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Abstract
This study was conducted to examine whether the renin-angiotensin system contributes to
hyperthyroidism-induced cardiac hypertrophy without involving the sympathetic nervous system.
Sprague-Dawley rats were divided into control-innervated, control-denervated, hyperthyroid-
innervated, and hyperthyroid-denervated groups using intraperitoneal injections of thyroxine and 6-
hydroxydopamine. After 8 wk, the heart-to-body weight ratio increased in hyperthyroid groups
(63%), and this increase was only partially inhibited by sympathetic denervation.
Radioimmunoassays and reverse transcription-polymerase chain reaction revealed increased cardiac
levels of renin (33%) and angiotensin II (53%) and enhanced cardiac expression of renin mRNA
(225%) in the hyperthyroid groups. These increases were unaffected by sympathetic denervation or
24-h bilateral nephrectomy. In addition, losartan and nicardipine decreased systolic blood pressure
to the same extent, but only losartan caused regression of thyroxine-induced cardiac hypertrophy.
These results suggest that thyroid hormone activates the cardiac renin-angiotensin system without
involving the sympathetic nervous system or the circulating renin-angiotensin system; the activated
renin-angiotensin system contributes to cardiac hypertrophy in hyperthyroidism.
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CARDIAC HYPERTROPHY IS a serious complication of hyperthyroidism (31). It was
previously believed that the enhanced hemodynamics produced by increased sympathetic
nerve activity were a major factor in cardiac hypertrophy induced by hyperthyroidism (15).
Increased sympathetic nerve activity also augments plasma renin activity (PRA) and thus
activates the circulating renin-angiotensin system (RAS) (15). Some evidence indicates that
the circulating RAS may be involved in the development of cardiac hypertrophy (29).
Angiotensin II exerts a direct physiological effect on the cardiovascular system through specific
receptors on the cardiomyocyte plasma membrane that are coupled to guanine nucleotide-
binding proteins (1). The administration of angiotensin-converting enzyme inhibitors is
clinically efficacious in reducing cardiac hypertrophy (9). However, more recent reports have
shown that sympathetic nerve activity is elevated in hyper- and hypothyroidism (27), yet
cardiac hypertrophy is only recognized in hyperthyroidism (16). These data suggest that
hyperthyroidism-induced cardiac hypertrophy can be caused by factors independent of the
sympathetic nervous system.
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Furthermore, although hyperthyroidism is associated with cardiac hypertrophy (16),
hyperthyroidism frequently demonstrates normal PRA (15); thus a factor other than the
circulating RAS may be involved in hyperthyroidism-induced cardiac hypertrophy. Recent in
vitro studies suggest that thyroid hormone itself regulates the expression of the tissue renin
gene (12,20). The expression of the renin gene in the mouse submandibular gland has been
shown to be stimulated by thyroid hormone (20). In a pituitary cell line, thyroid hormone
regulates promoter activity of the renin gene (12). Therefore, we hypothesized that thyroid
hormone directly enhances cardiac expression of the renin gene and the cardiac RAS without
involving the sympathetic nervous system, thereby causing cardiac hypertrophy in
hyperthyroidism. To evaluate this hypothesis, the effects of sympathetic denervation, bilateral
nephrectomy, and treatment with losartan or nicardipine on the circulating and cardiac RAS
and the heart-to-body weight ratio were investigated in hyperthyroid rats.

METHODS
Preparation of Animals

Male Sprague-Dawley rats (Charles River Japan, Kanagawa, Japan) weighing 150−200 g were
used in the present study. They received standard laboratory food containing 110 μmol/g
sodium (Oriental Yeast, Tokyo, Japan), with tap water ad libitum. They were individually
caged with a 12:12-h light-dark cycle. Body weight (BW) was checked daily. For the first series
of this study, 20 rats were divided into control (Cont) and hyperthyroid (Hyper) groups by
daily intraperitoneal injections of saline vehicle or thyroxine (0.1 μg/g) for 8 wk as previously
described (22). These groups were subdivided into sympathetic innervated (IN) and
sympathetic denervated (DX) groups by intraperitoneal injections of saline vehicle or 6-
hydroxydopamine (100 μg/g) on days 1, 3, 27, and 47 as previously described (22). Systolic
blood pressure (BP) and heart rate (HR) were measured weekly by tail-cuff plethysmography.
All rats were decapitated at 8 wk. Blood was collected into tubes with and without EDTA,
separated into plasma and serum by centrifugation at 4°C and stored at −20°C. After blood
was collected, the heart and an aliquot of femoral muscle were immediately removed, washed
in water free of ribonuclease, weighed, frozen in liquid nitrogen, and stored at −20°C until
assayed.

