
 

 

 
 
 
 
 
 

THE EFFECT OF INSULIN ON STRESS-RESPONSE PATHWAYS IN A CELLULAR 
MODEL OF RAT CARDIOMYOCYTES 

 
 
 
 

by 
 
 
 
 

Quinton RD Jones 
 
 
 

Submitted in partial fulfilment of the requirements 
for the degree of Master of Science 

 
 

at 
 
 

Dalhousie University 
Halifax, Nova Scotia 

August 2011 
 
 
 
 
 
 
 

© Copyright by Quinton RD Jones, 2011 
 



 

 

 

 

DALHOUSIE UNIVERSITY 

DEPARTMENT OF ANATOMY AND NEUROBIOLOGY 

 

 

The undersigned hereby certify that they have read and recommend to the Faculty of 

Graduate Studies for acceptance a t hesis entitled “THE EFFECT OF INSULIN ON 

STRESS-RESPONSE PATHWAYS IN A CELLULAR MODEL OF RAT 

CARDIOMYOCYTES” by Quinton RD Jones in partial fulfilment of the requirements 

for the degree of Master of Science. 

 

 Dated: August 5, 2001 
 

Supervisor: _________________________________ 

Readers: _________________________________ 

 _________________________________ 

 _________________________________ 

 

 

 

  
  



 

 

 

DALHOUSIE UNIVERSITY 

 

 DATE: August 5, 2011 

AUTHOR: Quinton RD Jones 

TITLE: THE EFFECT OF INSULIN ON STRESS-RESPONSE PATHWAYS IN 
A CELLULAR MODEL OF RAT CARDIOMYOCYTES 

DEPARTMENT OR SCHOOL: Department of Anatomy and Neurobiology 

DEGREE: MSc CONVOCATION: October YEAR: 2011 

Permission is herewith granted to Dalhousie University to circulate and to have copied 
for non-commercial purposes, at its discretion, the above title upon t he request of 
individuals or institutions. I understand that my thesis will be electronically available to 
the public. 
 
The author reserves other publication rights, and neither the thesis nor extensive extracts 
from it may be printed or otherwise reproduced without the author’s written permission. 
 
The author attests that permission has been obtained for the use of any copyrighted 
material appearing in the thesis (other than the brief excerpts requiring only proper 
acknowledgement in scholarly writing), and that all such use is clearly acknowledged. 

 
 
 

 

 

  

 _______________________________ 
 Signature of Author 

 



 

 

Table of Contents 

 

List of Figures .................................................................................................................... vi 

Abstract .............................................................................................................................. ix 

List of Abbreviations and Symbols Used ........................................................................... x 

Acknowledgements ........................................................................................................... xii 

Chapter 1:  Introduction ...................................................................................................... 1 

Cardiovascular Disease in Canada ................................................................................ 2 

Insulin as a Protective Agent ........................................................................................ 2 

Ischemic Pre-conditioning as a Protective Mechanism ................................................ 4 

p38 MAPK Inhibition as a Protective Mechanism ....................................................... 6 

p38 MAPK and Ischemia-Reperfusion Injury .............................................................. 6 

Heat Shock Proteins and Hsp27 .................................................................................... 9 

The Insulin Polypeptide .............................................................................................. 14 

Causes of Insulin Release ........................................................................................... 15 

Insulin Signal Transduction ........................................................................................ 16 

Insulin Signaling Pathways ......................................................................................... 18 

Hypothesis Introduction .............................................................................................. 20 

Hypothesis................................................................................................................... 21 

Figures for Chapter 1 .................................................................................................. 22 

Chapter 2:  Materials and Methods ................................................................................... 26 

Cell Culture ................................................................................................................. 27 



 

 

Passaging..................................................................................................................... 27 

Differentiation ............................................................................................................. 28 

Treatment .................................................................................................................... 28 

Collection .................................................................................................................... 29 

Western Analysis ........................................................................................................ 29 

Immunocytochemistry ................................................................................................ 31 

Chapter 3:  Results ............................................................................................................ 34 

Control Experiments for Western Analysis and Immunohistochemistry ......................... 35 

The Effect of Insulin Supplementation in H9c2 Cells. ............................................... 35 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation in 
Differentiated H9c2 Cells (Hsp27). ................................................................ 39 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation on Hsp27 
Immunocytochemistry .................................................................................... 46 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation in 
Differentiated H9c2 Cells (p38 MAPK). ........................................................ 51 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation on  
Phospho-p38 MAPK Immunocytochemistry. ................................................. 54 

Figures for Chapter 3 .................................................................................................. 60 

Chapter 4:  Discussion .................................................................................................... 125 

Conclusions ............................................................................................................... 139 

Bibliography ................................................................................................................... 141 

 

  



 

 

List of Figures 

 

Figure 1.1.  Mechanisms by which p38 MAPK activates indicators of cellular distress. 23 

Figure 1.2.  The canonical insulin pathways to kinases of HSP27. .................................. 25 

Figure 3.1.  The effect of media exchange on phosphorylated Hsp27 serine 82 and  
upon p38-MAPK ................................................................................................... 61 

Figure 3.2.  The time-dependent effect of insulin upon Hsp27 in differentiated  
H9c2 cells.............................................................................................................. 63 

Figure 3.3.  The time-dependent effect of insulin upon p38 MAPK in differentiated  
H9c2 cells.............................................................................................................. 65 

Figure 3.4.  The dose-dependent effect of insulin upon Hsp27 in differentiated  
H9c2 cells.............................................................................................................. 67 

Figure 3.5.  The dose-dependent effect of insulin upon p38 MAPK in differentiated  
H9c2 cells.............................................................................................................. 69 

Figure 3.6.  The effect of media exchange on phosphorylated Hsp27 serine 82 .............. 71 

Figure 3.7.  The dose-dependent effect of insulin upon Hsp27 in proliferative  
H9c2 cells.............................................................................................................. 73 

Figure 3.8.  The dose-dependent effect of insulin upon p38 MAPK in proliferative  
H9c2 cells.............................................................................................................. 75 

Figure 3.9.  The effect of insulin upon Hsp27 in differentiated H9c2 cells ..................... 77 

Figure 3.10.  The effect of oxygen-glucose deprivation and reoxygenation upon Hsp27 
in differentiated H9c2 cells ................................................................................... 79 

Figure 3.11.  The effect of one or two hours of reoxygenation after oxygen-glucose 
deprivation upon Hsp27 in differentiated H9c2 cells. .......................................... 81 

Figure 3.12.  The effect of oxygen-glucose deprivation and reoxygenation upon Hsp27  
in differentiated H9c2 cells pretreated with insulin. ............................................. 83 



 

 

Figure 3.13.  The effect of oxygen-glucose deprivation and insulin pretreatment upon 
Hsp27 in differentiated H9c2 cells ....................................................................... 85 

Figure 3.14.  The effect of insulin upon Hsp27 in differentiated H9c2 cells subjected to 
oxygen-glucose deprivation .................................................................................. 87 

Figure 3.15.  The effect of insulin upon Hsp27 in differentiated H9c2 cells subjected to 
oxygen-glucose deprivation followed by 1 hr of reoxygenation .......................... 89 

Figure 3.16.  The effect of insulin upon Hsp27 in differentiated H9c2 cells subjected to 
oxygen-glucose deprivation followed by 2 hrs of reoxygenation ......................... 91 

Figure 3.17.  The effect of insulin and oxygen-glucose deprivation on differentiated  
H9c2 cells.............................................................................................................. 93 

Figure 3.18.  Effects of insulin on Hsp27 and on actin dynamics in differentiated H9c2 
cells ....................................................................................................................... 95 

Figure 3.19.  Effects of insulin on Hsp27 and on actin dynamics in differentiated H9c2 
cells during oxygen glucose deprivation............................................................... 98 

Figure 3.20.  Effects of insulin on Hsp27 and on actin dynamics in differentiated  
H9c2 cells following oxygen glucose deprivation and 1 hr of reoxygenation. .. 101 

Figure 3.21.  Effects of insulin on Hsp27 and on actin dynamics in differentiated  
H9c2 cells following oxygen glucose deprivation and 2 hrs of reoxygenation .. 103 

Figure 3.22.  The effect of insulin upon p38 MAPK in differentiated H9c2 cells ......... 105 

Figure 3.23.  The effect of oxygen-glucose deprivation and reoxygenation upon  
p38 MAPK in differentiated H9c2 cells ............................................................. 107 

Figure 3.24.  The effect of oxygen-glucose deprivation and insulin pretreatment upon  
p38 MAPK in differentiated H9c2 cells ............................................................. 109 

Figure 3.25.  The effect of insulin upon p38 MAPK in differentiated H9c2 cells  
subjected to oxygen-glucose deprivation followed by 1 hr of reoxygenation .... 111 

Figure 3.26.  The effect of insulin upon p38 MAPK in differentiated H9c2 cells  
subjected to oxygen-glucose deprivation followed by 2 hrs of reoxygenation .. 113 



 

 

Figure 3.27.  The effect of insulin and oxygen-glucose deprivation on differentiated  
H9c2 cells............................................................................................................ 115 

Figure 3.28.  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics  
in differentiated H9c2 cells ................................................................................. 117 

Figure 3.29.  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics  
in differentiated H9c2 cells during oxygen glucose deprivation ........................ 119 

Figure 3.30.  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics  
in differentiated H9c2 cells following oxygen glucose deprivation and 1 hr of 
reoxygenation ...................................................................................................... 122 

Figure 3.31.  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics  
in differentiated H9c2 cells following oxygen glucose deprivation and 2 hrs of 
reoxygenation ...................................................................................................... 124 

 



 

 

Abstract 

Insulin and cellular stressors both activate p38 MAPK.  Insulin protects cardiac tissue in 

a p38 MAPK-dependent manner.  Paradoxically, inhibiting p38 MAPK is also protective.  

Hsp27 phosphorylation is regulated by p38 MAPK.  Insulin was tested in H9c2 

cardiomyocytes subjected to media exchange, 6 hours of oxygen-glucose deprivation, and 

reoxygenation.  Insulin suppressed stress-induced phosphorylation of Hsp27 due to 

media-exchange or oxygen-glucose deprivation.  Surprisingly, insulin increased Hsp27 

phosphorylation during reoxygenation.  Insulin also reduced total p38 MAPK levels.  

Insulin before oxygen-glucose deprivation prevented both localization of Hsp27 to the 

nucleus and localization of phospho-p38 MAPK to the cytoplasm.  Insulin during 

oxygen-glucose deprivation caused the localization of phospho-p38 MAPK in the 

cytoplasm, but did not increase Hsp27 phosphorylation until reoxygenation.  In 

conclusion, insulin may protect before oxygen-glucose deprivation by redirecting 

phospho-p38 MAPK to the nucleus away from damaging pathways in the cytoplasm and 

protects during oxygen-glucose deprivation by priming phospho-p38 MAPK to 

phosphorylate Hsp27. 
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CHAPTER 1:  INTRODUCTION 

 



 

 

Cardiovascular Disease in Canada 

 Life-expectancy in Canada has been rising for decades.  Between 1979-2005, life-

expectancy at birth has been rising at approximately 0.20 years/year (r-squared = 0.9915; 

Statistics Canada, CANSIM Tables 102-0025 and 102-0511).  Concomitantly, there has 

been a decrease in the death-rate associated with cardiovascular disease and cancer.  For 

example, the mortality rate due to heart attack, stroke, breast cancer, and prostate cancer 

all decreased between 2000 and 2004 (Statistics Canada, CANSIM Table 102-0126).  In 

2007, there was an increase in the total number of Canadians who died due to major 

cardiovascular disease; however the age-standardized mortality rate continues to decrease 

(Statistics Canada, CANSIM Table 102-0552). 

 The Canadian rate of death for acute myocardial infarction (AMI) decreased 

~38% between 1994 and 2004, but hospitalizations for AMI decreased ~9% in the same 

time period (after standardizing for age and sex).  While a decrease in the rate of death is 

encouraging, the ability to thrive after an AMI continues to be important, and is arguably 

becoming even more important as the relative ratio of AMI survival increases.  For 

example, remembering that the Canadian population is aging, the total number of people 

over 75 years admitted for AMI has risen, even though the number of deaths due to AMI 

in that cohort has decreased (Tu et al., 2009). 

Insulin as a Protective Agent 

 Following treatment for AMI, reperfusion injury can be a source of further injury, 

and so interventions and therapies that can reduce reperfusion injury should be 

considered. 



 

 

 Beginning in the 1960’s, a cocktail of glucose, insulin, and potassium (GIK) was 

used as a therapy to stabilize heart function after AMI (Sodi-Pallares et al., 1962).  These 

therapies sought to reduce injury associated with AMI by using the theory that glucose 

would allow anaerobic metabolism to continue (and allow higher insulin levels), insulin 

would suppress free fatty acid production, and that potassium would stabilize 

electrochemical gradients (and prevent osmolarity issues during infusion).  Meta-analysis 

by Fath-Ordoubadi et al. (1997) indicated that using GIK therapy reduced mortality after 

AMI, however there had been no large-scale studies. 

 The large-scale CREATE-ECLA study (Mehta et al., 2005) was performed 

specifically to test the utility of GIK therapy.  This study was a cross-institution study 

with 20,201 patients split between the GIK therapy group and the usual-care group.  

Unfortunately, there was no difference in 30-day mortality between the groups.  The 

CREATE-ECLA results have suggested further areas of investigation, such as controlling 

blood glucose within tighter margins, but studies based on this theme are merely 

suggestive (reviewed in Cheung et al., 2006). 

 Regardless of the apparent failure of GIK therapy, additional research has shown 

that insulin itself might be a protective intervention for AMI.  For example, in a rat model 

of AMI which requires excision of the heart, beginning insulin perfusion during 

reperfusion can reduce relative infarct size to 55% of that caused by untreated 

reperfusion.  However, delaying inclusion of insulin in the reperfusion buffer until 15 

minutes of reperfusion does not reduce relative infarct size (Jonassen et al., 2001).  

Alternatively, giving higher doses of insulin (over 150 X greater concentration than 

Jonassen et al., 2001) entirely before the onset of ischemia (and reperfusion) resulted in a 



 

 

relative infarct size that was only 41% the size of that compared to untreated rats 

subjected to ischemia/reperfusion (Fuglesteg et al., 2009). 

 Experiments using insulin infusion in live animals have also been performed.  For 

example, Chai et al. (2008) used insulin perfusion in the “high-physiological range” in 

rats subjected to ligation of the left anterior descending coronary artery as a model of 

heart injury.  The protective effect of insulin was greater if included before ischemia than 

if included before reperfusion.  Interestingly, while insulin perfusion started 30 minutes 

after reperfusion failed to provide a protective effect, inhibiting the stress activated 

protein kinase p38 Mitogen-Activated Protein Kinase (p38 MAPK) before reperfusion 

increased the protective potential of insulin given after 30 minutes of reperfusion (Chai et 

al., 2008). 

 In addition to insulin perfusion, a one-time insulin injection appears to have a 

protective effect in models of ischemia and reperfusion.  A physiologic dose of insulin 

injected six hours before heart isolation for Langendorff perfusion protected left-

ventricular function during ischemia/reperfusion (Li et al., 2006).  Correspondingly, a 

physiologic dose of insulin one hour before ischemia also protected left-ventricular 

function (Li et al., 2008).  Interestingly, inhibiting p38 MAPK before insulin injection 

reduced the protective effect associated with insulin. 

Ischemic Pre-conditioning as a Protective Mechanism 

 Ischemic pre-conditioning is an alternative method of reducing damage associated 

with AMI.  Original studies of ischemic preconditioning involved surgically restricting 

blood flow to an organ for short periods of time (e.g., 5 minutes) with similar periods of 

reperfusion between ischemic events.  This pretreatment was first used in dogs to show a 



 

 

reduction in infarct size following forty minutes of ischemia (Murry et al., 1986), and has 

since been used in multiple animal models and in different organs.  Remote ischemic 

preconditioning can also provide protection by using transient ischemia/reperfusion in 

one organ to protect a different organ from damage due to extended ischemia.  For 

example, a mesenteric artery occlusion followed by reperfusion can protect the heart 

during a subsequent occlusion of a coronary artery (Verdouw et al., 1996). 

 Remote ischemic preconditioning protocols have been expanded to non-invasive 

techniques, such as using a blood-pressure cuff on a limb in order to temporarily restrict 

bloodflow.  This technique has been used to improve indicators of damage in children 

undergoing surgery for congenital heart defects (Cheung et al., 2006).  Further, remote 

ischemic post-conditioning performed by ambulance staff before patients underwent 

primary percutaneous coronary intervention was shown to significantly increase 

myocardial salvage (Bøtker et al., 2010). 

 As with insulin, ischemic pre-conditioning has an interesting relationship with 

p38 MAPK.  Pre-conditioning before ischemia increases the amount of p38 MAPK that is 

phosphorylated and activated (as measured by activity of enzymes downstream of the p38 

MAPK cascade) during the early stages of ischemia.  Consistent with the effect of pre-

conditioning to cause activation of p38 MAPK, inhibiting p38 MAPK before pre-

conditioning will prevent pre-conditioning from causing a protective effect (Nakano et 

al., 2000b, Sato et al., 2000).  One mechanism of action might be through the adenosine 

receptor, because antagonizing the adenosine receptor will prevent the ischemia-induced 

activation of p38 MAPK and the subsequent protection (Nakano et al., 2000a).  As well, 



 

 

using an agonist to activate the adenosine receptor will induce a protective effect that can 

be prevented if p38 MAPK is inhibited (Ballard-Croft et al., 2005). 

p38 MAPK Inhibition as a Protective Mechanism 

 Insulin pretreatment and ischemic pre-conditioning both appear to require p38 

MAPK function to generate the protective effect in ischemia-reperfusion injury.  Such a 

requirement might appear to be paradoxical, because inhibition of p38 MAPK can reduce 

injury associated with ischemia-reperfusion.  In Langendorff-perfused rabbit hearts, 

inhibition of p38 MAPK (via infusion with inhibitor) increased functional recovery of 

hearts during reperfusion and also decreased necrosis observed after reperfusion (Ma et 

al., 1999).  Rats subjected to ischemia-reperfusion using occlusion of the left anterior 

descending coronary artery had increased indicators of apoptosis in their hearts four 

hours after reperfusion; an injection of inhibitor before onset of reperfusion reduced 

apoptosis induced by reperfusion (Gao et al., 2004).  One key to the paradox might be an 

effect during reperfusion, both ischemic pre-conditioning and p38 MAPK inhibition 

prevent reperfusion-induced p38 MAPK phosphorylation (Moolman et al., 2006).  

p38 MAPK and Ischemia-Reperfusion Injury 

 As mentioned, the inhibition of p38 MAPK during ischemia-reperfusion is 

associated with reduced injury due to reperfusion.  There are multiple putative routes by 

which activated p38 MAPK can be associated with increased injury during ischemia-

reperfusion.  

Ischemia is associated with the activation of p38 MAPK, specifically through the 

phosphorylation of a dual Thr-Gly-Tyr motif (Raingeaud et al., 1995).  In cardiac 



 

 

ischemia, p38 MAPK is activated by MAPK Kinase 3 and MAPK Kinase 6 (MKK3 and 

MKK6).  Of these, MKK6 is preferentially activated by apoptosis signal-regulating 

kinase (ASK)1.  As well, c-Jun N-terminal kinase (JNK; the other Stress-Activated 

Protein Kinase) is not activated as rapidly during cardiac ischemia (Harding et al., 2010).  

