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First published August 8, 2003; 10.1152/japplphysiol.
00594.2003.—Spontaneously hypertensive heart failure
(SHHF) rats develop hypertension and heart failure. We
hypothesized that induction of hyperthyroidism should accel-
erate development of heart failure in male SHHF rats. Male
and female SHHF rats received diets containing desiccated
thyroid glands (DTG) or a control diet for 8 wk. Male and
female Wistar-Kyoto rats were used as normotensive con-
trols. DTG treatment reduced body weight in male, but not
female, SHHF rats but increased body temperature and
heart weight-to-body weight ratio in both genders. In DTG-
treated male SHHF rats, serum triiodothyronine levels dou-
bled relative to SHHF controls, whereas O2 consumption
increased in DTG-treated SHHF rats. Frequency of breath-
ing in air increased in DTG-treated female rats, and venti-
lation increased in DTG-treated male rats. Ventilatory equiv-
alents exhibited gender differences in SHHF rats, were de-
creased in both genders by DTG treatment, and reached
levels similar to those of Wistar-Kyoto rats. DTG increased
heart rate, right ventricular pressure, and contractility in
both genders and increased left ventricular pressure in
SHHF male rats. These results refute our hypothesis and
suggest that cardiopulmonary function of SHHF male rats
may be improved by DTG treatment.

hypertension; sick euthryoid syndrome; hyperthyroidism

SPONTANEOUSLY HYPERTENSIVE heart failure (SHHF) rats
were originally derived from a cross between the spon-
taneously hypertensive rat (SHR) and the Koletsky
obese rat. Subsequently, these animals were bred with
SHR-N (an SHR colony at the National Institutes of
Health) (27). Lean male SHHF rats die between 15 and
20 mo of age, and lean females die between 22 and 26
mo of age. Although gender differences in the develop-
ment of heart failure and hypertension have been ex-
amined in this strain (11, 12, 18, 28, 36), control of
breathing has not been investigated.

An additional stressor on the cardiopulmonary sys-
tem is thyroid hormone dysfunction. For example, hy-
perthyroidism increases the metabolic demands of the

body and stresses the cardiovascular and respiratory
systems (22, 29). In contrast, patients with heart fail-
ure can actually exhibit a “sick euthryoid” syndrome,
characterized by decreased or normal levels of triiodo-
thyronine (T3) and increased levels of reverse T3 (9, 23,
35). The possibility of using thyroid hormone replace-
ment as a therapeutic measure has been approached in
patients with heart failure (13, 23). Thus, increasing
thyroid levels in SHHF rats may actually improve
their cardiopulmonary status.

In this study, we investigated the effects of experi-
mentally induced hyperthyroidism in male and female
SHHF rats on control of breathing and cardiac func-
tion. Gender-matched Wistar-Kyoto (WKY) rats were
used as normotensive, euthryoid controls. We hypoth-
esized that the combined effects of hyperthyroidism
and hypertension would have a more deleterious effect
on the cardiopulmonary system of male than female
SHHF rats, because hypertension is not tolerated as
well in male as in female rats, and this should be
further exacerbated by the superimposition of hyper-
thyroidism, leading to heart failure. An alternative
hypothesis may be that if SHHF rats actually exhibit a
sick euthryoid syndrome, administration of thyroid
hormones may be beneficial.

METHODS

Animals. Lean male and female SHHF rats were obtained
from Genetic Models (Indianapolis, IN), and WKY rats were
obtained from Harlan Sprague Dawley (Indianapolis, IN).
The University of South Dakota Animal Care and Use Com-
mittee approved all procedures used in this study.

Rats were housed three to four per cage according to
genotype and gender. Light cycles consisted of 12 h on (6 AM)
and 12 h off (6 PM). SHHF rats of each gender and genotype
were divided randomly into two groups: 1) those that re-
ceived water and powdered Purina rat chow ad libitum (con-
trols) and 2) those that received water and powdered Purina
rat chow to which 0.6% desiccated thyroid gland (DTG;
Sigma Chemical, St. Louis, MO) was added for 8 wk (treat-
ed). WKY rats received water and powdered Purina rat chow
ad libitum. SHHF rats consisted of seven control and nine
DTG-treated males and seven control and eight DTG-treated
females, and the WKY rats consisted of eight males and eight
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females. The method used to induce hyperthyroidism has
been used previously by our group (11).