Nephrectomy Study
The second series of this study was performed to examine whether the changes in cardiac levels
of renin and angiotensin II were caused by changes in circulating levels of renin and angiotensin
II. Twenty rats were divided into four groups (Cont-IN, Cont-DX, Hyper-IN, and Hyper-DX)
in the same manner as the first series, then were bilaterally nephrectomized 24 h before
decapitation. Samples were taken as described above.

Losartan and Nicardipine Study
In the third series of this study, 15 hyperthyroid rats were prepared and chemically denervated
as described above. These rats were then treated with daily intraperitoneal administration of
saline vehicle, losartan (5 μg/g), or nicardipine (10 μg/g) and were decapitated at 8 wk.

Hormone Measurements in Serum and Plasma
Serum levels of free 3,3’,5triiodothyronine (Ts) were determined with a commercially
available radioimmunoassay (RIA) kit according to the manufacturer's instructions (Amarex-
MAB free T3, Ortho-Clinical Diagnostics, Tokyo, Japan). PRA was determined with a
commercially available RIA kit according to the manufacturer's instructions (Renin-Riabead,
Dainabot, Tokyo, Japan). Plasma levels of angiotensin II were determined by a combined solid-
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phase extraction (SPE)-high-performance liquid chromatography (HPLC)-RIA method, as
previously described (22).

SPE of angiotensin peptides—After a mixed inhibitor solution (5 mM EDTA, 10 μM
pepstain, 20 μM enalapril, and 1.25 mM 1, 10-phenanthroline, final concentration) was added
to 1 ml of plasma, the sample was immediately applied to an octadecasilyl-silica SPE column
(Sep-Pak Plus Cl8 cartridge, Millipore, Bedford, MA) that had been moistened with 3 ml of
methanol followed by 10 ml of 0.1 M HCl. After the sample was washed with 10 ml of 0.1 M
HCl, it was eluted with a mixture of methanol-distilled water-trifluoroacetic acid (80: 19.1:0.l
volume ratio). The eluate was evaporated to dryness in a vacuum centrifuge and resuspended
in 1 ml of a buffer that contained 0.1 M tris(hydroxymethyl)aminomethane (Tris) acetate, 2.6
mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 0.1% bovine serum albumin. These
processes remove contaminating proteins, salts, and lipids that affect measurement of
angiotensin II.

Separation of angiotensin peptides by HPLC—HPLC was performed with a reverse-
phase column (Nucleosil C18 column, Alltech Associates, Deerfield, IL) to separate
angiotensin II from other angiotensin peptides. Mobile phase A consisted of 0.085%
orthophosphoric acid and 0.02% sodium azide. Mobile phase B consisted of methanol. The
gradient was isocratic with phase A 65%-phase B 35% from 0 to 9 min followed by a gradient
of mobile phase B to 55% over 9 min at 45°C. Fractions were collected and neutralized to pH
7.4. The sample was lyophilized, reconstituted in an RIA buffer containing 50 mM Tris·HCl
(pH 7.4) and 0.3% bovine serum albumin, and measured directly by RIA. Retention times of
angiotensin I, II, and III were 15.5, 7.5, and 5.8 min, respectively.

Quantification of angiotensin II by RIA—A competitive protein-binding RIA was
performed with a commercially available kit (angiotensin II RIA kit, Nichols Institute
Diagnostics, San Juan Capistrano, CA). Cross-reactivity of the RIA antibody with angiotensin
I, Asp1-Ile5-angiotensin II, Asn1-Va15-angiotensin II, Sar1-Ile5-angiotensin II, and angiotensin
III is 0.1, 100,30,0.02, and 67%, respectively.

