditions, exhibited a gradual increase with time which appeared to approach to a new 

steady state level (Fig. 2.3A).  Since our control N/C time courses were recorded starting 

30 min after changing from our culture medium (serum-free MEM) to our experimental 

solution (L15), we hypothesized  that the control records’ approach to a new steady state at 

a higher level of N/C after the solution change represents the effects of a step decrease in 

the bath concentration of soluble factors that influence Foxo1-GFP nuclear cytoplasmic 

distribution, probably due to wash out of IGF1 or similar molecules  present in the culture 

solution due to accumulation of growth factors released from the muscle fibers during the 

previous time in culture (61). 

In our previous studies we use a bicarbonate buffered culture medium (MEM) that 

require 5% CO2 to maintain correct pH, and thus was changed to an alternatively (ie, non-

bicarbonate) buffered solution (L15) for our experiments in room air (61).  Therefore, to 

test our hypothesis regarding accumulation of soluble factors during fiber culture, we  

carried out a new series of experiments using a different serum-free culture medium that 

was buffered by bicarbonate as well as by HEPES so that pH was maintained, both in the 

5% CO2 tissue culture incubator and in room air environments, and thus did not have to be 

changed at the start of the experiment.  Using this medium, we found that fibers maintained 

in the solution in which they were previously cultured for 3 days did not exhibit a rise in 

nuclear Foxo1-GFP, but instead showed a slight decline in N/C with time (Fig. 2.6, filled 

circles).  In contrast, when the culture medium was replaced with fresh culture medium (up 

arrow), N/C increased with time (Fig. 2.6, open triangles) as seen in our previous “control” 
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studies where the culture medium was changed prior to the start of the experiment (Fig. 

2.3A).  However, when the culture solution was changed to fresh medium at the start of 

recording, causing N/C to increase (Fig. 2.6, open squares), and then changed back to the 

original medium (down arrow) 58 min after the preceding change to fresh medium (Fig. 

2.6, filled squares), N/C rapidly declined to the level seen without changing the medium. 

These observations conclusively demonstrate that some factor accumulated in the bathing 

medium during the culture period had a strong effect on keeping Foxo1-GFP out of the 

fiber nuclei, and are highly reminiscent of our previously observed effects of IGF1 addition 

to the bathing medium (61; replotted here in Figs. 5A and C, above).   
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Figure 2.6 Effect of returning original conditioned medium on Foxo1 distribution 

A. Images of a fiber in the medium in which it was cultured for 2 days (left; relatively dim nuclei), 

1 hour after changing the medium to fresh medium (center; nuclei now relatively bright) and 1 

hour after return of the fiber to the original (“conditioned”) medium (right; nuclei very dim).   

B. Time courses of N/C in the presence of various bathing media. Cultured fibers were removed 

from the culture incubator 10 min prior to the start of the records.  At t = 0 (downward arrow), 

fibers were either changed to fresh culture medium and left in fresh medium throughout the 

experiment (open triangles), left in the original medium in which they were cultured (ie, no 

change in medium; filled circles) or transferred to fresh medium at t = 0 (open squares) and then 

returned to their original (conditioned) culture medium at t = 58 min (filled squares).  In all 

cases, fibers in conditioned medium exhibit relatively low N/C, whereas fibers in fresh medium 

exhibit increasing N/C with time, consistent with some component of the conditioned medium, 

possibly IGF1 or related growth factor secreted by the cultured fibers, causing Foxo1-GFP to 

remain out of the nuclei. C. Apparent rate constants for nuclear influx and efflux obtained from 

the individual time courses making up the average time courses shown in panel B. ** indicates p 

< 0.01.  D.  Addition of IGF1 neutralizing antibody to the conditioned medium eliminates the 

IGF1-like effects of adding back the conditioned medium.  A-D. Note that unlike the experiments 

in Figs. 2.3-2.5, the experiments in this Figure used culture medium that was buffered by both 

bicarbonate and HEPES, so the fibers could be left in their culture medium without change in pH 

of the bathing solution.  Also note that the data in this and the next figure are from new 

experiments, not included in ref 61. 
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The relatively slow decline of N/C in the fibers maintained in the conditioned 

culture medium throughout the course of the experiment in Fig. 2.6 has a much slower rate 

constant then the decline after changing back to conditioned medium (filled squares), 

indicating the presence of a small fraction of N/C which may be regulated by a slow 

process not accounted for in our model, which may account for the slight droop in N/C near 

the end of the time course of fibers changed to and maintained in fresh medium (open 

squares).    

In other experiments, fibers were washed for 60 min with fresh medium, and then 

returned to conditioned medium with or without the addition of neutralizing antibody for 

IGF, and the rate of change of N/C was determined by fit of a straight line to the N/C time 

course over the next 60 min.  When the fibers were maintained in the wash solution the rate 

of change of N/C was quite low, but increased markedly in returned to conditioned medium 

(Fig. 2.6D). In contrast, when an IGF1 neutralizing antibody was added to the conditioned 

medium, the effect of adding back the conditioned medium was completely eliminated, 

indicating that IGF1, or some highly similar molecule that was also neutralized by the anti-

IGF1 antibody, was responsible for the decline of N/C produced by the conditioned 

medium. 

 

2.4.6 Near linearity of nuclear import of Foxo1-GFP   

Our modeling assumes linearity of the nuclear import and export systems for 

Foxo1.  We therefore used the drug Leptomycin B, which eliminates Foxo1-GFP nuclear 

export, (61), together with a photobleaching protocol to test for the linearity of the nuclear 

import of Foxo1-GFP. In the presence of Leptomycin B, the net rate of nuclear influx 
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directly provides the rate of unidirectional nuclear influx since efflux is eliminated.  For 

these studies fibers were oriented parallel to the long axis of the image.  We first 

determined the rate of nuclear influx over a half hour period (using 10 min sampling 

intervals) in a nucleus selected to be at the periphery of the fiber and centered in the image 

(Fig. 2.7A) in the presence of Leptomycin B.  We next bleached a large cytoplasmic region 

of the fiber in the image field (box in Fig. 2.7A, right), but avoided including the nucleus in 

the bleached area.  We again determined the rate of nuclear influx, now over a 10 min 

interval starting 2 min after photobleach using 2 min sampling intervals to minimize return 

of Foxo1-GFP from fiber regions outside the bleached segment.  We then calculated the 

relative rate of Foxo1-GFP nuclear influx after to before bleach, and plotted it as a function 

of the relative cytoplasmic fluorescence, also after to before bleach, for the same nuclei 

(Fig. 2.7B).  The decrease in influx rate after bleaching was close to proportional (Fig. 

2.7B, dashed line) to the decrease in cytoplasmic fluorescence.  The solid line is the linear 

regression fit to the data, including an equal number of data points at (1.0, 1.0) to denote 

the values of relative influx rate and relative C before the photobleach.  These results 

support the assumption of linearity for the nuclear import of Foxo1-GFP.     
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Figure 2.7 Linearity of Foxo1-GFP unidirectional nuclear influx 

A. Left:  a fiber after exposure to Leptomycin B for 1 hour, and imaged just prior to cytoplasmic 

photobleaching.  Right: the same fiber imaged shortly after photobleaching of the large rectangular 

area, which does not include the peripheral nucleus.  Areas of interest for tracking the nuclear (N) 

and cytoplasmic (C) fluorescence before and after bleaching are indicated.  B.  Relative 

suppression of the rate of Foxo1-GFP nuclear influx plotted as a function of the relative 

cytoplasmic fluorescence after to before photobleaching.  Dashed line represents exact 

proportionality. Solid line gives fit to the data, including 9 values at (1,1) to indicate the pre-bleach 

relative values. The regression line (Y = Y0 + aX; F, solid line) fit to the data, including an equal 

number of data points at (1.0, 1.0) to denote the values of relative influx rate and relative C before 

the photobleach gave Y0= 0.084 and a = 0.084 (r = 0.98), showing that under the conditions of our 

studies nuclear influx is close to proportional to the cytoplasmic level of Foxo1-GFP, thus 

supporting the assumption of linearity for the nuclear import of Foxo1-GFP.     

 

2.4.7 Model sensitivity analysis  

 Fig. 2.8 shows the effects of +40% (+) or – 40% (-) changes in the best fit values 

of kI’ (left column), kE’ (middle column) or of both kI’ and kE’ (right column) for 

control conditions (A-C), PI3K inhibitor (D-F) and IGF application (Figs. 2.8 G-I).  For 

both the control and PI3K inhibitor records (Figs. 2.8A, B, D and E), a positive or 

negative 40% change in each of the individual parameter values causes marked deviation 

from the observed best fit time course.  Consistent with the fact that the final steady level 
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of N/C is given by the ratio kI’/kE’, changing both kI’ and kE’ by the same (40%) factor 

causes no change in steady level, but does change the rate constant for the approach to 

the final steady state by the 40% change in kE’ (Fig. 2.8C and F), resulting in smaller, but 

still quite noticeable deviation from the observed time course. 

 For the IGF1 application (Figs. 2.8G-I) the rate of approach to the final steady 

state is very much faster than for control or Akt inhibition, and the final level of N/C is 

close to zero. In this case, changing kI’ by 40 % (Fig. 2.8G), which only changes the final 

level, causes little change in the observed time course.  In contrast, changing kE’ by 40% 

(Fig. 2.8H) changes the rate constant and results in a detectable deviation from the 

observed time course.  This difference would be more readily observed using an 

expanded time scale.  When both kI’ and kE’ are changed by 40%, there is no change in 

final level, but the change in rate constant is maintained (Fig. 2.8I).   