Measurement of ventilation and O2 consumption. To eval-
uate ventilation in air and in response to a brief hypercapnic
challenge (7% CO2 in O2), conscious rats were placed in a
19-cm-long � 9.5-cm-diameter Plexiglas cylindrical chamber.
One end of the chamber contained ports to allow air or the
test gases to enter. At this end, chamber temperature was
monitored using a Digetec thermometer. Pressure changes
associated with ventilation were measured using a low-pres-
sure transducer (Statham, Hato Rey, Puerto Rico) coupled to
a Grass polygraph recording system. With the use of Boyle’s
law, the pressure changes were calibrated with a glass sy-
ringe attached to the chamber by injection of a known volume
of gas into the chamber. This barometric method to evaluate
ventilation has been used previously in our laboratory (33,
34). Ventilatory parameters included tidal volume, frequency
of breathing, and minute ventilation.

A port was connected to a rotameter on the other side of
the chamber to determine the flow rate through the chamber.
A Beckman OM-14 O2 analyzer and a Vacumed CO2 analyzer
were used to measure the fractional content of O2 and CO2

entering and leaving the chamber. Measurements of flow
rate and the fractional contents of gases entering and exiting
the chamber were used to determine O2 consumption using
the flow through system. O2 consumption, minute ventila-
tion, and tidal volume were corrected by body weight (BW) as
follows: tidal volume �100�1 �BW�1, minute ventilation �
100�1 �BW�1, and O2 consumption/BW. Another parameter
that was calculated from the data was the ventilatory equiv-
alent (ventilation � O2 consumption), which was used to
determine how well ventilation and O2 consumption were
matched.

Procedures used to evaluate ventilation and O2 consump-
tion. Each rat was weighed and then placed in the chamber
and exposed to air for 30 min of acclimatization. Ventilation
and O2 consumption were determined. Then the rat was
exposed to the hypercapnic challenge for 5 min, and its
ventilation was evaluated. Subsequently, the rat was re-
moved from the chamber, and its rectal temperature was
measured using a thermometer-thermocouple system (Sen-
sortek, Clifton, NJ). The ventilatory responses to hypercap-
nia were determined by subtracting the air value preceding
the exposure value and dividing by the air value.

Measurement of cardiovascular parameters. Hemodynamic
measurements were conducted shortly after the ventilatory
studies were completed. Rats were anesthetized with ket-
amine hydrochloride (30 mg/kg im) plus xylazine (5 mg/kg
im) and placed on a 37°C heating pad (Braintree Scientific,
Braintree, MA), and an intratracheal tube was inserted.
Subsequently, an ultraminiature catheter containing a pres-
sure transducer (model SPR-407, Millar, Houston, TX) was
inserted into the left ventricle via the right common carotid
artery. Right ventricular hemodynamic parameters were
measured using a specially designed curved ultraminiature
catheter (model SPR-407, curved, Millar) inserted through
the right jugular vein. The catheters were connected to a
Crystal Biotech DataFlow System (Hopkinton, MA) to eval-
uate left and right ventricular pressures (LVP and RVP,
respectively), left and right end-diastolic pressures, and
heart rate (HR). At the end of the experiment, the rat was
euthanized with an overdose of thiopental sodium (Pento-
thal), and hematocrit and heart weight (HW) were evaluated.

Serum thyroid hormone (T3 and thyroxine) levels. At the
end of the experiments, blood was collected by cardiac punc-
ture. The blood was spun down at 3,000 rpm, and the serum
was decanted and frozen at �80°C until analyzed for thyroid

hormone levels. Total thyroid hormone plasma levels were
determined using RIA kits (Diagnostic Systems, Webster,
TX). The procedure followed the basic principle of RIA, where
there is competition between a radioactive and a nonradio-
active antigen for a fixed number of antibody-binding sites.
The amount of 125I-labeled T3 or thyroxine (T4) bound to the
antibody is inversely proportional to the concentration of
unlabeled T3 or T4.

