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ABSTRACT 
 

Different Expression of Placental Pyruvate Kinase M2 in Normal, Preeclamptic, and 
Intrauterine Growth Restriction Pregnancies 

 
Brigham L. Bahr 

Department of Physiology and Developmental Biology, BYU 
Master of Science 

 
This thesis will be organized into two chapters discussing the placental 

expression of two proteins, pyruvate kinase M2 (PKM2) and heat shock protein 27 (HSP 
27), in human placentas.  Understanding the mechanisms of placental metabolism in 
healthy and diseased placentas helps us understand how placenta disorders occur and 
how we can treat these disorders.  The goal is to investigate these proteins to gain an 
understanding of their roles in placental disorders and help decrease maternal and fetal 
mortality rates.  

 
Chapter one covers the background of pyruvate kinase M2 (PKM2) in cancer and 

embryonic tissues, and the expression of PKM2 in the human placenta.  Cancer PKM2 
has been studied extensively, but little is know about the role of placental PKM2.  
Expression of PKM2 is confirmed in normal human placenta samples and described in 
preeclamptic and intrauterine growth restriction (IUGR) affected human placentas.  
Proteins associated with elevated PKM2 in cancer are also associated with elevated 
PKM2 in human placentas.  Comparing normal and diseased placenta samples helps 
understand the similarities between cancer PKM2 and placental PKM2.  Understanding 
the mechanisms of placental metabolism and PKM2 expression in the human placenta 
will clarify how the placenta is affected by preeclampsia and IUGR and the role 
placental PKM2 plays in each of these diseases.  

 
Chapter two will cover a paper that I wrote on the expression of phosphorylated 

heat shock protein 27 (HSP27) in the human placenta.  Heat shock proteins are involved 
in the stress response and help inhibit apoptosis.  The object of the study was to look for 
correlations between p-HSP27 and apoptosis in human and ovine placenta samples.  P-
HSP27 was quantified in human placenta samples and in placenta sampled collected 
from ovine models.  Pregnant control and hyperthermic sheep models were used to 
quantify expression of p-HSP27 across gestation.  This study showed similarities 
between human IUGR and our ovine IUGR model, suggesting a link between decreased 
p-HSP27 and increased apoptosis in IUGR.  

 
  

 
 
 

 
 
 

 
Keywords: placenta, pyruvate kinase M2 (PKM2), preeclampsia (PE), intrauterine 
growth restriction (IUGR), metabolism 
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CHAPTER 1: Different Expression of Placental Pyruvate Kinase M2 in Normal, 
Preeclamptic, and Intrauterine Growth Restriction Pregnancies 

 
Brigham L. Bahr, Matthew D. Price, Daniel Merrill, Camilo Mejia, Lee Call, David 

Bearss, Juan A. Arroyo 
 

Department of Physiology and Developmental Biology,  
Brigham Young University, Provo UT 84602, USA 

 

Abstract 

 Introduction: Preeclampsia (PE) and intrauterine growth restriction (IUGR) are 

two diseases that affect pregnant women and their unborn children.  These diseases 

cause low birth weight, pre-term delivery, neurological and cardiovascular disorders 

and combined they account for 20% of preterm delivery.  Pyruvate kinase M2 (PKM2) is 

a metabolism enzyme found in developing embryonic and cancer tissues. Our objective 

is to determine the expression of PKM2 in human PE and IUGR compared to normal 

pregnancies. 

Methods: Human placental tissues were obtained for PKM2 determination and 

analyzed by immunohistochemistry, western blot, and a pyruvate assay.  Placental 

samples were homogenized and cytoplasmic and nuclear proteins were extracted for 

western blot analysis.  

Results: Preeclampsia samples had elevated levels of p-PKM2, p-ERK, and ERK in the 

cytoplasm.  Beta-catenin and lactose dehydrogenase (LDH) were also elevated in 

preeclampsia placenta samples. 

Discussion and Conclusion:  We conclude that PKM2 is expressed in normal, PE and 

IUGR pregnancies. Also, that this expression is increased in the PE placenta.  These 

results suggest placental metabolism through PKM2 could be involved in the 

development of human preeclampsia. 
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Introduction 

Preterm Birth, Intrauterine Growth Restriction, and Preeclampsia   

Preterm birth (PTB) is associated with up to 70% of neonatal deaths and leads to 

an increased incidence of cerebral palsy, neurological defects, and pulmonary disorders 

in the neonate (Challis et al., 2001).  There is an association between the development of 

intrauterine growth restriction (IUGR) and PTB (Pilling, Elder, & Gibson, 2008).  Studies 

show that there is a risk of up to 44% of PTB associated with IUGR (Delpisheh, Brabin, 

Attia, & Brabin, 2008).  IUGR is a complication of pregnancy that affects up to 10% of all 

pregnancies and significantly increases risks of fetal and neonatal morbidity and 

mortality (Brar & Rutherford, 1988; Gray, O'Callaghan, Harvey, Burke, & Payton, 1999; 

Pollack & Divon, 1992).  IUGR complications include perinatal hypoxia and asphyxia, 

cerebral palsy, and persistent pulmonary hypertension of the newborn (Brar & 

Rutherford, 1988; Gray et al., 1999; Pollack & Divon, 1992).  Preeclampsia is defined as 

the excretion of protein (≥300 mg in 24 hr) in the urine and high blood pressure, after 

the 20th week, in pregnant women who are not typically hypertensive (Leung, Smith, 

To, Sahota, & Baker, 2001; Lindheimer, Taler, & Cunningham, 2010; X. Xiong et al., 

1999).  Preeclampsia accounts for about 20% of induced PTB (Goldenberg & Rouse, 

1998).  Preterm birth (PTB) observed during PE results from early delivery of the 

placenta and fetus to alleviate symptoms associated with PE (Goldenberg & Rouse, 

1998).  Preeclampsia (PE) can also cause intrauterine fetal demise (IUFD), or death of 

the fetus before delivery (Alexander & Wilson, 2013).  In addition, several studies 

reported long-term consequences of PE and IUGR, including adult hypertension, heart 

disease, stroke, and diabetes (Barker, 1993a, 1993b, 2004; Barker et al., 1993; Holemans, 

Van, Verhaeghe, Aerts, & Van Assche, 1993; Phipps et al., 1993; Reusens-Billen, 
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Remacle, & Hoet, 1989).  Placental dysfunction is a major cause these obstetric 

complications.  PE and IUGR diseased placentas are characterized by a number of 

pathologic findings including: reduced syncytiotrophoblast surface area, decreased 

trophoblast invasion, and increased placental trophoblast apoptosis (Allaire, Ballenger, 

Wells, McMahon, & Lessey, 2000; DiFederico, Genbacev, & Fisher, 1999; Hung, Skepper, 

Charnock-Jones, & Burton, 2002; Levy & Nelson, 2000; Mayhew et al., 2003; Roos et al., 

2007; Smith, Baker, & Symonds, 1997).  Normal placental development is critical for a 

successful pregnancy.  Studies have shown that aberrant trophoblast function has been 

associated with clinical obstetric pathologies including PE and IUGR (Krebs et al., 1996). 