50 

 

 

Figure 2.8 Sensitivity Analysis of Model Fits 

A-C.  Control conditions; no added pharmacological agents. Optimal fit to the data (solid line) 

from Fig. 2.4. D-F.  In the presence of inhibitor of PI3K, an indirect activator of Akt.  Optimal fit 

to the data (solid line) from Fig. 2.5C.  G-I.. .  In the presence of IGF1, an indirect activator of 

Akt.  Optimal fit to the data (solid line) from Fig. 2.4.  Left column: effect of +/- 40 % change in 

kI’.  Middle column: effect of +/- 40 % change in kE’.  Right column: effect of + 40 % change in 

both kI’ and kE’ and -40% change in both kI’ and kE’. 
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2.5 Discussion 

2.5.1 Model Summary 

 In the present study we have made a number of advances in both the analysis and 

understanding of Foxo1 nuclear cytoplasmic movements, and the simultaneous 

unidirectional nuclear influxes and effluxes that underlie the observed net nuclear 

movements of Foxo1 in adult skeletal muscle fibers maintained in culture and studied 

under various experimental conditions.  We first developed a reduced 2 state 

mathematical model for Foxo1 nuclear cytoplasmic movements under the assumption 

that the rates of phosphorylation and dephosphorylation of Foxo1 in both the nuclei and 

the cytoplasm are fast in comparison to the rates of nuclear influx and efflux. Our model 

also takes into account that the cytoplasmic volume is much larger than the nuclear 

volume, and as such provides an essentially inexhaustible reservoir of constant 

concentration of Foxo1. We then used the reduced model to interpret the increasing 

nuclear/cytoplasmic ratio of Foxo1-GFP that we observed after transferring muscle fiber 

cultures from the tissue culture incubator to our experimental apparatus.  We further 

employed the reduced model to determine changes in apparent rate constants for nuclear 

influx and efflux of Foxo1-GFP under experimental conditions of suppressed or activated 

Akt/PKB, and used these findings to attribute changes in nuclear cytoplasmic distribution 

of Foxo1-GFP to intranuclear cytoplasmic changes in Foxo1 phosphorylation ratios.  

Finally, although we recognized and applied the condition that in muscle fibers the 

cytoplasmic volume far exceeds the nuclear volume, and thus serves as an effective 

constant reservoir for Foxo1 in muscle fibers, we present a general mathematical analysis 
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of nuclear cytoplasmic movements, including any possible ratio of nuclear to cytoplasmic 

volume.     

 

2.5.2 Reduced model for nuclear cytoplasmic Foxo1-GFP fluxes  

 The first step in the analysis presented here was to develop a reduced 2 state 

mathematical model for Foxo1 nuclear cytoplasmic movements.  Traditionally, the 

movement of Foxo1 between cytoplasm and nucleus is interpreted in terms of a kinetic 

scheme whereby unphosphorylated (but not phosphorylated) Foxo1 can be transported 

unidirectionally into the nuclei by the nuclear import system, whereas phosphorylated 

(but not unphosphorylated) Foxo1 can be transported unidirectionally out of the nuclei by 

the nuclear export system. Foxo1 phosphorylation/dephosphorylation occurs in both 

cytoplasm and nuclei. This leads to a 4 state, 6 rate constant model (Fig. 2.2A).  

However, under the assumption that the rates of phosphorylation and dephosphorylation 

of Foxo1 in both the nuclei and the cytoplasm are fast in comparison to the rates of 

nuclear influx and efflux, the model is reduced to a system having 2 states and 2 apparent 

rate constants (Fig. 2.2B). 

 The reduced model predicts that under steady conditions of 

phosphorylation/dephosphorylation of Foxo1 in both cytoplasm and nuclei, the system 

will approach a nuclear cytoplasmic distribution (N/C) of Foxo1 at steady state along a 

single exponential time course. In a cellular system having a large excess cytoplasmic to 

nuclear volume, as is the case in skeletal muscle fibers, the observed empirical rate 

constant for the approach to steady state is the apparent rate constant for nuclear efflux, 

and the steady state level of N/C is given by the ratio kI’/kE’ of apparent rate constants 
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for nuclear influx and efflux.  The amplitude of the exponential component of the N/C 

time course is the difference between the starting and steady state values of N/C    With 

this insight, the fits of a single exponential plus constant function to the observed time 

course of N/C directly provides values for the 2 apparent rate constants kI' and kE' under 

the prevailing conditions in the fiber during the time of the N/C recording.   

 

2.5.3 Linearity of Foxo nuclear transport  

 Our model formulation also assumes linearity of Foxo1 nuclear transport. By 

using Leptomycin to eliminate Crim1 dependent nuclear efflux, including the efflux of 

Foxo1-GFP, together with measurements of Foxo1-GFP influx rates before and after 

cytoplasmic photobleaching, we were able to demonstrate that the relative decrease in 

influx rate after cytoplasmic photobleaching is very close to proportional to the relative 

decrease in cytoplasmic fluorescence (Fig. 2.7B).  Thus there is no apparent saturation of 

the nuclear import system for Foxo1 in these studies.  Future studies, including specific 

block nuclear of influx, would be needed to verify the linearity of the nuclear export 

system for Foxo1. Other further studies would be needed to test the linearity of the other 

reaction steps in the model. If certain steps are found in future to exhibit saturation, or to 

display other non-linearities, then the model would have to be correspondingly modified. 

 

2.5.4 Approach to new steady state after transferring fibers from culture to control 

experimental conditions   

 We have previously observed that Foxo1-GFP exhibits a definite gradual increase 

in nuclear concentration with time after changing from tissue culture conditions (serum-
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free MEM culture medium, 37
o
C and 5% CO2) to "control" experimental conditions 

(serum-free L15 medium, room temperature, ambient CO2) on our experimental 

apparatus (61). Using the reduced model, we now interpret this gradual rise in N/C as the 

approach to a new steady state, with the change from culture to control recording 

conditions apparently altering the Foxo1 phosphorylation status such that the ratio of 

apparent rate constants for Foxo1-GFP unidirectional nuclear influx and efflux (kI’/kE’) 

is larger under the control conditions on the experimental set up than under the conditions 

prevailing prior to fiber removal from the incubator. 

 The two apparent rate constants for Foxo1 nuclear movement, one each for influx 

(kI’) and efflux (kE’), are modeled to be equal to the product of an actual rate constant 

and the respective fractional dephosphorylation or phosphorylation of Foxo1 in 

cytoplasm or nucleus [(kI)f(Cu) or (kE)f(Np)].  The values of kI or kE depend on the 

intrinsic properties of the transport system for nuclear import and export, and on the 

concentrations of the various cofactors for the respective transport systems.  In principal, 

the properties and/or cofactor concentrations for the nuclear import or export transport 

systems might change in the transition from tissue culture incubator to experimental 

apparatus and control solution.  However, in the past our laboratory has made extensive 

use of adult skeletal muscle fibers that were maintained in culture and transduced to 

express fluorescent fusion protein constructs of the transcriptional regulators NFAT and 

HDAC to study the nuclear cytoplasmic distribution of these transcriptional regulators 

under a variety of experimental conditions.  In contrast to Foxo1-GFP, both the NFAT 

and HDAC GFP fusion constructs exhibited a constant nuclear/cytoplasmic (N/C) after 

changing the fiber culture from culture medium to experimental solution and conditions 



55 

 

(NFATc1-GFP (40) and HDAC4- or HDAC5-GFP (41), indicating that changes in the 

transport systems and transport cofactor concentrations may not be occurring in muscle 

fiber cultures on transfer from incubator to control solution and experimental apparatus 

since these molecules likely utilize many of the same transport components as Foxo.  

Alternatively, the fractional phosphorylation of Foxo1-GFP in nuclei and/or cytoplasm is 

likely to have changed, possibly due to a change in the concentration of factors 

previously secreted by the cultured fibers and then removed with the change from 

incubator to control recording solution.  This scenario would be consistent with the 

secreted factors having little or no effect on nuclear cytoplasmic distribution of NFATc1 

or HDACs 4 or 5 in adult muscle fibers under our culture and experimental conditions.  

 Our new experimental findings presented here in Fig. 2.6 provide support for our 

previous proposal that wash-out of growth factors accumulated during the culture period 

causes a change of Foxo1 phosphorylation status, leading to a change in apparent rate 

constants for Foxo1 nuclear influx and efflux and the resulting change in Foxo1-GFP 

N/C.  Using a culture medium that is buffered by both bicarbonate and HEPES, and thus 

does not need to be changed on moving fiber cultures from incubator to experimental set 

up, we find that if the medium is not changed N/C remains at a relatively constant, 

relatively low value. This indicates that if the solution is not changed, the fibers maintain 

the state they exhibited in culture prior to the stare of recording.  In contrast, if the 

bathing medium is changed to a fresh (i.e., not previously used for any culture) batch of 

the same culture medium, then Foxo1-GFP N/C increases toward a new steady state 

level, indicating an altered fiber status.  Additionally, if the fibers are the re-exposed to 

the original "conditioned" medium, N/C rapidly returns to the level seen prior to the 
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initial solution change, very reminiscent of the rapid fall in N/C produced in other control 

fibers by adding IGF1.  

