
JPET #69153 

 1

REGULATION OF GENE EXPRESSION IN CARDIOMYOCYTES BY THYROID 

HORMONE AND THYROID HORMONE ANALOGS, 3,5-

DIIODOTHYROPROPIONIC ACID AND CGS 23425  

 

 

Cynthia Adamson, Niranjan Maitra, Joseph Bahl, Kevin Greer, Scott 

Klewer, James Hoying, and Eugene Morkin 

 

Departments of Medicine (C.A., E.M.) Pediatrics (S.K., J.H.), Biomedical 

Engineering (K.G., J.H.) and Sarver Heart Center (C.A., N.M., J.B., S.K., J.H., 

E.M.), University of Arizona, Tucson AZ 85724  

 

     

Address Reprint Requests to: Eugene Morkin, MD 
        Sarver Heart Center   
        University of Arizona  
        PO Box 245046 
       Tucson, AZ  85724 
  

Key Words: Thyroid hormone, thyroid hormone analogs, CGS 23425, 

diiodothyropropionic acid, gene expression, microarray  

 

 JPET Fast Forward. Published on May 17, 2004 as DOI:10.1124/jpet.104.069153

 Copyright 2004 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 17, 2004 as DOI: 10.1124/jpet.104.069153

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #69153 

 2

Running Title:  Genes Expressed in Cardiomyocytes by T3, DITPA and CGS 

23425 

Corresponding Author: Cynthia R. Adamson, PhD 
        Sarver Heart Center   
        University of Arizona  
        PO Box 245046 
       Tucson, AZ  85724 
        (520) 626-2216 
        FAX: (520) 626-8408 
        Email:  cadamson@u.arizona.edu 
 
Number of text pages:   22 
Number of tables:      3 
Number of figures:      1 
Number of references:   40 
Number of words in Abstract:           214 
Number of words in Introduction:           740 
Number of words in Discussion:        1,494 
 
 

Abbreviations:  CGS 23425, N-[3,5-dimethyl-4-(4’-hydroxy-3’-isopropylphenoxy)-

phenyl]-oxamic acid; CALP, calsenilin-like protein;  DITPA, 3,5-

diiodothyropropionic acid; KChiPs, voltage-gated potassium channel-interacting 

proteins;  Kv, voltage-gated potassium channel; T3, 3,3’,5-triiodothyronine; 

DMEM, Dulbecco’s modified essential medium; MAPK, mitogen activated protein 

kinase;  MHC, myosin heavy chains;  SDS, sodium dodecyl sulfate; SSC, sodium 

chloride and sodium citrate; TR, thyroid hormone receptor; 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 17, 2004 as DOI: 10.1124/jpet.104.069153

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #69153 

 3

 

ABSTRACT 

The heart is an important target of thyroid hormone actions.  Only a limited 

number of cardiac target genes have been identified and little is known about 

their regulation by T3 and thyroid hormone analogs.  We used an oligonucleotide 

microarray to identify novel cardiac genes regulated by T3 and two thyroid 

hormone analogs, 3,5-diidodothyropropionic acid (DITPA) and CGS 23425.  

DITPA binds with lower affinity than T3 to thyroid hormone receptor α1 and β1 

isoforms whereas CGS 23425 binds selectively to β1.  Fluorescent-labeled cDNA 

was prepared from cultured heart cells maintained in medium stripped of thyroid 

hormone (‘hypothyroid’ control) or treated with T3, DITPA and CGS 23425 at 

concentrations 5X their respective Kd values for 48 h.  The arrays were scanned 

and analyzed using an ANOVA program.  Sixty-four genes were identified that 

were >1.5 times up or down regulated by one of the treatments with P<0.05.  The 

genes regulated by T3 and DITPA were nearly identical.  Thirteen genes were 

differentially regulated by CGS 23425.  Genes encoding contractile proteins, 

Ca++-ATPase of sarcoplasmic reticulum and several proteins of mitochondrial 

oxidative phosphorylation were up regulated by T3 and DITPA but not by CGS 

23425.  These results indicate that the some, but not all of the actions of thyroid 

hormone analogs can be explained by differences in gene activation.        

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 17, 2004 as DOI: 10.1124/jpet.104.069153

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #69153 

 4

INTRODUCTION 

 Thyroid hormone plays an essential role in development, metabolism and 

function of many organs. The physiological actions of 3,3’,5 - triiodothyronine 

(T3), the intracellular form of the hormone, and its analogs are thought to be 

mediated through chromatin-associated nuclear thyroid hormone receptors 

(TRs), which are encoded by the α- and β-c-erbA proto-oncogene family (Lazar, 

1993; Tsai and O’Malley, 1994).  T3 has been reported to have similar binding 

affinity for the α1 and β1 receptor subtypes (Murray et al., 1988).  The ability of 

thyroid hormone to improve cardiac performance (Morkin et al., 1983; Klein and 

Ojamaa, 2001) and to lower cholesterol when given to hypothyroid individuals 

(Peters and Man, 1950) have prompted efforts to design  thyroid hormone 

analogs that utilize these properties in the treatment of heart failure and 

hypercholesterolemia.   The purpose of this study is to compare the pattern of 

genes expressed in cardiomyocytes after treatment with T3 and two thyroid 

hormone analogs, 3,5-diiodothyropropionic acid (DITPA) and CGS 23425 using 

microarray technology.  Since small changes in the structure of the thyroxine 

molecule result in profound alterations in physiological activity, the question 

arises as to whether these effects are mediated through activation of different 

sets of genes.   

 

 3,5-Diiodothyropropionic acid (DITPA) was identified by screening 

compounds related to thyroid hormone for potential usefulness in treatment of 

congestive heart failure (Pennock et al., 1992).  DITPA has a propionic acid side 

chain rather than an alanine side chain like T3 and lacks iodides on the outer 
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ring.  DITPA binds with approximately equal affinities for the α1 and β1 subtypes 

of the c-erbA protooncogene family of nuclear TRs but with 100 times less affinity 

than T3 (Pennock et al, 1992).  In hypothyroid rats, DITPA increased cardiac 

performance with approximately half of the chronotropic effect and less metabolic 

stimulation than L-thyroxine.   DITPA also improved left ventricular performance in 

rabbit and rat post-infarction models of heart failure when administered alone 

(Mahaffey et al., 1995) or in combination with an angiotensin I-converting 

enzyme inhibitor (Pennock et al., 1993).  In a pilot clinical study, DITPA improved 

cardiac output and shortened diastolic relaxation in patients with moderately 

severe heart failure (Morkin et al., 2002).   