All reagents and samples were allowed to reach room
temperature (�25°C) and then thoroughly mixed by gentle
inversion. Unbound materials were removed by decanting
and washing the coated tubes before counting in a gamma
counter (COMPAC 120). The detection limits for the assays
were 4.3 ng/dl for T3 and 0.4 �g/dl for T4. Samples of stan-
dards, controls, and unknowns were assayed in duplicate.
The intra-assay coefficient of variation was 4%.

Data analysis. O2 consumption, ventilatory parameters,
thyroid hormone levels, HW-to-BW ratio (HW/BW), ventila-
tory responses to hypercapnia, and the cardiovascular pa-
rameters were compared for effects of gender and treatment
using a two-factor ANOVA. Another two-way ANOVA was
used to compare genotype and gender in the untreated con-
trols. If the ANOVA was significant (P � 0.05), a post hoc
unpaired Student’s t-test with Bonferroni’s correction was
used. Values are means � SE.

RESULTS

Thyroid hormone levels. There was a gender effect of
DTG treatment on T4 levels (Table 1) in the SHHF rats
[F(1,27) � 4.62, P � 0.044]. There was no difference in
T4 levels between untreated WKY and SHHF male
rats, but T4 levels were higher in untreated SHHF
female than in untreated WKY rats (P � 0.003).

In the SHHF rats, there was a borderline trend
toward an interaction (P � 0.056), but gender [F(1,7) �
12.94, P � 0.001] and treatment [F(1,27) � 8.96, P �
0.006] were significant for serum T3 levels (Table 1).
DTG treatment increased T3 levels in male, but not
female, SHHF rats. There was no difference in baseline
T3 levels between untreated WKY and SHHF male
rats.

BW, body temperature, and O2 consumption. SHHF
rats were significantly heavier than WKY rats (Table

Table 1. Thyroid hormone levels in WKY
and SHHF rats

Males Females

Untreated Treated Untreated Treated

T4, �g/dl

WKY 2.67�0.18 1.89�0.25†
SHHF 2.72�0.18 2.86�0.15 3.34�0.28‡ 2.97�0.22

T3, ng/dl

WKY 54�5 79�14
SHHF 64�3 118�13* 112�9‡ 126�10

Values are means � SE. T4, thyroxine; T3, triiodothyronine; WKY,
Wistar-Kyoto rats. Comparisons were made within spontaneously
hypertensive heart failure (SHHF) rats for gender and treatment
effects using a 2-factor ANOVA and between genotypes and gender
also using a 2-factor ANOVA. *Significant effect of treatment in
SHHF male rats, P � 0.05. †Genotype differences, P � 0.05. ‡Gender
type differences, P � 0.05.
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2). BW was significantly less (P � 0.01) in DTG-treated
male SHHF than in control rats. Administration of
DTG had no significant effect on BW in SHHF female
rats. Body temperature was significantly higher in
male and female SHHF than in gender-matched WKY
rats (P � 0.05 for each). Body temperatures were
elevated in male DTG-treated SHHF rats relative to
genotype control rats body (P � 0.015) but not DTG-
treated SHHF females relative to controls. There were
genotype differences in weight-corrected O2 consump-
tion in male [F(1,27) � 29.4, P � 0.00003] and female
[F(1,27) � 14.6, P � 0.00817] rats. In general, weight-
corrected O2 consumption was higher in WKY than in
SHHF rats. DTG treatment increased O2 consumption
in male and female SHHF rats (P � 0.001 for each).
Thus treatment with DTG had different effects on BW
in male and female SHHF rats but similar effects on O2
consumption in both genders.

Control of breathing. Weight-corrected minute ven-
tilation (Table 3) exhibited a genotype difference
[F(1,27) � 5.42, P � 0.029]. There were no differences
between untreated SHHF and WKY female rats in this
parameter, but weight-corrected ventilation was
greater in WKY male than in SHHF male rats (P �
0.01). A significant treatment effect was noted in
weight-corrected minute ventilation [F(1,27) � 148.9,
P � 0.0093], with an increase noted in DTG-treated
SHHF male (P � 0.019), but not female, rats.