 As mentioned above, the time dependent approach to a new steady state N/C after 

changing from the medium in which the fibers were maintained in culture to the control 

experimental recording solution in which the fibers were studied was not seen in our 

studies with the transcriptional regulators NFATc1 (28) or HDACs 4 and 5 (29).  Similar 

to Foxo, the transcriptional effectiveness of these transcriptional regulators is also 

determined by their nucleo-cytoplasmic distribution, which is in turn determined by their 

phosphorylation status.  However, in the case of NFATc1 and HDACs 4 and 5, 

phosphorylation status is regulated by muscle fiber activity and the resulting Ca
2+

 

dependent kinase or phosphatase activity, which apparently is not altered by change from 

culture to experimental solution, indicating a lack of effects of factors secreted by the 

fibers in culture on fiber Ca
2+

 levels in our experiments.  Thus, in studies on NFAT and 

HDACs, the initial N/C remains quite stable after change from culture to recording 

solution and conditions providing no other interventions are carried out.  In contrast, 

Foxo1-GFP displays a characteristic exponential approach to an increased N/C after 

change from culture to recording solution.  This gradual increase in N/C was originally 

viewed as an annoying time dependent baseline change, from which to look at changes in 

the slope on activating or inhibiting Akt (61).  However, with our present analysis, the 

initial time dependent increase in Foxo1-GFP is interpreted as the approach to a new 

control steady state, and is characterized in order to extract the apparent rate constants kI' 

and kE' for Foxo1-GFP nuclear influx and efflux under  control conditions.  These 

control values can then be compared to the values of the same apparent rate constants 
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under conditions of modified activity of Akt, and thus used to determine changes in 

relative phosphorylation status of nuclear and cytoplasmic Foxo1 in the test compared to 

control conditions as discussed in the next section.    

 

2.5.5 Interpretation of effects of experimentally modulating Akt activity 

 Our reduced model was used to determine changes in apparent rate constants kI' 

and kE' for nuclear influx and efflux of Foxo1-GFP under experimental conditions of 

suppressed or activated activity of the IGF1/PI3K/Akt pathway compared to the control 

experimental conditions. In interpreting the basis for the observed changes in kI' or kE' 

under various experimental conditions, we assume that application of direct or indirect 

inhibitors or activators of Akt phosphorylation (and activity) do not alter the intrinsic 

properties of the nuclear import or export transport systems. We also assume that the 

direct or indirect inhibitors and activators of Akt do not alter the concentrations of any of 

the various co factors for nuclear import or export.  Instead, any detected changes in the 

apparent rate constant kI' for Foxo1 nuclear influx are attributed exclusively to changes in 

cytoplasmic Foxo1 phosphorylation/dephosphorylation levels, and any detected changes 

in the apparent rate constant kE' for nuclear efflux are attributed exclusively to changes of 

Foxo1 phosphorylatin/dephosphorylation changes in the nuclei.   

 Using the reduced model, we found that direct or indirect inhibition of Akt 

activity caused almost a 3 fold increase in kI’ (Figs. 2.4B and D) which we attribute to a 

corresponding almost 3 fold increase in cytoplasmic Foxo1-GFP dephosphorylation 

fraction. This increased cytoplasmic Foxo1 dephosphorylation fraction is in the 

anticipated direction for inhibition of the enzyme responsible for Foxo1 phosphorylation.  
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In contrast, in the same fibers the model shows that the Akt inhibitors did not decrease 

kE’ which would be expected if inhibition of Akt decreased the Foxo1 phosphorylation 

fraction in the nuclei since phosphorylated Foxo1 is the form of Foxo1 that is transported 

out of the nuclei. 

 Based on the high time resolution measurements of Foxo1-GFP during 

application of IGF1, which should provide our most reliable estimate of the rapid Foxo1-

GFP fluxes in response to IGF1, the application of IGF1 caused about a 5-fold decrease 

in kI’ (Figs. 5B and D). This indicates that IGF1 application decreased Foxo1-GFP 

fractional dephosphorylation (ie, increased phosphorylation fraction) in the cytoplasm, 

which decreased Foxo1 nuclear influx proportionally.  Interestingly, IGF1 application 

also caused a 7-fold increase in kE’ (Figs. 5B and D), indicating that IGF1 increased 

Foxo1-GFP fractional phosphorylation in the nuclei to a similar extent as in the 

cytoplasm. Both changes would contribute to the marked decline in Foxo1-GFP N/C 

observed after adding IGF1.  The fact that kE' could increase 7-fold on exposure to IGF1 

shows that under our control conditions, the fractional phosphorylation of Foxo1-GFP in 

fiber nuclei prior to IGF1 addition must have been < 1/7, which would in turn allow IGF1 

to increase kE' by more than 7-fold.  These considerations indicate a large potential 

dynamic range for regulation of Foxo1 relative phosphorylation and nuclear cytoplasmic 

distributions.      

An alternative case, with the assumption that flux rate constant values are much 

greater than phosphorylation/dephosphorylation rate constants, is not consistent with our 

observations.  In deriving our model we have assumed a limiting case that the rate 

constants for phosphorylation/dephoshorylation are much faster than those for nuclear 
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influx and efflux.  However, it is also instructive to examine the opposite limiting case, 

namely that nuclear flux rate constants are much faster than those for 

phosphorylation/dephosphorylation.  Under the conditions that kE >> kUn  and   kI >> 

kPc, essentially all nuclear Foxo that becomes phosphorylated will leave the nucleus, and  

essentially all cytoplasmic Foxo that becomes dephosphorylated will enter the nucleus. In 

this case nuclear phosphorylated Foxo (Pn) and cytoplasmic dephosphorylated Foxo (Uc) 

will be negligible, so that N = Un  and  C = Pc. 

In this case,  

dN/dt = [k(Uc)(C)] – [k(Pn)(N)]  (6) 

Note that Eqn (6) has exactly the same form as equation (3) used above for the 

assumption of rapid phosphorylation dephosphorylation rate constants compared to flux 

rate constants, but now kI' = k(Uc) (instead of (kI)f(Uc)), and kE' = k(Pn)  (instead of kE 

f(Pn)).  Thus, this equation will fit the data exactly as well as the assumption of fast 

phosphorylation dephosphorylation compared to flux rate constants used above.  

However, conclusions reached using this version with our experimental results seem to 

be inconsistent with the accepted action of IGF1 activation of Akt.  In particular, we 

found that application of IGF1 causes a 2 or 5 fold decrease in kI' (Figs. 5B and D, 

respectively).  This would indicate a 2 or 5 fold decrease in kCu (the rate of Foxo1 

dephosphorylation in the cytoplasm).  However, IGF1 is well known to activate Akt, but 

not known to activate the phosphatase(s) that dephosphorylate Foxo1. Thus the 

assumption of fast nuclear flux rate constants compared to 

phosphorylation/dephosphorylation rate constants seems to be unreasonable based on the 

conclusions resulting from applying that form of the model to our experimental results, 
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even though formally it fits the data exactly as well as when using the original 

assumptions. In contrast, assuming fast rate constants for phosphorylation 

dephosphorylation compared to flux rate constants (original model)  is perfectly 

consistent with increased Akt activity leading to a decrease in fractional 

dephosphorylation (increase fractional phosphorylation) of Foxo1 in the cytoplasm (and 

thus decreased rate of Foxo1 entry).  These considerations indicate that the assumption of 

fast phosphorylation/dephosphorylation compared to nuclear influx and efflux is more 

reasonable than the alternative limiting case.  Future modeling and experimental studies 

are needed to examine intermediate situations where all rate constants may be similar in 

magnitude, and thus not determinable from a single observed experimental time course.   

 

2.5.6 Future expanded potential application of our model    

As noted above, the values of kI' and kE' obtained from fitting our model to data 

for the N/C time course are each equal to the product of kI or kE times the corresponding 

fraction of dephosphorylated or phosphorylated Foxo1 in the cytoplasm or nucleus, 

respectively.  Here we utilized measured changes in kI' or kE' to detect corresponding 

changes in cytoplasmic dephosphorylation fraction or nuclear phosphorylation fraction of 

Foxo1 during application of modulators of Akt, assuming kI or kE to be constant (ie, 

assuming constant effectiveness of the nuclear import or export apparatus, and constant 

concentrations of the corresponding nuclear transport co-factors).  Alternatively, it is 

conceivable that the same experimental and analysis approach could be utilized under 

conditions of constant phosphorylation status of Foxo1 (or other molecule that shuttles 

into and out of muscle fiber nuclei), but under conditions that alter some aspect(s) of the 
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nuclear import or export systems.  Is such cases, the observed changes in kI' or kE' would 

not be attributed to changes in dephosphorylation or phosphorylation fraction of Foxo1, 

but would instead be used to monitor relative effectiveness of the corresponding nuclear 

import or export system.  Interestingly, in that case, two different cargos that are carried 

by the same nuclear import or export system should exhibit the same change in kI or kE 

when that transport system is modulated in activity.     

 

2.5.7 Initial conditions and apparent rate constants in determining N/C time course   

 It is important to note that the observed time course of N/C over a given interval 

during which the fractional phosphorylation of both nuclear and cytoplasmic Foxo1 

remains constant is determined both by the apparent rate constants kI’ and kE’ 

corresponding to the fractional phosphorylation during the measurements, but also by the 

initial N/C in the fiber.  The two simulated N/C time courses in Fig. 2.9 illustrates the 

role of the starting N/C.  In both cases kI’ and kE’ were identical, resulting in the same 

steady state N/C (N/Css) and the same time constant for approach to that steady state.  

However, the initial value was 4 fold different for the 2 curves, which would be due to 

different condition for the 2 lines prior to the start of the simulation interval, and the 

simulated time courses are correspondingly different, even though the apparent rate 

constants for Foxo1 nuclear influx and efflux are identical for the simulated interval.  

Although the 2 simulated time courses appear different in Fig. 2.9, if the lower curve is 

examined from the same initial condition as the upper curve by starting when the lower 

curve reaches N/C = 6.0 (which occurs at a time of about 65 min), the extrapolated lower 

curve would be identical to the upper one. 
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Figure 2.9 Simulated Time Courses with varying initial N/C values 

For both simulations kI’ = 0.126 and kE’ = 0.014 (N/Css = 9.0; indicated by dashed line).  These 

parameter values are very similar to those obtained from the fits to the observed control records 

(Fig. 2.3). The initial values of N/C were arbitrarily set to 1.5 and 6 for the lower and higher 

curve, respectively.  Each simulated N/C time course was calculated for a 110 min interval, the 

duration of the observed control records in Fig. 2.3. 