 

 CGS 23425 [N-[3,5-dimethyl-4-(4’-hydroxy-3’-isopropylphenoxy)-phenyl]-

oxamic acid] is a thyromimetic compound containing an outer ring isopropyl 

group and inner ring methyl groups in place of the iodides in T3 and an oxamic 

acid side chain.  The concentration of CGS 23425 required for half-maximal 

stimulation (EC50) of the apoA1 promoter in transient transfection assays was 

reported to be about 80 times lower in the presence of TRβ1 than with TRα1 

(Taylor et al., 1997). When tested in hypercholesterolemic rats, it produced 

significant lowering of cholesterol 

 

 In the first application of microarray technology to thyroid hormone 

regulation of genes, Feng et al. (2000) prepared fluorescent-labeled cDNA from 

livers of T3-treated and hypothyroid mice to a cDNA microarray, representing 

2225 different genes, and analyzed relative changes in gene expression.  
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Interestingly, only 55 genes were found to be T3 regulated (2.5%), which was 

much lower than an earlier estimate of 8% (Oppenheimer et al., 1987).  Among 

these genes 14 were positively regulated and 41 were negatively regulated. 

Forty-five of the genes had not been previously known to be T3 regulated.  

Weitzel et al. (2001) performed cDNA expression array using hepatic RNA of 

hypothyroid and hyperthyroid rats 6, 24 and 48 h after administration of T3.  

Twenty-three of 588 genes were differentially regulated, 18 of which were 

previously not known to be regulated by T3.  Two different expression time 

courses were observed.  In the early expressed genes transcription levels rose 

within 6 h, dropped by 24 h and increased again within 48 h.  The late expression 

pattern suggests an additional mechanism of action other than simple binding of 

ligand to nuclear receptors may be involved in T3 actions such as activation of 

transcription factors.   

 

   To test the hypothesis that thyroid hormone analogs differentially regulate 

gene expression we have incubated primary cultures of fetal rat cardiomyocytes 

with T3, DITPA and CGS 23425 and examined the pattern of genes activated 

after 48 h using microarray analysis.  An ANOVA design for the experiments and 

analysis was used as described by Kerr and Churchill (Kerr et al., 2000; Kerr and 

Churchill, 2001).  This approach permits statistical evaluation of changes in gene 

expression and variability in the array data. The results indicate that the gene 

expression pattern of T3 and DITPA are virtually the same, but there were a 

significant number of differences between these treatments and CGS 23425.   
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 MATERIALS AND METHODS 

 Animals.  Timed pregnant Sprague-Dawley rats at 17-18 weeks of 

gestation were obtained from Harland (St. Louis, MO) and maintained in the 

animal care facility.  They were handled according to procedures approved by 

the Institutional Animal Care and Use Committee of the University of Arizona.  To 

obtain fetal pup hearts, the mother was anesthetized with an intra-peritoneal 

injection of pentobarbital (50 mg/kg).  When an adequate level of anesthesia was 

obtained the rat was decapitated with a guillotine.  Fetal rat pups were 

decapitated with sharp scissors and the hearts removed. 

   

 Preparation of cardiomyocytes.  Primary cardiomyocytes were prepared 

using techniques described earlier (Nag and Cheng, 1984).  Briefly, the hearts 

were collected in ice cold Dulbecco’s modified essential medium (DMEM) with 

10% fetal calf serum plus 100 units/ml penicillin and 100µg/ml streptomycin.  

After removal of the atria, the ventricles were cut into small strips with scissors 

and transferred to a stoppered, water-jacketed Erlenmeyer flask (37° C) with 10 

ml of 0.125 % pancreatin in calcium- and magnesium-free buffered salt solution.  

Cell disaggregated during 15 min of digestion were collected by centrifugation at 

600 x g for 4 min.  Fresh digestive solution then was added to the undigested 

tissue and the cells from the second digestion were collected and pooled.  The 

pooled myocytes were centrifuged and resuspended in Ham’s F-12 media with 

1% BSA, 250 mg/L fetuin and 20 mg/L ascorbic acid, 100 units/ml penicillin and 

100 µg/ml streptomycin.  Cardiomyocytes were differentially plated for 1 h to 

remove fibroblasts and other contaminating cell types before being replated in 
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DMEM with 4 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 

4.5 g/L glucose, 1.0 mM sodium pyruvate and 10 % fetal bovine serum (Hyclone, 

Logan, UT), and phosphate buffered saline, pH 7.4.  Thyroid hormone was 

removed from serum by passage over AG-1 resin as described by Samuels et al. 

(1979).  Greater than 90% of thyroid hormone was removed by this procedure.  

Heart cell preparations were checked for purity by staining for sarcomeric myosin 

(MF-20 antibody), and for endothelial cells, which are the principal contaminants, 

by staining for Von Willebrand factor (Factor VIII). 

 

 Drug Treatments.  Fetal heart cells were plated at a density of 6 X 106 

cells/100 mm diameter culture dish and maintained for 3 days in DMEM with 10% 

fetal calf serum from which thyroid hormone had been removed by resin 

stripping.  A stock solution of T3 was prepared by dissolving in 0.01 N NaOH and 

diluting with methanol.  Stock solutions of DITPA and CGS 23425 were dissolved 

in methanol.  T3, and DITPA were added to culture medium at 5 times their kd 

concentrations of 6 nM and 218 nM, respectively (Pennock et al., 1994).  CGS 

23425 was added at 1 nM, which is approximately 5X the EC50 for transcriptional 

activity of the apoA1 promoter mediated through TRβ1 (Taylor et al., 1997).  After 

addition of treatments, cardiomyocytes were cultured for an additional 48 h 

before scrapping plates to isolate RNA.  The experiments were repeated three 

times with different batches of cardiomyocytes.  T3 and DITPA were supplied by 

Sigma Chemical Co., St. Louis, MO.  CGS 23425 was a gift from Novartis, 

Summit, NJ.   
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 RNA isolation.  Total RNA was isolated from cardiomyocytes using TRIzol 

reagent (GIBCO-BRL, Grand Island, NY) according to the manufacturer’s 

instruction. The amount of RNA was determined by A260 measurement and its 

quality was checked by formaldehyde gel electrophoresis before using for 

probes.  