The increase in minute ventilation in DTG-treated
SHHF male rats was due to a significant increase in
weight-corrected tidal volume (P � 0.05; Table 3). This
parameter was not significantly elevated in DTG-
treated SHHF female rats. In contrast, frequency of
breathing was increased significantly by DTG treat-
ment in SHHF female (P � 0 0.01), but not SHHF
male, rats. Thus the increase in weight-corrected
minute ventilation in DTG-treated SHHF male rats
was due to small significant increases of tidal volume,
whereas in SHHF female rats the major response to

DTG treatment was an increase in breathing fre-
quency.

To determine whether ventilation and O2 consump-
tion were affected in a parallel manner by DTG treat-
ment, the ventilatory equivalent (ventilation � O2 con-
sumption) was evaluated (Fig. 1). When untreated
SHHF and WKY rats are compared, a genotype
[F(1,27) � 9.97, P � 0.0043] and gender difference
[F(1,27) � 4.59, P � 0.043] become apparent. SHHF
rats have higher ventilatory equivalents than WKY
rats, and this parameter is higher in male than in
female rats (Fig. 1). In male and female SHHF rats, the
ventilatory equivalent was significantly decreased by
DTG treatment [F(1,23) � 6.07, P � 0.02] relative to
the untreated gender-matched controls. DTG treat-
ment caused the ventilatory equivalents of SHHF rats

Fig. 1. Ventilatory equivalents in male and female untreated spon-
taneously hypertensive heart failure (SHHFU) and Wistar-Kyoto
(WKYU) rats and desiccated thyroid gland (DTG)-treated SHHF
(SHHFT) rats. Different letters (a–d) denote significant differences
among means (a minimum value of P � 0.05). Results indicate
gender differences in untreated SHHF and WKY rats and diminu-
tion of ventilatory equivalents after DTG treatment in SHHF ani-
mals.

Table 2. Effects of thyroid hormone supplementation
on body weight, body temperature, and O2
consumption in WKY and SHHF male
and female rats

Untreated Treated

WKY SHHF SHHF

Males

BW, g 305.1�5.2†‡ 410�9.2‡ 377�9.2*
Tb, °C 36.2�0.3‡ 36.4�0.2‡ 37.4�0.3*
V̇O2, ml �g�1 �h�1 17.5�0.6†‡ 12.3�1.3 20.5�1.2*

Females

BW, g 192.3�2.8† 229�5.2 224�2.3
Tb, °C 37.0�0.2† 38.6�0.4 38.8�0.1
V̇O2, ml �g�1 �h�1 23.0�1.5† 16.6�1.1 26.7�1.8*

Values are means � SE. BW, body weight; Tb, body temperature;
V̇O2, O2 consumption corrected for body weight. *Significantly dif-
ferent from comparing gender-matched control SHHF rats, P � 0.05.
†Significantly different from SHHF rats for each gender, P � 0.05.
‡Gender differences within a genotype, P � 0.05.

Table 3. Effects of thyroid hormone supplementation
on tidal volume, frequency of breathing, and minute
ventilation in SHHF and WKY male and female
rats breathing air

Untreated Treated

WKY SHHF SHHF

Males

VT, VT �100�1 �BW�1 2.0�0.05† 1.7�0.1 2.1�0.1
f, breaths/min 115�2 111�3 119�6
V̇E, V̇E �100�1 �BW�1 22.8�0.4† 19.1�1.0 24.6�2.0*

Females

VT, VT �100�1 �BW�1 2.0�0.05 2.1�0.1 2.0�0.1
f, breaths/min 104�5 115�4 137�5*
V̇E, V̇E �100�1 �BW�1 22.2�1.9 23.5�0.7 27.0�1.6

Values are means � SE. VT, tidal volume; f, breathing frequency;
V̇E, minute ventilation. *Significantly different from gender-
matched untreated SHHF, P � 0.05. †Significantly different from
untreated SHHF rats for each gender, P � 0.05.
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to reach levels noted in WKY male rats and eliminated
the gender difference noted in the untreated SHHF
rats.