The reconstituted samples were incubated with rabbit antiangiotensin II antiserum for 6 h at
4°C and then incubated with 125I-labeled angiotensin II for 18 h at 4°C. Antibody-bound
angiotensin II was separated from free angiotensin II using donkey anti-rabbit coated cellulose
in suspension. After an incubation for 20 min at 20°C and centrifugation at 5,000 revolutions/
min for 15 min at 4°C the unbound angiotensin II was measured in a gamma counter for 3 min.
A standard curve was prepared using the dose-response relationship with standard samples,
and the concentration of angiotensin II in the test samples was read from the curve.

Hormone Measurements in Cardiac Tissue
Frozen hearts were divided into four chambers. One-fourth of each chamber was used in the
following measurements.

The first piece of each chamber was used to measure cardiac levels of renin as previously
described (22). In brief, the heart was thawed and homogenized with the Polytron (Kinematica,
Littau, Switzerland) in 10 ml of a buffer containing 2.6 mM EDTA, 1.6 mM dimercaprol, 3.4
mM 8-hydroxyquinoline sulfate, 0.2 mM phenylmethylsulfonyl fluoride, and 5 mM
ammonium acetate. The homogenate was frozen and thawed four times and spun at 5,000
revolutions/min for 30 min at 4°C and the supernatant was removed. An aliquot of the
supernatant was diluted 1:10. In addition, 0.5 ml of plasma obtained from the nephrectomized
male rats was added to the same volume of the diluted solution as a substrate for the enzymatic
reaction. Renin activity of the sample was determined as previously described (18) using the
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Renin-Riabead. Cardiac renin was calculated by the following formula: cardiac level (ng
angiotensin I·h−l·g heart−l) = renin activity (ng angiotensin I·h−l·ml−1) × dilution rate (10 × 2
= 20) × volume of the buffer (10 ml)/weight of the aliquot of the heart assayed (g).

The second piece of each chamber was used for determination of cardiac angiotensin II by a
combined SPE-HPLC-RIA method (22). In brief, the heart was thawed and homogenized with
the Polytron in 10 ml of a buffer that contained 0.1 M HCl that inactivates endogenous tissue
protease. The homogenate was centrifuged at 5,000 revolutions/min for 30 min at 4°C and 1
ml of the supernatant was immediately applied to the Sep-Pak Plus C18 cartridge. The
concentration of angiotensin II in the sample was determined in the same manner as angiotensin
II measurement in plasma described above. Cardiac angiotensin II was calculated from the
following formula: cardiac level (pg/g heart) = angiotensin II concentration (pg/ml) × volume
of the buffer (10 ml)/weight of the aliquot of the heart assayed (g). As a control for angiotensin
II in muscular tissue, the skeletal muscle level of angiotensin II was measured in the same
manner using the femoral muscle.

The third piece of each chamber was used to determine cardiac norepinephrine as previously
described (22). In brief, the heart was thawed and homogenized with the Polytron in 10 ml of
a cooled phosphate buffer containing 0.4 M perchloric acid and 5 mM reduced glutathione.
The homogenate was spun at 5,000 revolutions/min for 30 min at 0°C and the supernatant was
removed. The concentration of norepinephrine in the sample was determined by a kit for HPLC
according to the manufacturer's instructions (Cat-a-Kit assay system, Amersham,
Buckinghamshire, UK). Cardiac norepinephrine was calculated from the following formula:
cardiac level (rig/g heart) = norepinephrine concentration (rig/ml) × volume of the buffer (10
ml)/weight of the aliquot of the heart assayed (g).

Reverse Transcription-Polymerase Chain Reaction
The fourth piece of each chamber was used for extraction of total RNA, according to the
manufacturer's instructions for using the total RNA separator kit (Clontech, Palo Alto, CA).
The extracted RNA was suspended in water that was free of ribonuclease and quantified by
measuring the absorbance at 260 nm.

Total RNA from each heart was reverse transcribed using the GeneAmp RNA polymerase
chain reaction (PCR) core kit (Perkin-Elmer Cetus, Norwalk, CT). Each sample contained 0.5
pg total RNA, 100 nmol MgC12, 1,000 nmol KCl, 200 nmol Tris·HCl (pH 8.3), 20 nmol of
each dNTP (dATP, dTTP, dGTP, dCTP), 20 units ribonuclease inhibitor, 50 pmol random
hexamers, and 50 units murine leukemia virus reverse transcriptase in a final volume of 20
μl. After being incubated at 42°C for 15 min, the samples were heated for 5 min at 99°C to
finish the reactions and were then stored at 5°C until assayed.