Both JNK and p38 MAPK activation is transient, with p38 MAPK activation peaking 

more quickly and decaying more quickly (Shimizu et al., 1998).  During chemical 

hypoxia in cardiomyoctyes, p38 MAPK is also activated by Protein Kinase C ε (PKCε), 

and inhibition of either kinase reduces cell death (Jung et al., 2004).   

During ischemia, some p38 MAPK activity becomes associated with the 

mitochondria.  Activated p38 MAPK translocates to the mitochondria and increases 

phosphorylation of αB-crystallin (a small heat shock protein, detailed below) via an 

intermediary protein, MAPK Activated Protein Kinase 2 (MK2).  The phosphorylation of 

αB-crystallin inhibits mitochondrial membrane disruption (Whittaker et al., 2009).  On 

the other hand, p38 MAPK activation of MK2 during ischemia might activate Bax, an 

apoptosis-inducing protein (Capano and Crompton, 2006).

 p38 MAPK is involved in three aspects of reperfusion-associated injury: reactive-

oxygen species (ROS) production,  gene activation, and cytoskeletal reorganization  

(Figure 1.1).  p38 MAPK is rapidly activated during reperfusion, however activation will 

decay with continued reperfusion.  Experiments in both cardiomyocytes (Kim et al., 

2006) and heart tissue (Yue et al., 2002) suggest that ROS production activates p38 the 

mitochondrial pore protein Voltage Dependant Anion Channel 1 (VDAC-1; 

phosphorylation of VDAC-1 increases mitochondrial membrane permeability and 

increases cytoplasmic ROS as a consequence).  Inhibition of p38 MAPK inhibited 



 

 

phosphorylation of VDAC-1 induced by selenium (Tomasello et al., 2009) and inhibited 

phosphorylation of VDAC-1 observed after ischemia-reperfusion (Schwertz et al., 2007). 

 Phosphorylated p38 MAPK activates transcription factors (reviewed in Rose et 

al., 2010).  Many of these activated transcription factors are important during 

development or during cellular division.  That said, many stresses, including ischemic-

preconditioning (Maulik et al., 2008), also increase phosphorylated levels of p38 MAPK 

that acts as a kinase in the nucleus to then activate transcription factors.  The activated 

transcription factors regulate heart remodeling after injury.  For example, in pig 

myocardium, ischemia causes Activating Transcription Factor-2 (ATF-2) to become 

phosphorylated, and inhibiting p38 MAPK will reduce this phosphorylation (Barancik et 

al., 2000).  Cultured rat neonatal cardiomyocytes have increased levels of phosphorylated 

Myocyte Enhancer Factor-2 (MEF-2) during hypoxia, and inhibiting p38 MAPK reduces 

this increase (Zhang et al., 2010).  Overexpression of MKK6, a p38 MAPK activator, in 

neonatal ventricular myocytes, increases activation of p38 MAPK and thus the 

phosphorylation of the Serum Response Factor (SRF) co-activator Activating 

Transcription Factor-6 (ATF-6), and pharmacological inhibition of p38 MAPK prevented 

this effect (Thuerauf et al., 1998).  Phosphorylated p38 MAPK can be in both the 

cytoplasm and the nuclei of cardiomyocytes, and the mechanism causing phosphorylated 

p38 MAPK to migrate between the nuclei and cytoplasm are not well understood (Gorog 

et al., 2009).  The p38 MAPK kinases, MKK3 and MKK6 are found in both the 

cytoplasm and nuclei of cells (Ben-Levy et al., 1998).  

One mechanism by which we can measure p38 MAPK activation within the 

nucleus is with MK2.  p38 MAPK does not have a known nuclear export signal and is 



 

 

believed to bind to MK2 within the nucleus in order to leave the nucleus.  MK2 contains 

a nuclear localization signal that is masked by binding to p38 MAPK, and the nuclear 

export signal of MK2 is exposed when MK2 is phosphorylated (Meng et al., 2002).  

MK2 is phosphorylated by p38 MAPK at four sites, but the phosphorylation of MK2 Thr 

334 is necessary for the function of the nuclear export signal (Ben-Levy et al., 1998; 

Engel et al., 1998).  The MK2/p38 MAPK heterodimer is believed to be kinase-inactive 

while they are dephosphorylated (Haar et al., 2007), and the phosphorylated forms have a 

lower affinity for each other (~10 X) than the dephosphorylated heterodimer (Lukas et 

al., 2004).  In other words, activated p38 MAPK within the nucleus will phosphorylate 

MK2.  The activated heterodimer will leave the nucleus and potentially dissociate into 

individual enzymes.  Because activated p38 MAPK heterodimerized with MK2 can leave 

the nucleus, one indicator of nuclear export of activated p38 MAPK can be through the 

action of MK2.  Activated MK2 will phosphorylate the 27 kilo-Dalton (kDa) Heat Shock 

Protein, Hsp27 (Stokoe et al., 1992). 

Heat Shock Proteins and Hsp27 

The intra-cellular milieu is dense, crowded, and energetic.  These close quarters 

often result in unfavorable interactions that cause misfolding of proteins.  In order to 

compensate, cells produce chaperone proteins that interact with misfolded proteins.  Up 

to 5% of the cell mass can consist of chaperone proteins (Linquist, 2010).  These proteins 

correct the folding of other proteins or target misfolded proteins for degradation. Heat 

Shock Proteins (HSP) are a major class of chaperone proteins and are commonly 

activated and/or synthesized when the cell is under stress.  HSPs are so named because 

their presence in cells was first observed after cells had been exposed to non-lethal 



 

 

hyperthermia (Ritossa, 1962; Moran et al., 1978). 

 There are eight families of HSP in mammals (Noble et al., 2008), and the names 

are derived from the kDa mass of the proteins.  These families are: large Hsp (> 110 

kDa), Hsp90 (~ 90 kDa), Hsp70 (~ 70 kDa), Hsp60 (~ 60 kDa), Hsp40 (~ 40 kDa), 

Hsp32 (~ 32 kDa), “small Hsps” (< 30 kDa), and Hsp10 (~10 kDa).  Hsp32 and Hsp10 

are not always classified as an HSP in humans (Kampinga et al., 2009).  HSPs are 

induced by hyperthermia and other stressors (e.g., alcohol, anoxia, heavy metals, 

oxidative stress, hormones, and high pH; Whitesell et al., 2003; Zhang et al., 2002).  HSP 

production is associated with increased resistance to further metabolic insults.   

HSP genes can be activated by cell stress, and HSP genes are regulated by the 

Heat Shock (transcription) Factor (HSF) protein, HSF1.  Briefly, HSF1 is inhibited by the 

constitutively expressed Hsp90.  Many of the Hsp90 client proteins require an 

intracellular signal to complete folding (e.g., the triggering of a signal cascade), and so 

Hsp90 is highly expressed although functionally sequestered due to its affinity for these 

“incompletely” folded proteins (Lindquist, 2010).  In the event of a cellular stress, Hsp90 

is more attracted to denatured proteins than to HSF1, liberating HSF1.  HSF1 is 

maintained in a monomeric state by Hsp90 (Zou et al., 1998) and release of HSF1 

exposes phosphorylated serine 121.  Dephosphorylation of HSF1 at serine 121 causes a 

conformational shift that decreases its affinity for Hsp90, induces trimerization, and 

causes nuclear localization.  HSP gene promoters contain the Heat Shock Element.  

Trimerized HSF1 associates with the Heat Shock Element and initiates the transcription 

of HSP genes (Morimoto, 1993).  Cellular stress also activates pathways that appear to 

inhibit HSP production.  An example repressor of HSF1 is that stress-activated 



 

 

Extracellular-Signal-Regulated Kinase 1/2 (EKR1/2) leads to phosphorylation of HSF1 

on serines 303 and 307 and reduces the binding to the Heat Shock Element (Wang et al., 

2003).  As well, stress-activated MK2 phosphorylates serine 121 of HSF1 and increases 

the affinity of HSF1 for Hsp90 (Wang et al., 2006).  The paradoxical effect of stress-

related pathways on HSF1 warrant further investigation. 

One family of the HSPs is “small HSPs” (sHSPs).  sHsps are characterized by an 

α-crystallin domain flanked by C- and N- terminal sequences.  The α-crystallin domain is 

highly conserved and is found in archaea, bacteria, and eukarya.  α-Crystallin is named 

because of its discovery in the lens of the vertebrate eye, where it is in high abundance.  

This domain is (on average) 94 amino-acids long and only the fungi commonly contain 

insertions within this domain.  The C- and N-terminals are highly variable and determine 

the function of the sHsp.  The number of sHsp genes correlates with genome size and 

gene duplication events were common in multicellular eukaryote history.  There are nine 

human sHsps, however they are not completely conserved amongst the primates 

(Kriehuber et al., 2010). 

 HspB1, a member of the sHsp family, is an ATP-independent chaperone and is 

found in mammals, birds, fish, reptiles, and amphibians (Franck, 2004).  In addition to 

the α-crystallin domain, HspB1 contains a weakly conserved WDPF (Trp, Asp, Pro, Phe) 

domain in the N-terminal.  In rats and humans, HspB1 is commonly called Hsp27.  The 

N-terminal region is essential for oligomerisation while the C-terminal region is required 

for protein interactions and protein solubility.  The N-terminal contains phosphorylatable 

serines that are important for protein function.  Human Hsp27 has three phosphorylatable 

serines, while rats and mice have two.  Human Hsp27 serine 78 can be phosphorylated, 



 

 

but is not found in rodents.  The other two of the phosphorylatable serines (Hsp27 serine 

15 and Hsp27 serine 82) are conserved between humans and rats (Kostenko and Moens, 

2009).  Mouse HspB1 also contains serine 15, and mouse serine 86 is homologous to 

serine 82 (of rat or human HspB1) and so can be phosphorylated (Stokoe, 1992).  These 

phosphorylation sites are important for protein function.  For example, experiments 

comparing non-phosphorylatable mutants (substituting serine for nonphosphorylatable 

amino acids or for phospho-mimic amino acids) show that serine phosphorylation is a 

component of protecting the cell against heat stress and cytochalasin D-induced 

disruption (Lavoie et al., 1995), that it affects the ability to confer resistance to oxidative 

stress (Huot et al., 1995), and that it controls whether Hsp27 disrupts cell proliferation 

(Salinthone, 2007).  The oligomerization state of Hsp27 is also associated with function.  

For example, while phosphorylation of Hsp27 affects oligomerization state, it is the 

oligomerization state that affects the ability of Hsp27 to confer resistance to Tumor 

Necrosis Factor-α (TNF-α; Mehlen et al., 1997).  Oligomerization can be independent of 

phosphorylation state.  For example, Mehlen et al. (1997) substituted serines for non-

phosphorylatable hydrophobic amino acids (Ala or Gly) that resulted in different 

oligomer sizes, and the size of the oligomer affected TNF-α resistance.  In general, 

however, smaller oligomers (< 150 kDa) are associated with protecting a cell during 

filamentous actin disruption.  Larger oligomers (> 450 kDa) are associated with 

inhibiting apoptotic signals (Paul et al., 2010). 

 Hsp27 serine 82 is phosphorylated in vivo by MK2, MK5, AKT/Protein Kinase B 

(AKT/PKB), and Protein Kinase D (PKD).  MK2 also phosphorylates Hsp27 serine 15.  

These kinases each have upstream regulators.  MK2 is activated by p38 MAPK and 



 

 

activation is associated with cell exposure to cytokines and cellular stress (Clifton et al., 

1996).  MK5 (also known as p38-regulated/activated protein kinase (PRAK)) is activated 

via p38 MAPK by cellular stressors such as anisomycin, TNF-α, or oxidative stress.  By 

mass, activated MK2 and MK5 phosphorylate Hsp27 to a similar intensity (though this 

might be a ceiling effect; New et al., 1998), but mouse embryonic fibroblasts that were 

null for either MK2 or MK5 give clearly different results.  MK2-/- fibroblasts do not 

phosphorylate HspB1 after stimulation of the p38 MAPK pathway (using arsenite or 

ultraviolet treatments), but MK5-/- fibroblasts phosphorylate HspB1 after arsenite 

treatment (Shi et al., 2003).  MK5 appears to have less relative effect upon Hsp27 

compared to MK2 in vivo.  Alternatively to p38 MAPK, ERK3 and ERK4 activate MK5 

(Aberg et al., 2009), but the physiological role of these atypical mitogens is associated 

with developmental effects (Rousseau et al., 2010) and their activation is not enhanced 

through mitogenic or stressful stimuli (Déléris et al., 2008). Insulin-induced activation of 

AKT/PKB will be discussed, however phosphatidylinositol 3-kinase (PI3K) is also 

activated by the transmembrane Trysosine Receptor Kinase class of proteins (see 

Schlessinger, 2000 for review) and so AKT/PKB (a.k.a. AKT) is activated by stimuli 

other than insulin.   AKT can reduce p38 MAPK activity (Manning and Cantley, 2007) 

by inhibiting multiple kinases upstream of p38 MAPK, but also phosphorylates Hsp27 

serine 82 in vitro and might contribute some of the phosphorylation in vivo (Rane et al., 

2003).  Finally, activated PKD can phosphorylate Hsp27 serine 82 in vitro (Döppler et 

al., 2005) and in vivo (e.g., in order to repress androgen receptors in prostate cancer cells 

(Hassan et al., 2009) or through activation by vascular endothelial growth factor (Evans 

et al., 2008)), but PKD phosphorylation of Hsp27 serine 82 is not broadly observed in 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22D%C3%B6ppler%20H%22%5BAuthor%5D�


 

 

multiple cell types.  Interestingly, Hsp27 serine 82 phosphorylation can result in the 

activation of PKD, as seen in diabetic cardiomyocytes.  Briefly, MK2-induces 

phosphorylation of Hsp27 serine 86 in murine HspB1 (Hsp25) and this disinhibits it from 

Protein Kinase C (PKC) δ.  Activated PKCδ then phosphorylates PKD, and is an 

important step of increasing lipid metabolism in diabetic cardiomyocytes (Kim et al., 

2008).  Thus, it appears that Hsp27 serine 82 phosphorylation releases suppression of 

PKC and vis versa (Tanabe et al., 2008). 

The Insulin Polypeptide 

The insulin polypeptide contains an A-chain and a B-chain connected via two 

disulfide bridges.  The insulin gene is transcribed and translated into preproinsulin and is 

directed to the endoplasmic reticulum where an N-terminal sequence is cleaved to form 

proinsulin (reviewed by Bell, 1980).  En route to the Golgi network, the middle portion, 

the ‘C-peptide’, promotes the binding of the intra-A-chain disulfide bond as well as the 

A-chain to the B-chain via disulfide bridges (reviewed by Steiner et al., 1980).  

Proinsulin forms hexamers in the trans-Golgi network, and while in secretory granules 

the C-peptide is cleaved away and leaves insulin hexamers.  The hexamers dissociate to 

the active monomer form once insulin is secreted from pancreatic beta cells (Osterbye et 

al., 2001).  

The human preproinsulin gene is located on the distal end of the short arm of 

chromosome 11 (Harper et al., 1981) and contains an untranslated intron within the ‘C’ 

portion of the gene.  In comparison, laboratory rats and mice contain two variants of the 

preproinsulin gene.  Preproinsulin-2 is homologous to the human preproinsulin gene, and 

resides on chromosome 1 for the rat and chromosome 7 for the mouse.  The 



 

 

preproinsulin-1 genes do not contain an intron within the ‘C’ portion of the gene and is 

considered a retroposon.  This gene is also on chromosome 1 in the rat and is on 

chromosome 6 in the mouse (Soares et al., 1985). 

Causes of Insulin Release 

The normal biology of insulin has been explored for some time.  John Macleod 

and Frederick Banting received the 1923 Nobel Prize in Physiology or Medicine for the 

discovery of insulin as the blood-glucose-lowering hormone produced in the pancreas.    

Insulin is the main blood-glucose-lowering hormone.  The pancreatic islets release insulin 

in response to a rise in blood glucose levels.  Insulin triggers the uptake and storage of 

blood glucose in the liver.  Conversely, a decrease in blood glucose signals the pancreatic 

islets to release glucagon.  Glucagon stimulates hepatocytes to produce and release 

glucose into the blood via transporter facilitated diffusion (Thorens, 1996).  Insulin 

secretion occurs in an oscillatory manner every 5 – 10 minutes.  Oscillatory cycling is 

considered to protect the presentation of the insulin receptor on the surface membrane.  In 

support of this belief, pulsatile insulin secretion is more effective in lowering blood 

glucose than continuous infusion (Matthews et al., 1983).  In comparison, insulin being 

released according to an extended cycle (such as, experimental interventions that control 

and slow insulin blood cycles (by suppressing the pancreas and artificially introducing 

insulin), the slowing of the cycle associated with aging, and cycle disruption associated 

with noninsulin-dependent diabetes) is less effective in lowering blood glucose compared 

to healthy subjects (reviewed in Paolisso et al., 1991).  Within islets, beta cell 

synchronization is coordinated through gap junctions (Benninger et al., 2008).  Between 

islets, insulin-release cycles are due to oscillations in blood glucose.  In other words, 



 

 

insulin release is followed by a decrease in blood glucose, and this drop in blood sugar 

stops beta cells from releasing insulin. 

Insulin release is under multiple forms of control.  A rise in blood glucose causes 

increased transport of glucose into the pancreatic beta cell through facilitated diffusion 

transport.  Glucose undergoes glycolysis and the rise in ATP/ADP causes ATP-sensitive 

potassium channels to close (Henquin 2000).  The resulting depolarization of membrane 

potential results in an influx of calcium cations through voltage-gated calcium channels 

and the cations induce insulin release (Nunemaker et al., 2009).  Insulin release can also 

be affected by changes in relative plasma amino acid concentrations (Martin and Soria, 

1995), by free fatty acids that increase secretion (Haber et al., 2006), and through 

neuroendocrine actions of somatostatin, adrenaline and noradrenaline that suppress 

insulin release (Hauge-Evans et al., 2009; Miller, 1981) or through acetylcholine that 

induces insulin release (Lechin and van der Dijs, 2006). 

Insulin Signal Transduction 

Monomeric insulin will affect a cell through two routes.  Insulin binds to 

transmembrane insulin receptors that activate tyrosine kinases known as Insulin Receptor 

Substrate (IRS) proteins.  Insulin can also bind to Insulin-like Growth Factor Receptors 

and activate other kinase effects.  Both routes can activate two main intracellular 

cascades: the PI3K–AKT/ PKB pathway, and the Ras–MAPK pathway.  Due to isoforms, 

there are a multitude of potential routes an insulin signal may take once it activates a 

receptor (Taniguchi et al., 2006). 

Each pathway begins at a receptor.  There are three receptors for insulin: the two 

Insulin Receptors (IR) and one of the Insulin-like Growth Factor (IGF) Receptors, IGF 



 

 

Receptor-1 (note that IGF Receptor -2, the other IGF Receptor, cannot bind insulin).  The 

heterotetramer IGF Receptors are not important in adipose and hepatic glucose 

regulation, but do affect muscle glucose uptake in normal conditions (Binoux, 1995).  

The two IGF Receptor genes are more similar to the IR-A isoform than the IR-B isoform 

(see below).  The IRs are produced by one gene in mammals: the IR-A is expressed 

mainly in development or in mitogenic cells; unlike IGF Receptor and IR-A, IR-B is 

transcribed with an additional exon and is the dominant metabolic receptor.  IR-B is the 

most important receptor for insulin function in both the liver and pancreas and the most 

numerous insulin receptor in adipose and skeletal muscle tissue.  Like IGF Receptor -1, 

IR-A and IR-B are heterotetramers and contain two extracellular domains and two 

intracellular domains.  The intracellular domains each contain phosphotyrosine binding 

sites, a protein kinase domain for auto- and substrate-phosphorylation, and a docking site 

for IRS proteins (Belfiore et al., 2009).  Despite the strong homologies between IGF 

Receptor and IR proteins, IGF-1 shows 100 X more affinity for IGF Receptor -1 than 

insulin does.  Binding of insulin causes a conformational shift that increases 

autophosphorylation of the receptor as well as phosphorylation of IRS (Vardatsikos et al., 

2009). 