 

2.5.8 Caveats on the models   

 It must be noted that the 4 state model, which was simplified to the 2 state model 

used here, already constitutes a great simplification of the actual biochemical system.  For 

example, there are 3 Akt phosphorylation sites on Foxo1, and thus multiple partially 

phosphorylated species of Foxo1 may be present in both nucleus and cytoplasm.  In 

addition, several other post-translational modifications, including Foxo phosphorylation 

at other sites by other enzymes (18,61,72), Foxo acetylation (8,21,56,62) or Foxo 

ubiquitination (29) also influence Foxo1 nuclear import or export (18).  However, without 

the ability to discriminate between the various phosphorylation or other post-translational 

modification states, we consider a single effective "phosphorylated" state in the cytoplasm 

that cannot enter the nuclei and a single effective "dephosphorylated" state that can enter 

the nuclei from the cytoplasm.  In the nuclei we consider only a single effective 
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"phosphorylated" state that can exit the nuclei and a single effective "dephosphorylated" 

state that cannot exit the nuclei.  These limitations are not serious for the 4 state model 

because it is currently not possible to determine all of the various partially phosphorylated 

species, or the combinations of other post-translational modification states of either nuclear 

or cytoplasmic Foxo.  A full model including the large number of intermediate states (64) 

has too many parameters to achieve a practical preliminary understanding of general 

aspects of Foxo function and regulation for the present application.  For simplicity, many 

different molecular species are lumped into single "states" that can or cannot cross the 

nuclear envelope, with a single pair of effective rate constants governing the overall 

interconversion between these states in the nucleus, and another pair in the cytoplasm.  The 

further reduced 2 state model already closely reproduces the experimental data (Figs. 2.3 – 

2.5), so additional parameter values are unlikely to be specified by the present data without 

additional restrictions established by other experimental measurements.  The present 2 state 

model is intuitive, easy to manipulate and provides conclusions regarding changes 

occurring in the cytoplasm versus in the nuclei during various experimental situations.  In 

the future, when advanced molecular and imaging techniques allow the various different 

molecular species to be experimentally distinguished, the model can then be appropriately 

expanded to explicitly include these corresponding additional states.  

 

2.5.9 Nuclear cytoplasmic flux kinetics with nuclear/cytoplasmic volume ratios   

 Finally, although we recognize and applied the condition that the in muscle fibers 

the cytoplasmic volume far exceeds the nuclear volume, and thus serves as an effective 

constant reservoir for Foxo1, we present a general mathematical analysis of nuclear 
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cytoplasmic movements including the possibility of any ratio of nuclear to cytoplasmic 

volume. 

 

2.6 Conclusion   

In conclusion, the quantitative mathematical modeling of nuclear cytoplasmic movements 

of transcriptional regulators or other molecules in general, and of Foxo1-GFP in 

particular as studied here, provides values for both unidirectional nuclear influx and 

efflux under various experimental conditions as well as under control conditions, and 

thereby reveals previously undetermined properties of Foxo1 phosphorylation 

dephosphorylation status in both nuclei and cytoplasm of skeletal muscle fibers.  Similar 

analysis and interpretations could be applied to other cell types with appropriate 

consideration of their nuclear/cytoplasmic volumes. 

 

2.7 Appendix 

2.7.1 Four-state model 

 We derive the rate of change of the four Foxo1-GFP populations, nuclear 

phosphorylated, Pn, nuclear unphosphorylated, Un, cytoplasmic phosphorylated, Pc, and 

cytoplasmic unphosphorylated, Uc.  De/phosphorylation is taken to be reversible with rate 

constants kPn, kUn, kPc, and kUc, while the influx and efflux rate constants are kI and kE, 

respectively, as in Fig. 2.2A in the main text. Furthermore, we keep track of the volume 

fraction of the nucleus, Vn, and cytosol, Vc when converting between nucleus and cytosol.  

From these we generate the four variable system 
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    (A1) 

 

 

 

2.7.2 Two-state model 

We make a series of reductive assumptions to obtain a lower-dimensional system 

commensurate with the experimental data.  Combining the cytosolic C=Uc+Pc and 

nuclear N=Un+Pn species we get from (A1) the system 

  

         (A2) 

 

where k̂E=Vn/Vc kE .  We assume that the de/phosphorylation steps occur more rapidly 

than the nuclear-cytoplasmic flux (i.e. kPn, kUn, kPc, and kUc>> kI , kE) implying a rapid 

equilibration that yields 

 

 

so that Pn = ( kPn /( kPn + kUn))N and Uc = ( kUc /( kUc + kPc))C and then we can write the 

previous system (A2) as a 2-variable system  

      

                  (A3) 
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where kE’=( kPn /( kPn + kUn)) k̂E , kI’=( kUc /( kUc + kPc)) kI, and ε =Vn/Vc is a small 

parameter in our system on the order of 0.01-0.05.  Conservation has CT=C+ εN, so we 

can reduce (A3) to the single equation 

    

             (A4) 

which we can solve to get  

 

where N0 is the initial condition for nuclear fluorescence.  The nuclear-cytoplasmic ratio 

can then be written 

 

In the limit that ε 0 (cytosolic volume is much larger than nuclear volume) we get the 

form used in text equation (5) 

 

Note that in this limit the constant cytosolic fluorescence need not be the total CT but may 

simply be an initial constant C0. 
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Chapter 3 : Green Tea (EGCG), Insulin, and IGF-1 Suppression of Atrophy 

Associated Transcription Factor Foxo1 Activity in Skeletal Muscle Fibers 

 

3.1 Background 

Preventing, slowing and reversing skeletal muscle atrophy offers the potential to 

substantially improve the quality of life for our increasingly aging population.  Despite 

our best research efforts, we are still unable to reverse the annual decline in skeletal 

muscle mass that begins to occur in our third decade of life, with a disproportionately 

larger decline of lower limb muscles of about twice that of upper limb (30,46), leading to 

impaired mobility and increased risk of falls and fractures.  In addition to the primary 

function of force generation for movement, skeletal muscle plays an equally important 

role in maintenance of homeostasis through regulation of metabolically critical 

compounds such as amino acids, growth hormones, fatty acids, and glucose (12).  

Considering that skeletal muscle constitutes 40-50% of the overall mass in humans (58), 

its role as a homeostatic regulator of the internal environment within the body is critical.  

Disruption of homeostasis in diseases such as cancer, renal failure, sepsis, or diabetes 

leads to significant skeletal muscle atrophy (sarcopenia or cachexia) (12).  Disease 

induced loss of muscle mass further compounds the disease condition, creating a negative 

cascade, as less muscle mass is available to maintain normal metabolism.  

  The DNA binding forkhead domain transcription factor known as forkhead box 

class O (Foxo) is involved with cellular signaling of energy metabolism (fatty acid 

oxidation/glycolytic flux), mitochondrial transcription, and cellular survival (atrophy, 

apoptosis) (58).  Four isoforms of Foxo (Foxo1, Foxo3A, Foxo4, and Foxo6) are found in 
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skeletal muscle, with Foxo1 & Foxo3A implicated in muscle atrophy due to their 

promoting transcription of proteasome related E3 ubiquitin ligases, MAFbx/atrogin-1 and 

MuRF1 (58, 59).   

Our study utilizes Foxo1 tagged with a green fluorescent protein (GFP) to provide 

a visual indication of where within the muscle fiber (nucleus or cytoplasm) Foxo1 is 

located, thereby providing an indication of its activation status.  Within the cytoplasm, 

phosphorylation of Foxo1 by activated Akt results in phosphorylation of three conserved 

residues (72) which causes the NLS to be secluded on Foxo1, preventing translocation 

into the nucleus and activity as a transcription factor.  Within the nucleus, 

phosphorylation of Foxo1 by activated Akt results in Foxo1 unbinding from DNA, 

exposing the NES for translocation out of the nucleus (14,66).  The predominate pathway 

implicated for the deactivation of Foxo1 is the IGF receptor / phosphatidylinositol 3-

kinase (PI3K) / Akt (PKB) pathway, which causes phosphorylation of Foxo1 and a 

reduction in nuclear localization (23, 72).  When Foxo1 is activated and localized inside 

the nucleus it induces gene transcription by binding to DNA sites with its conserved 100 

residue DNA binding domain known as the forkhead domain (58,61).  The nuclear versus 

cytoplasmic ratio balance of Foxo1, is critical to controlling protein breakdown and in 

effect prevention of skeletal muscle death and atrophy (23).   

The polypeptide hormones IGF-1 and Insulin continue to be well researched for 

their critical regulation of development, energy metabolism, and cellular growth (4) in 

addition to their well documented role in glucose, protein, and lipid metabolism (4).  

Circulating IGF-1 is produced primarily in the liver stimulated and from growth hormone 

(GH) released by the anterior pituitary gland (55).  However IGF-1 is also produced by 
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multiple non-hepatic tissues including skeletal muscle, where it functions as an 

autocrine/paracrine growth factor, independent of GH (55).  In contrast to IGFs, Insulin is 

produced solely by beta cells located in the pancreas.  Interestingly, IGFs and Insulin 

signaling both converge and activate the same PI3K/Akt signaling pathway which helps 

determine the balance of protein synthesis (through mTOR & GSK3 signaling) and 

protein degradation (Foxo, focus of this study).  IGF1 and Insulin share about 50% 

homology and have been shown to elicit similar hypoglycemic responses (13), although 

each has specific biological responses which are thought to be a result of differences in 

receptor expression and tissue-specific downstream targets (63,68).  Since the topic of 

IGF-1 and insulin-specific responses is an active and ongoing researched field, we 

generated data in live adult mouse skeletal muscle fibers, to determine the relative 

efficacies (dose-response EC50) of adding IGF-1 or Insulin on Foxo1 activation.   