 

 Oligonucleotide Library.  A library containing 4,270 oligonucleotides 

corresponding to genes in the current rat Unigene database was purchased from 

Qiagen (Valencia, CA).  The Unigene database clusters all rat Genbank 

sequences into a non-redundant set of genes.  From each cluster a sequence is 

selected based on the longest region of high-quality sequence.  Each of the 70-

mers was sequenced-optimized using BLAST to minimize cross-hybridization 

and to allow analysis of overlapping and homologous genes.  The 70-mers also 

were Tm normalized to 78° ± 5° C, which allowed for more stringent hybridization. 

Further information regarding the oligonucleotide library can be found at 

www.qiagen.com/oligos/omad.  

 

 Slide preparation.  Glass arrays were prepared in the Diamond Microarray 

Facility in the Children’s Research Center.  In brief, slides were coated with 2% 

silane solution (3-gycidoxypropyl-trimethoxy silane) in hexane and rinsed with 

hexane three times. 

 

 Printing of oligonucleotide library.  Each oligo was resuspended in 7.5 µl of 

DNase-free water (pH 7.5-8.0) in 384 well plates, which were rotated at 60 rpm 
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overnight at 4o C on an orbital shaker. Each plate was sealed with aluminum 

sealing tape to prevent evaporation and centrifuged at low-speed after shaking.  

A final concentration of 50% DMSO was added to each oligonucleotide before 

printing on coated slides the next day.  The oligonucleotide library was printed in 

triplicate on each slide with VersArray Chipwriter Pro System (BIO-RAD 

Laboratories, Hercules, CA).  Before final printing, slides were tested with 

positive and negative control oligonucleotides obtained from Qiagen. After 

printing, oligonucleotides on the slides were baked for 90 min at 90oC and stored 

in a desiccated cabinet. The array printing procedure was optimized for use of 

oligonucleotides by multiple trial hybridizations with positive and negative control 

oligonucleotides obtained from Qiagen.  Positive controls consisted of a mixture 

of all of the oligonucleotides in the library.  Negative controls were 

oligonucleotides with random sequence.       

 

 Probe preparation.  Twenty micrograms of total RNA was reverse 

transcribed with oligo(dT) in presence of 0.2 mM aminoallyl dUTP (Molecular 

Probes, Eugene, OR) and a mixture of  4 dNTPs according to manufacturer’s 

instruction (Ambion, Austin, TX). After base hydrolysis of RNA with 0.4 M NaOH 

at 65oC for 15 min, the cDNA was neutralized with the same concentration of 

HCl.  cDNA was purified with spin columns supplied by Qiagen according to the 

manufacturer’s PCR purification protocol except that the columns were washed 

with 75% ethanol rather than the buffer supplied by the manufacturer and 

vacuum dried.   cDNAs were dissolved in 3 µl NaHCO3 (25mg/ml) and 5 µl of 

Alexa Fluors 546 and 647 (Molecular Probes) in DMSO were added in separate 

tubes.  The labeling reaction was done for 1 h at room temperature in the dark. 
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Labeled probes of the same treatment from two different tubes were mixed 

together and purified the same way as described above.  

 

 Hybridization and washing.  Hybridizations were performed using the 

Gene Tac Hybridization Station at 47oC in presence of 1X Gene Tac 

hybridization buffer, 20% formamide and 1µg each of poly dA and Cot-1 DNA 

from Invitrogen Life Technologies (Carlsbad, CA). After 14 h hybridization 

washing was done in three different steps with 2 cycles each. The first 2 cycles 

were with 1X SSC and 0.1% SDS at 42oC. The next 2 cycles were with 0.1XSSC 

and 0.1% SDS at the same temperature and the last 2 cycles were with 0.1XSSC 

without SDS at 30oC. The washed slides were rinsed very briefly with 0.1X SSC 

and blow dried to remove any residual buffer. Before scanning the slides 

bleaching of dyes was prevented by adding a thin film of Prolong (Molecular 

Probes) as an antifade agent. 

 

 Scanning and analysis of data.  Scanning was performed with Array Worx 

software from Applied Precision in high-resolution setting (5µ/pixel).  Sensitivity 

setting was high signal-to-noise ratio.  Average exposure time was 1 sec for 

green dye and 4 sec for red.  Spot-finding was done with Soft Worx Tracker 

Version 2.20 from Applied Precision.  Signal intensities for each element (spot) 

on the array were calculated as the mean spot intensity minus the median local 

background intensity. These background-subtracted intensities were then 

transformed using a modified linlog transformation (Cui et al., 2003). 

Normalization between the two channels for each array was then performed 

using a robust locally weighted regression (lowess)(Cleveland , 1979) based on 
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the log-ratio of the two channels vs. overall spot intensity (Yang et al., 2001), and 

included terms to remove both spatial and intensity-depended biases (Cui et al, 

2003).  A gene-by-gene analysis of variance (ANOVA) (Kerr et al., 2000) was 

then performed to calculate the contribution, and significance of the different 

treatments to changes in gene expression.  ANOVA was only performed on 

genes that were consistently expressed (more than 75% of the time) at 

measurable levels (background-subtracted intensity > 2 background standard 

deviations) for at least one of the treatments. To account for known sources of 

experimental variability, the linear model used for the ANOVA included terms to 

account for the contribution of each dye and hybridization (array) to the 

measured intensities, in addition to the term used to determine the contribution of 

each treatment (Kerr and Churchill, 2001). Genes were identified as differentially 

expressed based on a maximum value of 0.05 for the p-value associated with the 

f-test for the treatment term in the ANOVA, and a minimum 1.5 fold difference 

between any two treatments. 