Oligonucleotide primers were constructed from the published cDNA sequences of renin (32)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (35). Because treatments had no
effect on GAPDH mRNA expression (Table I), GAPDH was used as an internal standard. The
sequences of the renin primers were 5’-TGCCACCTTGTTGTGTGAGG-3’ (sense) that
corresponded to bases 851−870 (from exon 7) of the cloned full-length sequence and 5’-
ACCCGATGCGATTGTTATGCCG-3’ (antisense) that annealed to bases 1203−1224 (from
exon 9). The sequences of the GAPDH primers were 5’-
TCCCTCAAGATTGTCAGCAA-3’ (sense) that corresponded to bases 492−511 of the cloned
full-length sequence and 5’-AGATCCACAACGGATACATT-3’ (antisense) that annealed to
bases 780−799. The predicted sizes of the amplified renin and GAPDH cDNA products were
374 and 308 bp, respectively. The sense primers in each reaction were radiolabeled using
[γ-32P]ATP (Amersham) and T4 polynucleotide kinase as described in the kination kit
(Toyobo, Osaka, Japan).
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Five microliters of the reverse transcription (RT) mixture were used for amplification; 25 nmol
MgCla, 1,000 nmol KCl, 200 nmol Tris·HCl (pH 8.3), 3.75 pmol and 106 counts/min of both
sense primers, 3.75 pmol both antisense primers, and 0.625 units AmpliTaq DNA polymerase
were added to each sample as described in the GeneAmp RNA PCR core kit. To minimize
nonspecific amplification, a “hot start” procedure was used in which PCR samples were placed
in a thermocycler (Perkin Elmer Cetus) that was prewarmed to 94°C. After 2 min, PCR was
performed for 25−45 cycles using a 30-s denaturation at 94°C 60-s annealing at 57°C and 75-
s extension at 72°C. A 5-min extension at 72°C was added. After completion of RT-PCR, DNA
was electrophoresed on an 8% (wt/vol) polyacrylamide gel. Gels were dried on filter paper and
then exposed to the BAS 2000 imaging plate (Fuji Film, Tokyo, Japan) for 1 min and quantified
with the BAS 2000 laser image analyzer (Fuji Film) (19). Renin mRNA expression was
evaluated as the renin-to-GAPDH ratio.

Statistical Analysis
Results are presented as means ± SE. Comparison of multiple groups used one-way factorial
analysis of variance with post hoc Scheffé F-test to evaluate the significance of the differences
between groups. A level of probability (P) <o.05 was considered a statistically significant
difference.

RESULTS
Effects of Administration of Thyroxine and 6-Hydroxydopamine

Serum free T3 rose significantly after the intraperitoneal administration of thyroxine in Hyper
vs. Cont groups (Table 1). Cardiac norepinephrine decreased significantly after the
intraperitoneal administration of 6-hydroxydopamine in DX as compared with IN.

Effects of RT on Amplification of Renin and GAPDH mRNAs
Two clear bands were detected with RT, and the bands had the predicted size of 374 bp for
renin and 308 bp for GAPDH. When the PCR procedure was performed without RT, these
bands were not observed, and no other bands were present. This indicated that the 374- and
308-bp bands originated from mRNA, not from genomic DNA.

Relationship Between PCR Cycle Number and Quantity of Amplified Products for Renin and
GAPDH mRNAs

The cycle dependency of the radioactivity of the RT-PCR product was evaluated (Fig. 1). A
linear relationship between the number of PCR cycles and the amount of PCR product (renin
and GAPDH) was obtained from cycles 33 to 38. Thirty-five cycles of PCR were selected for
analysis.