There are six mammalian IRS proteins (Taniguchi, 2006).  IRS-1 and IRS-2 are in 

many tissues.  IRS-3 functions in liver, adipocyte, brain, and fibroblast cells.  IRS-4 is 

expressed in muscle tissues.  IRS-5 and -6 do not contribute to insulin metabolic 

signaling.  In most cases, IRS-1 is considered to be the key mediator of the insulin-

induced metabolic pathway (Flati et al., 2009).  IRS proteins contain an exposed 

pleckstrin homology (PH) domain, and proteins containing this domain are attracted to 



 

 

the cell membrane.  As well, IRS proteins contain phosphotyrosine-binding domains and 

tyrosines available for phosphorylation via IRs and downstream negative-feedback 

mechanisms (Dupont et al., 2009).

Insulin Signaling Pathways 

The mitogenic Ras (Figure 1.2) pathway begins with IRS-1 causing a complexing 

of Grb2 with Sos, this activates Sos that then exchanges GTP for GDP on Ras.  Ras is a 

kinase for c-Raf , and c-Raf is activated to phosphorylate MAPK Kinases (MKK).  There 

are at least four families of downstream MAPKs (JNK, ERK1/2, ERK5, and p38 

MAPK).  Activated JNK will inhibit IRS-1 via phosphorylation of serine 307.  This is a 

negative-feedback loop for the Ras pathway (Zick, 2001) but not a major one (Rui et al., 

2001).  Activated ERK will phosphorylate Sos and sequester Sos (or the Sos/Grb2 

complex) from the cell membrane (Buday et al., 1995; Chen et al., 1996).  The Ras 

pathway is considered mitogenic because dominant negative mutations of Ras, Sos, or 

Grb2 do not change glucose metabolism, but do reduce the effect of insulin on DNA 

synthesis (Ogawa et al., 1998).  This pathway is similarly described for IGF Receptor 

activation, though the IGF Receptor -1 canonical pathway is described to preferentially 

activate ERK1/2 over p38 MAPK; p38 MAPK is considered a stress-response protein in 

the IGF Receptor pathway (Vardatsikos et al., 2009). Of the MKKs, MKK 6 is the main 

kinase for the p38 MAPK family (Yong, 2009) and is activated by insulin (Fujishiro, 

2001). 

The metabolic PI3K-AKT/PKB pathway  (Figure 1.2) begins with the IRS 

activating a two-protein lipid kinase (class I PI3K) that acts to phosphorylate membrane-

bound phosphatidylinositol 4,5-bisphosphate (PIP2) to create the intramembrane 



 

 

secondary messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3).  AKT/PKB also 

contains a PH domain, and the domain attracts AKT/PKB to the cell membrane, 

especially when PIP3 concentrations increase.  Once near the membrane, AKT/PKB is 

activated by phosphorylation of serine 473 by mTORC2 and threonine 308 by 

phosphoinositide-dependant kinase-1 or DNA-dependent protein kinase (Bozulic and 

Hemmings, 2009).  AKT/PKB activation contributes to a feedback cycle for insulin: 

AKT/PKB might also phosphorylate IRS-1 at serine 307 to reduce its responsiveness to 

the insulin receptor (Lawlor and Alessi, 2001).  Again, this canonical pathway is similar 

for IGF1R activation, the only different constituents are the receptor and agonist 

(Vardatsikos et al., 2009). 

AKT can go on to phosphorylate Akt substrate of 160 kDa (AS160).  

Phosphorylation of AS160 is associated with a shift of the cellular equilibrium of the 

main glucose transporter (GLUT4) for muscle and adipose cells, between an intracellular 

pool and the cell membrane.  Before insulin pathway activation, 90% of the GLUT4 

proteins are separated from the cell membrane in intracellular membrane pools, although 

there is flux between the surface and non-surface pools.  With insulin signaling, the flux 

shifts so that 50% of GLUT4 is retained within the cell membrane (Leney and Tavaré, 

2009).  AS160 controls GLUT4 flux, though the relationship is not simple.  Knockdown 

of AS160 with siRNA increases GLUT4 flux to the cell membrane (Eguez et al., 2005) 

but inhibiting AS160 action with a dominant-negative mutant decreases GLUT4 flux to 

the cell membrane (Zeigerer et al., 2004). 



 

 

Hypothesis Introduction 

As discussed, cellular stress can cause the activation of p38 MAPK.  The 

activation of p38 MAPK is associated with increased cellular damage, such as ROS 

created during reperfusion.  Inhibiting p38 MAPK can reduce the damage caused by 

ischemia/reperfusion.  In comparison, insulin is known to reduce damage associated with 

reperfusion injury in cardiac tissue.  Historically these doses have been sufficient to risk 

hypoglycemia in people (see Cheung et al., 2006, for review).  A dose that does not 

change blood sugar levels (Li et al., 2004) can protect contractile function after 

ischemia/reperfusion (Li et al., 2008).  This protection of contractile function was 

dependent upon p38 MAPK function. 

Normally p38 MAPK is activated through dual phosphorylation while in the 

cytoplasm and that the resulting conformational change unmasks a (putative) 

phosphorylation-dependent nuclear localization signal (Gong et al., 2010).  Also, p38 

MAPK can be activated while in the nucleus.  Once in the nucleus, p38 MAPK binds 

with MK2 and phosphorylates it.  The resulting complex conceals a nuclear localization 

signal on MK2, and the phosphorylation of MK2 reveals a nuclear export signal allowing 

the two activated proteins to leave the nucleus (Zheng et al., 2006).  Activated MK2 in 

the cytoplasm will phosphorylate Hsp27.  Dephosphorylation of p38 MAPK also 

increases the likelihood that it will exit from the nucleus (Gong et al., 2010).   

Hsp27 is also involved with p38 MAPK.  Hsp27 constitutively binds p38 MAPK 

while both are non-phosphorylated.  p38 MAPK phosphorylation decreases the affinity 

for Hsp27.  Similarly, phosphorylation of Hsp27 also decreases its affinity for p38 

MAPK.  Because activated p38 MAPK migrates to the nucleus, p38 MAPK can be 



 

 

dissociated from Hsp27 within the nucleus, due to activated MK2 phosphorylating Hsp27 

(Zheng et al., 2006). 

Metabolic stress signaling causes the phosphorylation of p38 MAPK and its 

migration to the nucleus.  Insulin signaling activates proteins upstream of both Hsp27 and 

p38 MAPK.  If both stress and insulin are occurring at the same time, the two signaling 

systems might compete for access to the p38 MAPK (and its function) despite both 

signaling pathways being involved in the phosphorylation of p38 MAPK. 

Hypothesis 

Using cell culture and oxygen-glucose deprivation (OGD) followed by 

reoxygenation, as well as insulin, I predict that stressing H9c2 cardiomyocytes will 

increase Hsp27 phosphorylation.  However, treating H9c2 cells with insulin will cause 

phosphorylation of p38 MAPK but prevent the stress-induced increase of phosphorylated 

p38 MAPK in the nucleus.  The functional sequestration of p38 MAPK from the stress-

induced cascade will prevent phospho-p38 MAPK from activating MK2 and causing 

stress-induced increase in Hsp27 serine 82 phosphorylation.

  



 

 

Figure 1.1.  Mechanisms by which p38 MAPK activates indicators of cellular distress.  

Cellular stress activates the canonical and alternate MAPK pathways.  MAPK Kinase 

Kinases activate (MAP3K) to phosphorylate MAPK Kinases.  The MAPK Kinases 

phosphorylate p38 MAPK.  Phospho-p38 MAPK can migrate to the mitochondria where 

it induces the phosphorylation of a mitochondrial outer membrane pore-forming protein 

VDAC-1.  Phosphorylation of VDAC-1 increases ROS in the perimitochondrial area.  

The presence of ROS also causes activation of p38 MAPK, and is a potential positive 

feedback mechanism.  Alternatively, phospho-p38 MAPK can translocate to the nucleus 

where it is an important activator of transcription factors associated with cellular distress 

such at ATF-2, SRF, and MEF2.  mt = mitochondria; MAP3K = MAPK Kinase Kinase 

  



 

 

Figure 1.1. 



 

 

Figure 1.2.  The canonical insulin pathways to kinases of HSP27. 

In the Ras-Raf-MAPK pathway, the activated Insulin Receptor Substrate (IRS) acts as a 

scaffold to induce complexing of Grb2 with Sos; it must be near the cell surface to be 

available to IRS-1.  Complexed Sos is a GTP exchanger replacing a GDP for a GTP on 

Ras.  Ras becomes a kinase for c-Raf, which then phosphorylates MAPK Kinase.  MAPK 

Kinase phosphorylates p38 MAPK.  p38 MAPK also phosphorylates Sos to inactivate it 

as part of a negative feedback loop.  p38 MAPK phosphorylates MK2, which is a kinase 

for Hsp27 serine 82 

The PI3K-AKT/PKB pathway activates the two-protein complex PI3K that converts PIP2 

to the intramembrane messenger PIP3.  The accumulation of PIP3 promotes the migration 

of AKT/PKB to the membrane where it is phosphorylated by mTORC2 and 

phosphoinositide-dependant kinase-1.  Activated AKT can phosphorylate AS160.  This 

enzyme induces the mobilization of the glucose transporter GLUT4 from cytosolic stores 

to the surface membrane.  Additionally, activated AKT/PKB will phosphorylate Hsp27 at 

serine 82. 

  



 

 

 

 

Figure 1.2.   



 

 

CHAPTER 2:  MATERIALS AND METHODS 



 

 

Cell Culture 

H9c2 rat neonate cardiomyocyte cells (ATTC; Cat. # CRL-1446; lot # 58279608, 

passage #13) were incubated and maintained at 37 °C in air supplemented with 5% CO2.  

Proliferative media (PM) was Dulbecco’s Modified Eagle Media (DMEM; from ATTC # 

30-2002) supplemented with 1% Penicillin-Streptomycin (Gibco 15140) and 10% Fetal 

Bovine Serum (FBS; Gibco 12483).  Media was refreshed every two days.  All 

experiments were performed using cells between passages 19 and 24 to limit 

differentiation into fibroblasts. 

Passaging 

H9c2 cardiomyocytes were passaged upon reaching 80% confluence as follows.  

PM was aspirated and 1 ml of TrypLE Express (Gibco 12604) was added to dilute any 

remaining media.  After a second aspiration, 2 ml of TrypLE was added and the cells 

were allowed to lift into suspension, taking care to not bump samples and so to avoid 

clumping.  The TrypLE was inactivated with additional PM and the cells pelleted via 

centrifugation.  After decanting, the cells were resuspended and counted.  1.2 x 105 cells 

were added to 20 ml of CO2-conditioned media and incubated in 75 cm2 flasks . 

Preparation of sample trays consisted of the same protocol as passaging, however  

4 x 104 cells were added to each well of a six-well tray containing 2 ml of CO2-

conditioned media and incubated.  Cells were grown to 40% confluence with PM being 

refreshed every two days until beginning differentiation. 40% confluence was reached in 

2-3 days. 

 



 

 

Differentiation 

 Upon reaching 40% confluence, PM from sample trays was removed and cells 

were refreshed with Differentiating Media (DM; DMEM supplemented with 1% 

pen/strep and 1% FBS).  Cells were allowed to differentiate for 6 days.  DM was 

refreshed every two days. 

Treatment 

 Cells were subjected to the following conditions, after six days of differentiation.  

Control (CON): cells were kept in the original DM, but were removed from the incubator 

for the same length of time other cells were.  No Insulin (No Ins): cells had DM aspirated 

and replaced with fresh DM.  Insulin-treated (INS): cells had DM aspirated and replaced 

with 2 ml of DM supplemented with 200 µU/ml insulin.  Insulin supplementation of 20 

and 2,000 µU/ml was also tested.  Oxygen-glucose deprivation (OGD) conditions were 

generated thusly:  the day before experiment, no-glucose, no-pyruvate DMEM (Gibco 

#11966) was placed into a sealed Modular Incubator Chamber (bullups-rothenberg) that 

was fully flushed with anoxic gas (5% CO2, 5% H2, 90% N2; Praxair).  The chamber was 

placed into a 37 °C incubator for at least four hours.  The chamber was reflushed with 

anoxic gas, and the chamber incubated at 37 °C overnight.  For OGD treatment, cells had 

DM aspirated and OGD media added.  The cells were placed into the chamber and fully 

flushed with anoxic gas and placed into a 37 °C incubator.  OGD was also supplemented 

with insulin.  Before placing OGD media onto cells, insulin was added (200 µU/ml) to 

the media.    The cells were then placed into the chamber and treated identically to OGD-

treated cells.  Reoxygenation: cells were removed from anoxic conditions and media 

aspirated.  Fresh DM was added to the cells and the cells were incubated at 37 °C for one 



 

 

or two hours.  After treatment, cells were collected.  Note 200 µU/ml insulin = 1.2 

nmol/L insulin = 7.7 ng/ml (Volund, 1993). 

Collection 

After treatment, wells were washed twice with ice-cold 0.1 M sodium phosphate 

buffer (pH 7.4) and then treated with 80 µl of Sample Buffer (95% Laemmli Sample 

Buffer (Biorad) +  5.0% β-mercaptoethanol)) mixed with 100 µl of Homogenising Buffer 

(0.32 M sucrose in 0.1 M sodium phosphate buffer (ph 7.4), and including one Roche 

Complete Mini protease inhibitor tablet per 10 ml).  The trays were immediately frozen 

to -80 °C until thawed and samples placed into microtubes and refrozen. 

Western Analysis 

Samples were thawed and heated to 95 °C for 20 minutes.  Samples were then 

cooled to room temperature before loading onto gels.  Samples were not cooled on ice, 

because the samples would thicken too much to allow accurate loading.  For Hsp27 

quantification, 15 well, 10%, 1 mm thick gels were loaded with 3 µl of sample.  Samples 

were run through the 2.5% loading gel at 75 V for 20 minutes and then run at 125 V for 

75 minutes through the lower gel.   For p38 MAPK quantification, 12% gels were used 

and the run was for 155 minutes.  Protein was then transferred onto polyvinylidene 

fluoride (PVDF) membrane (Millipore Immobilon-P) at 100 V for one hour.  All PVDF 

membranes were allowed to dry for at least one hour, and at least 20 minutes after 

marking with a solvent-resistant pen, before beginning immunochemistry. 

  



 

 

All membranes were wet in methanol and blocked for at least one hour in 5% 

skim milk power (Hsp27 analysis) or 5% bovine serum albumin (p38 MAPK analysis) 

dissolved in Tris-Buffered Saline with 0.1% Tween-20 (Sigma)(TBS-T).  Primary 

antibodies were suspended in the same buffer as was used to block the membrane.  The 

membrane and antibodies were sealed in a plastic bag overnight at 4 °C, with light 

agitation.  Membranes were rinsed the next day in TBS-T (2 quick rinses, 1 X 30 

minutes, 3 X 5 minutes) before immersion in secondary antibody (1:10,000 goat anti-

rabbit HRP, Santa Cruz, sc-2301) for 1 hr.  After a second round of rinsing, the 

horseradish peroxidase was exposed using an ECL-plus kit from GE Healthcare.  Digital 

images of the membranes were captured on a Storm 840 (Amersham Biosciences).  

Densitometric analysis was performed using ImageQuant TL (version 2005; Amersham 

Biosciences). 

Mouse anti-IRβ (1:10,000; Assay Designs #905-683-100) and goat anti-mouse 

(1:7,000; Santa Cruz Biotechnology, inc. # sc-2302) antibodies were used to confirm the 

presence of Insulin Receptor β in 6-day differentiated cells.  The following primary 

antibodies were also used, and all were raised in rabbit.  Hsp27 (StressGen SPA-801E) at 

1:20,000 dilution.  Hsp27 phosphorylation at serine 82 (StressGen SPA-524PU) at 

1:20,000 dilution.  Actin (Sigma A2066) at 1:20,000 dilution. p38 MAPK (StressGen 

KAS-MA009) at 1:10,000 dilution.  Phosphorylated Thr180/Tyr182 of p38 MAPK 

(PhosphoSpecific Solutions Inc.; p190-1803) at 1:1000 dilution.  All antibodies were 

suspended in the same solution as was used for blocking. 

Calf Intestinal Alkaline Phosphatase (New England Biolabs, M0290S) was used 

to confirm the antibody specificity for phosphorylated p38 MAPK and Hsp27.  Cells 



 

 

were removed from the incubator, washed twice with phosphate buffer, and dissociated 

using 100 µl of homogenizing buffer.  20 units of phosphatase (prepared according to 

manufacturer instruction) was added and the solution was transferred to a microtube and 

allowed to incubate at room temperature for 30 minutes.  70 µl of sample buffer was 

added, and samples frozen until Western analysis.  Additionally, after PVDF transfer 

during Western analysis, 100 units of phosphatase was placed on the membrane for one 

hour.  This additional step allowed the dephosphorylation of any phospho-proteins 

exposed on the surface of the membrane.  After one hour, the membrane was washed 

twice with the blocking solution and then placed into the primary antibodies and normal 

immunochemistry continued. 

Some membranes were exposed by first horizontally cutting the PVDF membrane 

(after blotting) such that < 40 kDa was separated from > 40 kDa protein samples.  This 

separated Hsp27 and p38 MAPK proteins from actin proteins, and allowed each protein 

to be assessed in its own batch of primary antibodies. 

Immunocytochemistry 

Six-well trays were prepared with 3 coverslips per well (12 mm x 1 mm; Fisher 

Scientific).  Coverslips were incubated with 2 ml of 0.01% poly-L-lysine (Sigma) for one 

hour (37 °C) and then washed twice with distilled water and allowed to dry.  Similar to 

protein analysis, 4 x 104 cells were added to each well and allowed to replicate in GM 

and differentiate for 6 days in DM.  OGD treatments were the same as previously 

mentioned. 

After treatment, media was aspirated and the cells washed twice with ice-cold 0.1 

M sodium phosphate buffer solution.  Cells on coverslips were then removed and placed 



 

 

into 4% paraformaldehyde solution for 10 minutes.  After fixation, coverslips were 

washed (3 X 5 min) in phosphate-buffered saline (PBS). 

Antibodies were suspended in 10% donkey serum (Jackson Immunoresearch 

Laboratories, Inc) in phosphate-buffered saline with 0.1% Triton X-100 (Sigma)(PBS-T).  

Antibody for phospho-p38 MAPK (Stressgen, KAP-MA022) was used at 1:500 dilution.  

Antibody for Hsp27 (Stressgen, SPA-801E) was used at 1:5000 dilution.  Cells on 

coverslips were placed in 1 ml of antibody solution and left overnight at 4 °C.  The next 

day, cells were washed in PBS-T (3 X 5 min).  The PBS-T was replaced with secondary 

antibody (donkey anti-rabbit; 1:500; Jackson Immunoresearch Laboratories, Inc; 711 165 

152) diluted in 10% donkey serum made in PBS-T.  Because fluorescence was being 

used, all immunocytochemistry protocols took place in dark conditions and the secondary 

antibody was protected from light as much as possible.  The coverslips were exposed to 

secondary antibody for one hour and then washed again for with PBS (no Triton X-100; 3 

X 5 min).  200 units of fluorescent-conjugated phalloidin (Invitrogen Alexa Fluor® 488 

phalloidin, A12379) was added for 20 minutes and then washed with PBS (3 X 5 min).  