 

  Real Time PCR.  Selected genes that were regulated by treatment as 

identified by microarray results were verified by real-time (RT) PCR.  Primers 

were 20-24 bp in length with Tm 55° (Table 1), resulting in reaction products 

between 100 and 280 bp.  Temperature paradigm and input cDNA quantity were 

optimized by use of conventional PCR.   Quantitative levels of expression were 

assessed by RT PCR (Cepheid, Sunnyvale, CA) using samples and a 

housekeeping gene standard (α-tubulin).   cDNA templates were obtained by 

reverse transcription using a first-strand cDNA synthesis kit (Invitrogen).  PCR 
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reaction mixtures consisted of template, 0.5 mM of each primer, 2.5 mM MgCl2, 

and 1XDNA master mix containing SYBR Green I, Taq polymerase, dNTPs and 

buffer.  The amount of target cDNA in samples was obtained by measuring 

threshold cycle (CT) of the unknown samples and that of the α-tubulin internal 

standard using the software supplied with the instrument.  Repeated measures 

ANOVA of RT PCR data was performed using Sigma Stat version 3.0 (SPSS, 

Chicago, IL). 
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RESULTS  

 Experimental Design.  The design of the microarray experiments is shown 

in Fig 1.  This design, based upon the method described by Kerr and Churchill 

(Kerr et al., 2000; Kerr and Churchill, 2001), differs from the usual procedure in 

which RNA from cardiomyocytes treated with T3, DITPA and CGS would be 

individually compared with “hypothyroid” control, by additional comparisons 

between treatments.  Red-green and green-red comparisons (double arrows) 

were made among RNAs from hypothyroid control cells, and cells treated with 

DITPA and T3.  In the case of CGS, the RNA labeled with red dye was hybridized 

with green-labeled RNA from T3-treated cells and with RNA from DITPA-treated 

cells the dyes were reversed (single arrows).   

 

 We sampled 4270 genes with the oligonucleotide microarray.  This 

represents approximately 10% to 20% of the expressed genes in heart, 

assuming the number of genes expressed is similar to other organs, which 

express 10,000 to 20,000 genes (Zhang et al., 1997).  Among the genes spotted 

on the array an average of 597 genes were detected using RNA from 

hypothyroid control, 654 with RNA from T3-treated cells, 645 with DITPA 

treatment, and 723 with CGS treatment.       

 

 Genes were selected for comparison based upon the criteria that 

expression was increased/decreased >1.5 time over hypothyroid control cells by 

at least one of the three treatments with P<0.05.  Using these criteria 64 genes 

were selected.  The genes have been organized into functional categories and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 17, 2004 as DOI: 10.1124/jpet.104.069153

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #69153 

 15

the results are presented as fold-change and log2 ratio of treatment vs. 

‘hypothyroid’ control in Table 2.    

 

 Effects of T3 on Cultured Heart Cells.   Addition of T3 to culture media up 

regulated three transcription factors or cofactors, including hairless, cardiac 

ankyrin repeat protein and four-and-a half LIM domains 2.  T3 down regulated 

two transcripts encoding glycolytic enzymes, fructose-1,6-biphosphatase and 

aldolase C, fructose-biphosphate and up regulated several component of 

mitochondrial respiration.  Cytochrome c, and subunit VIII-H (heart/muscle) of 

cytochrome c oxidase also were up regulated.   

 

 Acyl CoA synthetase, which catalyzes the first step in the entry of fatty 

acids into mitochondria, was down regulated.  Possibly, this may reflect tissue 

culture conditions in which heart cells preferentially utilize glucose and lactate 

rather than fatty acids to meet energy requirements.  The glucose transporter 4, 

the principal regulator of glucose uptake in response to insulin, also was up 

regulated.  The beta subunit of Na/K ATPase, a known target for T3 actions, was 

up regulated.  However, the T3- induced increase in Na/K ATPase mRNA 

apparently is not associated with increased transcription, but is mediated at the 

post-transcriptional level (Awais et al., 2000). 

 

  The largest number of genes strongly expressed after treatment with T3 

and DITPA were those involved with signal transduction.  The Ca++-ATPase of 

sarcoplasmic reticulum, (SERCA2a), was strongly up regulated by T3 as was 

brain natriuretic factor and natriuretic peptide precursor.  Among the contractile 
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protein genes treatment with T3 caused the expected induction of adult cardiac 

myosin heavy chain isoform (α-MHC) and repression of the fetal myosin heavy 

chain type (β-MHC).  A number of proteins found in the extracellular matrix were 

up regulated by T3, including alpha subunit of prolyl 4-hydroxlyase, matrix Gla 

protein, and alpha 7A integrin. 

 

 Effects of DITPA and CGS on Cultured Heart Cells.   Among the genes 

spotted on the microarray those regulated by T3 and DITPA were the nearly 

identical.  One exception was the gene encoding the nuclear matrix protein 

matrin 3, which was up regulated by DITPA and CGS 23425 but not by T3 (Table 

2).  Another exception was presenilin 2, which was down regulated more by 

DITPA than by T3.  Of particular note, the Ca++-ATPase of the cardiac 

sarcoplasmic reticulum was significantly up regulated by T3 and DITPA but not by 

CGS 23425.  This is consistent with physiological studies indicating that T3 and 

DITPA increase cardiac inotropic activity, which is dependent upon stimulation of 

Ca++-ATPase activity (see Discussion). 

  

 A large group of genes that were more stimulated by T3 and DITPA than 

by CGS 23425 were the contractile proteins genes.  The adult cardiac myosin 

heavy chain (α-MHC) gene was up regulated and the fetal cardiac myosin heavy 

chain (β-MHC) was down regulated.  The reciprocal change in MHC isoforms 

was greatest with T3 and DITPA and least with CGS 23425.  

 

 In addition, there was an interesting group of transcriptional regulators 

including, hairless, cardiac ankyrin repeat protein (CARP), and four-and-a-half 
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LIM domains 2 that were up regulated by T3 and DITPA but not by CGS 23425.  

The fourth transcription factor, transition protein 2, was down regulated by all 

three treatments. 

 

 In all, 13 genes were significantly more up or down regulated by CGS 

23425 than by T3 with P<0.05 (Table 2).  DITPA and T3 up regulated several 

transcripts that were down regulated by CGS 23425.  Among these were several 

mRNAs encoding mitochondrial enzymes or enzyme subunits.  These transcripts 

included cytochrome C oxidase VII-H subunit, mitochondrial H+-ATP synthase, F1 

complex alpha and beta subunits, ATP-synthase H+ transporting mitochondrial 

FO complex, and the muscle form of creatine kinase.   