Hemodynamic Changes Produced by Thyroxine Treatment and Sympathetic Denervation
The ratio of the heart weight to BW (HWIBW) was significantly increased in Hyper-IN
compared with Cont-IN (Table 1). HW/BW was significantly reduced in Hyper-DX as
compared with Hyper-IN. HWBW was significantly increased in Hyper-DX vs. Cont-DX.
There was a significant increase in systolic BP in Hyper-IN vs. Cont-IN. Systolic BP was
significantly reduced in Hyper-DX vs. Hyper-IN and in Cont-DX vs. Cont-IN. HR was
significantly increased in Hyper-IN vs. Cont-IN. HR was significantly reduced in Hyper-DX
vs. Hyper-IN. HR was significantly increased in Hyper-DX vs. Cont-DX.

Changes in Circulating and Cardiac RAS
PRA was significantly increased in Hyper-IN as compared with Cont-IN (Table 1). PRA was
significantly reduced in Hyper-DX vs. Hyper-IN and in Cont-DX vs. Cont-IN. PRA was
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significantly increased in Hyper-DX vs. Cont-DX. Cardiac renin was significantly increased
in Hyper-IN vs. Cont-IN. Sympathetic denervation did not affect cardiac renin. Cardiac renin
was significantly increased in Hyper-DX as compared with Cont-DX. Figure 2 and Table 1
show the changes in the renin-to-GAPDH ratio induced by thyroxine and sympathetic
denervation. Although the densitometric unit of GAPDH was similar across the four groups,
thyroxine administration significantly increased the renin-to-GAPDH ratio by approximately
threefold. These increases were not significantly affected by sympathetic denervation. Plasma
angiotensin II was significantly increased in Hyper-IN vs. Cont-IN (Table 1, and sympathetic
denervation had no effect on plasma angiotensin II. Although angiotensin II in femoral muscle
did not change in each group, cardiac angiotensin II was significantly increased in Hyper-IN
vs. Cont-IN. Sympathetic denervation did not affect cardiac angiotensin II. Cardiac angiotensin
II was significantly increased in Hyper-DX vs. Cont-DX.

Effect of Nephrectomy
Table 2 shows the effects of nephrectomy with and without thyroxine administration. Bilateral
nephrectomy 24 h before decapitation significantly reduced PRA below the measurable level
in all four groups. Plasma angiotensin II also significantly decreased with nephrectomy and
did not differ among the four groups. However, cardiac levels of renin and angiotensin II and
the renin-to-GAPDH ratio were still significantly greater in the nephrectomized Hyper group
than in the nephrectomized Cont group.

Effects of Losartan and Nicardipine
Table 3 depicts the effects of vehicle, losartan, and nicardipine in hyperthyroid rats with
sympathetic denervation. Vehicle treatment did not influence hyperthyroid rats with chemical
denervation, and all parameters were similar to those observed in Hyper-DX in Table 1.
Losartan or nicardipine did not alter serum free T3 or HR compared with vehicle treatment.
Losartan and nicardipine significantly decreased systolic BP to the same extent; however, only
losartan significantly decreased the HWIBW compared with vehicle. PRA was significantly
increased with losartan but was not altered with nicardipine. Cardiac renin and the renin-to-
GAPDH ratio were similar among the three groups. Plasma angiotensin II was significantly
increased with losartan but not with nicardipine. Losartan significantly decreased cardiac
angiotensin II, which was unaffected by nicardipine compared with vehicle treatment.

DISCUSSION
Administration of thyroxine for 8 wk significantly increased serum free T3, HR, PRA, and
HW/BW. Thus thyroxine administration was effective at producing hyperthyroidism in this
model. Administration of 6-hydroxydopamine significantly reduced cardiac norepinephrine
after 8 wk, indicating the effectiveness of sympathetic denervation of the heart.

It was previously thought that cardiac hypertrophy induced by hyperthyroidism resulted from
increased sympathetic nervous activity and an increase in BP (15). The present data agree with
these mechanisms, since the increase in HW/BW by thyroxine was partially inhibited by
denervation associated with complete inhibition of the increase in BP, and this effect persisted.
However, if cardiac hypertrophy induced by hyperthyroidism resulted only from increased
sympathetic nervous activity and an increase in BP, sympathetic denervation associated with
normalization of BP would completely inhibit the increase in HW/BW produced by thyroxine
administration. The present study showed that HW/BW in Hyper-DX was significantly
increased vs. Cont-DX. Therefore, other factors must be involved.