Complementary/nutritional medical approaches are studied due to their potential 

to provide far reaching improvements in quality of life in a cost-effective manner.  Green 

tea (Camellia sinensis) is a popular beverage that previous studies have show can have 

benefits in fibroblast (3T3-L1) (35), cancer (71), and endothelial cell lines (36), as well as 

skeletal muscle (3,32,49).  Within green tea, the compound Epigallocatechin-3-gallate 

(EGCG) makes up about 41% of the total catechins (flavonoid polyphenols) soluble in 

hot water (22).  Here we demonstrate EGCG’s ability to cause a similar Foxo1 

deactivation response (translocation of Foxo1 from nuclear to cytoplasm) as both of the 

well studied endogenous growth hormones, IGF-1 and insulin, in adult skeletal muscle 

fibers (Fig. 3.1).  The signaling pathway of IGF-1, insulin, and EGCG each converge at 

PI3K, which in turn activates kinase Akt, causing Foxo1 deactivation and a net effect of 



70 

 

Foxo1 removal from the muscle fiber nuclei.  Interestingly, PI3K or Akt inhibitors (Fig. 

3.3) were not able to fully prevent EGCG from mediating Foxo1 translocation, thereby 

indicating that EGCG may not rely entirely on the PI3K/Akt signaling axis to mediate 

Foxo1 translocation.  Similarly, when ROS signaling was increased with H2O2 (Fig. 

3.5C) the ability of EGCG to mediate Foxo1 translocation was not affected.  However 

when the ROS inhibitor, NAC was used, it did show a minor effect in reducing EGCG’s 

ability to mediate Foxo1 translocation (Fig. 3.5B).  Fully understanding the mechanisms 

of EGCG signaling both upstream of PI3K/Akt, as well as with uncovering any parallel 

signaling pathways, could have implications in slowing muscle atrophy and in providing 

a clinically significant parallel pathway for the reduced insulin receptor sensitivity which 

causes Type II Diabetes Mellitus. 

 

3.2 Methods 

3.2.1 Materials 

adFoxo1-GFP (gift from Dr. Joseph Hill, UT Southwestern Medical Center, TX).  Insulin 

(Bovine, Sigma Aldrich I1882, St. Louis, MO), IGF-1 (Mouse, Sigma Aldrich I8779, St. 

Louis, MO) and (-)-Epigallocatechin gallate (EGCG) >95% (Sigma Aldrich E4143, St. 

Louis, MO).  Akt inhibitor Akt-I-1,2 (Calibochem 124017, Billerica, MA) and PI3K 

inhibitor LY294002 (Cell Signaling 9901, Danvers, MA).  N-acetyl-L-cysteine (NAC) 

>99% (Sigma Aldrich A7250, St. Louis, MO). 
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3.2.2 FDB Fiber Preparation and Adenoviral Infection 

All experimental results use flexor digitorum brevis (FDB) skeletal muscle 

isolated from adult (4 - 8 wk old) female CD1 mice, in protocols approved by the 

University of Maryland Institutional Animal Care and Use Committee.  The protocol is 

similar as previously described (40,61,70).  Figure 3.1 summarizes the experimental 

protocols used for culture and Foxo1-GFP expression (left side) and the general imaging 

protocol at day 3 (right side) used to acquire data shown in Figs. 3.2, 3.4 - 3.6.  Briefly, 

dissected FDB muscle was digested in serum-free MEM media containing collagenase 

type I (Sigma Aldrich C0130) for 2 h at 37
o
 C.  MEM w/ 10% FBS was introduced to 

neutralize the collagenase activity.  Using a round tip pipette the fibers were gently 

dissociated and individual muscle fibers (~40/chamber) were plated on a four chamber 

glass bottom dish (InVitroScientific D35C4-20-1-N) with laminin coating (Invitrogen 

23017-015).  The four chamber dishes allow all fibers to experience the same growth 

conditions yet remain isolated to allow four unique experimental protocols.  To remove 

any residual growth hormones introduced during the collagenase neutralization step, the 

fibers were washed three times and cultured in serum-free MEM with HEPES (Invitrogen 

12360-038) and 2mM L-glutamine (Sigma Aldrich G5763).  Following the washes, 2 uL 

of purified adenovirus adFoxo1-GFP was introduced to infect the fibers and over express 

Foxo1-GFP.  The fibers were incubated for 48 - 72 h before imaging.  
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Figure 3.1 Summary of Experimental Protocol 

Culture and Foxo1-GFP expression protocol (left side) and the general imaging protocol at Day 3 

(right side) used to acquire data shown in Figs. 3.2, 3.4 - 3.6.   

 

 

3.2.3 Confocal fluorescence imaging Foxo1-GFP in living FDB muscle fibers  

For studies of time course (Figs. 3.2, 3.4-3.6), 30 – 40 min before imaging, the 

dish of cultured fibers were removed from the incubator and medium was replaced and 

washed 3 times with 37
o
 C, L-15 (Invitrogen).  For IGF1/Insulin dose response data (Fig. 

3.3), the dish of cultured fibers were removed from the incubator and medium was 

replaced at the start of the imaging (30 - 40 min after removal from the incubator) with 

the same serum free MEM with HEPES (Invitrogen 12360-038) with 2 mM L-Glutamine 

(Sigma Aldrich G5763, St. Louis, MO).  The dish was placed on an Olympus IX70 

inverted microscope with Olympus FLUOVIEW 500 laser scanning confocal imaging 

system previously described (61, 70).  The excitation wavelength was 488 nm, which 
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with a 505 nm long pass emission filter monitored the GFP fluorescence.  We acquired a 

time series of high spatial resolution fluorescence confocal images at 15 min intervals 

(600x optical magnification & 3x digital zoom) before and after pharmacological 

perturbations of 3 day old culture fibers expressing exogenous Foxo1-GFP.  Using Image 

J software (NIH, Bethesda, MD), the confocal microscope images were analyzed to 

calculate the mean nuclear pixel fluorescence (N), which is proportional to the mean 

nuclear concentration of Foxo1-GFP in selected nuclei as a function of time (Fig. 3.2B).  

All time course graphs presented here show the ratio (N/C) of the values of mean pixel 

fluorescence in Nuclear (N) to Cytoplasmic (C) regions determined as a function of time 

(Fig. 3.1A).  Presenting the data as the ratio of N/C corrects for differences in the 

expression level of Foxo1-GFP from fiber to fiber.  In addition, it allows for adjustments 

of laser intensity when the nuclear fluorescence signal becomes saturated.  To 

compensate for variations in starting N/C ratios, the data was normalized to the average 

of the first three time points.  Figure 3.2D shows the regions of interest used for the 

quantification of the Nucleus (N) and Cytoplasm (C).  The background (B) intensity was 

subtracted from both the Cytoplasm (C) and Nuclear (N) fluorescence intensity prior to 

calculating the N/C ratio at that particular recorded time point (Fig. 3.2D).  In each 

experiment, 4 – 7 unique fibers were selected, with 1 – 2 nuclei selected from each fiber.  

 

3.3 Results 

3.3.1 IGF-1, Insulin and EGCG cause a decrease in Foxo1 nuclear content  

In cultured skeletal muscle fibers, our laboratory has previously shown that the 

addition of IGF-1 substantially decreases the nuclear content of GFP-tagged Foxo1 
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(Foxo1-GFP) via increased phosphorylation, resulting from activation of the upstream 

signaling kinase Akt (61).  Throughout this study, skeletal muscle fibers cultured for 

three days after transduction with adenovirally expressive Foxo1-GFP, were manipulated 

as summarized in figure 3.1.  Figure 3.2B shows a representative muscle fiber from each 

experimental group imaged at 30 min intervals.  In the absence of added reagents, the 

nuclear fluorescence increases with time (Fig 3.2B, top row).    Addition of IGF-1 

(13nM) or insulin (35uM) at 30 min causes a rapid decrease in nuclear content of Foxo1-

GFP, as shown by presence of dark nuclei at 30 min after addition of IGF-1 or insulin 

(Fig. 3.2B).  In contrast although EGCG (10uM) also causes a loss of nuclear 

fluorescence, its effect requires a longer time to develop (Fig 3.1B, bottom row).  The 

Foxo1-GFP intensities for the Nucleus (N) and Cytoplasmic (C) areas (Fig. 3.2D) are 

used to calculate the N/C ratio for 4 – 7 muscle fibers, 1 – 2 nuclei per fiber, and the 

mean values of N/C for each condition are plotted as a function of time (Fig. 3.2A).  The 

N/C time course for control conditions show that the nuclear content of Foxo1-GFP 

increases steadily following removal from the incubator and medium change (Fig. 3.2A 

Black circles).  The N/C time course shows that addition of either IGF-1 or Insulin causes 

a rapid reduction in N/C (Fig. 3.2A, blue squares and red triangles) as compared to 

control (black circles).  Introduction of EGCG also caused a reduction in Foxo1-GFP 

nuclear content, but the response was delayed by 15 – 30 minutes compared to IGF-1 or 

Insulin (Fig. 3.2A).   
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Figure 3.2 EGCG, IGF-1, Insulin effects on Foxo1-GFP Translocation in Live Muscle Fibers 

A: Time courses of Foxo1-GFP N/C with the presence of various compounds.  Four chamber 

skeletal muscle fiber culture dish removed from incubator and replaced with L-15 medium 30 – 

40 min. before start of imaging (0 min).  Fluorescent imaging of Foxo1-GFP recorded in 15 min. 

intervals, no compound added control (black circles, n=8), and experimental compounds added at 

30min., EGCG (green diamonds, n=8), IGF-1 (blue squares, n=9), or Insulin (red triangles, n=9).  