  

 Real Time PCR.  To test the validity of the array experiments and ANOVA 

procedure we performed real-time quantitative PCR on 10 genes using cDNA 

from ‘hypothyroid’ cells and cells treated with T3, DITPA and CGS 23425 (Table 

3).   Fold change for treatments represents cDNA produced from treated cells 

relative to ‘hypothyroid’ control.  These results should be compared with fold 

changes by microarray in Table 2.  Five of the genes were more strongly up 

regulated by T3 and DITPA than CGS 23425.  One gene was more strongly down 

regulated by T3 and DITPA. Two genes were regulated more by CGS 23425 than 

T3 and DITPA.  One gene (presenilin-2) was down regulated more strongly by 

DITPA than T3.  In each case RT PCR confirmed the relative differences between 

treatments observed in microarrays.   

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 17, 2004 as DOI: 10.1124/jpet.104.069153

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #69153 

 18

Discussion 

 Cell culture was selected as a means for obtaining information about the 

effects of T3 and its analogs on gene expression because tissue accessibility, 

volume of distribution and other factors that could influence drug availability in 

vivo have not been established for the analogs used in this study or for most 

other thyroid hormone analogs.  Furthermore, chemically induced hypothyroidism 

causes a significant reduction in body weight and organ weight at all stages of 

development. By using fetal cells harvested prior to exposure to T3 and 

maintained in serum devoid of the hormone it was possible to create 

‘hypothyroid’ control cells without chemical treatment of animals prior to harvest.   

 

 The results indicate that pattern of genes expressed in cardiomyocytes 

after treatment with T3 and DITPA were nearly identical whereas there were a 

number of differences with CGS 23425.  Among the 64 genes that were 

increased more than 1.5 times there were 13 differences in gene expression 

between T3 and its analogs CGS 23425 (20.3%).  The genes activated by CGS 

23425 correspond to those activated via the TRβ1 receptor at ligand 

concentrations less than 5 times the Kd.  Presumably, the remaining T3-activated 

genes are regulated via TRα under these conditions.  To our knowledge this is 

the first large-scale profiling of the effects of T3 on cardiomyocytes and the first 

microarray analysis of the effects of T3 on gene expression versus its analogs.   
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 Surprisingly, there were few common targets between heart and earlier 

reports of the effects of T3 on gene expression in liver.  Using the paper by Feng 

et al. (2000) for comparison with liver genes activated by T3, common targets 

included cardiac α-actin, smooth muscle γ-actin, and matrix metalloproteinase.  

The message for the putative Src domain 3 (SH3)-containing protein identified as 

a  T3-regulated message in our arrays (Table 2) is in the same family as ponsin, 

which was found to be a T3-regulated message in liver, but the product of a 

separate gene.  Cardiac-specific targets were numerous and included α- and β-

myosin heavy chains, brain natruretic peptide, Ca++-ATPase, Na/K-ATPase, etc.  

These results attest to the unique targeting of thyroid hormone actions in each 

organ and tissue.    

 

 The largest number of genes affected by T3 and DITPA were those 

involved with signal transduction.  Of particular note, the Ca++-ATPase of the 

cardiac sarcoplasmic reticulum was significantly up regulated by T3 and DITPA 

but not by CGS 23425.  This is consistent with physiological studies indicating 

that T3 and DITPA increase inotropic activity of the heart, which is dependent 

upon stimulation of the Ca++-ATPase activity (Arai et al., 1991; Pennock et al., 

1992).   Except at the highest doses tested, CGS 23425 and other TRβ1-

selective drugs do exhibit inotropic effects (Taylor et al., 1997; Trost et al., 2000).  

 

 The next largest group of genes that were more stimulated by T3 and 

DITPA than by CGS 23425 were the contractile protein genes.  In adult rats with 

fast contracting ventricles the V1 form predominates, whereas, during embryonic 
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and fetal development the V3 form is the predominate isoform.  As anticipated, 

the adult cardiac myosin heavy chain (α-MHC) gene was up regulated by T3 

treatment and the fetal cardiac myosin heavy chain (β-MHC) was down 

regulated.  The reciprocal change in MHC isoforms was greatest with T3 and 

DITPA and least with CGS 23425.    

 

 There is evidence for myosin isoform-specific regulation by TRs from 

transgenic knock out experiments (Mansen et al., 2001).  β-MHC is 

overexpressed in mice deficient in TRα1, suggesting that TRα1 plays a specific 

role in the negative regulation of β-MHC.  In the experiments reported here β-

MHC is not as strongly down regulated by the TRβ1-selective TH analog CGS 

23425 as by T3 and DITPA, which is consistent with the need for TRα1 activation 

to suppress β-MHC. 

 

 In addition to genes involved in signal transduction and contractile protein 

genes there was an interesting group of transcriptional regulators that were up 

regulated by T3 and DITPA but not by CGS 23425.  These genes included 

hairless, cardiac ankyrin repeat protein (CARP), and four-and-a-half LIM domains 

2.  The fourth transcription factor, transition protein 2, was down regulated by all 

three treatments.  Hairless has recently been identified as a corepressor of TRs 

and vitamin D receptors (Hsieh et al., 2003).  The lack of sequence similarity with 

previously identified TR corepressors suggests it may serve a more specialized 

role than ubiquitous corepressors.  Cardiac ankyrin repeat protein (CARP) is a 

nuclear coregulator for cardiac gene expression during development.  Four-and-
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a-half LIM domains 2 is a member of a family of LIM proteins defined by the 

presence of one or more double zinc-finger domains.  Four-and-a-half LIM 

domains 2 is primarily expressed in heart (Morgan and Madgwick, 1999).  The 

LIM family members that have been characterized act as transcriptional 

regulators and are involved in muscle development and differentiation.  

  

 The ATP-synthesizing enzyme system of the inner mitochondrial 

membrane has two major components or factors, Fo and F1.  Two subunits of 

these components were up regulated by T3.   These were ATP synthase, H+-

transporting, mitochondrial Fo complex and mitochondrial H+-ATP synthase, 

alpha subunit.  The alpha and beta subunits of F1-ATPase have been reported to 

be less responsive to T3 than other components of the oxidative phosphorylation 

system (Li et al., 1997) and in these experiments were slightly down regulated.   

Several mitochondrial proteins known to be stimulated by T3, such as cytochrome 

c oxidase, mitochondrial H+-ATP synthase, mitochondrial ATPase, were also 

stimulated by DITPA but not by CGS 23425.  Generally, the TRβ1-specific 

analog, CGS 23425, had less effect on nuclear encoded mitochondrial enzymes 

than T3 and DITPA.     