Finally, 2 µl of Hoescht stain (Sigma, H6024) was added to 1 ml of PBS for each 

coverslip, for ten minutes, and then washed with PBS (3 X 5 min). 

Controls for the preparation of immunocytofluoresence consisted of the 

following.  Cells were exposed only to the anti-rabbit secondary.  Cells were exposed to 

only primary antibodies for either Hsp27 or phospho-p38.  Cells were only exposed to the 

phalloidin stain.  Cells were only exposed to the Hoescht stain.  Cells on coverslips 

incubated with only the anti-rabbit secondary did not fluoresce.  Cells exposed only to 

primary antibodies did not fluoresce.   



 

 

Cells on coverslips were placed on microscope slides with aqueous mounting 

media (Sigma) and sealed with clear nail polish.  Images were captured using a Zeiss 

Axioplan II MOT microscope and an AxioCam HRC colour camera.  

Statistical Analysis 

 Data are expressed as mean ± standard error of the mean (SEM).  Statistical 

analysis was performed using Graphpad Prism 4 for Windows, Version 4.03 (GraphPad 

Software Inc.).  Analysis of variance was used to determine significance, and Tukey’s 

honestly significant difference post-hoc comparison was used to determine significant 

differences.  P < 0.05 was used to determine statistical significance. 
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CHAPTER 3:  RESULTS 

  



 

 

Control Experiments for Western Analysis and Immunohistochemistry. 

 The presence of Insulin Receptor β in 6-day differentiated cells was confirmed 

using Western blotting.  The phospho-specificity of the antibodies for phosphorylated 

Hsp27 serine 82 was confirmed by reduced binding of anti-phospho antibodies on PVDF 

membranes for samples treated with Calf Alkaline Intestinal Phosphatase before loading 

samples in the gel, as well as by reduced binding of anti-phospho antibodies on PVDF 

membranes treated with Calf Alkaline Intestinal Phosphatase after transferring protein to 

PVDF membrane.  The phospho-specificity of the antibodies for phosphorylated p38 

MAPK was confirmed by reduced binding of anti-phospho antibodies on PVDF 

membranes on PVDF membranes treated with Calf Alkaline Intestinal Phosphatase after 

transferring protein to PVDF membrane. 

 Immunocytochemical controls confirmed that cells treated only with primary 

antibodies for Hsp27 (control for no secondary antibody), phospho-p38 MAPK (control 

for no secondary antibody), and anti-rabbit secondary antibodies (control for no primary 

antibody) did not fluoresce.  Phalloidin and Hoescht stains did not fluoresce differently in 

cells treated with these two stains individually compared to these stains included with the 

tested antibodies. 

The Effect of Insulin Supplementation in H9c2 Cells. 

 Media exchange increased relative levels of phosphorylated Hsp27 serine 82 in 

differentiated H9c2 cells. 

 Differentiated H9c2 cells were removed from incubation and the media was 

exchanged for fresh media.  After one hour of further normal incubation, relative levels 



 

 

of phosphorylated Hsp27 serine 82 were significantly higher (p < 0.05) in cells with 

media exchange (No Ins) compared to cells without media exchange (Con; Figure 3.1 A). 

 After one hour relative levels of phospho-p38 MAPK were not significantly 

different in cells with media exchange (No Ins) compared to cells without media 

exchange (Con; Figure 3.1 B). 

 The increase in phosphorylated Hsp27 serine 82 was interpreted to be a response 

to the stress of media exchange, and thus ‘media exchange’ as a stressor was examined 

further. 

 Insulin supplementation reduced short-term relative levels of phosphorylated 

Hsp27 serine 82 and reduced levels of p38 MAPK in differentiated cells.

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged for fresh media (No Ins) or with fresh media supplemented with 200 µU/ml 

insulin (Ins).  Cells were harvested for Western analysis after 15, 30, 45, and 60 minutes.  

The treatments resulted in no difference in the total Hsp27 levels (Figure 3.2 A).  

However, 15 minutes after media exchange, Ins-treated cells had significantly lower (p < 

0.05) relative levels of phosphorylated Hsp27 serine 82 than cells without insulin.  The 

difference was no longer present after 30, 45, and 60 minutes (Figure 3.2 B).   

At each time point, insulin-supplemented cells had less p38 MAPK.  This 

reduction was significant at 15 (p < 0.05), 30 (p < 0.001), and 60 (p < 0.001) minutes 

(Figure 3.3 A, B, C, D).  However, the treatments resulted in no difference in relative 

phospho-p38 MAPK levels (Figure 3.3). 



 

 

The stress of media exchange was associated with an increase in phosphorylated 

Hsp27 serine 82 that was evident by fifteen minutes.  However, insulin supplementation 

during media exchange appeared to suppress the increase (in phosphorylated Hsp27 

serine 82) induced by media exchange.  Because levels of phosphorylated Hsp27 serine 

82 were not different at one hour, it was interpreted that insulin was then causing an 

increase of phosphorylated Hsp27 serine 82 via insulin-induced signaling.  A one hr 

insulin treatment was later used as a ‘pretreatment’ for further stressors, and a one hr 

normal pretreatment (without insulin supplementation) was used as a control for insulin 

pretreatment. 

Various insulin doses had similar effect on relative levels of phosphorylated 

Hsp27 serine 82 and on relative levels of phospho-p38 MAPK in differentiated cells 

after one hour. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged for fresh media (No Ins) or with media supplemented with 20, 200, or 2000 

µU/ml of insulin. After one hour, cells with media exchange and either 0, 20, 200, or 

2000 µU/ml of insulin supplementation had similar relative levels of phosphorylated 

Hsp27 serine 82 (Figure 3.4 A).  Additionally, the various tested levels of insulin 

supplementation did not change total Hsp27 levels (Figure 3.4 B). 

After one hour, the various tested levels of insulin supplementation did not 

change relative levels of phospho-p38 MAPK (Figure 3.5 A).  All insulin-supplemented 

groups had lower averages of total p38 MAPK than cells without supplementation; 

however the reduction was not significant (n=4, Figure 3.5 B). 



 

 

Because different insulin doses produced similar effects over two orders of 

magnitude, it was determined that there was potentially a ceiling effect from insulin 

treatment, and so the original dose (200 µU/ml) continued to be acceptable as a 

pretreatment. 

Media exchange increased relative levels of phosphorylated Hsp27 serine 82 in 

proliferative H9c2 cells. 

Differentiated H9c2 cells require more maintenance in order to conduct 

experiments and so proliferative cells H9c2 cells were tested for differences in the insulin 

response.  Proliferative H9c2 cells were removed from incubation and the media was 

exchanged for fresh media.  After one hour of further normal incubation, relative levels 

of phosphorylated Hsp27 serine 82 were significantly higher (p < 0.001) in cells with 

media exchange (No Ins) compared to cells without media exchange (Con; Figure 3.6 A).  

Like differentiated cells, H9c2 cells were interpreted to experience a stress-response to 

media exchange. 

Insulin supplementation decreased relative levels of phosphorylated Hsp27 

serine 82 and did not change total p38 MAPK levels in proliferative cells. 

 Proliferative H9c2 cells were removed from incubation and the media was 

exchanged for fresh media (No Ins) or with media supplemented with 20, 200, or 2000 

µU/ml of insulin. After one hour, cells with 200 µU/ml of insulin supplementation had 

lower (p < 0.05) relative levels of phosphorylated Hsp27 serine 82 (Figure 3.7 A).  The 

various tested levels of insulin supplementation did not change total Hsp27 levels (Figure 

3.7 B). 



 

 

After one hour, the various tested levels of insulin supplementation did not 

change total levels of p38 MAPK compared to cells without supplementation (Figure 3.8 

A). 

Proliferative cells had different responses to one hr insulin supplementation than 

differentiated cells in that insulin supplementation of 200 µU/ml was associated with 

lower levels of phosphorylated Hsp27 serine 82 at one hr in proliferative cells.  As well, 

the tested doses did not consistently produce lower total levels of p38 MAPK in 

proliferative cells.  These differences, as well as reports that Insulin Receptor Substrate 

1/2 is different in amount and phosphorylation states between the proliferative and 

differentiated H9c2 cells (Lim et al., 2007), indicated that further experiments should be 

performed using differentiated H9c2 cells. 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation in 

Differentiated H9c2 Cells (Hsp27). 

Insulin pretreatment (media exchange for 1 hr, with or without insulin) was used 

in further experiments to activate insulin pathways.  Oxygen-glucose deprivation (6 hrs) 

and reoxygenation (1 or 2 hrs) was used as stronger stressors for the cells. 

Insulin supplementation altered the relative levels of phosphorylated Hsp27 

serine 82. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with fresh media or with insulin-supplemented media for six additional 

hours of incubation.  After six hours, insulin-pretreated cells had significantly more (p < 



 

 

0.01) total Hsp27 than cells pretreated in normal media.  As well, after six hours of 

incubation with insulin, insulin-pretreated cells had significantly more (p < 0.05) total 

Hsp27 than cells with normal pretreatment and a further six hours of normal incubation 

(Figure 3.9 A).  The various treatments resulted in similar total levels of phosphorylated 

Hsp27 serine 82 (Figure 3.9 B).  After six hours, insulin-pretreated cells had significantly 

lower (p < 0.01) relative levels of phosphorylated Hsp27 serine 82 than cells pretreated in 

normal media.  Further, after six hours of incubation with insulin, insulin-pretreated cells 

had significantly lower (p < 0.05) relative levels of phosphorylated Hsp27 serine 82 than 

cells with normal pretreatment and a further six hours of normal incubation (Figure 3.9 

C).  

The insulin-associated decrease in relative levels of phosphorylated Hsp27 serine 

82 was best explained as being due to the insulin-associated relative decrease in total 

Hsp27.   

Oxygen-glucose deprivation followed by reoxygenation increased the relative 

levels of phosphorylated Hsp27 serine 82. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media.  After one hour, media was replaced with either fresh media 

for six additional hours of incubation or with glucose-free media for six hours of oxygen-

glucose deprivation (OGD).  After six hours, cells were either harvested for Western 

analysis or refreshed with new media for reoxygenation.  The various treatments resulted 

in similar total levels of Hsp27 (Figure 3.10 A).  As well, the various treatments caused 

similar total levels of phosphorylated Hsp27 serine 82 (Figure 3.10 B).  However, after 

one hour of reoxygenation, cells had significantly higher relative levels of phosphorylated 



 

 

Hsp27 serine 82 than cells with OGD alone (p < 0.01) or cells with six hours of normal 

incubation (p < 0.01; Figure 3.10 C). 

Reoxygenation appeared to trigger a stress-response in differentiated cells, 

indicating that OGD and reoxygenation were different stressors for the cells.  OGD was 

not associated with an increase in Hsp27 phosphorylation, however reoxygenation was.  

Two hours of reoxygenation returned relative levels of phosphorylated Hsp27 

serine 82 to oxygen-glucose deprivation levels. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media.  After one hour, media was replaced with glucose-free 

media for six hours of OGD.  After six hours of OGD, cells were either harvested for 

Western analysis or refreshed with new media for one or two hours of reoxygenation.  

The various treatments caused similar total levels of Hsp27 (Figure 3.11 A).  However, 

after one hour of reoxygenation, cells had higher (p < 0.01) total levels of phosphorylated 

Hsp27 serine 82 than OGD alone.  After two hours of reoxygenation, total levels of 

phosphorylated Hsp27 serine 82 were less (p < 0.05) than after one hour of reoxygenation 

(Figure 3.11 B).  Further, after one hour of reoxygenation, cells had significantly higher 

(p < 0.01) relative levels of phosphorylated Hsp27 serine 82 than cells with OGD alone.  

After two hours of reoxygenation, relative levels of phosphorylated Hsp27 serine 82 were 

similar to OGD alone (Figure 3.11 C). 

Reoxygenation of one hr was considered to be sufficient to generate the 

reoxygenation stress response, and that two hrs of reoxygenation were sufficient to begin 

the return of cells to a pre-stress condition. 



 

 

Insulin pretreatment and oxygen-glucose deprivation followed by reoxygenation 

increased the relative levels of phosphorylated Hsp27 serine 82. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with insulin-supplemented media.  After one hour, media was replaced with 

either fresh media for six additional hours of incubation or with glucose-free media for 

six hours of OGD.  After six hours, cells were either harvested for Western analysis or 

refreshed with new media for one hour of reoxygenation.  The various treatments caused 

similar total levels of Hsp27 (Figure 3.12 A).  However, after one hour of reoxygenation, 

cells had significantly higher (p < 0.05) total levels of phosphorylated Hsp27 serine 82 

than cells with OGD alone (Figure 3.12 B).  As well, after one hour of reoxygenation, 

cells had significantly higher (p < 0.01) relative levels of phosphorylated Hsp27 serine 82 

than cells with OGD alone (Figure 3.12 C). 

Reoxygenation after insulin treatments appeared to trigger a stress-response in 

differentiated cells, indicating that OGD and reoxygenation were stressors even with the 

presence of insulin. 

Insulin pretreatment and oxygen-glucose deprivation did not change levels of 

phosphorylated Hsp27 serine 82. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with either fresh media for six additional hours of incubation or with 

glucose-free media for six hours of OGD.  The various treatments resulted in similar total 

levels of Hsp27 (Figure 3.13 A). As well, the various treatments caused similar total 



 

 

levels of phosphorylated Hsp27 serine 82 (Figure 3.13 B), and comparable relative levels 

of phosphorylated Hsp27 serine 82 (Figure 3.13 C). 

Insulin pretreatment or supplementation did not change the effect of oxygen-

glucose deprivation on relative levels of phosphorylated Hsp27 serine 82. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with either glucose-free media or glucose-free media supplemented with 

insulin for six hours of OGD.  The various treatments resulted in similar total levels of 

Hsp27 (Figure 3.14 A). As well, the various treatments caused similar total levels of 

phosphorylated Hsp27 serine 82 (Figure 3.14 B) and equivalent relative levels of 

phosphorylated Hsp27 serine 82 (Figure 3.14 C). 

Neither insulin pretreatment nor insulin supplementation were associated with 

changes in Hsp27 serine 82 phosphorylation during OGD.  Additionally, OGD prevented 

the increase in Hsp27 expression associated with insulin pretreatment followed by 6 hrs 

of normal incubation.  

Insulin supplementation increased total levels of phosphorylated Hsp27  

serine 82 during reoxygenation. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with glucose-free media or glucose-free media supplemented with insulin 

for six hours of OGD.  After OGD, cells were refreshed with new media for one hour of 

reoxygenation.  The various treatments caused similar total levels of Hsp27 (Figure 3.15 



 

 

A). However, 1 hr of reoxygenation after insulin supplementation during OGD resulted in 

higher (p < 0.05) total levels of phosphorylated Hsp27 serine 82 than 1 hr reoxygenation 

after unsupplemented OGD with insulin-pretreatment (Figure 3.15 B).  Regardless, the 

various treatments caused similar relative levels of phosphorylated Hsp27 serine 82 

(Figure 3.15 C). 

Insulin during OGD was associated with higher total levels of phosphorylated 

Hsp27 serine 82 during reoxygenation.  This indicated that insulin treatments before and 

during OGD did not suppress Hsp27 serine 82 phosphorylation during reoxygenation. 

Insulin pretreatment and supplementation did not change the effect of longer 

reoxygenation on relative levels of phosphorylated Hsp27 serine 82. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with glucose-free media or glucose-free media supplemented with insulin 

for six hours of OGD.  After OGD, cells were refreshed with new media for two hours of 

reoxygenation.  However, the various treatments resulted in similar total levels of Hsp27 

(Figure 3.16 A), corresponding total levels of phosphorylated Hsp27 serine 82 (Figure 

3.16 B), and similar relative levels of phosphorylated Hsp27 serine 82 (Figure 3.16 C). 

Combining Hsp27 data between Western membranes 

Previous results were analyzed using an n = 4 due to space limitations on Western 

membranes.  Some of the experiments were performed with an n = 8, but results were 

analyzed across different membranes.  In replication of experiments, inter-treatment 

variance was found to be similar.  This allowed combinations of data between replicates, 



 

 

however because samples were on different membranes, variance due to membranes 

disallowed certain combinations.  Specifically, 2-way ANOVA was performed when 

membranes contained samples from two experimental protocols (e.g, each membrane 

contained four samples from a ‘normal incubation’ group and four samples from an 

‘OGD’ group; the two membranes had samples from another set of experiments to create 

an n = 8 for each group).  When the 2-way ANOVA showed no statistical effect from the 

membranes, data were combined for further analysis by ANOVA.  Each membrane 

contained a total of three experimental conditions, therefore combining data between 

membranes with two conditions in common allowed for additional total comparisons.  

Because the limiting factor of this analysis is variance caused by membranes, not all 

interesting combinations were available. 

Membranes for Hsp27 were compared between five conditions (Figure 3.17 A).  

There were no additional significant changes observed between total Hsp27 levels when 

comparing between a single condition change.  Cells pretreated with insulin before OGD 

had higher (p < 0.05) total levels of Hsp27 than normally pretreated cells after one or two 

hours of reoxygenation. 

Relative levels of phosphorylated Hsp27 serine 82 were compared between five 

conditions (Figure 3.17 B).  Cells subjected to reoxygenation for one or two hours after 

OGD significantly increased (p < 0.05) relative levels of phosphorylated Hsp27 serine 82 

compared to cells with OGD alone.  Cells with insulin pretreatment and OGD had lower 

(but not significantly, p < 0.07) relative levels of phosphorylated Hsp27 serine 82 than 

cells with normal pretreatment and OGD.  Interestingly, the significant reduction of 



 

 

relative levels of phosphorylated Hsp27 serine 82 observed between one and two hours of 

reoxygenation is no longer present. 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation on Hsp27 

Immunocytochemistry 

Immunocytochemistry was performed for Hsp27.  Filamentous actin was stained 

with phalloidin, and nuclei were stained with Hoescht.  The localization was performed 

after cells were pretreated (with or without insulin) followed by six hrs of incubation 

(both with and without OGD and with and without insulin).  Cells with OGD (with or 

without insulin) were examined after 0, 1, or 2 hrs of reoxygenation.   

Insulin treatments were associated with localized rearrangement of Hsp27 in 

differentiated H9c2 cells in normal incubation conditions. 

 Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was again replaced with fresh media, with or without insulin, for six additional 

hours.  Cells were then removed from incubation and fixed for analysis using 

immunocytochemistry.  Three treatment groups were compared:  normal pretreatment 

followed by six hours of normal incubation (Figure 3.18 Aa, Ba, Ca), insulin  

pretreatment followed by six hours of normal incubation (Figure 3.18 Ab, Bb, Cb), and 

insulin pretreatment followed by six hours of insulin-supplemented incubation (Figure 

3.18 Ac, Bc, Cc). 

 Cells given no insulin (Figure 3.18 Aa, Ba, Ca) showed Hsp27-immunoreactivity 

throughout the cytoplasm and in the perinuclear area.  The Hsp27-immunoreactivity in 



 

 

the nuclear area was less than in the perinuclear area.  Cells with insulin pretreatment 

(Figure 3.18 Ab, Bb, Cb) showed Hsp27-immunoreactivity throughout the cytoplasm and 

in the nuclear area.  Compared to normal pretreatment, there was less Hsp27-

immunoreactivity in the perinuclear area.  In cells with insulin pretreatment and six 

additional hours of insulin-supplemented incubation (Figure 3.18 Ac, Bc, Cc), Hsp27-

immunoreactivity was throughout the cytoplasm, in the perinuclear area, and in the 

nuclear area.  Compared to cells only given insulin during pretreatment, there was a 

greater contrast between the perinuclear area and the nuclear area suggesting either an 

increased concentration of Hsp27-immunoreactivity in the perinuclear area or exclusion 

from the nucleus. 