Pyruvate Kinase M2 (PKM2) Protein 

Pyruvate Kinase is a metabolic enzyme that exists in four isoforms: Isoform L, 

found in liver, kidney, and intestinal tissues, supports high levels of gluconeogenesis.  R 

isoform is similar to the L isoform, but is primarily found in red blood cells (Christofk, 

Vander Heiden, Harris, et al., 2008; Mazurek, 2011).  Isoforms M1 and M2 are similar 

because they both regulate the final step of glycolysis and differ by having exon 9 

(PKM1) replaced with exon 10 (PKM2) (Dombrauckas, Santarsiero, & Mesecar, 2005).  

This change causes functional differences between the more active PKM1 and the less 

active PKM2.  Active PKM1 readily promotes glycolysis and the conversion of 

phosphoenolpyruvate (PEP) to pyruvate, which in the presence of oxygen is 

transported to the mitochondria and used for energy production.  Less active PKM2 

inhibits overall glycolysis, but interestingly promotes aerobic glycolysis, converting 

pyruvate to lactate for energy production.  The inhibition of glycolysis by PKM2 allows 

redistribution of glycolytic intermediates to support biosynthesis of macromolecules 

and cancer proliferation (Cairns, Harris, & Mak, 2011; Christofk, Vander Heiden, Wu, 
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Asara, & Cantley, 2008).  PKM1 is primarily found in adult tissues, including muscle 

and brain tissue, which require high levels of energy production (Christofk, Vander 

Heiden, Harris, et al., 2008; Christofk, Vander Heiden, Wu, et al., 2008; Mazurek, 2011).  

PKM2 is primarily found in cells with high levels of nucleotide synthesis such as 

proliferating cancer cells and developing embryonic tissues (Christofk, Vander Heiden, 

Harris, et al., 2008; Christofk, Vander Heiden, Wu, et al., 2008; Dombrauckas et al., 2005; 

Jurica et al., 1998; Mazurek, 2011).  The role of PKM2 in cancer has been studied 

extensively since Otto Warburg’s observations in the 1920’s.  Warburg noted cancer 

cells display an increased level of glucose uptake and lactate production, yet decreased 

overall ATP production even in the presence of sufficient oxygen (Warburg, 1956).  This 

phenomenon has since been termed the Warburg Effect (Heiden, Cantley, & Thompson, 

2009; Y. Xiong, Lei, Zhao, & Guan, 2011).   

Research is uncovering more about PKM2 in cancer metabolism, but we still 

know little about embryonic PKM2.  Understanding the role of PKM2 in embryonic 

tissues could help us understand more about placental metabolism during intrauterine 

growth restriction (IUGR) and preeclampsia (PE).  These two diseases play a significant 

role in fetal development and can contribute to pre-term delivery, fetal mortality rates, 

and cardiovascular and metabolic diseases in infants and adults (Lindheimer et al., 

2010).  Understanding metabolic mechanisms of PE and IUGR could find treatments to 

save lives and reduce complications in neonates and pregnant mothers.   

Placental Metabolism 

Placental metabolism is important for a successful pregnancy.  The placenta is 

the primary site of nutrient and gas exchange between the mother and the fetus.  

Trophoblasts within the placenta use large amounts of energy to mediate nutrient 
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transfer, synthesis of hormones, and secretion of molecules (Bax & Bloxam, 1997).  

Altered nutrient supply to the fetus can affect its growth and development leading to 

obstetric complications such as IUGR and PE (Cetin & Antonazzo, 2009).  IUGR and PE 

are associated with abnormal carbohydrate metabolism and aberrant trophoblast 

differentiation (Bax & Bloxam, 1997).  Placenta metabolism, which uses almost 40% of 

the utero placental oxygen uptake, is correlated with oxygen availability (Cetin & 

Antonazzo, 2009).  A common feature in IUGR and PE complicated pregnancies is 

increased hypoxia inducible factor (HIF), suggesting the presence of hypoxia in the 

placenta (Tal et al., 2010).  Previous reports show that different tissues can alter 

metabolic processes to meet their ATP demands (Tissot van Patot et al., 2010). This 

suggests that perhaps these tissues could promote anaerobic glycolysis to maintain ATP 

synthesis (Tissot van Patot et al., 2010).  Thus placental metabolism could play a role in 

placental development and altered metabolism could offset complications of IUGR and 

PE.  

Our first objective was to determine the expression and localization of PKM2 in 

the normal human placenta at term.  Because of the involvement of PKM2 in 

metabolism we extended these studies to determine this protein expression during 

complicated pregnancies with PE and IUGR.  Recent reports have suggested different 

expression of PKM2 in the nucleus and cytosol of cells.  This inspired us to determine 

differences in PKM2 expression between nuclear and cytosolic fractions in normal, PE 

and IUGR placentas. 
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Materials and Methods 

Human Placental Tissues 

All frozen human term placental samples and slices (Preeclampsia, IUGR, and 

Control) were purchased from the Research Center for Women’s and Infant’s Health 

BioBank, Ontario, Canada. 

Immunohistochemistry 

Immunohistochemistry was performed as previously done in our lab (Arroyo et 

al., 2010a).  In summary, slides were de-waxed, washed in a 1x Tris buffer solution 

(TBS), and blocked with Sniper for one hr. This was followed by incubation for one hr 

with a primary antibody (PKM2-Cell Signaling Technology, Danvers, MA, rabbit #4053, 

Cytokeratin 7-Dako, Carpinteria, CA, mouse #M7018 (for trophoblast localization), 

Beta-Catenin-Cell Signaling Technology, Danvers, MA, rabbit #9562, Lactose 

Dehydrogenase-B-Santa Cruz Biotechnology, Dallas, TX, #sc-100775, IgG negative 

control-Biocare Medical, Concord, CA).  Slides were then incubated with Mach 2 

universal stain polymer, followed by color development with diaminobenzidine (DAB).  

Hematoxylin was used for nuclear counterstain.  Slides were mounted using Permount 

media.  

Cytoplasmic and Nuclear Extraction 

Approximately 100 mg of placental samples, obtained from the Research Centre 

for Women’s and Infant’s Health BioBank, were ground with mortal and pestle in liquid 

nitrogen.  Ground tissues were separated into cytoplasmic and nuclear extracts 

following the protocol accompanying the NE-PER Nuclear and Cytoplasmic Extraction 

Reagents kit (Thermo Scientific, Rockford, IL #78835).  Ground placental tissue was 
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combined in a microcentrifuge tube with 500 μL of (ice cold) CER I, and 5 μL of 

protease inhibitor (Thermo Scientific, Rockford, IL #78441) and homogenized with a 

tissue grinder (Fisher Scientific Power Gen 125).  Microcentrifuge tube was vortexed at 

the highest setting for 15 s, and incubated on ice for 10 min.  27.5 μL of (ice cold) CER II 

was added to the tube and vortexed at its highest setting for 5 s, incubated on ice for 5 

min, and vortexed again for 5 s.  Tubes were centrifuged at 16,000 x g and 4°C for 5 min.   