 

 In addition to modulating mRNA levels of key nuclear-encoded genes of 

the mitochondrial oxidative phosphorylation system, T3 modulates the steady-

state concentration of all mitochondrial DNA encoded mRNAs (Endriquez et al., 

1999).  Surprisingly, among over 100 nuclear encoded mitochondrial respiratory 

components only nine have been shown to directly respond by binding of T3 to 
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TRs in their promoter regions (Pillar and Seitz, 1997).  However, there is 

evidence for indirect thyroid hormone regulation of additional mitochondrial 

components through activation of transcriptional factors (Weitzel et al., 2003).  

There have been no previous studies on the effects of thyroid hormone analogs 

on nuclear or mitochondrial encoded genes of mitochondrial respiration.   

 

  One of the notable physiological differences between DITPA and T3 is 

that DITPA produces increases in left ventricular dP/dt comparable to those 

obtained with L-thyroxine but with significantly less tachycardia (Pennock et al., 

1992).  A possible explanation for the lesser effect of DITPA on heart rate might 

be that DITPA down regulated presenilin 2 whereas expression of this gene was 

less affected by T3 and CGS 23425.  Mutations in presenilin genes have been 

linked to early-onset familial Alzheimer’s disease.  These genes encode 

membrane proteins presenilin 1 and 2, which are thought to constitute the 

catalytic subunits of γ-secretase that promote the cleavage of the amyloid 

precursor protein, creating the amyloid-β peptide that accumulates in the brain of 

individuals with this disorder.  In addition to their catalytic role, presenilins form 

high molecular weight complexes with other proteins.  One of these proteins, 

CALP/KChIP4 (calsenilin-like protein), is a member of a family of KChIPs (Kv 

channel-interacting proteins), that has been shown to alter the voltage-gating and 

inactivation properties of voltage-gated potassium channel subunit Kv4 

(Morohashi et al., 2002).  Expression of wild-type presenilins increases outward 

K+ current densities in HIK-293 cells relative to untransfected cells (Malin et al., 

1998).  Potassium channel genes that code for K+ channels involved in action 
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potential repolarization, like Kv 4.2 and minK, are TRα1 targets and strongly 

regulated by changes in thyroid status (Gloss et al., 2001).  Additional 

experiments will be necessary to determine whether the differences in 

expression of presenilin 2 when stimulated with T3 and DITPA can account for 

differences in heart rate response.                          

 

 There are other possible explanations for differences between DITPA and 

T3 in their physiological effects.  First, the microarrays used in these experiments 

contained a little over 4,000 genes, which probably represents only 20% to 40 % 

of the genes expressed in rat heart.  Differences in expression of genes not 

represented in these arrays might be responsible for physiological differences 

between T3 and DITPA.  Secondly, several actions of thyroid hormone do not 

require intranuclear binding of T3 by TR and would not necessarily be detected in 

microarray experiments.  Some of these actions of thyroid hormone occur at the 

plasma membrane, involving ion channel and ion pump activities, at the 

ribosome and Golgi apparatus, and upon the cytoskeleton (Davis and Davis, 

2002).  Other actions that do not require T3 binding to nuclear receptors include 

thyroid hormone activation of the mitogen activated protein kinase (MAPK) 

cascade (Lin et al., 1999).  T3-induced cardiac hypertrophy recently has been 

shown to involve activation of the cytosolic protein, calcineurin, perhaps by 

promoting calcium entry into the cell (Vanamala et al., 2003).  Activation of both 

the MAPK cascade and calcineurin ultimately result in induction of transcription 

factors, which should be detectable in microarray experiments.  Possibly, one or 

more of the mechanisms given above may explain differences between the 

physiological effects of T3 and DITPA.        
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FIGURE LEGENDS 

Fig. 1.  Schematic indicating the design of the microarray experiments.  The 

design is taken from Kerr and Churchill (2001).  cDNA from cells grown in 

medium stripped of thyroid hormone (Hypo) or treated with T3, DITPA or CGS 

23425 (CGS) was used to prepare hybridization probes.  Each arrow head 

indicates a red or green hybridization.    
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Table 1 
 

RT PCR Primers for Genes in Rat Cardiomyocyte Treated with 
Triiodothyronine and Thyroid Hormone Analogs DITPA and CGS 

 
_______________________________________________________________________________________________________ 
 
UniGene No. Encoded Protein Forward Primer Reverse Primer   
______________________________________________________________________________________________________________________________ 
 
1051 ATPase Ca++ transporting ACCTGCTTGGCTCTTGGAACTC GGACATCTGGTTTGTGGTAAGTGT 
 cardiac muscle, slow 
 twitch 2 
1618 ATP synthase, H+ transporting GCTCCATCTAAAAAGCCTTCCTG GCCCCAGCACCAATAAACTTG 
 mitochondrial Fo complex 
1792 ATPase, Na+K+ transporting TTTCCTTCCGTCCTAATGACCC ATTGAACTCTCCCCGCTCCTTG 
 α3 subunit 
2262                    Presenilin-2 CAACTCCGTGCTGAACACTCTG TTCCCCGAGGTAGATGTAGGTG 
2702 Myosin heavy chain, cardiac 
 muscle, fetal CCCCTTCCTGCGAAAATCTG TCTGTCTCAGCGGTGACTTTGC 
2745                    Creatine kinase, muscle form ACCACCTCCACAGCAAAGACAG TCCTCCTGCGACTTGTAGTTCAGC 
3184 Myosin heavy chain, cardiac  ACAGAGTGCTTCGTGCCTGATG AGTCACCGTCTTGCCGTTTTC 
 muscle, adult 
3357 Matrix Gla protein GCCCTGTGCTATGAATCTCACG CAAAGCGACTGTTTCCTTGCG 
4210 Brain naturetic factor TGACGGGCTGAGGTTGTTTTAG GGCAAGTTTGTGCTGGAAGATAAG 
4400 Apoptosis-regulating basic TTCGCCCTCTGTTGCTATTCTC CGTAGTTGATAAGTCCTCCCTG 
 protein  
 
_______________________________________________________________________________________________________ 

 
 
 
 
 

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on M

ay 17, 2004 as D
O

I: 10.1124/jpet.104.069153
 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET #69153 

 34

Table 2 
 

Fold Change and Log2 Value for Genes in Rat Cardiomyocytes Treated with Triiodothyronine and Thyroid Hormone Analogs DITPA and 
CGS 23425 