Arrows (1-4) indicate the corresponding time columns shown in figure 3.1B.   B: Fluorescent 

images of a representative muscle fiber from each experimental group, showing Foxo1-GFP at 30 

min. intervals and the visible reduction in nuclear intensities for each of the experimental 

perturbation sets (EGCG, Insulin, IGF-1)  C: Magnified image showing the representative areas 

of interest used in ImageJ for the quantification of the N/C Foxo1-GFP fluorescent intensities 

within the fiber.  The absolute Background (B) intensity was subtracted from both the Nuclear 

(N) and Cytoplasm (C) fluorescent intensities.  Results in A are averages from a single 

experiment, similar results were seen in additional experiments.   

 

 

3.3.2 IGF-1 & Insulin Dose-Response on Foxo1 Nuclear Translocation 

The dose-response EC50 for both IGF-1 (Fig. 3.3B) and insulin (Fig. 3.3D) on 

Foxo1 Nuclear translocation, were determined by adding varying concentrations of IGF-1 

(Fig. 3.3A) and Insulin (Fig. 3.3C), and recording the Foxo1-GFP N/C ratios before (left 

side black bars) and after (right side blue or red bars) the compound was added.  The 

medium used in the experiment was MEM with pH buffers for both low and high 
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ambient carbon dioxide levels, which allowed the dishes to be removed from the 

incubator and remain on the microscope stage for the two hour duration of this 

experiment without changing the culture medium (70).  As shown in previous control 

conditions, when the culture medium is changed with no added IGF-1 or Insulin, the N/C 

ratio increases approximately 2.5 to 3 fold (Figs. 3.3A and C, columns with “0 pM 

added”).  As the IGF-1 or Insulin concentration is increased, the N/C fold increase is 

reduced (Figs. 3.3A and C).  Three independent experiments were run with average 

values reported (Figs. 3.3A and C).  The starting N/C ratios were normalized to 1.0 with 

the normalized fold increase plotted against the log of the concentration (Figs. 3.3B and 

D).  A sigmoidal curve was fit to the data, with the median point representing the Dose-

Response EC50 of 31pM for IGF-1 upon Foxo1 (Fig. 3.3B) and dose-response EC50 of 

227pM for insulin upon Foxo1 (Fig. 3.3D). 
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Figure 3.3 IGF-1 & Insulin Dose Response Curve for Inhibition of Foxo1-GFP Nuclear 

Localization 

A: Response of Foxo1-GFP N/C ratio following two hour treatment with various concentrations 

of IGF-1.  Four chamber skeletal muscle fiber culture dish removed from incubator and replaced 

with serum free MEM with HEPES and 2mM L-Glutamine just before adding varying 

concentrations of IGF-1.  B: Single binding sigmoidal curve fit for determination of EC50 dose 

response of IGF-1 (31pM) Foxo1 activation.  C: Response of Foxo1-GFP N/C ratio following 

two hour treatment with various concentrations of Insulin.  Similar protocol as in figure A.  D: 

Sigmoidal curve fit for determination of EC50 dose response of Insulin (227pM) Foxo1 

activation.  

 

 

3.3.3 Effect of EGCG Concentration on Suppression of Foxo1 Activity 

The effect of EGCG concentration on suppression of Foxo1 activity (i.e., 

translocation out of the nucleus) was determined by addition of various concentrations 

(5uM, 10uM, 20uM, 50um, 100uM) of EGCG at 30 min after the start of image recording 

(Figs. 3.4A and B).  An added EGCG concentration of 10uM was used throughout this 

study since it demonstrated a pronounced effect upon Foxo1 translocation without any 

observed damage to the fibers (Fig. 3.4A).  Although 20uM ECGC displayed a 
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marginally greater response and lower final steady state of Foxo1 N/C ratio, this 

concentration was not used because higher EGCG concentrations (50uM & 100uM) 

showed a deleterious effect, eliminating the ability to suppress Foxo1 activity (Fig. 3.4B) 

and appearing to cause damage to the muscle fibers, as suggested by the formation of 

vesicles (Fig. 3.4C, arrows in magnified 50uM insert).  No vesicle formation was 

observed at 10 uM EGCG (Fig. 3.4C) or with IGF-1 or Insulin (Fig. 3.3D).   

 

 

 

 

 

 

 

 

 



79 

 

B

D

EGCG 10uM

Before30min After
Insulin 35uM IGF1 13nM

Before 30 min After 

EGCG 50uM

10 uM

10 uM

0 30 60 90 120
0

1

2

5 uM

20 uM

10 uM

Ctrl

N
/C

 (
N

o
rm

a
liz

e
d
)

Minutes

EGCG 20uM

EGCG 5uM

EGCG 10uM

A

B

1
2

0 30 60 90 120
0

1

2

50 uM

100 uM

10 uM

Ctrl

N
/C

 (
N

o
rm

a
liz

e
d
)

Minutes

EGCG 10uM

EGCG 100uM

EGCG 50uM

2
1

C Before(1)30min After (2)Before(1) 30min After(2)

10 uM

10 uM

B

D

EGCG 10uM

Before30min After
Insulin 35uM IGF1 13nM

Before 30 min After 

EGCG 50uM

10 uM

10 uM

0 30 60 90 120
0

1

2

5 uM

20 uM

10 uM

Ctrl

N
/C

 (
N

o
rm

a
liz

e
d
)

Minutes

EGCG 20uM

EGCG 5uM

EGCG 10uM

A

B

1
2

0 30 60 90 120
0

1

2

50 uM

100 uM

10 uM

Ctrl

N
/C

 (
N

o
rm

a
liz

e
d
)

Minutes

EGCG 10uM

EGCG 100uM

EGCG 50uM

2
1

C Before(1)30min After (2)Before(1) 30min After(2)

10 uM

10 uM

 

Figure 3.4 Concentration Dependence of EGCG Effects on Foxo1-GFP and on Vesicle 

Formation in Live Muscle Fibers 

A: Time courses of Foxo1-GFP N/C with the presence of various concentrations of EGCG.  Four 

chamber skeletal muscle fiber culture dish removed from incubator and replaced with L-15 

medium 30 – 40 min. before start of imaging (0 min).  Fluorescent imaging of Foxo1-GFP 

recorded in 15 min. intervals, no compound added control (black circles, n=5), and various 

concentrations of EGCG added at 30min., 5uM (blue squares, n=8), 10uM (green diamonds, 

n=8), or 20uM (red triangles, n=8).  B: Time courses of Foxo1-GFP N/C with the presence of 

various concentrations of EGCG.  Four chamber skeletal muscle fiber culture dish removed from 

incubator and replaced with L-15 medium 30 – 40 min. before start of imaging (0 min).  

Fluorescent imaging of Foxo1-GFP recorded in 15 min. intervals, no compound added control 

(same as A, black circles, n=5), and various concentrations of EGCG added at 30min., 10uM 

(green diamonds, n=5), 50uM (purple triangles, n=5), or 100uM (orange squares, n=4).  C:  

Transmitted light images of a representative muscle fiber from lower (10uM) and higher (50uM) 

EGCG concentration groups, at the time point just before and 30 min. following treatment with 

the EGCG compound.  Magnified insert shows the presence of vesicle structures that occur at the 

higher 50uM EGCG concentration (100uM not shown).  No vesicle structures are observed from 

addition of IGF-1 (13nM) nor Insulin (35uM).  Results in A and B are averages from single 

experiments, similar results were seen in additional experiments.   
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3.3.4 Effects of Inhibiting the PI3K/Akt Pathway on EGCG Mediated Foxo1 

Translocation 

Application of the selective PI3K inhibitor LY294002 (Fig. 3.5A) or a selective 

inhibitor of Akt 1 and Akt 2 (Fig. 3.5B) does not fully inhibit the ability of EGCG to 

reduce Foxo1 nuclear concentration as seen in the decline in N/C ratio that begins at 

90min. in the dual treated Inhibitor/EGCG traces (Fig. 3.5A and B, red triangles).  

Parallel positive controls were run in the same dishes with both of the respective PI3K 

and Akt inhibitors (Fig. 3.5A and B, blue squares) demonstrating the inhibitors ability to 

consistently increase Foxo1 activation (translocation into the nucleus) with no decline 

seen at the 90min. time point.  Additional experimental runs support this data but were 

not used in averages due to differences in the time the inhibitors were added.   
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Figure 3.5 Effects of Inhibiting PI3K/Akt Pathway on EGCG Mediated Foxo1 

Translocation  

A: Time courses of Foxo1-GFP N/C with the presence of the specific PI3K inhibitor LY294002 

(PI3K-I) with and without EGCG.  Four chamber skeletal muscle fiber culture dish removed from 

incubator and replaced with L-15 medium 30 – 40 min. before start of imaging (0 min).  

Fluorescent imaging of Foxo1-GFP recorded in 15 min. intervals, no compound added control 

(black circles, n=8), EGCG (10uM) added at 30min. (green diamonds, n=9), PI3K-I (25uM) 

added at 30min.(blue squares, n=7), PI3K-I (25uM) and EGCG (10uM) added at 30min. (red 

triangles, n=6).  B: Time courses of Foxo1-GFP N/C with the presence of a selective inhibitor of 

Akt1/2 (Akt-I) with and without EGCG.  Similar protocol as figure A, Fluorescent imaging of 

Foxo1-GFP recorded in 15 min. intervals, no compound added control (black circles, n=7), 

EGCG (10uM) added at 30min. (green diamonds, n=9), Akt-I (1uM) added at 15min.(blue 

squares, n=7), Akt-I Inhibitor (1uM) added at 15min. and EGCG (10uM) added at 30min. (red 

triangles, n=6). 