 The distribution of actin was similar whether the cells were given no insulin or six 

hours of insulin-supplemented incubation.  In all cases, actin was regular and organized 

in peripheral regions, and was disorganized in perinuclear regions (Figure 3.18 Ba, Bb, 

Bc). 

Oxygen-glucose deprivation was associated with localized rearrangement of 

Hsp27 in differentiated H9c2 cells in an insulin-dependent manner. 

Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was replaced with glucose-free media, with or without insulin, and cells were 

placed into hypoxic incubation for six hours.  Cells were then removed from incubation 

and fixed for analysis using immunocytochemistry.  Three treatment groups were 

compared:  normal pretreatment followed by six hours of OGD (Figure 3.19 Aa, Ba, Ca), 

insulin-supplemented pretreatment followed by six hours of OGD (Figure 3.19 Ab, Bb, 



 

 

Cb), and insulin-supplemented pretreatment followed by six hours of insulin-

supplemented OGD (Figure 3.19 Ac, Bc, Cc). 

Cells given no insulin (Figure 3.19 Aa, Ba, Ca) showed Hsp27-immunoreactivity 

throughout the cytoplasm, in the perinuclear area, and in the nucleus.  Hsp27-

immunoreactivity was more in the nuclei during OGD compared to normal incubation 

(Figure 3.18 Aa).  In comparison to normal pretreatment, pretreating with insulin before 

OGD (Figure 3.19 Ab, Bb, Cb) resulted in Hsp27-immunoreactivity being concentrated 

in the perinuclear area compared with Hsp27-immunoreactivity in peripheral cytoplasm 

and within the nuclei.  Insulin during both pretreatment and during OGD (Figure 3.19 Ac, 

Bc, Cc) increased Hsp27-immunoreactivity concentration in the perinuclear area 

compared to peripheral cytoplasm and the nuclei. 

 In all three treatment sets, after OGD actin (Figure 3.19 Ba, Bb, Bc) was less 

regular and organized (both peripherally and in the perinuclear area) compared to cells 

given normal incubation conditions (Figure 3.18 Ba, Bb, Bc).  As well, actin formed 

condensates that were most notable in the cells pretreated with insulin before regular 

OGD.  These condensates appeared to be in proximity to concentrations of Hsp27-

immunoreactivity (Figure 3.19 Ca, Cb, Cc). 

One hour of reoxygenation caused a similar rearrangement of Hsp27 

regardless of insulin supplementation 

 Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was replaced with glucose-free media, with or without insulin, and cells were 

placed into hypoxic incubation for six hours.  After OGD, the media was refreshed for 



 

 

one hour of reoxygenation.  Three treatment groups were compared:  normal pretreatment 

followed by six hours of OGD and 1 hour of reoxygenation (Figure 3.20 Aa, Ba, Ca), 

insulin-supplemented pretreatment followed by six hours of OGD and 1 hour of 

reoxygenation (Figure 3.20 Ab, Bb, Cb), and insulin-supplemented pretreatment followed 

by six hours of insulin-supplemented OGD and 1 hour of reoxygenation (Figure 3.20 Ac, 

Bc, Cc). 

 In all three treatments, following one hour of reoxygenation, Hsp27-

immunoreactivity (Figure 3.20 Aa, Ab, Ac) was cytoplasmic, perinuclear, and nuclear.  

The perinuclear area appeared to have greater Hsp27-immunoreactivity compared to the 

nuclei and cytoplasm, suggesting that Hsp27 was excluded from the nuclei or that there 

was accumulation in the perinuclear area.  In normally pretreated cells (Figure 3.20 Aa, 

Ba, Ca), Hsp27-immunoreactivity was different after reoxygenation compared to OGD 

alone.  After reoxygenation, Hsp27-immunoreactivity was lower in the nuclei compared 

to OGD, and Hsp27-immunoreactivity was higher in the perinuclear area compared to 

OGD.  In addition, there was less Hsp27-immunoreactivity associated with actin 

condensates compared to OGD (Figure 3.19 Aa).  In insulin-pretreated cells after 

reoxygenation (Figure 3.20 Ab, Bc, Cb), there was less Hsp27-immunoreactivity 

associated with actin condensates compared to OGD (Figure 3.19 Ab).  Reoxygenated 

cells with insulin during both pretreatment and during OGD (Figure 3.20 Ac, Bc, Cc), 

had lower Hsp27-immunoreactivity observed in the perinuclear area than similarly 

treated cells during OGD alone (Figure 3.19 Ac); thus, the contrast of Hsp27-

immunoreactivity between the nuclei and the perinuclear area was less obvious after 

reoxygenation than after OGD alone. 



 

 

 In all three treatment sets, after reoxygenation actin (Figure 3.20 Ba, Bb, Bc) was 

organized and regular in peripheral regions and was disorganized in perinuclear regions.  

Regions of actin condensates were less common than during OGD, however they were 

not completely removed after one hour of reoxygenation. 

Two hours of reoxygenation caused a similar rearrangement of Hsp27 

regardless of insulin supplementation. 

 Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was replaced with glucose-free media, with or without insulin, and cells were 

placed into hypoxic incubation for six hours.  After OGD, the media was refreshed for 

two hours of reoxygenation.  Three treatment groups were compared:  normal 

pretreatment followed by six hours of OGD and 2 hours of reoxygenation (Figure 3.21 

Aa, Ba, Ca), insulin-supplemented pretreatment followed by six hours of OGD and 2 

hours of reoxygenation (Figure 3.21 Ab, Bb, Cb), and insulin-supplemented pretreatment 

followed by six hours of insulin-supplemented OGD and 2 hours of reoxygenation 

(Figure 3.21 Ac, Bc, Cc).   

In all three treatments following two hours of reoxygenation, Hsp27-

immunoreactivity (Figure 3.21 Aa, Ab, Ac) was cytoplasmic, perinuclear, and nuclear.  

The Hsp27-immunoreactivity in the nuclear area was less than in the perinuclear area, 

and the Hsp27-immunoreactivity was very similar to cells given normal incubation for 

six hours (Figure 3.18 Aa).  As well, actin (Figure 3.21 Ba, Bb, Bc) was regular and 

organized except in the perinuclear areas.  After two hours of reoxygenation actin 

appeared similar to normal incubation conditions (Figure 3.18 Ba). 



 

 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation in 

Differentiated H9c2 Cells (p38 MAPK). 

The effect of insulin, OGD, and reoxygenation were determined on 

phosphorylation of Hsp27 serine 82.  p38 MAPK is an upstream regulator of Hsp27 

serine 82 phosphorylation and activated p38 MAPK must complex with the nuclear 

protein MK2 before the activated complex can phosphorylate Hsp27.  Western analysis 

was performed for p38 MAPK in order to understand the relationship between p38 

MAPK , Hsp27 and insulin supplementation in the context of the stressors. 

Insulin supplementation reduced p38 MAPK levels in normal incubation. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with fresh media or with insulin-supplemented media for six additional 

hours of incubation.  The seven-hour insulin supplemented group had lower (p < 0.05) 

total levels of p38 MAPK compared to unsupplemented cells.  The one-hour insulin 

supplemented group had an intermediate average of total p38 MAPK (Figure 3.22 A). 

However, the various treatments caused similar total levels of phospho-p38 MAPK 

(Figure 3.22 B), and comparable relative levels of phospho-p38 MAPK (Figure 3.22 C). 

Oxygen-glucose deprivation reduced total levels of p38 MAPK. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media.  After one hour, media was replaced with either fresh media 

for six additional hours of incubation or with glucose-free media for six hours of OGD.  

After six hours, cells were either harvested for Western analysis or refreshed with new 



 

 

media for reoxygenation.  Cells with OGD or with OGD followed by reoxygenation had 

significantly lower (p < 0.01) levels of total p38 MAPK (Figure 3.23 A).  However, the 

various treatments caused similar total levels of phospho-p38 MAPK (Figure 3.23 B), 

and similar relative levels of phospho-p38 MAPK (Figure 3.23 C). 

Oxygen-glucose deprivation following insulin supplementation reduced total 

levels of p38 MAPK. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with insulin-supplemented media.  After one hour, media was replaced with 

either fresh media for six additional hours of incubation or with glucose-free media for 

six hours of OGD.  After six hours, cells were either harvested for Western analysis or 

refreshed with new media for one hour of reoxygenation.  Cells with OGD or with OGD 

followed by reoxygenation had significantly lower (p < 0.01) levels of total p38 MAPK 

(Figure 3.24 A).  However, the various treatments caused similar total levels of phospho-

p38 MAPK (Figure 3.24 B), and similar relative levels of phospho-p38 MAPK (Figure 

3.24 C). 

Insulin supplementation during oxygen-glucose deprivation increased levels of 

total p38 MAPK following one hour of reoxygenation. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with glucose-free media or glucose-free media supplemented with insulin 

for six hours of OGD.  After OGD, cells were refreshed with new media for one hour of 

reoxygenation.  Insulin pretreatment and insulin supplementation during OGD resulted in 

higher (p < 0.05) levels of total p38 MAPK than in cells with no insulin supplementation 



 

 

(Figure 3.25 A).  However, the various treatments caused correspondingly similar total 

levels of phospho-p38 MAPK (Figure 3.25 B), and interestingly, similar but 

corresponding relative levels of phospho-p38 MAPK (Figure 3.25 C). 

Insulin supplementation during oxygen-glucose deprivation did not change 

levels of total p38 MAPK following two hours of reoxygenation. 

Differentiated H9c2 cells were removed from incubation and the media was 

exchanged with fresh media with either 0 or 200 µU/ml of insulin.  After one hour, media 

was replaced with glucose-free media or glucose-free media supplemented with insulin 

for six hours of OGD.  After OGD, cells were refreshed with new media for two hours of 

reoxygenation.  However, the various treatments resulted in similar total levels of p38 

MAPK (Figure 3.26 A), similar total levels of phospho-p38 MAPK (Figure 3.26 B), and 

similar relative levels of phospho-p38 MAPK (Figure 3.26 C). 

Combining p38 MAPK data between Western membranes. 

Membranes for p38 MAPK were compared between six conditions (Figure 3.27 

A).  Insulin pretreatment followed by incubation with insulin for six hours decreased (p < 

0.05) total levels of p38 MAPK compared to normally pretreated or insulin-pretreated 

cells with six additional hours of normal incubation.  Insulin pretreatment followed by 

incubation with insulin for six hours also resulted in lower (p < 0.05) levels of p38 

MAPK than cells with insulin pretreatment and six hours of OGD.  Additionally, insulin-

pretreatment followed by OGD and 1 hr of reoxygenation resulted in total levels of p38 

MAPK being lower (p < 0.05) than in cells with normal pretreatment and normal six hrs 

of incubation.  Further, average total levels of p38 MAPK for OGD alone (with or 



 

 

without insulin pretreatment) were intermediate between the normally incubated cells and 

those with reoxygenation. 

Relative levels of phospho-p38 MAPK were compared between six conditions 

(Figure 3.27 B).  Insulin pretreatment followed by incubation with insulin for six hours 

increased (p < 0.05) relative levels of phospho-p38 MAPK compared to normally 

pretreated cells with six additional hours of normal incubation.  Cells incubated with 

insulin pretreatment and with insulin-supplemented normal media also had higher (p < 

0.05) relative levels of phospho-p38 MAPK than cells with normal pretreatment and 6 hrs 

of OGD. 

The Effect of Insulin Supplementation and Oxygen-Glucose Deprivation on 

Phospho-p38 MAPK Immunocytochemistry 

Immunocytochemistry was performed for phospho-p38 MAPK.  Filamentous 

actin was stained with phalloidin and nuclei were stained with Hoescht.  The localization 

was performed after cells were pretreated (with or without insulin) followed by six hrs of 

incubation (both with and without OGD and with and without insulin).  Cells with OGD 

(with or without insulin) were examined after 0, 1, or 2 hrs of reoxygenation. 

Insulin caused no change in distribution of phospho-p38 MAPK in 

differentiated H9c2 cells in normal incubation conditions. 

Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was again replaced with fresh media, with or without insulin, for six additional 

hours.  Cells were then removed from incubation and fixed for analysis using 



 

 

immunocytochemistry.  Three treatment groups were compared:  normal pretreatment 

followed by six hours of normal incubation (Figure 3.28 Aa, Ba, Ca), insulin-

supplemented pretreatment followed by six hours of normal incubation (Figure 3.28 Ab, 

Bb, Cb), and insulin-supplemented pretreatment followed by six hours of insulin-

supplemented incubation (Figure 3.28 Ac, Bc, Cc). 

Cells given no insulin (Figure 3.28 Aa, Ba, Ca) showed phospho-p38 MAPK-

immunoreactivity in cytoplasmic granules and faintly in the cytoplasm.  The phospho-

p38 MAPK-immunoreactivity in the nuclear area was much greater than in the 

cytoplasm, suggesting that phospho-p38 MAPK was concentrated within the nuclei of the 

cells.  Cells with insulin pretreatment, either with or without insulin during the six hours 

of incubation (Figure 3.28 Ab, Bb, Cb and Figure 3.28 Ac, Bc, Cc), were similar in 

appearance to cells without insulin.  Again, phospho-p38 MAPK appeared to be 

concentrated within the nuclei and in cytoplasmic granulations.  Insulin treatment 

appeared to have no effect on phospho-p38 MAPK localization in normal incubation 

conditions. 

The distribution of actin was similar whether the cells were given no insulin or six 

hours of insulin-supplemented incubation.  In all cases, actin was regular and organized 

in peripheral regions, and was disorganized in perinuclear regions (Figure 3.28 Ba, Bb, 

Bc). 

Oxygen-glucose deprivation was associated with localized rearrangement of 

phospho-p38 MAPK in differentiated H9c2 cells in an insulin-dependent manner.  

Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 



 

 

media was replaced with glucose-free media, with or without insulin, and cells were 

placed into hypoxic incubation for six hours.  Cells were then removed from incubation 

and fixed for analysis using immunocytochemistry.  Three treatment groups were 

compared:  normal pretreatment followed by six hours of OGD (Figure 3.29 Aa, Ba, Ca), 

insulin-supplemented pretreatment followed by six hours of OGD (Figure 3.29 Ab, Bb, 

Cb), and insulin-supplemented pretreatment followed by six hours of insulin-

supplemented OGD (Figure 3.29 Ac, Bc, Cc). 

Cells given no insulin (Figure 3.29 Aa, Ba, Ca) showed phospho-p38 MAPK-

immunoreactivity throughout the cytoplasm, in the perinuclear area, and in the nuclei.  

There was delineation between the nuclei and the perinuclear area, suggesting that the 

nuclei were still acting as a barrier.  OGD appeared to cause phospho-p38 MAPK to 

increase in the cytoplasm compared to normal incubation (Figure 3.28 Aa).  The 

granulations visible in normal incubation were still present during OGD, despite the 

increased cytoplasmic phospho-p38 MAPK-immunoreactivity.  In comparison to normal 

pretreatment, pretreating with insulin before OGD (Figure 3.29 Ab, Bb, Cb) resulted in 

phospho-p38 MAPK-immunoreactivity that was concentrated in nuclei and in 

cytoplasmic granulations.  The insulin pretreated cells had localization of phospho-p38 

MAPK similar to that seen during normal incubation.  Insulin during both pretreatment 

and during OGD (Figure 3.29 Ac, Bc, Cc) was associated with phospho-p38 MAPK-

immunoreactivity being present in the nuclei, the perinuclear area, and in peripheral 

cytoplasm.  Cytoplasmic granulations were still evident.  ODG with insulin appeared to 

cause an increase in cytoplasmic phospho-p38 MAPK-immunoreactivity. 



 

 

In all three treatment sets, after OGD actin (Figure 3.29 Ba, Bb, Bc) was less 

regular and less organized (both peripherally and in the perinuclear area) compared to 

cells given normal incubation conditions (Figure 3.28 Ba, Bb, Bc).  As well, actin formed 

condensates that were most notable in the cells pretreated with insulin before OGD.   

One hour of reoxygenation resulted in a similar localization of phospho-p38 

MAPK regardless of insulin supplementation. 

Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was replaced with glucose-free media, with or without insulin, and cells were 

placed into hypoxic incubation for six hours.  After OGD, the media was refreshed for 

one hour of reoxygenation.  Three treatment groups were compared:  normal pretreatment 

followed by six hours of OGD and 1 hour of reoxygenation (Figure 3.30 Aa, Ba, Ca), 

insulin-supplemented pretreatment followed by six hours of OGD and 1 hour of 

reoxygenation (Figure 3.30 Ab, Bb, Cb), and insulin-supplemented pretreatment followed 

by six hours of insulin-supplemented OGD and 1 hour of reoxygenation (Figure 3.30 Ac, 

Bc, Cc). 

In all three treatment sets, after one hour of reoxygenation phospho-p38 MAPK-

immunoreactivity (Figure 3.30 Aa, Ab, Ac) was mainly within the nuclear area and in 

cytoplasmic granulations.  All three treatment sets had similar localizations of phospho-

p38 MAPK-immunoreactivity, suggesting that reoxygenation had a similar net effect on 

each group.  In normally pretreated cells (Figure 3.30 Aa, Ba, Ca), after reoxygenation 

there was less phospho-p38 MAPK-immunoreactivity in the cytoplasm compared to 

immunoreactivity observed during OGD (Figure 3.29 Aa).  In insulin-pretreated cells 



 

 

(Figure 3.30 Ab, Bc, Cb), reoxygenation caused little difference compared to OGD 

(Figure 3.29 Ab).  Reoxygenated cells with insulin during both pretreatment and during 

OGD (Figure 3.30 Ac, Bc, Cc) showed less cytoplasmic phospho-p38 MAPK-

immunoreactivity compared to analogous cells after OGD alone (Figure 3.29 Ac).  

In all three treatment sets, after reoxygenation actin (Figure 3.30 Ba, Bb, Bc) 

appeared organized and regular in peripheral regions and was disorganized in perinuclear 

regions.  Regions of actin condensates were less common than during OGD, however 

they were not completely removed after one hour of reoxygenation. 

Two hours of reoxygenation resulted in a similar rearrangement of phospho-

p38 MAPK regardless of insulin supplementation. 

Differentiated H9c2 cells were removed from incubation and the media was 

replaced with fresh media supplemented with 0 or 200 µU/ml of insulin.  After one hour, 

media was replaced with glucose-free media, with or without insulin, and cells were 

placed into hypoxic incubation for six hours.  After OGD, the media was refreshed for 

two hours of reoxygenation.  Three treatment groups were compared:  normal 

pretreatment followed by six hours of OGD and 2 hours of reoxygenation (Figure 3.31 

Aa, Ba, Ca), insulin-supplemented pretreatment followed by six hours of OGD and 2 

hours of reoxygenation (Figure 3.31 Ab, Bb, Cb), and insulin-supplemented pretreatment 

followed by six hours of insulin-supplemented OGD and 2 hours of reoxygenation 

(Figure 3.31 Ac, Bc, Cc). 