The ventilatory responses to hypercapnia (Fig. 2) in
SHHF rats exhibited a significant gender difference
[F(1,27) � 12.28, P � 0.002] and a treatment effect
[F(1,27) � 4.78, P � 0.04]. In SHHF male and female
rats individually, the ventilatory response to hypercap-
nia was maintained with DTG administration. The
ventilatory response to hypercapnia was greater in
untreated WKY than in SHHF rats (P � 0.04).

Cardiovascular parameters. HW/BW (Table 4) exhib-
ited a significant gender and genotype interaction in
the untreated groups [F(1,27) � 5.76, P � 0.0245].
HW/BW was higher in untreated SHHF rats of both
genders than in WKY rats (P � 0.001 for each) and
higher in female than in male rats. DTG treatment
increased HW/BW further in SHHF rats (P � 0.00001).

There was no significant genotype difference in HR
(Table 4). Male and female SHHF rats exhibited a
treatment effect [F(1,15) � 52.6, P � 0.001], with a
marked elevation of HR after DTG.

DTG-treated SHHF animals showed an interaction
between gender and treatment [F(1,15) � 11.07, P �
0.0034], with an increase in LVP in female, but not
male, rats (Fig. 3A). LVP was higher in untreated male
and female SHHF than in untreated WKY rats (P �
0.001 for both). Thus DTG did not increase LVP further
in SHHF male rats but did increase LVP in female
rats. To evaluate left ventricular contractility, the first
derivative of LVP (dP/dt) was determined (Fig. 3B). In
SHHF rats, DTG had no significant effect. Untreated
WKY male and female rats exhibited a higher dP/dt
than gender-matched SHHF rats (P � 0.004 for each
gender).

RVP (Fig. 4A) was elevated by DTG treatment in
SHHF rats [F(1,15) � 36.2, P � 0.0001]. RVP was

higher in untreated male WKY male than in un-
treated SHHF male rats (P � 0.02), whereas no
differences were noted in RVP between untreated
female WKY and SHHF rats. Right ventricular con-
tractility (Fig. 4B) was increased by DTG treatment
in SHHF rats [F(1,15) � 21.93, P � 0.00014]. Right

Fig. 2. Change in ventilation obtained by subtracting the air value
preceding hypercapnia from the minute ventilation value during
hypercapnia and dividing the air value in untreated and DTG-
treated SHHF rats and untreated WKY rats. bw, Body weight.
Different letters (a–c) denote significant differences among means (a
minimum value of P � 0.05). There was no effect of treatment in
SHHF rats. Ventilatory responses were lower in SHHF than in WKY
rats.

Fig. 3. Left ventricular pressure (A, LVP) and left ventricular con-
tractility (B) in male and female untreated and DTG-treated SHHF
rats and untreated WKY rats. DTG treatment increased LVP in male
SHHF rats. LVP was lower in untreated WKY than in SHHF rats.
There was no increase in contractility of the left ventricle with DTG
treatment in SHHF rats. Left ventricular contractility was greater in
WKY than in SHHF rats. Different letters (a–c) denote significant
differences among means (a minimum value of P � 0.05).

Table 4. Effects of thyroid hormone supplementation
on heart weight-to-body weight ratio and heart rate
in SHHF and WKY male and female rats

Untreated Treated

WKY SHHF SHHF

Males

HW/BW 3.25�0.08† 3.79�0.08 4.72�0.08*
Heart rate, beats/min 229�8 240�6 334�17*

Females

HW/BW 3.80�0.10† 4.79�0.11 6.23�0.11*
Heart rate, beats/min 244�7 238�8 333�8*

Values are means � SE. HW, heart weight. *Significantly differ-
ent from gender-matched untreated SHHF rats, P � 0.05. †Signifi-
cantly different from untreated SHHF rats for each gender, P � 0.05.
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heart contractility in untreated groups was not dif-
ferent from that in male or female rats of either
genotype, and there were no significant differences
between genotypes.

DISCUSSION

Contrary to our primary hypothesis that DTG treat-
ment would have more deleterious effects on cardiopul-
monary function in male than in female SHHF rats,
male rats may have benefited from DTG treatment.
The decreased levels of T3 in untreated male SHHF
rats relative to WKY rats suggest that they may ex-
hibit a euthryoid sick syndrome. BW was maintained
with DTG treatment in SHHF female, but not male,
rats. Body temperature was increased only in DTG-
treated male rats. Ventilation was increased in SHHF
male rats treated with DTG, but not in female rats,
although the females did exhibit an increase in fre-
quency of breathing. The gender difference in ventila-
tory equivalents was removed in DTG-treated SHHF
rats and became more similar to that in untreated
WKY rats.