Supernatants were collected into clean, chilled, pre-labeled microcentrifuge tubes and 

kept on ice.  Remaining pellets in the old microcentrifuge tubes were re-suspended with 

125 μL of ice cold NER and 1.25 μL of protease inhibitor (Thermo Scientific, Rockford, 

IL #78441), placed on a vortex at the highest setting for 15 s and incubated in ice for 10 

min.  This was repeated 3 times for a total incubation time of 40 min.  Microcentrifuge 

tubes were again centrifuged at 16,000 x g and 4°C for 10 min.  Supernatants were 

collected into clean, chilled, pre-labeled microcentrifuge tubes and kept on ice.  

Bicinchoninic Acid (BCA) Analysis 

To determine protein concentrations, cytoplasmic and nuclear supernatants were 

analyzed with a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, #23225).  

Briefly, 2 μL of each sample was combined with 150 μL of Reagent A and B (50:1) in a 

labeled 96 well plate.  The plate was covered and incubated at 37°C for 20 min, cooled 

to room temperature, and read on a SpectraMax 340PC absorbance microplate reader 

(Molecular Devices, Sunnyvale, CA).  Samples were run in duplicate, averaged, and 

compared to a bovine serum albumin standard curve to determine protein 

concentrations.  Supernatants, in microcentrifuge tubes, were stored at -80°C for future 

use.    
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Western Blotting 

Control, IUGR, and Preeclampsia samples were purchased from the Research 

Centre for Women’s and Infant’s Health BioBank. Whole tissue lysates (50 μg) or 

cytoplasmic and nuclear extracts lysates were loaded (15 μL with 15 μg of protein) and 

separated on 4-12% Bis-Tris Midi Gel (Novex by Life Technologies, Carlsbad, CA, 

#WG1402BX10), at 160 V for approximately 120 min.  Proteins were transferred to 

nitrocellulose membranes using invitrogen iBlot (Novex by Life Technologies, Carlsbad, 

CA, # IB301001).  Membranes were blocked in 5% milk in TBST for 1 hr followed by 

overnight incubation with primary antibodies (p-PKM2, Cell Signaling Technology, 

Danvers, MA, rabbit #3827; p-p44/42, Cell Signaling Technology, Danvers, MA, rabbit 

#9101; PKM2, Cell Signaling Technology, Danvers, MA, rabbit #4053; p44/42, Cell 

Signaling Technology, Danvers, MA, rabbit #9102).  A secondary anti-rabbit 

horseradish peroxidase (HRP) conjugated antibody (Pierce Biotechnology, Rockford, IL, 

goat anti-rabbit HRP #1858415) was incubated for 1 hr at room temperature followed by 

development using ECL substrate (Advansta, Menlo Park, CA, #K-12045-D50).  

Proteins were detected by exposure of membranes to x-ray film and development.  

Nuclear controls were determined by stripping the membranes with warm (37°C) 

Restore (Thermo Scientific, Rockford, IL, #21063) for 25 min, re-blocking the 

membranes in 5% milk, and re-probing with primary antibody Lamin B1 (Santa Cruz 

Biotechnology, Dallas, TX, goat #6216).  Loading controls were determined by using a 

primary antibody against beta-actin (Abcam, Cambridge, MA, mouse #ab6276-100) 

with a secondary HRP conjugated antibody against mouse (R&D Systems, Minneapolis, 

MN, goat anti-mouse #HAF007).  The presence of these proteins was confirmed and 

quantified.  Bands were analyzed digitally with AlphaEaseFC software (Alpha Innotech 

Corporation, San Leandro, CA) 
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Pyruvate Assay 

We quantified pyruvate levels in normal, PE, and IURG placentas by extracting 

cytosolic proteins as described above and analyzing them with a Pyruvate Assay Kit 

(BioVision Incorporated, Milpitas, CA, #K609-100).  We followed the protocol provided 

in the kit by preparing the standard for a fluorometric assay and the samples for a 96 

well plate.  The reaction mix was prepared as directed and added to the samples in the 

96 well plate, incubated for 30 min at room temperature, and read for fluorescence 

(Ex/Em 535/590 nm) on a SpectraMax GeminiEM Microplate Reader (Molecular 

Devices, Sunnyvale, CA). 

Statistical Analysis 

Control, preeclampsia, and IUGR placental sample end points compared for 

PKM2, p-PKM2, ERK, and p-ERK expression.  Data was analyzed for normality and 

differences using the Mann-Whitney test with p < 0.05 as significantly different.  

Results 

PKM2 Expression in Human Placenta 

We first wanted to determine PKM2 expression in whole lysates of human 

placenta at term.  Figure 1.1A showed a characteristic western blot for PKM2 in the 

human placenta.  To confirm that this expression is on the trophoblast cell of the villi we 

performed Immunohistochemistry (IHC) for PKM2.  IHC showed that PKM2 

expression was present in the syncytiotrophobast layer of the placental villi at term 

(Figure 1.1B).  We next investigated PKM2 expression differences between normal 

placenta and those affected by PE or IUGR.  IHC showed increased PKM2 in the PE 

placenta while there were no differences observed for PKM2 between control and IUGR 
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Figure 1.1: PKM2 Expression in Normal Human Placenta Confirmed.  Western blot 
showing expression of PKM2 in normal placenta samples compared to beta actin 
controls (A).  Immunohistochemistry staining for PKM2 in human placenta tissue 
samples, arrows indicate trophoblast localization (B). 
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Figure 1.2: PKM2 Levels are Elevated in Preeclampsia Affected Placenta Samples.  
Immunohistochemistry staining for PKM2 in placental tissue samples; Control, 
Preeclampsia (PE), Negative control, Intrauterine Growth Restriction (IUGR), and CK7 
(for trophoblasts) (A).  Graphic quantification of PKM2 expression in placental samples; 
PKM2 is elevated in preeclampsia compared to control (p < 0.03).  No significant 
difference was found between control and IUGR samples. PKM2 was normalized 
against levels of beta actin (B). 

A	  

B	  
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Figure 1.3: Pyruvate is Elevated in PE Diseased Human Placenta Samples.  
Homogenized human placental samples were analyzed with a BioVision Pyruvate 
Assay Kit to determine pyruvate levels in control, PE, and IUGR samples.  The PE 
samples showed a significant increase in pyruvate (p < 0.0006) when compared to 
control samples.  
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 (Figure 1.2A).  Cytokeratin7 (CK7) staining was utilized to identify the localization of 

the trophoblast cells in the villi of the placenta (Figure 1.2A).  Similarly to the results 

obtained by IHC, we found increased PKM2 expression in PE (1.4-fold; p<0.03) as 

compared to controls placentas (Figure 1.2B).  There were not significant differences in 

PKM2 expression between control and IUGR placenta (Figure 1.2B). 