In all three treatment sets, two hours of reoxygenation resulted in phospho-p38 

MAPK-immunoreactivity (Figure 3.31 Aa, Ab, Ac) mainly within the nuclear area and in 

cytoplasmic granulations.  Phospho-p38 MAPK-immunoreactivity in all three sets was 



 

 

very similar to cells in regular incubation (Figure 3.28).  All three treatment sets had 

similar localizations of phospho-p38 MAPK-immunoreactivity, suggesting that two hours 

of reoxygenation had a similar net effect on each group, and that changes due to insulin 

and OGD were no longer present.  As well, actin (Figure 3.31 Ba, Bb, Bc) was regular 

and organized except in the perinuclear areas.

  



 

 

Figure 3.1:  The effect of media exchange on phosphorylated Hsp27 serine 82 and upon 

p38-MAPK.  Differentiated H9c2 cells were removed from incubation and replaced into 

incubation (Con) or had their media aspirated and replaced with fresh media (No Ins).  

After one hour, cells with replaced media had higher relative levels of phosphorylated 

Hsp27 serine 82 than Con (*, p < 0.05, n = 4; A).  After one hour, cells with replaced 

media had similar relative phospho-p38 MAPK as Con (n = 4 and 3, respectively; B).  

Data points represent mean ± SEM. 

  



 

 

 

Figure 3.1.  



 

 

Figure 3.2:  The time-dependent effect of insulin upon Hsp27 in differentiated H9c2 

cells.  Differentiated H9c2 cells were removed from incubation.  Media was either 

refreshed (No Ins) or replaced with media supplemented with 200 µU/ml of insulin (Ins).  

Cells were returned to incubation and harvested after 15, 30, 45, and 60 minutes.  The 

various treatments did not significantly alter total Hsp27 levels (A).  After 15 minutes, 

insulin-treated cells had significantly lower levels of phosphorylated Hsp27 serine 82 

than control cells (B).  Data points represent mean ± SEM. 
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Figure 3.3:  The time-dependent effect of insulin upon p38 MAPK in differentiated H9c2 

cells.  Differentiated H9c2 cells were removed from incubation.  Media was either 

refreshed (No Ins) or replaced with media supplemented with 200 µU/ml of insulin (Ins).  

Cells were returned to incubation and harvested after 15 (A), 30 (B), 45 (C), and 60 

minutes (D).  After 15, 30, and 60 minutes, insulin-treated cells had lower levels of total 

p38 MAPK.  (*, p < 0.05, n = 6; ***, p < 0.001, n = 6).  Data points represent mean ± 

SEM.  Note: arbitrary units are graph specific, and cannot be compared between graphs. 



 

 

 
Figure 3.3. 

  



 

 

Figure 3.4.  The dose-dependent effect of insulin upon Hsp27 in differentiated H9c2 

cells.  Differentiated H9c2 cells were examined for the effect of insulin supplementation 

in the media replacement.  Cells had their media aspirated and replaced with new media 

(No Ins) or new media supplemented with 20, 200, or 2,000 µU/ml of insulin.  Insulin-

supplementation (20, 200, 2,000 µU/ml) for one hour did not change relative levels of 

phosphorylated Hsp27 serine 82 compared to media exchange alone (n = 4; A).  

Exposing cells to new media or insulin-supplemented media for one hour did not change 

total levels of Hsp27 (B).  Data points represent mean ± SEM. 
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Figure 3.5.  The dose-dependent effect of insulin upon p38 MAPK in differentiated H9c2 

cells.  Differentiated H9c2 cells were examined for the effect of insulin supplementation 

in the media replacement.  Cells had their media aspirated and replaced with new media 

(No Ins) or new media supplemented with 20, 200, or 2,000 µU/ml of insulin.  The 

insulin supplementation did not cause a change in relative phospho-p38 MAPK levels 

compared to No Ins.  (No Ins, n = 3; n = 4 for other insulin treatments; A).  Exposing 

cells to insulin-supplemented media for one hour did not change total levels of p38 

MAPK compared to media exchange alone (B).  Data points represent mean ± SEM. 
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Figure 3.6:  The effect of media exchange on phosphorylated Hsp27 serine 82.  

Proliferative H9c2 cells were removed from incubation and replaced into incubation 

(Con) or had their media aspirated and replaced with fresh media (No Ins).  After one 

hour, cells with replaced media had higher relative levels of phosphorylated Hsp27 serine 

82 than Con (***, p < 0.001, n = 4; A).  Data points represent mean ± SEM. 
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Figure 3.7:  The dose-dependent effect of insulin upon Hsp27 in proliferative H9c2 cells.  

Proliferative H9c2 cells were examined for the effect of insulin supplementation in the 

media replacement.  Cells had their media aspirated and replaced with new media (No 

Ins) or new media supplemented with 20, 200, or 2,000 µU/ml of insulin.  Insulin 

supplementation of 200 µU/ml resulted in a significant decrease (*, p < 0.05, n = 4) in 

levels of phosphorylated Hsp27 serine 82 compared to unsupplemented media (A).  

Exposing cells to insulin-supplemented media for one hour did not change total levels of 

Hsp27 compared to media exchange alone (B).  Data points represent mean ± SEM. 
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Figure 3.8:  The dose-dependent effect of insulin upon p38 MAPK in proliferative H9c2 

cells.  Proliferative H9c2 cells were examined for the effect of insulin supplementation in 

the media replacement.  Cells had their media aspirated and replaced with new media (No 

Ins) or new media supplemented with 20, 200, or 2,000 µU/ml of insulin.  Exposing 

proliferative H9c2 cells to insulin-supplemented media (20, 200, 2,000 µU/ml) for one 

hour did not change total levels of p38 MAPK.  Data points represent mean ± SEM. 
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Figure 3.9:  The effect of insulin upon Hsp27 in differentiated H9c2 cells.  Cells were 

either pretreated with normal media or with insulin in the media for 1 hr followed by 

media replacement and an additional 6 hrs of incubation also without insulin.  Cells were 

also pretreated with insulin for 1 hr followed by media replacement and 6 additional hrs 

of incubation with insulin.  H9c2 cells pretreated with insulin for one hour had higher 

levels of total Hps27.  H9c2 cells pretreated with insulin for one hour, followed by an 

additional six hours of insulin supplementation, also had higher levels of total Hsp27 

compared to non-supplemented cells (A).  Insulin pretreatment or an additional six hours 

of insulin supplementation did not significantly affect total levels of phosphorylated 

Hsp27 serine 82 (B).  Insulin pretreatment or an additional six hours of insulin 

supplementation significantly lowered relative levels of phosphorylated Hsp27 serine 82 

(C). (*, p < 0.05, n = 4; **, p < 0.01, n = 4).  Data points represent mean ± SEM.  Please 

note: the arbitrary units in this figure cannot be compared to the arbitrary units used in 

other figures. 
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Figure 3.10:  The effect of oxygen-glucose deprivation and reoxygenation upon Hsp27 in 

differentiated H9c2 cells.  Cells were pretreated with normal media for 1 hr followed by 

media replacement and an additional 6 hrs of either normal incubation or oxygen-glucose 

deprivation.  After OGD, cells were either harvested or reoxygenated with normal media 

for 1 hr.  Neither OGD nor reoxygenation changed total Hsp27 levels (A) or the total 

levels of phosphorylated Hsp27 serine 82 (B).  After reoxygenation there was 

significantly higher relative levels of phosphorylated Hsp27 serine 82 than with 6 hrs of 

normal incubation or OGD alone (C; **, p < 0.01 reoxygenation vs normal, n = 4; ##, p < 

0.01 reoxygenation vs OGD only, n=4).  Data points represent mean ± SEM. 
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Figure 3.11:  The effect of one or two hours of reoxygenation after oxygen-glucose 

deprivation upon Hsp27 in differentiated H9c2 cells.  Cells were pretreated with normal 

media for 1 hr followed by media replacement and an additional 6 hrs of oxygen-glucose 

deprivation.   After OGD, cells were either harvested or reoxygenated with normal media 

for 1 or 2 hrs.  One or two hours of reoxygenation after OGD did not change total Hsp27 

levels (A).  After one hour of reoxygenation there was a significant increase in total 

levels of phosphorylated Hsp27 serine 82 (B), and after 2 hrs of reoxygenation there was 

a significant decrease in total levels of phosphorylated Hsp27 serine 82 compared to 1 hr.  

One hour of reoxygenation resulted in a significant increase in relative levels of 

phosphorylated Hsp27 serine 82 (C).  (**, p < 0.01 vs OGD only, n = 4; #, p < 0.05 vs 

one hour reoxygenation, n=4).  Data points represent mean ± SEM. 
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Figure 3.12:  The effect of oxygen-glucose deprivation and reoxygenation upon Hsp27 in 

differentiated H9c2 cells pretreated with insulin.  Cells were pretreated with insulin for 1 

hr followed by media replacement and an additional 6 hrs of either normal incubation or 

oxygen-glucose deprivation.  After OGD, cells were either harvested or reoxygenated 

with normal media for 1 hr.  Neither OGD nor reoxygenation changed total Hsp27 levels 

(A).  One hour of reoxygenation significantly increased total levels of phosphorylated 

Hsp27 serine 82 compared to OGD alone (B).  One hour of reoxygenation significantly 

increased relative levels of phosphorylated Hsp27 serine 82 compared to OGD alone (C).  

(#, p < 0.05 vs 6 hours of OGD, n = 4; ##, p < 0.01 vs 6 hours OGD, n=4).  Data points 

represent mean ± SEM. 
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Figure 3.13:  The effect of oxygen-glucose deprivation and insulin pretreatment upon 

Hsp27 in differentiated H9c2 cells.  Cells were pretreated with normal media for 1 hr 

followed by media replacement and an additional 6 hrs of either normal incubation or 

oxygen-glucose deprivation.  Cells were also pretreated with insulin for 1 hr followed by 

media replacement and an additional 6 hrs of oxygen-glucose deprivation.  OGD with or 

without insulin pretreatment did not cause a change in total Hsp27 levels (A), in total 

levels of phosphorylated Hsp27 serine 82 (B), or in relative levels of phosphorylated 

Hsp27 serine 82 (C).   Data points represent mean ± SEM (n = 4). 
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Figure 3.14:  The effect of insulin upon Hsp27 in differentiated H9c2 cells subjected to 

oxygen-glucose deprivation.  Cells were either pretreated with normal media or with 

insulin in the media for 1 hr followed by media replacement and an additional 6 hrs of 

oxygen-glucose deprivation also without insulin.  Cells were also pretreated with insulin 

for 1 hr followed by media replacement and 6 additional hrs of OGD with insulin.  

Neither insulin pretreatment nor insulin pretreatment and insulin during OGD caused a 

difference in total Hsp27 levels (A), total levels of phosphorylated Hsp27 serine 82 (B), 

or relative levels of phosphorylated Hsp27 serine 82 (C).  Data points represent mean ± 

SEM (n = 4). 
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Figure 3.15:  The effect of insulin upon Hsp27 in differentiated H9c2 cells subjected to 

oxygen-glucose deprivation followed by 1 hr of reoxygenation.  Cells were either 

pretreated with normal media or with insulin in the media for 1 hr followed by media 

replacement and an additional 6 hrs of oxygen-glucose deprivation also without insulin.  

Cells were also pretreated with insulin for 1 hr followed by media replacement and 6 

additional hrs of OGD with insulin.  After OGD, cells were reoxygenated with normal 

media for 1 hr.  Insulin pretreatment or insulin pretreatment and OGD with insulin did 

not change total levels of Hsp27 (A).  After reoxygenation following insulin pretreatment 

and OGD (with insulin) there were higher total levels of phosphorylated Hsp27 serine 82 

than after reoxygenation following insulin pretreatment and OGD without insulin (B).  

Insulin pretreatment or insulin pretreatment and OGD with insulin did not change relative 

levels of phosphorylated Hsp27 serine 82 (C).  (#, p < 0.05 vs OGD without insulin 

supplementation, n = 4). Data points represent mean ± SEM. 
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Figure 3.16:  The effect of insulin upon Hsp27 in differentiated H9c2 cells subjected to 

oxygen-glucose deprivation followed by 2 hrs of reoxygenation.  Cells were either 

pretreated with normal media or with insulin in the media for 1 hr followed by media 

replacement and an additional 6 hrs of oxygen-glucose deprivation also without insulin.  

Cells were also pretreated with insulin for 1 hr followed by media replacement and 6 

additional hrs of OGD with insulin.  After OGD, cells were reoxygenated with normal 

media for 2 hrs.  Insulin pretreatment or insulin pretreatment and OGD with insulin did 

not change total levels of Hsp27 (A), total levels of phosphorylated Hsp27 serine 82 (B), 

or relative levels of phosphorylated Hsp27 serine 82 (C).  Data points represent mean ± 

SEM (n = 4). 
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Figure 3.17:  The effect of insulin and oxygen-glucose deprivation on differentiated 

H9c2 cells.  Cells were subjected to control- or insulin-pretreatments for one hour and 

then placed into oxygen-glucose deprivation with or without insulin.  After six hours, 

cells were either harvested or subject to 1 hr or 2 hrs of reoxygenation in fresh media.  

After Western analysis, data between membranes were combined after 2-way ANOVA 

between 8 samples indicated no difference between membranes.  (A) Cells pretreated 

with insulin followed by 6 hrs of OGD had higher total Hsp27 levels than control-

pretreated cells subjected to 6 hrs OGD and 1 hr or 2 hrs of reoxygenation (*, p < 0.05, n 

= 4 - 8).  (B) Both insulin pretreatment and OGD or insulin pretreatment with insulin 

during OGD did not significantly change relative serine 82 phosphorylation after 6 hrs 

OGD.  (C) One or 2 hrs of reoxygenation following normal pretreatment were associated 

with significantly higher relative serine 82 phosphorylation of Hsp27 than any of the 6 hr 

OGD conditions tested.  (*, p < 0.05; n = 4 – 8). 
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Figure 3.18:  Effects of insulin on Hsp27 and on actin dynamics in differentiated H9c2 

cells.  A. Immunocytochemistry of Hsp27. B. Phalloidin staining of actin.  C. Hoescht 

staining of nuclei with merge of A and B.  Cells in panels Aa, Ba, and Ca were pretreated 

without insulin in the media for 1 hr followed by media replacement and 6 additional hrs 

of incubation also without insulin.  Cells in panels Ab, Bb, and Cb were pretreated with 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation also without insulin.  Cells in panels Ac, Bc, and Cc were pretreated with 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation with insulin.  Cells incubated without insulin showed cytoplasmic and 

perinuclear Hsp27-immunoreactivity (Aa) with minimal Hsp27-immunoreactivity in the 

nucleus.  Cells pretreated with insulin showed cytoplasmic and perinuclear Hsp27-

immunoreactivity (Ab) along with Hsp27-immunoreactivity in the nucleus.  Cells 

pretreated with insulin in the media for 1 hr followed by media replacement and 6 

additional hrs of incubation with insulin showed cytoplasmic and perinuclear Hsp27-

immunoreactivity (Ac) along with some Hsp27-immunoreactivity in the nucleus.  Cells 

incubated without insulin had regular and organized peripheral actin (Ba) and 

disorganized perinuclear actin.  Insulin had no apparent effect on the regular and 

organized distribution of peripheral actin (Bb and Bc) or on the disorganized distribution 

of perinuclear actin.  Scale bar = 25 µm. 
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Figure 3.19:  Effects of insulin on Hsp27 and on actin dynamics in differentiated H9c2 

cells during oxygen glucose deprivation.  A. Immunocytochemistry of Hsp27. B. 

Phalloidin staining of actin.  C. Hoescht staining of nuclei with merge of A and B.  Cells 

in panels Aa, Ba, and Ca were pretreated without insulin in the media for 1 hr followed 

by media replacement and 6 additional hrs of incubation without insulin and with 

oxygen-glucose deprivation.  Cells in panels Ab, Bb, and Cb were pretreated with insulin 

in the media for 1 hr followed by media replacement and 6 additional hrs of incubation 

without insulin and with oxygen-glucose deprivation.  Cells in panels Ac, Bc, and Cc 

were pretreated with insulin in the media for 1 hr followed by media replacement and 6 

additional hrs of incubation with insulin and with oxygen-glucose deprivation.  Cells 

incubated without insulin showed cytoplasmic, perinuclear, and nuclear Hsp27-

immunoreactivity (Aa).  Cytoplasmic Hsp27-immunoreactivity is also unevenly 

distributed and forms condensates.  After insulin pretreatment there was cytoplasmic, 

perinuclear, and nuclear Hsp27-immunoreactivity (Ab).  Hsp27-immunoreactivity is 

stronger in perinuclear areas than in nuclei or in other cytoplasm.  Insulin pretreatment 

and oxygen glucose deprivation with insulin resulted in cytoplasmic, perinuclear, and 

nuclear Hsp27-immunoreactivity (Ac).  Hsp27-immunoreactivity is stronger in 

perinuclear areas than in nuclei or in other cytoplasm.  Cells incubated without insulin 

also had disorganized actin (Ba) throughout the cytoplasm and in the perinuclear region.  

Insulin pretreatment (Bb) also caused disorganized actin throughout the cytoplasm and in 

the perinuclear region, however cytoplasmic actin also formed increased amounts of actin 

condensates during oxygen glucose deprivation.  Insulin pretreatment and oxygen 



 

 

glucose deprivation with insulin caused disorganized actin (Bc) throughout the cytoplasm 

and in the perinuclear region.  Scale bar = 25 µm.   
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Figure 3.20:  Effects of insulin on Hsp27 and on actin dynamics in differentiated H9c2 

cells following oxygen glucose deprivation and 1 hr of reoxygenation.  A. 

Immunocytochemistry of Hsp27. B. Phalloidin staining of actin.  C. Hoescht staining of 

nuclei with merge of A and B.  Cells in panels Aa, Ba, and Ca were pretreated without 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation without insulin and with oxygen-glucose deprivation followed by media 

replacement and 1 additional hr of incubation with oxygenation and without insulin.  

Cells in panels Ab, Bb, and Cb were pretreated with insulin in the media for 1 hr 

followed by media replacement and 6 additional hrs of incubation without insulin and 

with oxygen-glucose deprivation followed by media replacement and 1 additional hr of 

incubation with oxygenation and without insulin.  Cells in panels Ac, Bc, and Cc were 

pretreated with insulin in the media for 1 hr followed by media replacement and 6 

additional hrs of incubation with insulin and with oxygen-glucose deprivation followed 

by media replacement and 1 additional hr of incubation with oxygenation and without 

insulin.  Cells incubated without insulin showed cytoplasmic, perinuclear, and nuclear 

Hsp27-immunoreactivity (Aa).  Hsp27-immuoreactivity was higher in the nuclear and 

perinuclear regions than in the rest of the cytoplasm.  Insulin pretreatment (Ab) and 

oxygen glucose deprivation with insulin (Ac) caused no difference in cytoplasmic, 

perinuclear, and nuclear Hsp27-immunoreactivity after 1 hr of reoxygenation.  Cells 

incubated without insulin also had disorganized actin (Ba) throughout the cytoplasm and 

in the perinuclear region.  Insulin pretreatment did not affect the perinuclear 

disorganization of actin (Bb), but increased the presence of cytoplasmic actin 

condensates visible after 1 hr of reoxygention.  Insulin pretreatment and oxygen glucose 



 

 

deprivation with insulin resulted in disorganized actin (Bc) throughout the cytoplasm and 

in the perinuclear region after 1 hr reoxygenation.  Scale bar = 25 µm. 
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Figure 3.21:  Effects of insulin on Hsp27 and on actin dynamics in differentiated H9c2 

cells following oxygen glucose deprivation and 2 hrs of reoxygenation.  A. 