Thyroxine administration significantly increased HW/BW, BP, HR, PRA, plasma angiotensin
II, cardiac renin, and angiotensin II, and the renin-to-GAPDH ratio in Hyper-IN vs. Cont-IN.
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In Hyper-DX, the increases in cardiac renin, cardiac angiotensin II, and the renin-to-GAPDH
ratio were not inhibited by sympathetic denervation. These results indicate that thyroid
hormone activates the cardiac RAS independent of the sympathetic nervous system through
enhancement of the expression of renin mRNA. Some studies have shown that activation of
the cardiac RAS produced cardiac hypertrophy (28). Activation of the cardiac RAS has been
shown to provoke cardiac hypertrophy through enhancement of the expression of the
sarcoplasmic reticulum Ca2+-ATPase mRNA (4). The increases in cardiac renin, cardiac
angiotensin II, and the renin-to-GAPDH ratio observed in the present study suggest that
activation of the cardiac RAS results in increases in HWIBW.

It was proposed 30 years ago that thyroid hormone caused cardiac hypertrophy through a
mechanism that was independent of the sympathetic nervous system (5,33). Segal (30) reported
that thyroid hormone induced uptake of calcium by the heart as an acute effect, which would
then increase myocardial contractility. Ojamaa et al. (25) demonstrated that thyroid hormone
upregulated the expression of the myosin heavy chain genes. Thomas et al. (34) showed that
insulin-like growth factor I produced cardiac hypertrophy, as well as endocrine and cardiac
paracrine effects, during hyperthyroidism. Current information suggests that these possible
mediators are also induced by angiotensin II. Angiotensin II increases the intracellular
concentration of calcium through voltage-dependent and receptor-dependent calcium channels
(29) and enhances the expression of the myosin heavy chain genes in the heart (11) and insulin-
like growth factor I mRNA (23). These studies suggest that thyroid hormone can induce these
mediators through activation of the RAS. Activation of the cardiac RAS may be the first step
in a mechanism independent of the sympathetic nervous system that leads to cardiac
hypertrophy induced by hyperthyroidism.

Some investigators have suggested that increased cardiac renin may be secondary to the uptake
of circulating renin (6,37). However, other researchers have shown that cardiac renin may be
endogenously produced (3,8,10). We have shown that cardiac levels of renin were increased
with thyroxine treatment and were accompanied by enhanced expression of renin mRNA, even
when nephrectomy drastically reduced the circulating levels of renin. It is therefore strongly
suggested that the increase in cardiac renin observed in hyperthyroidism results from a local
increase in cardiac production of renin.

We then examined hyperthyroid rats with sympathetic denervation to determine the
involvement of the RAS in hyperthyroidism-induced cardiac hypertrophy. Losartan treatment
significantly suppressed the development of thyroxine-induced cardiac hypertrophy. In
contrast, nicardipine, which reduced systolic BP to the same extent as losartan, failed to
diminish the increased HW/BW observed in vehicle-treated hyperthyroid rats with sympathetic
denervation. These results suggested that losartan improves hyperthyroidism-induced cardiac
hypertrophy independently of its effects on hemodynamics and on the sympathetic nervous
system. Therefore, the activated RAS observed in hyperthyroid rats may be important in the
development of cardiac hypertrophy. The thyroid hormone-induced RAS activation included
sympathetic nervous system-independent and circulating renin-independent increases in
cardiac levels of renin and the renin gene. The increased cardiac level of renin can trigger
cardiac RAS activation in hyperthyroidism, such that thyroid hormone contributes to the
development of cardiac hypertrophy. However, it has been reported that thyroid hormone
upregulates expression of angiotensinogen (17) and angiotensin-converting enzyme (24).
Because the present study focused on renin, a rate-limiting enzyme in the RAS cascade (7,
14), the expression of angiotensinogen or angiotensin-converting enzyme in the heart was not
determined. Therefore, we cannot exclude the possibility that thyroid hormone may also
upregulate cardiac expression of angiotensinogen and angiotensin-converting enzyme. Such
upregulations would enhance the cardiac RAS in cooperation with the enhanced expression of
cardiac renin observed in the present study.
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A previous study provided opposing evidence as to whether the RAS has a role in thyroid
hormone-induced cardiac hypertrophy (2). Captopril decreased left ventricular systolic and
diastolic pressures but did not change heart rate, dP/dt, and left ventricular-to-body weight ratio
in animals treated for 10 days with thyroxine (2). In the present study, 8-wk treatment with
losartan significantly inhibited the development of cardiac hypertrophy induced by thyroxine
treatment. This discrepancy may result from differences in the treatment period. The RAS may
be essential for maintenance rather than the initiation of hyperthyroidism-induced cardiac
hypertrophy. Alternatively, the discrepancy may be based on the difference in pharmacological
effects between angiotensin-converting enzyme inhibi tor and angiotensin II receptor
antagonist. Recent studies elucidated that angiotensin-converting enzyme inhibitor-
independent angiotensin II synthesis exists in the heart (26,36). It is therefore possible that
chronic administration of angiotensin-converting enzyme inhibi tor fails to completely inhibit
cardiac angiotensin II synthesis. In contrast, the angiotensin II receptor antagonist blocks the
elects of angiotensin II on the heart regardless of its synthetic pathway. In the pres ent study,
losartan treatment significantly increased PRA and plasma angiotensin II, consistent with the
pharmacological effects of angiotensin II type 1 recep tor antagonists (13), and losartan also
significantly decreased cardiac angiotensin II. These results indi cate that losartan effectively
antagonized circulating and cardiac angiotensin II and thereby could decrease the heart-to-
body weight ratio.