Pyruvate in the Human Placenta 

We next investigated pyruvate levels in the human placenta in control, PE and 

IUGR pregnancies.  Similar to the results obtained for PKM2 protein we detected an 

increase in pyruvate levels (1.5-fold, p<0.0006) for PE affected placentas when 

compared to controls (Figure 1.3).  No differences in pyruvate levels were observed 

between control and IUGR placentas. 

Nuclear and Cytoplasmic Distribution of PKM2 in Placental Samples 

Since PKM2 has been reported to have both cytoplasmic and nuclear functions, 

we examined the levels of PKM2 in both nuclear and cytoplasmic extracts.  Human 

placenta tissue was homogenized and cytosolic and nuclear proteins were extracted.  

Western blots were done and quantified to determine levels of PKM2.  There were no 

differences in PKM2 cytosolic expression between control and PE or IUGR placentas 

(Figure 1.4A).  In contrast we observed a significant decrease in cytosolic PKM2 (1.3-

fold; p< 0.02) between PE and IUGR placentas (Figure 1.4A).  Interestingly, when 

nuclear fractions were studied there was a significant increase for PKM2 (1.6-fold; p< 

0.008) in the PE placenta as compared to controls (Figure 1.4B).  There was also a 

significant increase in IGUR nuclear PKM2 expression (1.5-fold; p<0.05) as compared 

to control placentas (Figure 1.4B). 
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Phospho-PKM2, Phospho-ERK, and ERK 

Next we wanted to investigate the level of PKM2 phosphorylation (activation) in 

nuclear and cytosolic fractions in the control, PE, and IUGR placentas.  There was an 

increase in phosphorylated PKM2 (p-PKM2) (1.3-fold; p< 0.03) in the PE placenta as 

compared to controls (Figure 1.5A).  In contrast, there was a significant decrease in p-

PKM2 in the IUGR placenta (1.3-fold; p<0.05) with no differences in PE placenta as 

compared to controls (Figure 1.5B).  Previous studies have shown that ERK 

phosphorylates PKM2 and phosphorylated PKM2 can function as a nuclear 

transcription factor (Yang, Xia, et al., 2012; Yang et al., 2011; Yang, Zheng, et al., 2012).  

Thus we ran western blots to determine expression of phospho-ERK (p-ERK), and ERK 

in the cytoplasm and nucleus.  Levels of p-ERK were elevated in the cytoplasm during 

PE (2.6-fold; p<0.02) and IUGR (1.7-fold; p<0.05) as compared to controls (Figure 1.5C). 

Similarly, ERK total protein levels were increased in both PE (1.2-fold; p<0.02) and 

IUGR (1.2-fold; p<0.008) samples (Figure 1,5D).  Interestingly, nuclear levels of p-ERK 

and ERK were not significantly different from control samples (Figure 1.5E & F).  

β – Catenin and Lactose Dehydrogenase 

Previous studies in cancer have shown that PKM2 is a co-activator of beta-

catenin in the nucleus (Yang, Xia, et al., 2012; Yang et al., 2011; Yang, Zheng, et al., 

2012).  This promotes the expression of c-Myc, and demonstrates the use of PKM2 as a 

transcriptional regulator.  As a transcriptional regulator PKM2 increases the production 

and use of multiple proteins; including lactose dehydrogenase A (LDHA) and GLUT1 

(Yang, Zheng, et al., 2012).  These prior studies directed us to look at the expression of 

beta-catenin and LDH in placental samples.  Figure 1.6 shows immunohistochemistry 

for beta-catenin and lactose dehydrogenase in preeclampsia placenta samples.  IHC 
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Figure 1.4: Human Placental Samples Show Increased Levels of PKM2 in the Nucleus 
for Preeclampsia and IUGR Samples.  Cytosolic levels of PKM2 as measured by western 
blot and quantified by Spot Denso analysis.  Cytosolic PKM2 levels for preeclampsia 
and IUGR are not significantly different when compare to control samples, but 
preeclampsia PKM2 is elevated when compared to IUGR (A).  Nuclear PKM2 levels are 
elevated in both preeclampsia (p < 0.008) and IUGR (p < 0.05) when compared to 
control (B). 
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Figure 1.5: Cytosolic Levels of p-PKM2, p-ERK, and ERK are Elevated in Human 
Diseased Placental Samples.  Phospho-PKM2 is elevated (p<0.03) in preeclampsia 
placental samples when compared to control samples (A).  In IUGR samples, p-PKM2 is 
slightly decreased (p<0.05) compared to control (B).  ERK and p-ERK are both elevated 
in cytosolic samples of preeclampsia and IUGR placentae (C, D).  In nuclear placental 
samples, neither ERK nor p-ERK appear to be elevated when compared to control 
placenta samples (E, F). 
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Figure 1.6: Beta-Catenin and Lactose Dehydrogenase (LDH) are Elevated in 
Preeclampsia Effected Human Placenta Samples.  Immunohistochemistry shows that 
beta-catenin and LDH are elevated in preeclampsia placenta samples compared to 
control and negative control samples. 	  
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showed an increase of both beta-catenin and LDH in the villi trophoblast of the human 

placenta. 

Discussion 

Expression of PKM2 in cancer cells and tissue is well documented.  Since the 

1920’s, when Otto Warburg observed that cancer cells use more glucose and produce 

more lactate than normal cells, researchers have been trying to understand the role of 

cancer metabolism in driving the process of cell transformation.  Recently, PKM2 has 

emerged as a meditator of some of the metabolic processes observed in transformed 

cancer cells.  Like cancer cells, developing embryonic tissues express high levels of 

PKM2 to support rapid growth and development (Christofk, Vander Heiden, Harris, et 

al., 2008).  In this study we found that PKM2 expression is elevated in preeclampsia 

placentas, specifically in nuclear extracts, when compared to control placentas.  

Immunohistochemistry and western blot analysis showed a significant increase in 

PKM2 expression.  Our immunohistochemistry findings indicate that PKM2 expression 

is elevated in preeclampsia and IUGR whole placental samples when compared to 

control full-term placenta samples.  Elevated expression of PKM2 in the diseased 

human placenta indicates that PKM2 could play a role in placenta disease states.  To 

further understand PKM2 in the human placenta, we extracted proteins from the 

cytoplasm and nucleus of human placenta samples to quantify expression of PKM2.  

Our data indicates PKM2 expression is elevated in the nuclear extracts of both IUGR (p 

< 0.05) and preeclampsia (p < 0.008) diseased placenta samples when compared to 

controls.  Cytosolic PKM2 expression was not statistically different between the disease 

states and control, but preeclampsia PKM2 was greater than IUGR PKM2 (p < 0.02).  