Immunocytochemistry of Hsp27. B. Phalloidin staining of actin.  C. Hoescht staining of 

nuclei with merge of A and B.  Cells in panels Aa, Ba, and Ca were pretreated without 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation without insulin and with oxygen-glucose deprivation followed by media 

replacement and 2 additional hrs of incubation with oxygenation and without insulin.  

Cells in panels Ab, Bb, and Cb were pretreated with insulin in the media for 1 hr 

followed by media replacement and 6 additional hrs of incubation without insulin and 

with oxygen-glucose deprivation followed by media replacement and 2 additional hrs of 

incubation with oxygenation and without insulin.  Cells in panels Ac, Bc, and Cc were 

pretreated with insulin in the media for 1 hr followed by media replacement and 6 

additional hrs of incubation with insulin and with oxygen-glucose deprivation followed 

by media replacement and 2 additional hrs of incubation with oxygenation and without 

insulin.  Cells incubated without insulin showed cytoplasmic, perinuclear, and nuclear 

Hsp27-immunoreactivity (Aa).  Hsp27-immunoreactivity is higher in perinuclear regions 

than in other cytoplasmic regions or within the nuclei.  Insulin did not cause a difference 

in Hsp27-immunoreactivity (Ab and Ac) after 2 hrs of reoxygenation.  Cells incubated 

without insulin had regular and organized distribution of peripheral actin and 

disorganized perinuclear actin (Ba).  Insulin had no apparent effect on the regular and 

organized distribution of peripheral actin or on the disorganized distribution of 

perinuclear actin (Bb and Bc).  Scale bar = 25 µm. 

  



 

 

       

Figure 3.21. 



 

 

Figure 3.22:  The effect of insulin upon p38 MAPK in differentiated H9c2 cells.  Cells 

were either pretreated with normal media or with insulin in the media for 1 hr followed 

by media replacement and an additional 6 hrs of incubation also without insulin.  Cells 

were also pretreated with insulin for 1 hr followed by media replacement and 6 additional 

hrs of incubation with insulin.  Cells pretreated with insulin and cells with further insulin 

supplementation had significantly lower levels of total p38 MAPK (A).  Insulin did not 

change total levels of phospho-p38 (B).  Insulin does not significantly affect relative 

levels of phospho-p38 MAPK (C).  Data points represent mean ± SEM (n = 4). 

  



 

 

  

Figure 3.22.  



 

 

Figure 3.23:  The effect of oxygen-glucose deprivation and reoxygenation upon p38 

MAPK in differentiated H9c2 cells.  Cells were pretreated with normal media for 1 hr 

followed by media replacement and an additional 6 hrs of either normal incubation or 

oxygen-glucose deprivation.  After OGD, cells were either harvested or reoxygenated 

with normal media for 1 hr.  OGD and OGD followed by reoxygenation decreased total 

p38 MAPK (A).  Neither OGD nor OGD followed by reoxygenation changed total (B) or 

relative (C) levels of phospho-p38 MAPK.  (**, p < 0.01 vs cells not subjected to OGD, 

n = 4).  Data points represent mean ± SEM. 

  



 

 

 

Figure 3.23. 



 

 

Figure 3.24:  The effect of oxygen-glucose deprivation and insulin pretreatment upon 

p38 MAPK in differentiated H9c2 cells.  Cells were pretreated with normal media for 1 

hr followed by media replacement and an additional 6 hrs of either normal incubation or 

oxygen-glucose deprivation.  Cells were also pretreated with insulin for 1 hr followed by 

media replacement and an additional 6 hrs of oxygen-glucose deprivation.  OGD with 

and without insulin pretreatment did not cause a significant difference in total p38 MAPK 

(A).  OGD with and without insulin pretreatment did not significantly change levels of 

total phospho-p38 MAPK (B) or relative levels of phospho-p38 MAPK (C).  Data points 

represent mean ± SEM (n = 4). 

  



 

 

 

Figure 3.24. 



 

 

Figure 3.25:  The effect of insulin upon p38 MAPK in differentiated H9c2 cells 

subjected to oxygen-glucose deprivation followed by 1 hr of reoxygenation.  Cells were 

either pretreated with normal media or with insulin in the media for 1 hr followed by 

media replacement and an additional 6 hrs of oxygen-glucose deprivation also without 

insulin.  Cells were also pretreated with insulin for 1 hr followed by media replacement 

and 6 additional hrs of OGD with insulin.  After OGD, cells were reoxygenated with 

normal media for 1 hr.  Insulin pretreatment followed by OGD with insulin resulted in 

higher levels of total p38 MAPK (A).  Insulin pretreatment or insulin pretreatment and 

OGD with insulin did not change total levels of phospho-p38 MAPK (B) or relative 

levels of phospho-p38 MAPK (C).   (*, p < 0.05 vs no insulin pretreatment, n = 4).  Data 

points represent mean ± SEM. 

  



 

Figure 3.25.  



 

 

Figure 3.26:  The effect of insulin upon p38 MAPK in differentiated H9c2 cells 

subjected to oxygen-glucose deprivation followed by 2 hrs of reoxygenation.  Cells were 

either pretreated with normal media or with insulin in the media for 1 hr followed by 

media replacement and an additional 6 hrs of oxygen-glucose deprivation also without 

insulin.  Cells were also pretreated with insulin for 1 hr followed by media replacement 

and 6 additional hrs of OGD with insulin.  After OGD, cells were reoxygenated with 

normal media for 2 hrs.  Insulin pretreatment or insulin pretreatment and OGD with 

insulin did not change total levels of p38 MAPK (A), total levels of phospho-p38 MAPK 

(B), or relative levels of phospho-p38 MAPK (C).  Data points represent mean ± SEM (n 

= 4).  Please note: the arbitrary units in this figure cannot be compared to the arbitrary 

units used in other figures. 

  



 

 

 

Figure 3.26. 



 

 

Figure 3.27.  The effect of insulin and oxygen-glucose deprivation on differentiated 

H9c2 cells.  Cells were subjected to control- or insulin-pretreatments for one hour.  Cells 

were then treated with one of three conditions for 6 hrs: normal incubation, normal 

incubation with insulin supplementation, and oxygen-glucose deprivation.  Insulin-

pretreated cells experienced either 0 or 1 hr of reoxygenation after OGD.  After Western 

analysis, data between membranes were combined after 2-way ANOVA between 8 

samples indicated no difference between membranes. 

(A)  Cells pretreated with insulin and then insulin supplementation for 6 hours had less 

total p38 MAPK than cells with normal incubation for six hours (with or without insulin 

pretreatment) or with normal pretreatment and 6 hrs of OGD.  Additionally, cells given 

insulin pretreatment and 1 hr of reoxygenation had less total p38 MAPK than cells given 

normal pretreatment and 6 hrs of normal incubation.  (*, p < 0.05, n = 4 - 8). 

(B)  Cells given insulin pretreatment and insulin supplementation for 6 hrs had 

significantly higher relative phospho-p38 MAPK than cells given no insulin pretreatment 

followed by either 6 hrs of normal incubation or 6 hrs of OGD.   (*, p < 0.05; n = 4 – 8). 

  



 

 

 

Figure 3.27.

  



 

 

Figure 3.28:  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics in 

differentiated H9c2 cells.  A. Immunocytochemistry of phosphorylated p38 MAPK. B. 

Phalloidin staining of actin.  C. Hoescht staining of nuclei with merge of A and B.  Cells 

in panels Aa, Ba, and Ca were pretreated without insulin in the media for 1 hr followed 

by media replacement and 6 additional hrs of incubation also without insulin.  Cells in 

panels Ab, Bb, and Cb were pretreated with insulin in the media for 1 hr followed by 

media replacement and 6 additional hrs of incubation also without insulin.  Cells in 

panels Ac, Bc, and Cc were pretreated with insulin in the media for 1 hr followed by 

media replacement and 6 additional hrs of incubation with insulin.  Cells incubated 

without insulin had phospho-p38 MAPK-immunoreactivity in the nuclei and in granules 

in the cytoplasm (Aa).  Insulin had no apparent effect on the distribution of phospho-p38 

MAPK-immunoreactivity (Ab and Ac) within the nuclei and in granules in the 

cytoplasm, however the phospho-p38 MAPK positive granules appeared more 

concentrated near the nuclei.  Cells incubated without insulin had regular and organized 

peripheral actin and apparently less organized perinuclear actin (Ba).  Similarly, insulin 

had no apparent effect on the regular and organized distribution of peripheral actin or on 

the disorganized distribution of perinuclear actin (Bb and Bc).  Scale bar = 25 µm. 



 

 

 

Figure 3.28.  



 

 

Figure 3.29:  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics in 

differentiated H9c2 cells during oxygen glucose deprivation.  A. Immunocytochemistry 

of phosphorylated p38 MAPK. B. Phalloidin staining of actin.  C. Hoescht staining of 

nuclei with merge of A and B.  Cells in panels Aa, Ba, and Ca were pretreated without 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation without insulin and with oxygen-glucose deprivation.  Cells in panels Ab, Bb, 

and Cb were pretreated with insulin in the media for 1 hr followed by media replacement 

and 6 additional hrs of incubation without insulin and with oxygen-glucose deprivation.  

Cells in panels Ac, Bc, and Cc were pretreated with insulin in the media for 1 hr followed 

by media replacement and 6 additional hrs of incubation with insulin and with oxygen-

glucose deprivation.  Cells incubated without insulin had phospho-p38 MAPK-

immunoreactivity in the nuclei and in granules in the cytoplasm (Aa).  Insulin 

pretreatment apparently caused phospho-p38 MAPK-immunoreactivity (Ab) within the 

cytoplasm to reduce, however phospho-p38 MAPK-immunoreactivity was still in 

cytoplasmic granules.  After insulin pretreatment and oxygen glucose deprivation with 

insulin there was phospho-p38 MAPK-immunoreactivity (Ac) distributed throughout the 

cytoplasm and the nuclei.  Cells incubated without insulin had disorganized actin 

throughout the cytoplasm and in the perinuclear region(Ba).  Cells with insulin 

pretreatment had disorganized actin throughout the cytoplasm and in the perinuclear 

region (Bb).  Cells with insulin pretreatment and insulin during oxygen glucose 

deprivation also had disorganized actin throughout the cytoplasm and in the perinuclear 

region (Bc).  Scale bar = 25 µm.   



 

 

 

Figure 3.29.  



 

 

Figure 3.30:  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics in 

differentiated H9c2 cells following oxygen glucose deprivation and 1 hr of 

reoxygenation.  A. Immunocytochemistry of phosphorylated p38 MAPK. B. Phalloidin 

staining of actin.  C. Hoescht staining of nuclei with merge of A and B.  Cells in panels 

Aa, Ba, and Ca were pretreated without insulin in the media for 1 hr followed by media 

replacement and 6 additional hrs of incubation without insulin and with oxygen-glucose 

deprivation followed by media replacement and 1 additional hr of incubation with 

oxygenation and without insulin.  Cells in panels Ab, Bb, and Cb were pretreated with 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation without insulin and with oxygen-glucose deprivation followed by media 

replacement and 1 additional hr of incubation with oxygenation and without insulin.  

Cells in panels Ac, Bc, and Cc were pretreated with insulin in the media for 1 hr followed 

by media replacement and 6 additional hrs of incubation with insulin and with oxygen-

glucose deprivation followed by media replacement and 1 additional hr of incubation 

with oxygenation and without insulin.  Cells incubated without insulin had phospho-p38 

MAPK-immunoreactivity (Aa) in the nuclei and in granules in the cytoplasm.  Insulin 

pretreatment (Ab) and insulin pretreatment and oxygen glucose deprivation with insulin 

(Ac) had no apparent effect on phospho-p38 MAPK-immunoreactivity after one hr of 

reoxygenation.  Cells incubated without insulin also had disorganized actin throughout 

the cytoplasm and in the perinuclear region (Ba).  Insulin pretreatment did not affect the 

perinuclear disorganization of actin (Bb), but increased the presence of cytoplasmic actin 

condensates visible after one hour of reoxygention.  Insulin pretreatment and insulin 



 

 

during oxygen glucose deprivation resulted in disorganized actin (Bc) throughout the 

cytoplasm and in the perinuclear region after 1 hr reoxygenation.  Scale bar = 25 µm. 

  



 

 

 

Figure 3.30.  



 

 

Figure 3.31:  Effects of insulin on phosphorylated p38 MAPK and on actin dynamics in 

differentiated H9c2 cells following oxygen glucose deprivation and 2 hrs of 

reoxygenation.  A. Immunocytochemistry of phosphorylated p38 MAPK. B. Phalloidin 

staining of actin.  C. Hoescht staining of nuclei with merge of A and B.  Cells in panels 

Aa, Ba, and Ca were pretreated without insulin in the media for 1 hr followed by media 

replacement and 6 additional hrs of incubation without insulin and with oxygen-glucose 

deprivation followed by media replacement and 2 additional hrs of incubation with 

oxygenation and without insulin.  Cells in panels Ab, Bb, and Cb were pretreated with 

insulin in the media for 1 hr followed by media replacement and 6 additional hrs of 

incubation without insulin and with oxygen-glucose deprivation followed by media 

replacement and 2 additional hrs of incubation with oxygenation and without insulin.  

Cells in panels Ac, Bc, and Cc were pretreated with insulin in the media for 1 hr followed 

by media replacement and 6 additional hrs of incubation with insulin and with oxygen-

glucose deprivation followed by media replacement and 2 additional hrs of incubation 

with oxygenation and without insulin.  Cells incubated without insulin had phospho-p38 

MAPK-immunoreactivity (Aa) in the nuclei and in granules in the cytoplasm.  Insulin 

had no apparent effect on the distribution of phospho-p38 MAPK-immunoreactivity (Ab 

and Ac) within the nuclei and in granules in the cytoplasm after 2 hrs of reoxygenation.  

Cells incubated without insulin had regular and organized distribution of peripheral actin 

and disorganized perinuclear actin (Ba).  Insulin had no apparent effect on the regular 

and organized distribution of peripheral actin or on the disorganized distribution of 

perinuclear actin (Bb and Bc).  Scale bar = 25 µm. 

 



 

 

 

Figure 3.31.



 

 

CHAPTER 4:  DISCUSSION 

 

 



 

 

In this thesis, insulin was examined for its effect on Hsp27 phosphorylation and 

p38 MAPK signaling.  Firstly, time and dose effects of insulin were examined, followed 

by insulin effects during OGD.  The levels of Hsp27 and p38 MAPK were examined by 

Western analysis after one hour of pretreatment with (and without) insulin and/or after an 

additional six hours of incubation with (and without) insulin.  Some cells were subjected 

to OGD during the six hour period.  Finally, some cells were reoxygenated for one or two 

hours following OGD.  In addition, the effects of insulin on phospho-p38 MAPK and on 

phospho-Hsp27 serine 82 levels were examined by normalizing to total p38 MAPK or 

total Hsp27, respectively.  The effects of insulin upon H9c2 cells during OGD and 

reoxygenation were also examined using immunocytochemistry for Hsp27 and phospho-

p38 MAPK. 

The major findings in this thesis are:  1. Insulin pretreatment delayed the 

phosphorylation of Hsp27 serine 82 caused by changing the media (Figure 3.2).  After 

one hour of insulin pretreatment followed by six hours of incubation with (and without) 

insulin, total Hsp27 levels were increased significantly (Figure 3.9).  2. Insulin 

pretreatment reduced levels of total p38 MAPK (Figure 3.3).  After one hour of insulin 

pretreatment followed by six hours of incubation with insulin, total p38 MAPK levels 

decreased significantly and thus relative phospho-p38 MAPK levels were significantly 

greater (Figure 3.22; Figure 3.27).  Insulin pretreatment redistributed of Hsp27 from 

perinuclear regions into the nuclei (Figure 3.18).  Insulin did not affect phospho-p38 

MAPK localization (Figure 3.28).  3. Insulin pretreatment and supplementation during 

OGD had minimal effect on both Hsp27 and phosphorylated Hsp27 serine 82 levels 

(Figure 3.17).  However, insulin increased phosphorylated Hsp27 serine 82 levels during 



 

 

reoxygenation (Figure 3.15 B).  The effect of insulin upon the localization of Hsp27 was 

minimal compared to the effects of OGD or reoxygenation (Figure 3.19, Figure 3.20).  4. 

In the case of p38 MAPK, the effect of insulin during OGD was potentially overwhelmed 

by the effect of OGD, but during reoxygenation insulin was associated with a significant 

increase in total p38 MAPK.  According to Western analysis, insulin had no effect upon 

levels of phospho-p38 MAPK during OGD or reoxygenation.  That said, OGD increased 

phospho-p38 MAPK localization in the cytoplasm and insulin pretreatment suppressed 

this effect.  In addition, insulin treatment during OGD appeared to cause cytoplasmic 

phospho-p38 MAPK localization (Figure 3.29). 

Insulin is clearly associated with improved myocardial function after ischemic 

injury (Jonassen et al., 2001), however translating this fact into medicine has been 

difficult (Kansagara et al., 2011).  This protective effect appears to be p38 MAPK 

dependent; inhibition of p38 MAPK reduces the protective effect of insulin (Li et al., 

2008).  However, p38 MAPK inhibition is also protective during ischemia (Barancik et 

al., 2000), potentially due to p38 MAPK increasing ROS production during reperfusion 

(Kayyali et al., 2001) or through p38 MAPK activating transcription factors in the 

nucleus (Piao et al., 2003).  Understanding the localization p38 MAPK and its 

phosphorylation state may clarify its role in the phosphorylation of Hsp27 and its 

protective effect.   

As this work was started, insulin dose and media exchange were examined for 

influence upon phosphorylation of Hsp27 serine 82 and p38 MAPK.  The dose of insulin 

(200 µU/ml = 1.2 nM = 7.7 ng/ml) was used to activate the Insulin Receptor.  Insulin at 

1.0 and 10 nM increased 2-deoxyglucose uptake using differentiated H9c2 cells, but 0.1 



 

 

nM did not (Yu et al., 1999). As well, Humulin-R brand insulin caused a significant 

increase in the amount of fatty acid translocase FAT/CD36 (via the metabolic pathway) 

in cultured adult rat cardiomyocytes when used at concentrations of 5 nM (and higher) 

compared to 0.1 nM of insulin (and lower) (Chabowski et al., 2004).  A similar dose of 

insulin might be expected to affect the metabolic pathway (and thus the Insulin Receptor) 

in differentiated H9c2 cells.  Similarly, insulin increased proliferation of H9c2 cells when 

used at doses of 10 ng/ml (or greater) compared to doses of 1.0 ng/ml (or less) (Duttaroy 

et al., 2005).  Therefore, the use of a similar dose of insulin might be expected to affect 

proliferative H9c2 cells.  Insulin was first tested for its ability to alter the increase in 

Hsp27 serine 82 phosphorylation that was caused by media exchange. 

 Media exchange increased levels of Hsp27 serine 82 phosphorylation after one 

hour compared to regular incubation (Figures 3.1 and 3.6).  There are many potential 

causes of this increase in phosphorylation.  Hyperosmotic stress increases levels of 

phosphorylated Hsp27 serine 82 in hippocampus (Niswander and Dokas, 2006), and 

hypo-osmotic treatment increases levels of phosphorylated Hsp27 serine 82 in intestinal 

cells (Tilly et al., 1996).  Hypertonicity but not hypotonicity activated p38 MAPK in 

amphibian heart (Aggeli et al, 2002).  The increased levels of phosphorylated Hsp27 

serine 82 caused by media exchange could have been related to a change in osmolarity 

between old and refreshed media.  Similarly, exchanging culture media increases extra-

cellular pH (due to fresh media having a higher pH than used media) and extracellular 

alkalosis increases levels of phosphorylated Hsp27 serine 82 in frogs (Stathopoulou et al., 

2006).  Finally, fetal bovine serum contains unknown factors as potential stimulants of 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stathopoulou%20K%22%5BAuthor%5D�


 

 

Hsp27 serine 82 phosphorylation.  The increase in levels of phosphorylated Hsp27 serine 

82 due to media exchange was interpreted to be a stress-response by the cells. 