 

 

3.3.5 Reactive Oxidative Species Scavenger or ROS Producer effects upon EGCG 

ability to suppress Foxo1 Activity 

The reactive oxidative species (ROS) producer, hydrogen peroxide (H202), was 

added to Ad-Foxo1-GFP infected muscle fibers cultures at concentrations of 4uM, 40uM, 

and 400uM, 30min. after start of imaging (Fig. 3.6A).  At these concentrations, no 

significant change in Foxo1 activation was observed as compared to control.  To observe 

if the increase in the ROS environment affected EGCG’s ability to mediate Foxo1 
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activation, we monitored the effect of adding 40uM H202 at time point 15 min., followed 

by 10uM EGCG at time point 30min. (Fig. 3.6B, red triangles).  As compared to EGCG 

addition under control conditions (Fig. 3.6B, green circles) there was no significant 

change in the ability of EGCG to reduce the Foxo1 N/C ratio when added in the presence 

of H2O2 (Fig. 3.5, red triangles).  To further test if the increased ROS environment 

created by 40uM H2O2 affected the PI3K/Akt signaling pathway, 40uM H2O2 was 

added at time point 15min., followed by IGF-1 at time point 30min. (Fig. 3.6B, blue 

squares), which had no effect on the ability of IGF-1 to cause the characteristically strong 

reduction in Foxo1 activation and N/C ratio.  A control adding only H2O2 at time point 

15min. was also performed (Fig. 3.6B, black circles).   

To test if a reduced ROS environment would affect EGCG’s ability to mediate 

Foxo1 activation, we performed a time course adding 1mM NAC at 0 min. followed by 

10uM EGCG at 30min. (Fig. 3.6C, red triangles).  As compared to EGCG added to 

control fibers (Fig. 3.6C, green circles) there was a minor reduction in the ability of 

EGCG to reduce the Foxo1 N/C ratio, thus not entirely ruling out the possibility that a 

ROS generating signaling mechanism could be involved in EGCG/Akt/Foxo1 signaling.  

Controls with 1mM NAC (blue squares) and no added compounds (black circles) were 

also performed.         
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Figure 3.6 EGCG ability to mediate Foxo1-GFP translocation in reduced and increased ROS 

environments 

A: Time courses of Foxo1-GFP N/C with the presence of various concentrations of the strong 

cellular reactive oxygen species (ROS) generator Hydrogen Peroxide (H2O2).  Four chamber 

skeletal muscle fiber culture dish removed from incubator and replaced with L-15 medium 30 – 

40 min. before start of imaging (0 min).  Fluorescent imaging of Foxo1-GFP recorded in 15 min. 

intervals, no compound added control (black circle, n=7), and concentrations of H2O2 added at 

30min.; 4uM (pink triangles, n=7), 40uM (orange squares, n=7), 400uM (blue diamonds, n=9).  

B: Time courses of Foxo1-GFP N/C with the presence of a ROS generator, Hydrogen Peroxide 

(H2O2), with and without EGCG.  Four chamber skeletal muscle fiber culture dish removed from 

incubator and replaced with L-15 medium 30 – 40 min. before start of imaging (0 min).  

Fluorescent imaging of Foxo1-GFP recorded in 15 min. intervals, H2O2 (40uM) added at 15min. 

(black circle, n=6), EGCG (10uM) added at 30min. (green diamonds, n=9), H2O2 (40uM) added 

at 15min. and IGF-1 (13nM) added at 30min. (blue squares, n=5), H2O2 (40uM) added at 15min. 

and EGCG (10uM) added at 30min. (red triangles, n=10).  C: Time courses of Foxo1-GFP N/C 

with the presence of a ROS inhibitor, N-acetyl-L-cysteine (NAC) with and without EGCG.  

Values are averages from two independent experiments.  Four chamber skeletal muscle fiber 

culture dish removed from incubator and replaced with L-15 medium 30 – 40 min. before start of 

imaging (0 min).  Fluorescent imaging of Foxo1-GFP recorded in 15 min. intervals, no compound 

added control (black circle, n=11), EGCG (10uM) added at 30min. (green diamonds, n=9), NAC 

(1mM) added at 0min.(blue squares, n=15), NAC (1mM) added at 0min. and EGCG (10uM) 

added at 30min. (red triangles, n=12).   

 

 

 

3.4 Discussion 

3.4.1 IGF-1, Insulin and EGCG cause a decrease in Foxo1 nuclear content 

Foxo1 is a transcription factor that regulates the expression of the atrophy related 

genes, Atrogin and MuRF1, both of which are E3 ubiquitin ligases controlling muscle 

atrophy (58,59).  In the present study, we have made use of confocal fluorescent imaging 

of live, cultured, adult skeletal muscle fibers to study nuclear-cytoplasmic translocation 
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of GFP-tagged Foxo1.  We were able to demonstrate that EGCG causes a similar 

response of Foxo1 translocation from the nucleus as that produced by IGF-1 and insulin 

(Fig. 3.2A).   

In contrast to IGF-1 or Insulin’s ability to cause sudden and rapid decline in the 

Foxo1 nuclear content (lower N/C ratio), EGCG’s actions on nuclear Foxo1-GFP are 

delayed by 15 min (Fig. 3.2A).  These results suggest that EGCG’s signaling pathway 

involves additional steps which add time to EGCG’s effect on Foxo1 translocation, 

versus the pathway activated by IGF-1 and insulin (Fig. 3.7, pathway indicated with “#”).   

 

3.4.2  IGF-1 & Insulin Dose-Response on Foxo1 Activity 

Our laboratory and others have previously demonstrated the ability of IGF-1 to 

activate the IGF/PI3K/Akt axis, which inactivates Foxo1 through Akt’s kinase activity, 

and causes a net loss of nuclear Foxo1 due to reduced nuclear influx and increased 

nuclear efflux (12,61).  Similarly, insulin’s ability to activate the same IGF/PI3K/Akt 

signaling axis as IGF-1, and thus effect Foxo1 activity, is well established (63).  This 

similar convergence upon the same PI3K/Akt signaling pathway helps determine the 

balance of protein synthesis, via mTor and GSK3 pathways, and protein degradation via 

Foxo (24).   The unique specificity observed between IGF-1 and insulin specific 

responses are thought to be a result of differences in receptor expression and tissue 

specific downstream targets (63).  To compare the relative effectiveness of IGF-1 and 

insulin on Foxo1 translocation in muscle fibers, dose-response curves were generated for 

the steady state levels of Foxo1-GFP at the varying concentrations of IGF-1 or insulin 

(Figs. 3.5B and D).  This yielded an EC50 of 31pM for IGF-1 (Fig. 3.3B) and 227pM for 
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insulin (Fig. 3.3D).  These values are within normal physiological levels (17,20).  It is 

well established that IGF-1 and insulin are able to interact with one another’s respective 

surface receptor (4) and subsequently initiate a response through the PI3K/Akt signaling 

axis (Fig. 3.7).  Generation of new dose-response curves for both IGF-1 and insulin in the 

presence of blocking antibodies to the IGF-1 receptor could help establish the degree of 

cross talk which occurs between IGF-1 and insulin acting via the IGF-1 receptor.  

 

3.4.3 Effect of EGCG Concentration on Suppression of Foxo1 Activity 

We established the concentration dependence of EGCG effects on Foxo1-GFP, 

and show that 10uM of EGCG (Fig. 3.3A,B) was the optimal dose giving a robust Foxo1 

response without causing cell damage.  Interestingly, 10uM EGCG is the circulating level 

of EGCG in the plasma in animal studies in which pure EGCG is consumed orally (36).  

Although in our studies, 20uM ECGC demonstrated a marginally increased response and 

lower final steady state of Foxo1 N/C ratio, we did not use it since higher EGCG 

concentrations showed deleterious effects on fibers and prevent the efflux of nuclear 

Foxo1 (Fig. 3.3B).  The deleterious effects of high concentrations of EGCG prevented us 

from determining an EC50 for the drug’s effects on nuclear Foxo1.  

 

3.4.4 Effects of Inhibiting the PI3K/Akt Pathway on EGCG Mediated Foxo1 

Translocation 

The ability of EGCG to inactivate Foxo1 by phosphorylation through activation 

of Akt kinase, has been previously demonstrated in endothelial cells by western blot data 

with specific antibodies to Akt, phosphorylated Akt and phosphorylated Foxo1 (57).  In a 
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recent study in rat muscle subjected to hind limb suspension to induce atrophy, a 

reduction of muscle weight of approximately 31% in fast plantaris (type II) muscle and 

approximately 34% reduced muscle weight in slow soleus (type I) muscle was observed 

(3).  When comparing EGCG treated fibers to non treated controls both slow and fast 

fiber types had increased phospho-Akt (fast fibers 125% increase, slow fibers 103% 

increase) following 14 days of muscle disuse atrophy, however despite these similar 

increases of phospho-Akt, EGCG treatment was more effective for muscle mass recovery 

in fast (type II) plantaris muscle fibers versus no statistically significant effects of EGCG 

in slow (type I) soleus muscle (3).  The difference in response, despite both fiber types 

having increased Akt activity suggests that in skeletal muscle, EGCG regulates Foxo1 

activation independent of Akt.  To test this hypothesis, we monitored the effects of using 

specific inhibitors of either PI3K kinase or Akt kinase upon EGCG-mediated Foxo1 

translocation (Figs. 3.5A and B).  Our laboratory has previously demonstrated the 

addition of PI3K kinase inhibitor or Akt kinase inhibitor (61) causes a net increase in the 