Increased nuclear PKM2 expression indicates that PKM2 moves to the nucleus and 
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could be used as a transcriptional regulator as has been observed in cancer cells.  To try 

and understand the pathway PKM2 regulates in human placentas, we looked at 

expression of p-PKM2, p-ERK, and ERK in our placenta samples.  We hypothesized that 

cancer PKM2 and placental PKM2 would share the same mechanism in altering 

metabolism toward using glycolysis primarily for the production of anabolic 

intermediates instead of making pyruvate for energy production.  Cytosolic p-PKM2 

was elevated in preeclampsia  (p < 0.03) but not in IUGR.  Nuclear p-PKM2 was not 

statistically different in preeclampsia, and was lower in IUGR (p < 0.05) when 

compared to control nuclear p-PKM2.  Both p-ERK and ERK were elevated in the 

cytoplasmic preeclampsia (p-ERK p < 0.02, ERK p < 0.02) and IUGR (p-ERK p < 0.05, 

ERK p < 0.008) compared to controls.  Nuclear p-ERK and ERK expression were not 

statistically different from controls.  These results are unexpected as we assumed that 

PKM2, p-PKM2, ERK, and p-ERK would be elevated in the cytoplasm and nucleus.  

 Because PKM2 is a metabolic enzyme that has been shown to have nuclear gene 

transcription activity in cancer cells, we looked at expression of beta-catenin and LDH.  

Studies have shown that phospho-PKM2 enters the nucleus and binds to beta-catenin 

and DNA, combined with c-Myc, other cancer promoting proteins are transcribed.  

Immunohistochemistry showed an increase in beta-catenin and LDH in preeclampsia 

diseased placenta when compared to control.  Our findings indicate that PKM2 is 

expressed in human placenta samples, and PKM2 expression is elevated in 

preeclampsia placenta samples.  We also show that expression of cancer related 

proteins are also altered in diseased human placentas.  This suggests the mechanisms 

and pathways involved in cancer metabolism could be related to placental metabolism, 

specifically in preeclampsia affected placentas.   
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It is not clear if PKM2 activity in human placentas is a primary or secondary regulator 

of placenta metabolism.  Several prior reports have suggested that elevated PKM2 

expression is a secondary effect to hypoxia in cancer, and hypoxia in diseased placenta 

may be driving the elevated PKM2 levels we have observed.  Perhaps elevated PKM2 

expression in PE placentas could be a mechanism to prevent decreased placental and 

fetal growth when blood flow is decreased as observed during IUGR.  This could be 

done by shunting glycolytic intermediates to help produce nucleic acids, amino acids 

and lipids to support growth.  The PKM2 expression in placental tissues is not well 

understood, but could provide clues to placental metabolism and treatment of placental 

diseases.  Future studies are needed to look at these pathways in greater detail to 

understand the mechanisms and causes of placental diseases and their correlation to 

PKM2. 
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Abstract 

 Introduction: Intrauterine growth restriction (IUGR) has been documented to 

increase placental apoptosis at term.  HSP27 has been shown to be involved in the 

control of apoptosis.  Our objective is to determine the expression of phosphorylated 

HSP27 (p-HSP27) in human IUGR, and to determine the role of HSP27 during gestation 

in an ovine hyperthermia induced model of IUGR.  

 Methods: Human placenta tissue samples were collected at term to quantify p-HSP27.    

Pregnant sheep were placed in hyperthermic (HT) conditions to induce IUGR.  

Placental tissues were collected at 55 (early), 95 (mid-gestation) and 130 (near-term) 

days gestational age (dGA) to determined phosphorylated and total HSP27 across the 

development of IUGR.   

Results: Phosphorylated HSP27 was significantly reduced in human placenta IUGR 

compared to controls at term.  HSP27 was increased throughout gestation during the 

development of IUGR in the sheep.  P-HSP27 was increased in early gestation (55 dGA), 

and decreased near term (130 dGA).  The near term decrease was localized to the 

trophoblast cells of the placenta.  

Discussion and Conclusion: We conclude that decreased p-HSP27 at term is present 

when placental apoptosis is increased during IUGR.  This could be a factor leading to 

the decreased placental weight observed during IUGR. 
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Introduction 

Intrauterine growth restriction (IUGR) is a common, complex obstetric disease 

associated with long-term adverse conditions for the newborn and adult (Arroyo, 

Anthony, & Galan, 2008).  Placental insufficiency is the most common cause of IUGR; 

combined with numerous placental abnormalities findings that include, but are not 

limited to hypoxia, apoptosis, aberrant trophoblast invasion of spiral arteries and 

increased placental resistance to blood flow (Allaire et al., 2000; Arroyo et al., 2008; 

DiFederico et al., 1999; Galan et al., 2005; Ishihara et al., 2002; Mori, Trudinger, Mori, 

Reed, & Takeda, 1997; Reynolds & Redmer, 1995).  Normal placentation and placental 

development are critical for a successful pregnancy and mediate important steps 

necessary for fetal development (Arroyo et al., 2008).  Although apoptosis is a 

component of normal development and differentiation in most tissues, increased 

apoptosis is a common feature of the trophoblast cells in the IUGR placenta at term 

(Arroyo et al., 2008).  Abnormal regulation of apoptosis in different tissues has been 

implicated in the onset and progression of a broad range of diseases (Hetts, 1998). 

 Heat shock proteins (HSP) are a family of proteins that respond to environmental 

and physiological stress (Parsell & Lindquist, 1993; Parsell, Taulien, & Lindquist, 1993).  

We know heat shock protein 27 (HSP27) is involved in the inhibition of apoptosis in 

several cells (Aiko et al., 2002; Gorman, Szegezdi, Quigney, & Samali, 2005; Paul et al., 

2002; Whitlock, Lindsey, Agarwal, Crosson, & Ma, 2005).  HSP27 functions in vitro and 

in vivo (Bryantsev, Chechenova, & Shelden, 2007).  It acts as a chaperone and increases 

cell survival by affecting both upstream signalling and downstream effector events in 

the apoptotic pathway (Tezel & Wax, 2000).  Studies show HSP27 inhibits Caspase 3 

and 9, which are associated with apoptosis (Garrido et al., 1999; Pandey et al., 2000).  

Understanding phosphorylation of HSP27 is important in determining its mechanism of 
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action because phosphorylation regulates HSP27’s functions (Dai et al., 2008; W. Huang 

et al., 2007).  Elevated HSP27 has been documented in several human diseases including 

cancer, where inhibition of apoptosis is vital for cancer proliferation (Tezel & Wax, 

2000).  In the placenta, HSP27 is localized in trophoblast cells (Shin et al., 2011).  During 

rat gestation HSP27 is induced in late gestation and labor suggesting a role for this 

molecule during pregnancy.  In human IUGR, Wataba et al. demonstrated an increase 

in HSP27 protein expression in the cytotrophoblast and syncytiotrophoblast layer of the 

placenta at term.  This suggests that these cells respond locally to certain stress (Wataba 

et al., 2004).  An increase in p-HSP27 was also observed in placentas from preeclamptic 

placentas (Geisler et al., 2004; Webster, Pitzer, Roberts, Brockman, & Myatt, 2007), The 

role of p-HSP27 during human IUGR at term and the expression of this protein 

throughout gestation in the hyperthermia induced IUGR sheep model is still unknown. 