 Insulin supplementation of 200 µU/ml suppressed the increase in levels of 

phosphorylated Hsp27 serine 82 in a time-dependent fashion in differentiated cells.  

Various incubation times did not change levels of Hsp27 serine 82 phosphorylation after 

media exchange (Figure 3.2), suggesting that the effect of media exchange was quick (< 

15 minutes) and persistent.  On the other hand, media exchange supplemented with 

insulin caused levels of phosphorylated Hsp27 serine 82 to be lower than regular media 

exchange at 15 minutes, but this effect was lost at further time points.  This suggests that 

insulin either temporarily suppressed the effect of media exchange (with the suppression 

decaying) or prevented the effect of media exchange while activating the mitogenic 

insulin pathway to cause Hsp27 serine 82 phosphorylation through that route.  At certain 

timepoints, i.e., at 60 min in differentiated cells, the apparent effect from either 

mechanism would be indistinguishable. 

 Various doses of insulin supplementation (20, 200, 2000 µU/ml) were tested for 

the effect upon the phosphorylation of Hsp27 serine 82 and p38 MAPK in differentiated 

and proliferative cells.  It was unclear whether proliferative cells would be an acceptable 

substitute for differentiated cells or if there was a superior dose.  After one hour, there 

was no dose-specific effect on Hsp27 evident in the differentiated cells (Figure 3.4).  

However, after one hour, proliferative cells supplemented with 200 µU/ml of insulin had 

lower levels of phosphorylated Hsp27 serine 82 (Figure 3.7).  Neither 20 nor 2000 µU/ml 

of supplementation resulted in this effect.  If insulin caused suppression of an increase in 

phosphorylation induced by media exchange, then 200, but not 20 µU/ml, was sufficient 



 

 

to cause this suppression.  On the other hand, if insulin causes an increase in 

phosphorylation levels of Hsp27 serine 82 (as seen in significantly higher doses), then 

this effect might be present at 2000 but not 200 µU/ml of supplementation.  In other 

words, insulin may have suppressed the effect of media exchange, and insulin also caused 

increased levels of phosphorylated Hsp27 serine 82 via the mitogenic pathway.  The 

suppression effect failed at 20 µU/ml of supplementation and the mitogenic pathway was 

dominant at 2000 µU/ml of supplementation.  The intermediate dose of 200 µU/ml might 

have allowed suppression but not activation of the mitogenic pathway (sufficient to cause 

increased phosphorylation of Hsp27 serine 82).  This proposal has been only partially 

addressed in these experiments.  Regardless, the response of Hsp27 to 200 µU/ml of 

insulin were different after one hr in proliferative and differentiated cells. 

Insulin also was associated with a decrease in total p38 MAPK levels in 

differentiated cells.  While media exchange caused similar total p38 MAPK levels 

compared to control cells after one hour, at each tested time point (15, 30, 45, 60 min) 

insulin resulted in lower total p38 MAPK levels than in unsupplemented cells (Figure 

3.3).  One hour treatments of 20, 200, 2000 µU/ml all had lower (but nonstatistical, n = 4) 

total p38 MAPK levels than unsupplemented cells, but the doses did not cause a 

difference in phospho-p38 MAPK levels or total p38 MAPK levels between doses 

(Figure 3.5).  To the best of my knowledge, this is the first report of insulin causing lower 

total p38 MAPK levels.  In comparison to differentiated cells, the various tested doses of 

insulin caused no reduction of p38 MAPK levels in proliferative cells (Figure 3.8).  It 

was unclear if insulin would reduce total p38 MAPK in proliferative cells as insulin did 

in differentiated cells. 



 

 

Proliferative and differentiated H9c2 cells should be used with caution and 

comparisons should be avoided because different responses to insulin doses occur.  The 

Insulin Receptor Substrate 1/2 is different in amount and phosphorylation states between 

the proliferative and differentiated H9c2 cells (Lim et al., 2007).  Regardless, of 10 recent 

papers examining insulin and H9c2 cells, only two used differentiation protocols (Ku et 

al., 2011; Govoni et al., 2009).  Experiments using insulin are also confounded due to the 

difference between proliferation media (10% FBS) and differentiation media (1% FBS), 

because proliferation media will have 10 X the basal levels of endogenous insulin, and so 

the relative influence of experimental doses will be less.  Finally, the behavior of 

cardiomyocytes at different stages of development can be highlighted by the fact that 

insulin (withdrawal) specifically controls the process of differentiation of precursor cells 

into cardiomyocytes (Xu et al., 2008). 

 Insulin (200 µU/ml) mitigated the increase of Hsp27 serine 82 phosphorylation 

associated with (stressful) media exchange.  As well, insulin did not significantly activate 

p38 MAPK phosphorylation after one hour of treatment.  The effect of insulin as a one 

hour pretreatment was then examined.  Six hours after one hour of insulin pretreatment, 

cells had significantly higher levels of total Hsp27 than cells without insulin treatment 

(Figure 3.9), and insulin supplementation during the six hours did not change the effect of 

insulin pretreatment.  This result is consistent with a physiologic dose of insulin 

increasing total levels of Hsp70, and a physiologic dose of insulin potentiating Hsp70 

expression caused by heat shock (Li et al., 2004).  Similarly, as media exchange appeared 

to be stressful to H9c2 cells, then insulin may potentiate the expression of Hsp27.  

Following six hours of incubation, relative levels of phosphorylated Hsp27 serine 82 



 

 

(compared to total Hsp27) were lower in insulin-treated cells than in cells treated without 

insulin.  The increase in total Hsp27 was likely newly synthesized protein that was in an 

immature state and unphosphorylatable.  Because insulin might have stimulated synthesis 

of Hsp27 during six hrs of normal incubation, and because this increase was not observed 

during OGD (understandable, because protein synthesis might change in OGD 

conditions), comparing insulin-treated cells in normal incubation to insulin-treated cells 

in OGD should be done with caution. 

Similar to observations of one hour or less, insulin supplementation for one hour 

and then six hours decreased total p38 MAPK levels compared to treatment without 

insulin (Figures 3.22, 3.27).  One hour of insulin pretreatment resulted in p38 MAPK 

levels being intermediate between no insulin and one hour then six hours of insulin.  

These results are consistent with the notion that insulin (200 µU/ml) supplementation 

caused a decrease in total p38 MAPK levels.  Interestingly, insulin supplementation 

appeared to increase relative phospho-p38 MAPK levels.  However, after standardizing 

to actin, the increase can be explained by a reduction in total p38 MAPK with relatively 

little change in phospho-p38 MAPK levels.  There are additional reasons to believe that a 

signaling pathway is responsible for reduction of p38 MAPK levels.  For example, the 

anti-apoptotic effect of heme oxygenase 1 over-expression in endothelial cells correlates 

with a reduction of p38 MAPK levels that is proportional to the amount of heme 

oxygenase 1 added.  Additionally, inhibition of p38 MAPK reduced the anti-apoptotic 

effect associated with heme oxygenase 1 over-expression or with the heme oxygenase 1 

mimetic, carbon monoxide (Silva et al., 2006).   



 

 

Insulin pretreatment before OGD caused similar relative levels of phosphorylated 

Hsp27 serine 82 compared to normal pretreatment.  Phosphorylated levels of Hsp27 

serine 82 were similar during OGD as compared to normal incubation (Figure 3.13), and 

phosphorylated levels of Hsp27 serine 82 during OGD was similar with or without 

insulin pretreatment (p < 0.07; Figure 3.17).  However, Hsp27 localization was affected 

by both insulin pretreatment and OGD.  OGD caused Hsp27 to become localized to actin 

condensates.  While OGD resulted in the relocalization of Hsp27 to the nucleus in 

normally pretreated cells, insulin-pretreatment maintained Hsp27 in the perinuclear 

region.  Insulin was expected to inhibit the influence of p38 MAPK upon Hsp27 serine 82 

phosphorylation levels, but there is good reason to assume that this was not related to 

mobilization of Hsp27 to actin condensates.  This is because the activation of p38 MAPK 

during anoxia does not affect the translocation of Hsp27 to the cytoskeleton during 

anoxia (Armstrong et al., 1999), therefore inhibition of p38 MAPK (with insulin) would 

not affect OGD-induced translocation.  Additionally, cytoplasmic levels of cytochrome c 

increase during anoxia in neonatal cardiomyocytes in a p38-MAPK independent manner 

(Okada et al., 2005).  The lack of change observed in levels of phosphorylated Hsp27 

serine 82, coupled with the change in localization, is suggestive of a protective function 

that Hsp27 was performing during OGD.  It could be that Hsp27 was altering its function 

without significantly altering its overall phosphorylation state.  The response of Hsp27 to 

various apoptotic inducers has been described (Paul et al., 2010).  Of these, etoposide 

causes little change in Hsp27 serine 82 phosphorylation state.  However, despite the 

steadiness of Hsp27 serine 82 phosphorylation levels (compared to other apoptotic 

inducers or heat shock), the Hsp27 oligomers change size with a trend towards increasing 



 

 

in size.  Hsp27 oligomers increasing in size is associated with chaperone activity (and 

potentially with the inhibition of apoptotic signaling from the mitochondria).  Hsp27 

translocation from the perinuclear region to actin condensates, coupled with no change in 

levels of phosphorylated Hsp27 serine 82, suggests that OGD caused Hsp27 to form mid-

sized oligomers in order to inhibit apoptotic signaling due to cytochrome c release (Bruey 

et al., 2000). 

Insulin changed the effect of OGD upon nuclear Hsp27 (Figure 3.19).  After OGD 

Hsp27 was in the nucleus and insulin mitigated this effect.  In rat hearts subjected to 

ischemia, Hsp27 accumulated in the nuclei of the cardiomyocytes (Yoshida et al., 1999).  

Phospho-mimic Hsp27 will accumulate in the nucleus during heat stress, but non-

phosphorylatable Hsp27 will not accumulate in the nucleus during heat stress (Bryantsev 

et al., 2007).  It is possible that insulin was causing Hsp27 phosphorylation to be altered 

during OGD, such that Hsp27 was less likely to enter the nucleus.   

Insulin pretreatment and supplementation during OGD affected total 

phosphorylated Hsp27 serine 82 during reoxygenation (Figure 3.15).  The increase in 

phosphorylated Hsp27 serine 82 is consistent with the apparent increase in total levels of 

phosphorylated Hsp27 serine 82 being greater in the hearts of insulin-treated rats after 

ischemia-reperfusion than in rats not given insulin before ischemia (Li et al., 2008).  

Interestingly, one hour of reoxygenation altered the appearance of H9c2 cells compared 

to OGD (Figure 3.20) such that actin localization was more similar to cells in normal 

incubation (Figure 3.18) than to cells in OGD conditions (Figure 3.19).  Increased levels 

of phosphorylated Hsp27 serine 82 are associated with actin stabilization (An et al., 

2004).  However the appearance of actin is similar with and without insulin treatments 



 

 

after reoxygenation, and so any benefit to actin reorganization from insulin before 

reoxygenation is not apparent, despite potentially greater levels of phosphorylated Hsp27 

serine 82. 

The effect of insulin upon p38 MAPK during OGD is a challenge to deduce.  

Insulin pretreatment resulted in a reduction of total p38 MAPK (Figure 3.3).  Extended 

(six hour) insulin treatment resulted in a reduction of total p38 MAPK (Figure 3.27).  

OGD was associated with a reduction of p38 MAPK with normal pretreatment (Figure 

3.23) or with insulin pretreatment (Figure 3.25).  However, it is unknown if the effects 

compound. 

Relative levels of phospho-p38 MAPK were not altered by OGD.  This is not a 

surprise.  OGD can cause an increase in relative phospho-p38 MAPK, however this 

increase is transient and thus unlikely to be captured at the end of six hours of OGD.  

Hypoxia-induced increases in phospho-p38 MAPK can be biphasic, with extended 

(greater than 3 hours) hypoxia causing a second increase of phospho-p38 MAPK levels 

(Mackay and Mochly-Rosen, 1999).  The experiments presented here did not replicate the 

biphasic effect, however.  This difference between neonatal cardiomyocytes and 

differentiated H9c2 cells warrants additional investigation, due to the importance of p38 

MAPK in ischemia-associated injury. 

Insulin 1 hr pretreatment followed by 6 hrs normal incubation or insulin 

pretreatment and insulin during 6 hrs of normal incubation did not affect phospho-p38 

localization (Figure 3.28).  However, the effect of insulin on phospho-p38 MAPK 

localization during OGD was dependent upon whether insulin pretreatment (before OGD) 

was followed by insulin being withdrawn during OGD or included during OGD.  While 
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OGD increased phospho-p38 MAPK in the cytoplasm, insulin-pretreatment mitigated this 

effect (Figure 3.29).  The increase in cytoplasmic phospho-p38 MAPK was not 

associated with increased levels of phosphorylated Hsp27 serine 82 during OGD.  This is 

suggestive regarding the cause of p38 MAPK phosphorylation.  The kinases for p38 

MAPK can be found in both the nucleus and in the cytoplasm (Ben-Levy et al., 1998).  

However, phospho-p38 MAPK requires the nuclear export signal on MK2 in order to exit 

the nucleus.  Because there is no evidence that MK2 acted upon Hsp27 serine 82 in the 

cytoplasm, but that there is evidence that phospho-p38 MAPK was in the cytoplasm, it 

can be suggested that cytoplasmic p38 MAPK was being phosphorylated during OGD.   

Insulin pretreatment before OGD appeared to prevent cytoplasmic activation of 

p38 MAPK.  This is a potential mechanism by which insulin provides protection during 

ischemia/reperfusion injury.  Cytoplasmic phospho-p38 MAPK can phosphorylate 

VDAC1 in mitochondria, which can increase ROS production (Schwertz et al, 2007).  

Additionally, if the cytoplasmic phospho-p38 MAPK is not dimerized with MK2, then 

the protective effect of MK2 phosphorylating αB-crystallin to inhibit mitochondrial 

membrane disruption is not occurring (Whittaker et al., 2009). 

After insulin combined with OGD, phospho-p38 MAPK was localized to the 

cytoplasm and the nucleus.  For this reason, it is difficult to determine if insulin 

pretreatment prevented OGD-induced phospho-p38 MAPK, or if insulin withdrawal after 

pretreatment caused cytoplasmic phospho-p38 MAPK levels to decrease during OGD.  

Insulin-supplementation alone was insufficient to increase levels of cytoplasmic 

phospho-p38 MAPK, however (Figure 3.28).  The cytoplasmic phospho-p38 MAPK 

during insulin-supplemented OGD could have been translocated from the nucleus.  



 

 

Levels of phosphorylated Hsp27 serine 82 were higher during reoxygenation if insulin 

was present during OGD, and this suggests that activated MK2 was available in the 

cytoplasm.  The presence of activated MK2 in the cytoplasm was not at first consistent 

with the lack of change in phosphorylated Hsp27 serine 82 during OGD (Figure 3.14).  

Hsp27, p38 MAPK, and MK2 form a complex with AKT (Wu et al., 2007), and AKT 

scaffolds directly with MK2.  This complex could inhibit activation of MK2 on Hsp27 

serine 82 (or prevent the phosphorylated form of Hsp27 to separate from the complex).  

Hsp27 is an essential component of the complex, and thus the complex could be 

‘released’ if Hsp27 acts as a lynchpin.  By analogy, Hsp90 acts as a lynchpin in signaling 

cascades by releasing signaling proteins from chaperone-like sequestering when Hsp90 is 

attracted to denatured proteins (Lindquist, 2010).  The importance of AKT in the Hsp27, 

MK2, p38 MAPK complex is not well understood, but insulin causes phosphorylation of 

AKT via the metabolic pathway.  The interaction of insulin-activated AKT might 

suppress activated p38 MAPK and MK2 from leaving the complex until Hsp27 is drawn 

away due to cellular distress. 

As mentioned, both insulin pretreatment and OGD each appear to cause a 

reduction in total p38 MAPK levels.  Reoxygenation certainly does not appear to cause 

an increase of p38 MAPK compared to OGD (Figure 3.27).  Interestingly then, 

reoxygenation of cells with insulin during OGD was associated with an increase in total 

p38 MAPK levels compared to cells with no insulin pretreatment followed by no insulin 

during OGD (Figure 3.26).  Does insulin supplementation during OGD induce new 

synthesis of p38 MAPK during reoxygenation?  Inducing cellular distress via high 

glucose results in an increase in p38 MAPK mRNA synthesis but not an increase in total 



 

 

p38 MAPK content (Xu et al., 2003).  Phospho-mimic Hsp27 stabilizes mRNA (Lasa et 

al., 2000).  Insulin during OGD appeared to prime an increase in levels of phosphorylated 

Hsp27 serine 82 and also appeared to cause perinuclear localization of Hsp27 (Figure 

3.20).  Insulin supplementation during OGD might have potentiated an increase in p38 

MAPK expression during reoxygenation. 

  



 

 

Conclusions 

Insulin appears to be protective during ischemia and p38 MAPK appears to be an 

essential component of the mechanism.  However, p38 MAPK also aggravates 

ischemia/reperfusion injury.  This thesis attempted to clarify this paradox by examining 

the relative amounts and localization of Hsp27 and p38 MAPK after insulin treatment in 

a cardiomyocyte model of ischemia/reperfusion injury.  Insulin was hypothesized to 

prevent the increase of nuclear phospho-p38 MAPK, but this contention was not 

supported by the data, in that all cells had abundant phospho-p38 MAPK in the nucleus.  

The hypothesis that insulin would suppress stress-induced Hsp27 phosphorylation was 

consistent with the data during low-stress events (media exchange, OGD), but was not 

consistent with the stronger insult of reoxygenation.  In fact, insulin appeared to 

potentiate Hsp27 phosphorylation during reoxygentation.   

This thesis suggests two mechanisms by which insulin might protect cells from 

p38 MAPK-related injury.  Firstly, insulin may cause p38 MAPK to be complexed with 

MK2, to suppress p38 MAPK ROS-causing cascades.  Secondly, as shown by the data 

presented, insulin may reduce total p38 MAPK and thus restrict p38 MAPK from pro-

injury cascades. 

Now an alternative hypothesis can be proposed.  Upon insulin stimulation, p38 

MAPK may be phosphorylated by mechanisms that make p38 MAPK interact with 

specific downstream substrates that are different compared to when p38 MAPK is 

phosphorylated due to cellular stress.  The MK2/p38 MAPK complex may be protective 

in the cytoplasm, and MK2 redirects activated p38 MAPK from causing adverse effects.  

This complex (possibly including p38MAPK, Hsp27, MK2, and AKT) relies upon p38 



 

 

MAPK or MK2 as scaffolding.  Co-localization experiments involving p38 MAPK with 

both AKT and MK2 should be performed, in order to further understand the paradox of 

p38 MAPK inhibition being protective during reoxygenation coupled with p38 MAPK 

inhibition diminishing other protective mechanisms.  This idea is consistent with the data 

presented here and with the fact that insulin provides cellular protection in a p38 MAPK-

dependent manner.  This insulin-induced complex may prevent p38 MAPK from acting 

in alternative cascades that damage the cells. 
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