Zierhut and Zimmer (38) have provided evidence that the β-adrenergic blocker metoprolol had
no effect on cardiac hypertrophy in T3-treated rats. Bedotto et al. (2) demonstrated that
propranolol treatment failed to decrease the left ventricular-to-body weight ratio in thyroxine-
treated rats. These studies suggest that the sympathetic nervous system has little involvement
in developing cardiac hypertrophy in hyperthyroid rats. In contrast, Klein (21) reported that
propranolol treat ment prevented cardiac hypertrophy in thyroxine-treated rats. In the present
study, thyroxine treatment induced cardiac hypertrophy without involving the sympathetic
nervous system, and simultaneous sympa thetic denervation attenuated the development of thy
roxine-induced cardiac hypertrophy. Thus the sympathetic nervous system may not be essential
but does act as a modulator of the development of hyperthyroidism-induced cardiac
hypertrophy. The complex interaction between thyroxine and the sympathetic nervous system
remains to be fully characterized.

Skeletal muscle angiotensin II was also measured as a control in the present study. Although
no difference in skeletal muscle angiotensin II was observed, cardiac angiotensin II levels were
significantly different among the four groups. This result indicated that the effects of thyroid
hormone on angiotensin II were specific for the heart, excluding the possibility that the
increased plasma angiotensin II diffusely influenced the systemic muscular tissues.

In conclusion, the present study demonstrated that 8-wk treatment with thyroxine caused
cardiac hypertrophy in rats independent of the sympathetic nervous system, although the
sympathetic nervous system modulated the development of cardiac hypertrophy. The
sympathetic nervous system-independent cardiac hypertrophy caused by thyroid hormone
accompanied RAS activation that included increases in cardiac re nin, cardiac angiotensin II,
and cardiac renin mRNA expression. However, complete inhibition of PRA with bilateral
nephrectomy did not influence the thyroid hormone-induced increase in cardiac renin,
suggesting that thyroid hormone directly enhanced cardiac renin expression without involving
circulating renin. Addi tional experiments revealed that losartan, but not nicardipine, improved
thyroid hormone-induced car diac hypertrophy. It appears that the RAS has an essential role
in the development of cardiac hypertro phy in our hyperthyroid model. Thyroid hormone-
induced enhancement of cardiac renin expression may be one trigger of the RAS activation
that leads to cardiac hypertrophy.
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Fig. 1.
Cycle-dependent amplification of renin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNAs in semiquantitative reverse transcription-polymerase chain reaction. A
linear relationship between numbers of cycles and amount of product (renin and GAPDH) was
obtained between cycles 33 and 38. Thus 35 cycles were chosen for analysis.
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Fig. 2.
Semiquantitative polymerase chain reaction of renin GAPDH mRNAs in each group. As
repeated 3 times for each sample, 15 experiments were performed in the following manner:
lane 1, control (Cent)-innervated (IN) with reverse transcription (RT); lane 2, Cont-IN without
RT, lane 3, Cont-denervated (DX) with RT; lane 4, Cont-DX without RT; lane 5, hyperthyroid
(Hyper)-IN with RT, lane 6, Hyper-IN without RT; lane 7, Hyper-DX with RT; lane 8, Hyper-
DX without RT.
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Table 1
Changes in parameters produced by thyroxine treatment and sympathetic denervation