 The objective of this study was four-fold: 1) to determine levels of placental p-

HSP27 during human IUGR, 2) to determine placental apoptosis during early gestation 

IUGR, 3) to determine gestational age related changes in the phosphorylation of HSP27 

in the placenta of normal ovine pregnancy, and 4) to assess the effect of a pathologic 

pregnancy condition such as IUGR on these proteins. We hypothesize that IUGR 

placentas, compared to control placentas, will show increased apoptosis early in 

gestation and a decreased phosphorylation of HSP27 at mid-gestation and term when 

apoptosis is maximal. 

Materials and Methods 

Human Placental Tissues 

Frozen human term placental samples for control and IUGR were purchased 

from the Research Centre for Women's and Infants' Health BioBank, Ontario, Canada. 
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Animal Care and Tissue Preparation 

The Brigham Young University Animal Care and Use Committee approved this 

study.  For these experiments we utilized a hyperthermia (HT)-induced ovine model of 

IUGR that has multiple features similar to the IUGR disease process seen in humans 

(Bell, McBride, Slepetis, Early, & Currie, 1989; Bell, Wilkening, & Meschia, 1987; Galan 

et al., 2005; Teng, Tjoa, Fennessey, Wilkening, & Battaglia, 2002).  28 sheep were 

studied; 14 sheep were placed in HT conditions beginning at 40 days of gestation (dGA; 

term 147 dGA) to induce IUGR and 14 sheep were placed in thermoneutral conditions 

as controls.  Animal distribution is as follows: 4 animals per HT and control group 

representing early gestation (55 dGA), 5 animals per HT and control group representing 

mid-gestation (95 dGA), and 5 animals per HT and control group representing near-

term (130 dGA).  At necropsy (55, 95 or 130 dGA), the fetal and placental weights were 

recorded. Placental tissues were frozen in liquid nitrogen for protein analysis.  Whole 

placentomes were sectioned, fixed in 4% paraformaldehyde, and sent for paraffin 

embedding for histochemical studies. 

Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick End Labeling (TUNEL) 

TUNEL was performed on paraffin-embedded whole placentome sections.    The 

TUNEL protocol was followed as previously shown in our lab (Arroyo et al., 2010b).  In 

summary, slides were dewaxed and the equilibration buffer added directly to the tissue 

slide for 10 s.  This was followed by incubation with the TdT enzyme for 1 hr at 37°C.  

Following the enzyme treatment, the anti-digoxigenin conjugate was incubated on the 

slide for 30 min.  4’, 6-diamidino-2-phenylindole, dihydrochloride (DAPI) was used for 

nuclear staining in our slides.  Slides were viewed using fluorescein excitation and 

emission filters.  For apoptotic cells, the percent apoptosis was calculated in the 
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placentomes as the number of TUNEL positive cells divided by the total number of cells 

in 20 to 30 fields. 

DNA Fragmentation Analysis 

The DNA degradation protocol was followed as suggested by the manufacturer 

(R&D Systems).  In summary, 0.1 g of grounded frozen cotyledon tissue was re-

suspended in 200 μL of Sample Buffer for each sample.  20 μL of 10X Tissue Buffer was 

added and samples were incubated at 50° C for 12-18 hr.  100 μL of Lysis Solution was 

added to 100 μL of the tissue suspension and samples were mixed.  Next, 700 μL of 

Extraction Solution and 400 μL of Extraction Buffer were added to the samples.  

Samples were mixed on a vortex and centrifuged at 12,000 x g for 5 min.  The upper 

(aqueous) layer was transferred to a new microcentrifuge tube.  Sodium Acetate was 

added to the aqueous DNA samples at 0.1 volume of the aqueous layer.  To the total 

volume in the microcentrifuge tube, an equal volume of 2-propanol was added and 

mixed.  Samples were centrifuged at 12,000 x g for 10 min. and the supernatants were 

removed and discarded without disturbing the DNA pellet.  Pellets were washed with 1 

mL of 70% ethanol and centrifuged at 12,000 x g for 5 min. once more.  Supernatants 

were removed and DNA pellets were dried by inverting the tube on a laboratory tissue.  

DNA pellets were re-suspended in 100 μL of DNase-free Water and quantified in a 

spectrophotometer.  To 0.1 μg/μL of DNA, 2 μL of Gel Loading Buffer was added and 

samples were loaded onto a 1.5% TreviGel 500 gel.  The gel was stained for 15 min. in 

0.5 μg/mL ethidium bromide and DNA was visualized using an UV transilluminator. 

Western Blot Analysis 

Human placental control and IUGR samples were purchased from the Research 

Centre for Women's and Infants' Health BioBank (N= 10 each). Western blotting was 
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performed as previously shown by Arroyo et al (Arroyo, Brown, & Galan, 2009).  In 

summary, human placenta and cotyledon tissues were homogenized in lysis buffer.  

Protein tissue lysates (50µg) were separated on 4-12% Bis-Tris gel SDS-PAGE and 

transferred to a nitrocellulose membrane.  Membranes were incubated in 5% BSA with 

an antibody against p-HSP27 (rabbit, Cell Signaling, Danvers, MA), or HSP27 (rabbit, 

Abcam, Cambridge, MA). Membranes were incubated with a secondary horseradish 

peroxidase (HRP) conjugated antibody in 5% milk for 1 hr at room temperature.  An 

ECL substrate was added to the membranes and the emission of light was detected 

using x-ray film.  To determine loading consistencies, each membrane was stripped of 

antibodies and re-probed with a primary antibody against beta-actin (mouse, Abcam, 

Cambridge, MA), and a secondary HRP conjugated antibody in 5% milk for 30 min at 

room temperature.  Presence of these proteins was confirmed and quantified. 

Immunohistochemistry   

Immunohistochemistry (IHC) was performed on paraffin-embedded whole 

placentome sections.  Protocol was followed as previously done in our laboratory 

(Arroyo et al., 2010b).  In summary, slides were de-waxed followed with antigen 

retrieval.  Slides were blocked with Sniper and incubated for one hour with a rabbit 

polyclonal primary antibody against Pan-Cytokeratin (Sigma, Saint Louis, MO) for 

trophoblast localization, anti-p-HSP27 (rabbit, Cell Signaling, Danvers, MA) antibody, 

or with a universal IgG negative control (Biocare Medical; Concord, CA).  Slides were 

incubated with Mach 2 universal stain polymer followed by color development with 

diaminobenzidine (DAB; brown color).  Hematoxylin was used for nuclear 

counterstaining.  Slides were mounted using Permount mounting media.  
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Statistical Analysis 

Comparisons of the following end-points were made between control and IUGR 

pregnancies: TUNEL positive cells, p-HSP27.  All data was analyzed for normality and 

treatment effects were determined using the Mann-Whitney test with p<0.05 considered 

significant.  A Kruskal-Wallis test was used to compare differences within groups using 

Dunns post hoc test with p<0.05 considered significant. 