 
 
                                        T3                           DITPA        CGS 23425   
 
UniGene No.    Encoded Protein               Fold             Log2         Fold           Log2              Fold            Log2  
_________________________________________________________________________________________________________                            
 Transcription Control 
789 Hairless 7.46     2.89±0.36a          4.14        2.05±0.36a        1.49        0.57±0.38c 
3825 Cardiac ankyrin repeat protein  2.41     1.26±0.12a         1.89        0.92±0.12a  2.16     1.11±0.13a 

1329 Four-and-a-half LIM domains 2  1.31     0.38±0.13b           1.27        0.35±0.13b  0.79       -0.33±0.13b,c 

1503    Transition protein 2   0.66    -0.60±0.18b         0.88       -0.18±0.18        0.78       -0.35±0.18 
 Glucose and Lipid Metabolism 
1146 Adipocyte lipid-binding protein             0.92       -0.12±0.39a                0.85        -0.24±0.39b  2.33        1.22±0.41 
3343 Aflatoxin B1 aldehyde reductase  0.75       -0.41±0.12b         0.83        -0.27±0.13  1.19        0.24±0.13c 
4538 Fructose-1,6-biphosphatase  0.52       -0.95±0.47         0.70        -0.52±0.46        0.37       -1.45±0.49b  
2737 Aldolase C, fructose-biphosphate 0.47       -1.07±0.17a         0.52        -0.93±0.17a  0.50       -0.98±0.17a 

 Signal Transduction 
1051 ATPase, Ca++ transporting,  
     cardiac muscle, slow twitch 2  2.25    1.17±0.15a         2.04         1.02±0.16a  0.97        -0.04±0.16c 
4210 Brain natriuretic factor   1.72        0.78±0.38         1.68         0.74±0.36  3.20         1.67±0.38a 

348 Regulator of G-protein signaling 4 1.62        0.69±0.06a             1.50         0.58±0.57a  1.35         0.43±0.06a 

3889 Neuropilin mRNA       1.56    0.64±0.11a           1.17 0.22±0.11  1.02         0.02±0.12c         
2688 Natriuretic peptide precursor A               1.53        0.61±0.2b         1.71         0.77±0.20a       3.40        1.76±0.21a,c 

1881 Sulfonylurea receptor 2   1.51        0.59±0.19b         1.50         0.58±0.19b  0.86        -0.22±0.20 
3634 FXYD domain-containing ion transport 
     regulator 1    1.49       0.57±0.17b         1.17 0.22±0.17  0.93        -0.09±0.19 
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3067 Pleiotrophin (Heparin binding factor)     1.31       0.39±0.22         1.14        0.18±0.22 1.61       0.68±0.22b 

3566 Putative protein kinase C inhibitor   0.94      -0.09±0.13         1.27        0.34±0.12b 0.80      -0.31±0.13  
958 Guanylate cyclase 1, soluble, alpha 3   0.74      -0.43±0.09a         0.72       -0.47±0.09a 1.13       0.17±0.09c 
3729 Calcium binding protein A6 (calcyclin)   0.73      -0.45±0.12a         0.80       -0.32±0.11b 1.12       0.16±0.12c 
2013 S100 calcium-binding protein A4    0.65      -0.63±0.12a         0.68       -0.55±0.11a 1.12       0.16±0.12c 
4546 SH3-containing protein p4015                   0.48      -1.05 ±0.37b         1.08        0.10±0.36         0.84     -0.25±0.38  
 Cytoskeleton 
3184 Myosin heavy chain, cardiac muscle,  
     adult            7.24        2.85±0.17a         6.64        2.73±0.17a  1.59      0.67±0.18b,c 

1424 WAP four-disulfide core domain protein   2.43        1.28±0.15a         2.59        1.37±0.15a  1.01      0.02±0.16c 
3357 Matrix Gla protein      2.15        1.1±0.2a         1.90        0.92±0.20a  1.19      0.24±0.21 
4180 Factor-responsive smooth muscle  
     protein         1.77        0.82±0.31b         1.84        0.87±0.31b  1.75      0.80±0.32b 

882 Alpha 7A integrin      1.52        0.6±0.21b         1.36        0.44±0.21  0.97     -0.04±0.23 
4209 Decorin       1.50        0.58±0.23b          1.53        0.61±0.22b  1.42      0.50±0.23 
4548 Macrophage metalloelastase    1.19        0.25±0.22          0.46      -0.15±0.22   1.57      0.65±0.23b 

3821 Prolyl 4-hydroxylase alpha subunit   1.16        0.21±0.2          0.97      -0.40±0.19  1.51      0.59±0.21b 
2705 Troponin I, cardiac      1.14       0.19±0.15          1.18       0.24±0.14  0.74     -0.44±0.15b   
2909 Myoglobin        0.91     -0.14±0.16          0.91      -0.13±0.16  0.40     -1.32±0.17a,c 

286 Class I beta-tubulin           0.88      -0.19±0.13          0.89     -0.16±0.13  1.35      0.43±0.14b,c 

1090 Matrin 3        0.78      -0.35±0.08a          1.24      0.31±0.08b,c  1.30      0.38±0.08a,c 

4539 Myosin, heavy polypeptide 13, skeletal 
     muscle        0.63      -0.65±0.29           1.18     0.24±0.27  0.97     -0.04±0.29 
4118 Actin, gamma 2, smooth muscle,  
     enteric        0.52     -0.93±0.18a  0.60   -0.72±0.19a  0.66      -0.60±0.20b        
2702 Myosin heavy chain, cardiac muscle, 
     fetal        0.16      -2.66±0.36a             0.25   -2.01±0.36a            0.63      -0.67±0.38c 
 Energy Metabolism 
1324 3`(2`),5`-bisphosphate nucleotidase    2.09      1.06±0.15a             2.10    1.06±0.15a  1.29       0.36±0.17c 
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758 Cytochrome C, expressed in somatic 
     tissues        1.73       0.79±0.15a  1.49     0.57±0.16b  1.23       0.29±0.16 
3830 Malate dehydrogenase-like enzyme    1.59       0.67±0.13a             1.29     0.37±0.13b  1.16       0.21±0.13 
1618 ATP synthase, H+ transporting, 
     mitochondrial Fo complex     1.54       0.62±0.09a              1.30    0.38±0.09a  0.99      -0.02±0.09c 
795 Mitochondrial H+-ATP synthase 
     alpha subunit       1.47       0.55±0.18b              1.26    0.33±0.17  0.83      -0.26±0.19 
3522 Cytochrome c oxidase subunit VIII-H 
     (heart/muscle)       1.30       0.37±0.21              1.29    0.36±0.20  0.58      -0.78±0.21b,c 