Foxo1 nuclear concentration and reduction in the phosphorylated Akt.  Here we show 

that PI3K kinase inhibitor (Fig. 3.5A, blue squares) or Akt kinase inhibitor (Fig. 3.5B, 

blue squares) both show a pronounced increase in Foxo1 N/C ratio above baseline (black 

circles).  Interestingly, fibers receiving the respective kinase inhibitor followed by EGCG 

treatment (Fig. 3.5A and B, red triangles) still show a reduction in Foxo1 N/C ratio, albeit 

at a longer 60 min delay than treatment with EGCG alone (green diamonds).  This data 

support the idea that EGCG acts by a parallel pathway independent of Akt kinase 

activation (Fig. 3.7, highlighted with “&” symbol).   
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3.4.5 Reactive Oxidative Species Scavenger  or ROS Producer effects upon EGCG 

ability to suppress Foxo1 Activity 

Polyphenols such as EGCG may be either anti-oxidants or pro-oxidants based on 

the structure and cellular redox state at the site where the polyphenol resides (36).  Due to 

this dual nature of polyphenols, EGCG has been reported to be both an anti-oxidant in 

Fibroblasts, or a pro-oxidant in Cancer cell lines (36).  We used the ROS scavenger, 

NAC, and the ROS producer H2O2, to change the redox state of muscle fibers (Figs. 3.6B 

and C) to learn if EGCG would still be able to mediate the reduction in nuclear Foxo1 

levels.  Use of H2O2 to increase the ROS level appeared to have no effect upon the ability 

of EGCG to reduce Foxo1 in nuclei (Fig. 3.6B, red triangles), compared to EGCG 

treatment alone (green diamonds).  Interestingly, the reduction of ROS with NAC (Fig. 

3.6C, red triangles) appears to cause a minor inhibition in EGCG’s ability to mediate the 

reduction of Foxo1 in nuclei, suggesting some involvement of ROS in regulating the 

effects of EGCG in muscle (Fig. 3.7, highlighted with “^” symbol).        
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Figure 3.7 IGF & EGCG PI3K/Akt/Foxo Signaling Pathway 

Schematic representation of PI3K/Akt/Foxo signaling pathway as it relates to activation via IGF-

1, Insulin, and/or EGCG.  IGF-1 and Insulin activate the pathway through interaction directly 

with their respective cellular membrane receptor in addition to possible cross-reactivity of the 

respective ligand with the other’s receptor.  From data presented in this study ECGC appears to 

act via the PI3K/Akt/Foxo axis (*, #, ^) in addition to a possible parallel pathway(&).   

 

 

3.5 Conclusion 

Using confocal fluorescent imaging of Foxo1-GFP in live adult skeletal muscle 

fibers, we were able to monitor the effects of the green tea compound, EGCG, in 

mediating the reduction in (nuclear levels) of the atrophy-related transcription factor, 

Foxo1.  The effect of EGCG on Foxo1 is similar to the effects mediated by both of the 

critical, endogenous growth hormones, IGF-1 and Insulin.  Interestingly, EGCG appears 
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to activate a parallel signaling pathway that is independent of IGF-1 and Insulin’s 

PI3K/Akt signaling axis. 

Further understanding of EGCG’s parallel signaling pathways could have 

implications both in slowing muscle atrophy as it relates to Foxo1 or, more broadly, in 

providing a clinically significant parallel pathway to IGF-1 or insulin signaling which 

may help provide an alternative clinical therapy for the reduced insulin receptor 

sensitivity associated with Type II Diabetes Mellitus. 
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Chapter 4 : Conclusions 

4.1 Reason for Studying Foxo1  

The transcription factor Foxo1 was studied throughout this thesis, because of the 

crucial cellular signaling pathways it mediates, involving energy metabolism (fatty acid 

oxidation/glycolyitc flux), mitochondrial transcription, and cellular survival (atrophy & 

apoptosis) (58).  Foxo1 has been extensively studied in skeletal muscle and implicated in 

muscle atrophy due to promoting transcription of proteasome-related E3 ligases, 

MAFbx/atrogin-1 and MuRF1 (58,59).  The slowing of age-related muscle atrophy, 

which shows a steady 1-2% annual decline in mass around age 50 (65), along with 

disease-induced muscle atrophy, could provide considerable improvement in the quality 

of life of our aging population.  With skeletal muscle comprising 40-50% of the overall 

mass in humans (58), the maintenance of this large reservoir of skeletal muscle mass is 

critical not only for voluntary force generation of movement, but also as a key regulator 

of whole body homeostasis through protein storage, amino acid release, and glycemic 

control (12).  Currently no therapeutic intervention is available to arrest skeletal muscle 

atrophy, making the signaling pathways that regulate Foxo1 an attractive target. 

4.2 Computational Modeling of Foxo1 

Nuclear-cytoplasmic movement of Foxo1 within cultured adult skeletal muscle 

fibers were monitored by use of an adenovirally expressed, exogenous Foxo1-GFP 

construct.  Imaging of the nuclear-cytoplasmic movements of Foxo1 were analyzed in the 

presence of established inhibitors (PI3K-I and Akt-I, Figs. 2.4A and C) and activators 
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(IGF-1, Figs. 2.5A and C) of IGF-1/PI3K/Akt signaling.  The activators, IGF-1 and 

insulin lead to Foxo1 phosphorylation, resulting in Foxo1 net nuclear efflux and 

consequent decreased Foxo1 transcriptional effectiveness.  The inhibitors have the 

opposite effect.  A two state mathematical model was created (Fig. 2.2B) to account for 

the observed time course of Foxo1-GFP movement, which was well described by a single 

exponential plus constant function of time.  The fit of the model to the observed time 

course of Foxo1-GFP N/C allowed quantification of the apparent influx and efflux rate 

constants for the inhibitors (Figs. 2.4B and D) and activator (Fig. 2.5 B and D) of the 

IGF-1/PI3K/Akt/Foxo signaling pathway determining the phosphorylation status of 

Foxo-1.  The mathematical model was shown to be reliable in quantifying the anticipated 

3.7 fold increase in kI’ for the Akt inhibitor (Fig. 2.4B, left column pair) and 2.7 fold 

increase in PI3K inhibitor (Fig. 2.4D, left column pair).  The interesting observation from 

this model run was the observation that the Akt and PI3K inhibitors lacked the ability to 

suppress the kE’ by direct or indirect inhibition of nuclear Akt activity (70).  This results 

implies that in the absence of IGF-1, Akt is not the predominant enzyme that 

phosphorylates Foxo1 in the nucleus prior to Foxo1 nuclear efflux.  Of greater interest, 

using the model, we were able to reach the novel conclusion that in the presence of a 

maximally activating concentration of IGF-1 there is about an 8 fold increase in Foxo1 

apparent nuclear efflux rate constant (kE’) in the presence of IGF1 (Fig. 2.5D, right 

column pair), which implies a dramatic 8 fold increase in fractional phosphorylation of 

Foxo1-GFP within the nucleus.  This indicates that in the presence of IGF, intra-nuclear 

Akt activity, or possibly the activity of another kinase, has become strongly activated in 

the presence of IGF-1 within the muscle fiber nuclei (70).     
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 There is a great deal of potential for the future direction of the two state model we 

have established (70).  In addition to the phosphorylation status of the three Akt 

phosphorylation sites on Foxo1, there are other post translational modification sites 

involving additional Foxo phosphorylation (18,61,72), Foxo acetylation (8,21,56,62) or 

Foxo ubiquitination (29).  The model can be appropriately expanded to explicitly include 

these additional states with use of more advanced molecular and imaging techniques.  

The currently configured model is also well suited to be applied to other transcription 

factors with similar unidirectional influx and efflux, as well as in other cell types, with 

appropriate consideration of their nuclear and cytoplasmic volumes. 

  4.3 EGCG, Insulin, and IGF-1 Suppression of Foxo1 Activity 

It is well established that IGF-1 and Insulin receptors have a degree of cross 

reactivity with each other’s respective ligand (4).  However, the degree of cross reactivity 

within skeletal muscle fibers with respect to resultant signaling effectors such as Foxo1, 

is not well quantified.  Here we have performed IGF-1 and Insulin dose-response curves 

for Foxo1 nuclear-cytoplasm translocation (Fig. 3.3) to help establish a baseline for 

future experimental plans to use specific IGF-1 receptor monoclonal antibodies to inhibit 

the IGF1-receptors.  With the IGF1-receptors inhibited, we would reanalyze the dose-

response EC50 for IGF-1 and Insulin on Foxo1 activation to quantify and determine the 

degree of cross reactivity between IGF-1 and Insulin surface receptor signaling within 

skeletal muscle fibers. 

EGCG, found in green tea, is the most popularly consumed beverage in the world 

after water (36).  In live skeletal muscle fibers in culture, we introduced EGCG and 
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recorded the time course images of Foxo1-GFP to determine the real time reduction of 

the nuclear content of the atrophy related transcription factor Foxo1.  This reduced Foxo1 

activation by EGCG is similar to the effects of well established endogenous growth 

hormones, IGF-1 and Insulin (Fig. 3.2).  Interestingly EGCG appears to have its effect at 

least partially via parallel signaling pathways that are independent of IGF-1’s (and 

Insulin’s) downstream PI3K/Akt/Foxo1 signaling axis (Figs. 3.5 and 3.6).  Future work to 

further understand EGCG’s parallel signaling pathways could have implications both in 

slowing muscle atrophy as it relates to Foxo1 or, more broadly in providing a clinical 

parallel pathway to IGF-1 and/or Insulin.  This may provide an alternative clinical 

therapy for the reduced insulin receptor sensitivity which causes Type II Diabetes 

Mellitus. 
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