Results 

Phospho-HSP27 (p-HSP27) in Human IUGR Placenta 

Previous published results showed increased HSP27 in the human IUGR 

placenta at term (Wataba et al., 2004).  We wanted to investigate phosphorylated HSP27 

(p-HSP27) in the human placenta during IUGR.   A characteristic western blot image 

for HSP27 and p-HSP27 is depicted in Figure 2.1A and B. Placental p-HSP27 is 

significantly decreased (1.7-fold, p<0.007) in the IUGR placenta at term (Figure 2.1B).

Fetal and Placental Weights 

We utilized an IUGR model in sheep to study the expression of HSP27 during 

the development of IUGR.  Table 2.1 shows the fetal and placental weights for control 

and IUGR groups at each gestational age in the study.  As previously shown in our 

laboratory, we found a 1.8-fold reduction in fetal weight at 130 dGA (p<0.008) with no 

fetal weight differences at 55 and 95 dGA (Arroyo, Teng, Battaglia, & Galan, 2009).  

Placental weight was also reduced at 95 dGA (p<0.003) and 130 dGA (p<0.004) in the 

IUGR placenta, while showing a trend for decreased placental weight at 55 dGA 

(p<0.053) (Arroyo, Teng, et al., 2009).   
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TUNEL and DNA Degradation 

To study development of HSP27 throughout gestation, we first investigated 

trophoblast apoptosis early in gestation with the IUGR sheep model.   The TUNEL 

assay showed a significant increase in apoptosis (2-fold) of the villi in the 

hyperthermia, early gestation sheep (Figure 2.2).  A representative picture for TUNEL 

positive early gestation apoptotic cells is shown in Figure 2.2 A-C.  To confirm our 

TUNEL results we performed DNA degradation assays.  A representative picture of 

our DNA degradation assay is shown in Figure 2.3.  We observed increased DNA 

degradation in the IUGR placenta compared to controls. 

Placental HSP27 Protein During IUGR Development 

Next we investigated the HSP27 protein changes with the development of IUGR.  

Placental HSP27 was significantly increased (1.5-fold; p<0.02) early in gestation during 

the development of IUGR (Figure 2.5A).  This increase was higher by mid-gestation 

(2.0-fold; p<0.02), and showed a 1.4-fold increase (p<0.057) in HSP27 near-term.  When 

looking at the ontogeny across gestation, there was not a significant difference in 

HSP27 from early to mid-gestation in the control placenta (Figure 2.5B).  In contrast 

HSP27 protein expression was significantly increased by near-term as compared to 

controls (Figure 2.5B). Ontogeny during IUGR showed only a significant increase (1.6-

fold; p<0.05) from early to near term for the placental HSP27 (Figure 2.5C). 

Placental p-HSP27 Protein During IUGR Development 

Because activity of HSP27 is associated with its level of phosphorylation, we 

investigated phosphorylated HSP27 across gestation during the development of IUGR.  

Phosphorylated HSP27 (p-HSP27) was significantly increased (1.2-fold; p<0.008) at 

early gestation during the development of IUGR (Figure 2.5D).  There was no  
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Figure 2.1: Phosphorylated HSP27 During Human IUGR.  A characteristic western for 
phosphorylated HSP27 is shown in A. Placenta p-HSP27 protein is decreased in the 
human IUGR placenta as compared to controls tissues (B). 
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Table 2.1: Decreased Fetal and Placental Weights for Ovine Animal Models. Fetal and 
placental weights of control and IUGR animals demonstrate that IUGR animals have 
lower fetal and placental weights compared to control animals.  IUGR fetal weights are 
statistically lower only at near-term.  IUGR animal placentas are lower in weight at 
early, mid, and near-term points compared to control animal placentas. 

Table 1. Fetal and Placental weights in control and IUGR animals. 

 
 

Early 32 ± 2.6g 29 ± 2.3g 0.22 

Mid-gestation 715 ± 11g 682 ± 205g 0.79 

Near-term 2914 ± 201g 1718 ± 433g <0.008 

Early 181 ± 20g 135 ± 3g  ≤ 0.053 

Mid-gestation 440 ± 50g 186 ± 18g <0.003 

Near-term 349 ± 21g 169 ± 43g ≤ 0.004 

Table	  adapted	  from	  “Placental	  TonEBP/NFAT5	  Osmolyte	  Regulation	  in	  an	  Ovine	  Model	  
of	  Intrauterine	  Growth	  Restriction	  (IUGR)	  ”	  by	  Arroyo	  et	  al.	  

Fetal 

Gestational age Control IUGR p-Value 

Placental	  
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Figure 2.2: TUNEL Assays in Early Placentas During IUGR. A) TUNEL positive control 
samples. B) Early placenta TUNEL assay in control animals. C) Early placenta TUNEL 
assay in the IUGR placenta. D) Quantification of apoptotic cells showing increased 
apoptosis in the early placenta during IUGR as compared to controls. 



32	  

Figure 2.3: DNA Degradation in the Early Placenta During IUGR.  DNA degradation 
analysis showed increased apoptosis in the IUGR placenta as compared to controls. 
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Figure 2.4: Representative Western Blot for HSP27. A) Representative western blot for 
HSP27 protein in the early placenta from control and IUGR animals. B) Representative 
western blot for phosphorylated HSP27 protein in the early placenta in control and 
IUGR samples. 
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Figure 2.5: HSP27 and p-HSP27 Proteins Across Gestation During IUGR.  HSP27 is 
increased across gestation in the placenta of IUGR animals as compared to controls (A).  
Ontogeny of HSP27 in the control animals showed this protein to be increased in the 
placenta at term as compared to early and mid-gestation placenta (B).  Similarly HSP27 
protein is increased also at term during IUGR (C). 
p-HSP27 protein is increased early in gestation and decreased near-term during IUGR 
in sheep (D). Ontogeny for p-HSP27 showed an increase in this protein at mid and near-
term gestation in the placentas of the control animals (E).  During IUGR ontogeny 
studies did not show any differences for placenta p-HSP27 across gestation (F). 



35	  

Figure 2.6: Immunohistochemistry for Placental p-HSP27 in Control and IUGR Animals 
Across Gestation. Left panels show p-HSP27 protein throughout gestation in the 
placenta of control animals. Center panels show p-HSP27 across gestation in the IUGR 
placenta. Right panels show trophoblast localization within the sheep placenta. 