Control Hyperthyroid

Parameter IN DX IN DX

Serum free T3, ng/l 2.5 ± 0.1 2.4 ± 0.2 6.6 ± 0.3* 6.5 ± 1.5*
Cardiac norepi-nephrine, ng/g 122 ± 14 18 ± 3† 102 ± 5 15 ± 2†
HW/BW, mg/g 3.5 ± 0.2 3.6 ± 0.3 5.7 ± 0.4* 4.8 ± 0.4*†
Systolic blood pressure, mmHg 138 ± 2 125 ± 2† 144 ± 1* 131 ± 8†
Heart rate, beats/min 424 ±40 409 ±17 499 ±20* 455±5*†
PRA, μg·h−1·l−1 7 ± 1 5 ± 1† 28 ± 5* 18 ± 3*†
Cardiac renin, ng·h−1·g−1 12 ± 1 11 ± 1 16 ± 3* 15 ± 1*
GAPDH, densitometric units 1,183 ± 31 1,238 ± 27 1,201 ± 42 1,252 ± 37
Renin/GAPDH, %ratio 12 ± 2 11 ± 2 39 ± 5* 34 ± 4*
Plasma ANG II, ng/l 44 ± 6 48 ± 8 86 ± 13* 64 ± 11
Skeletal muscle ANG II, pg/g 100 ± 9 115 ± 9 105 ± 11 113 ± 17
Cardiac ANG II, pg/g 100 ± 16 89 ± 13 153 ± 18* 182 ± 26*

Values are means ± SE; n = 5 experiments. IN, sympathetic innervated group; DX, sympathetic denervated group; T3, 3,3′,5-triiodothyronine; HW/BW,
ratio of heart weight to body weight; PRA, plasma renin activity; GAPDH, glyceraldehyde-3-phosphate dehydro-genase; ANG II, angiotensin II.

*
P < 0.05 vs. respective control group,

†
P < 0.05 vs. respective sympathetic innervated group.
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Table 2
Changes in parameters in 24-h nephrectomized rats

Control Hyperthyroid

Parameter IN DX IN DX

PRA, μg · h−1 · l−1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
Cardiac renin, ng · h−1 · g−1 9 ± 1 8 ± 1 14 ± 2* 13 ± 1*
Renin/GAPDH, %ratio 10 ± 2 10 ± 2 36 ± 4* 33 ± 3*
Plasma ANG II, ng/l 18 ± 3 17 ± 2 24 ± 4 22 ± 3
Cardiac ANG II, pg/g 74 ± 16 63 ±16 127 ± 17* 136 ± 20*

Values are means ± SE; n = 5 experiments. Definitions are as in Table 1.

*
P < 0.05 vs. respective control group.
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Table 3
Influences of losartan or nicardipine treatment in hyperthyroid rats with sympathetic denervation

Treatment Vehicle Losartan Nicardipine

Serum free T3, ng/l 6.7 ± 0.8 6,7 ± 6.1 6.8 ±0.2
HW/BW, mg/g 4.7 ±0.5 3.3 ± 0.2* 4.4 ±0.2
Systolic blood pressure, mmHg 135 ±6 117 ±1* 115 ±4*
Heart rate, beats/min 447 ±5 438 ± 42 449 ±9
PRA, μg · h−1 · l−1 14 ±3 30 ±1* 12 ± 2
Cardiac renin, ng · h−1 · g−1 16 ± 2 15 ± 1 16 ± 1
Renin/GAPDH, %ratio 33 ± 4 33 ± 3 31 ± 5
Plasma ANG II, ng/l 68 ± 9 193 ± 13* 72 ± 4
Cardiac ANG II, pg/g 186 ± 9 144 ± 8* 184 ± 11

Values are means ± SE; n = 5 experiments. Definitions are as in Table 1.

*
P < 0.05 vs. vehicle treatment.
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