2745 Creatine kinase, muscle form     0.95     -0.07±0.19    0.89    -0.16±0.18  0.56      -0.82±0.19a 

3370 F1-ATPase beta subunit       0.86      -0.21±0.16          1.33     0.41±0.17b  0.64      -0.64±0.17a 

465 Acyl CoA synthetase, long chain     0.70      -0.51±0.16b   0.99    -0.22±0.17   0.65      -0.61±0.17b 

 Cellular Trafficking  
3647 Glucose transporter 4, insulin-      
     responsive       1.67       0.74±0.15a    1.53    0.61±0.14a  1.07        0.09±0.17c 
947 ATPase Na+/K+ transporting beta 1 
     polypeptide       1.59       0.67±0.14a                     1.53    0.61±0.14a  1.30        0.37±0.14b  
1792 ATPase, Na+K+ transporting,  
    alpha 3 subunit        1.35       0.43±0.14b               1.23    0.29±0.14  0.62       -0.68±0.14a,c 

1566 Heart fatty acid binding protein     1.52      0.60±0.14a               1.36    0.44±0.14b  0.91       -0.13±0.14c 
  Cellular Immunity/Defense 
2681  Chemokine CX3C mRNA      1.78      0.82±0.17a               1.48    0.56±0.17b  1.61        0.68±0.17a 

4400 Apoptosis-regulating 
     basic protein mRNA,       1.59       0.67±0.21b    1.61    0.68±0.21b  0.90       -0.14±0.22 

715 DOC-2 p82 isoform      1.50       0.58±0.15a    1.35    0.43±0.15b  1.07        0.09±0.16 
1147 Testostrone-repressed prostate 

     message 2      1.42      0.51±0.20b    1.41     0.49±0.20  0.85       -0.22±0.21  
346 Dithiolethione-inducible gene-1 (DIG-1)   1.26      0.32±0.18    1.23     0.29±0.18  0.67       -0.57±0.19b,c 

2014 IgE binding protein     1.04      0.05±0.08    1.04   0.05±0.08  1.54        0.62±0.08a,c 

283 Lysozyme       1.02      0.02±0.11               0.87    -0.19±0.11   1.36        0.44±0.11a 
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2286 Suppression of tumorigenicity 13 

     Hsp 70-interacting protein    0.75       -0.42±0.21    0.46  -1.11±0.21a  0.92       -0.12±0.22  
1522 Surfactant protein C     0.72     -0.47±0.12a    0.97    -0.04±0.11  1.12        0.16±0.12c 

 Protease 
1046 Protease, serine, 11 (Igf binding)    1.62      0.70±0.16a               1.51     0.59±0.16b  1.32        0.40±0.18 
1975 Matrix metalloproteinase 14, 
     membrane-inserted     1.18        0.23±0.06b               1.09     0.12±0.06  1.50        0.58±0.07a,c 

2262 Presenilin-2      1.08        0.11±0.36    0.48    -1.06±0.37b   1.14        0.19±0.39 
1519 Chymotrypsin B      0.65     -0.61±0.14a     0.82    -0.28±0.14  1.01        0.02±0.15 
 Miscellaneous 
3733 Hydroxysteroid dehydrogenase, 
     11 beta type 1      1.15        0.19±0.25    1.02   0.02±0.25  0.52       -0.94±0.27b  
2289 DnaJ (Hsp40) homolog, subfamily 
     A, member 2      1.01        0.02±0.16               1.26     0.33±0.16  0.81       -0.30±0.16 
4598 Heat shock 10 kD protein  
     (chaperonin 10)      0.76       -0.39±0.21    0.96    -0.06±0.20    0.61       -0.71±0.22b 

______________________________________________________________________________________________________________________________________________________________________ 

a P<0.01 vs. ‘hypothyroid’ control 
b P<0.05 vs. ‘hypothyroid’ control 
c P<0.05 vs. T3 treatment 

 

 

 

 

 

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on M

ay 17, 2004 as D
O

I: 10.1124/jpet.104.069153
 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET #69153 

 38

Table 3 
 

 Fold Change by RT PCR for Genes in Rat Cardiomyocytes  
Treated with Triiodothyronine and Thyroid Hormone Analogs DITPA and CGS 23425 

___________________________________________________________________________________________________ 
 
                                                 T3                       DITPA             CGS 23425   
                                                       
UniGene No. Encoded Protein                 Fold by                               Fold by                             Fold by                                         
                               RT PCR                  RT PCR                          RT PCR 
____________________________________________________________________________________________________                                      
 
1051 ATPase, Ca++ transporting   
  cardiac muscle, slow twitch 2                   1.11±0.05                   1.27±0.06b                   0.54±0.06a            
1618 ATP synthase, H+ transporting            
  mitochondrial Fo complex                          0.82±0.08        1.50±0.08a                        0.78±0.03 
1792 ATPase, Na+K+ transporting  
  alpha 3 subunit                                        1.19±0.11                   1.25±0.15                         0.78±0.06   
2262                   Presenilin-2            0.74±0.10         0.54±0.10b  0.91±0.02 
2702                   Myosin heavy chain, cardiac 
   muscle, fetal                                           0.14±0.01a                    0.56±0.05a      0.55±0.02 a    
2745 Creatine kinase, muscle form                      0.52±0.03a                   1.10±0.05b                         0.37±0.01a              
3184 Myosin heavy chain, cardiac 
  muscle, adult                                           3.05±0.25a                   3.15±0.14a                        0.81±0.05      
3357 Matrix Gla protein                                        0.94±0.03                         0.95±0.07                         0.67±0.02a     
4210 Brain natruretic factor                                  1.32±0.25                         6.85±0.09a             3.32±0.19a           
4400 Apoptosis-regulating basic protein              1.32±0.06a                        1.84±0.03a             0.70±0.05a             
 
_____________________________________________________________________________________________________ 
a P<0.01 vs. ‘hypothyroid’ control 
b P<0.05 vs. ‘hypothyroid’ control 
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