36	  

Figure 2.7: Ratio of p-HSP27/HSP27 Across Gestation During IUGR.  Phosphorylation 
of HSP27 is increased early in gestation during IUGR. In contrast, there was a 
significant decrease in placental HSP27 phosphorylation at mid and near–term 
gestation during IUGR in the sheep.  
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difference in phosphorylation between control and IUGR placentas at mid-gestation 

(Figure 2.5D).  In contrast, p-HSP27 was significantly decreased (1.8-fold; p<0.005) 

near-term in the IUGR placenta (Figure 2.5D).  The ontogeny expression of pHSP27 

showed a significant increase in activation (1.8-fold; p<0.01) for this protein from early 

to mid-gestation in the control placental samples (Figure 2.5E). This increase was 

maintained (2.0-fold; p<0.01) when comparing the early and near-term control 

samples (Figure 2.5E).  In contrast, there were no significant differences in p-HSP27 

across gestation in the IUGR placental samples (Figure 2.5F). 

Phospho-HSP27 Localization 

Immunohistochemistry (IHC) was performed to determine pHSP27 localization 

to the trophoblasts and that the changes observed were occurring in these cells.  An 

antibody to pan-cytokeratin was used to identify the trophoblast cells within the 

cotyledon of the placentome (Figure 2.6).  Using sections from placentome tissue, IHC 

showed that pHSP27 protein is localized to the trophoblast cells of the placenta 

throughout gestation in the cotyledon of the sheep (Figure 2.6).  IHC showed an 

increase in pHSP27 at 55 dGA (early gestation) and a decrease in pHSP27 at 130 (near-

term) in the IUGR cotyledon (Figure 2.6); similar to the results obtain by western blot. 

Discussion 

HSP27 is a stress induced chaperone molecule known to regulate cytoskeletal 

stability, cell motility, protein folding, cellular stress, and prevention of apoptosis in 

different cells (Bolhuis & Richter-Landsberg, 2010; Dai et al., 2008).  Cellular functions 

of HSP27 are controlled by phosphorylation of HSP27 (Dai et al., 2008).  As previously 

noted, studies show increased HSP27 in IUGR placenta at term (Wataba et al., 2004).  

When we assessed pHSP27 expression, we found that phosphorylation of this molecule 
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is decreased in human IUGR placenta.  This is important because decreased levels of 

HSP are correlated with increased placental apoptosis, which is observed during IUGR 

at term.  This suggests that perhaps a decrease in phosphorylation of this molecule 

could be one of the factors preventing protection of apoptosis in the IUGR placenta.  

Interestingly, placental IUGR is characterized by increased activation of caspase 3, a 

molecule whose activation is prevented by HSP27 (Garrido et al., 1999; Pandey et al., 

2000).  Our HSP27 results suggest that a mechanism for increased placental apoptosis 

during IUGR could be due to decreased HSP27 phosphorylation, which could lead to 

increased activation of caspase 3 and trophoblast cell death. 

As noted above, we used a hyperthermia-induced IUGR model in sheep to study 

HSP27 throughout the development of IUGR (Bell et al., 1989; Bell et al., 1987; Galan et 

al., 1999; Galan et al., 2001).  Previously our laboratory showed a significant increase in 

placental apoptosis and a significant decrease in placental weight at mid (95 dGA) and 

near-term (130 dGA) gestational ages during hyperthermia induced IUGR in sheep 

(Arroyo et al., 2008).  Before investigating HSP27 expression during the development of 

IUGR in sheep, we investigated if hyperthermia treatment could cause placental 

apoptosis during early gestation.  TUNEL assay showed a significant increase in 

apoptosis during development of IUGR in the sheep, at 15 d of hyperthermia treatment.  

This was confirmed in our DNA degradation studies and suggests that apoptosis is an 

early event in the sheep hyperthermia model of IUGR and could explain the trend of 

decreased placental weight observed at early gestational age (Arroyo, Teng, et al., 2009).  

Increased apoptosis could be the beginning of placental functional changes that fail to 

meet fetal demands required for normal growth, which have previously described in 

this model (Anthony, Scheaffer, Wright, & Regnault, 2003). 
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HSP27 protein was significantly increased in all gestational ages studied during 

the development of IUGR.  This suggests that this could be a compensatory mechanism 

of the trophoblast cells for increased apoptosis in the placenta during the development 

of IUGR.  Increased HSP27 during gestation in this IUGR model is expected because 

heat shock proteins respond to stress in order protect cells and tissues against initial 

insults and avoid apoptosis (Huang, Min, Masters, Mivechi, & Moskophidis, 2007). 

Intersestingly, our near-term results are similar to those observed in human IUGR 

placenta at term, suggesting that HSP27 could be a key molecule involved in apoptosis 

control of the IUGR placenta. 

Phospho-HSP27 was increased during early gestation in the IUGR placenta.  This 

is interesting and unexpected because increased apoptosis was observed during early 

gestation in the development of IUGR.  In contrast p-HSP27 was decreased near-term.  

This in not surprising because placental apoptosis is at a maximum during this 

gestational period, especially during IUGR.  When we investigated the phosphorylation 

level of HSP27 to the total protein concentration, we observed an increase in HSP27 

phosphorylation early in gestation.  This suggests that the level of apoptosis perhaps is 

not sufficient to affect HSP27 phosphorylation during early gestation in the IUGR 

placenta.  In contrast we observed a significant decrease in HSP27 phosphorylation at 

mid-gestation and near-term placenta during IUGR.  These results are consistent with 

the previous published data of increased placental apoptosis at these gestational ages 

during IUGR development in the sheep.  It is important to mention that the near-term 

results are similar to results observed during human IUGR, suggesting a role for HSP27 

not only during hyperthermia induced IUGR but also during human IUGR.  
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The present study suggests a role for phosphorylated HSP27 in placental 

trophoblast apoptosis during IUGR pregnancies.  We chose to study p-HSP27 for two 

reasons.  First, because p-HSP27 is involved in the prevention of apoptosis and is 

expressed in trophoblast cells, and second because IUGR is characterized by an increase 

in apoptosis of trophoblast cells.  In this study we showed that apoptosis in the placenta 

is increased early in gestation during the development of IUGR.  In addition, we 

showed that placental HSP27 protein expression is increased across gestation in the 

IUGR sheep model.  In contrast we observed a decrease in p-HSP27 at mid-gestation 

and near-term ovine model of IUGR.  Thus we speculate that a possible mechanism for 

the increased apoptosis observed in the placenta of treated animals is secondary to a 

decrease in phosphorylation of HSP27 in the placenta of treated animals as compared to 

controls.  While ovine and human placental structure and placentation differ vastly, we 

observed similar results in HSP27 phosphorylation between the human disease and our 

ovine model of IUGR.  To our knowledge this is the first report to show a decrease in p-

HSP27 associated with an increase in placental apoptosis during IUGR in animal or 

human studies.  Further mechanistic studies are needed to determine the role of other 

apoptosis molecules associated with increased placental apoptosis during IUGR. 
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