Regardless of gender, DTG-treated SHHF rats ex-
hibited increased HW/BW, HR, weight-corrected O2

consumption, RVP, and right ventricular contractility
relative to controls. In contrast, LVP was elevated in
DTG-treated SHHF male, but not female, rats. Poten-
tial mechanisms for these findings are discussed below.

BW and DTG treatment. SHHF female rats main-
tained BW relative to untreated controls, although BW
was lower in WKY BW than in SHHF rats (28, 40). In
contrast, DTG-treated SHHF male rats lost weight.
These results suggest an interaction between gender
and thyroid hormone effects in rats (32, 40). Mainte-
nance of BW necessitates that the amount of food
intake balances use of food for energy, such as activi-
ties, growth, and maintenance of body temperature. In
DTG-treated SHHF female rats, body temperature was
similar to that in control female SHHF rats, but O2
consumption was increased. Thus DTG-treated SHHF
female rats needed to eat more and/or lose less heat to
maintain BW than did male rats (25).

A potential limitation in incorporating DTG in the
food is that the amount consumed per animal is un-
known and is linked to the amount an animal eats. A
potential benefit of incorporating DTG into food is that
it is administered without injections, pumps, or pellets,
methods that increase stress on the animals.

Hyperthyroidism and the cardiovascular system. Hy-
perthyroidism induced experimentally by administra-
tion of DTG, T4, or T3 has profound effects on cardio-
vascular function (10, 15, 28, 25, 37). Gay and co-
workers (10) showed increases in HR, RVP, LVP,
ventricular contractility, and mean circulatory filling
pressure in male Sprague-Dawley (SD) rats treated for
8–10 days with T4. Total peripheral resistance and
LVP and venous compliance were decreased relative to
controls. Effects on HR, left ventricular dP/dt, and LVP
were similar in female SD rats treated with T3 for 14
days. Increased RVP and pulmonary arterial pressure
in hyperthyroid female SD rats occurred concomitantly
with ventricular hypertrophy, a positive chronotropic
effect, and an increased cardiac output. Many of these
cardiovascular effects were also noted in the present
study in SHHF rats of both genders.

Few studies have investigated the effects of hyper-
thyroidism in rat models of hypertension, such as the
SHR. When Heckmann and Zimmer (15) administered
T3 to female SHR, 30% of the animals died, whereas
there was no mortality in SD female rats. In the SHR
that survived T3 treatment, HR and HW/BW were
markedly increased, but LVP, right ventricular weight,
left ventricular dP/dt, cardiac output, and total periph-
eral resistance were not affected. These results are in
contrast to those in the present study in SHHF male
rats, in that their response to thyroid hormone treat-
ment is similar to that of SD female rats. In compari-
son, DTG-treated SHHF female rats showed no in-
crease in LVP. In the present study, DTG was admin-
istered for 8 wk, rather than 1–2 wk, before
cardiovascular measurements. The attenuated cardio-
vascular responses of SHHF rats to DTG may be the
result of a euthryoid sick syndrome. Potential mecha-
nisms for development of this disorder in SHHF rats
may include elevations of reverse T3, cytokines such as

Fig. 4. Right ventricular pressure (A, RVP) and right ventricular
contractility (B) in male and female untreated and DTG-treated
SHHF rats and untreated WKY rats. DTG-treated SHHF rats ex-
hibited an increase in right ventricular contractility that reached
values in WKY rats. Different letters (a–c) denote significant differ-
ences among means (a minimum value of P � 0.05).
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tumor necrosis factor-	, and stress hormones such as
glucocorticoids (9, 37), all of which inhibit to various
extent deiiodinonases, which convert T4 to T3. In addi-
tion, the lack of significant increases in T4 levels with
treatment suggests that absorption of this hormone is
not normal in SHHF rats. Increases in O2 consumption
in male and female SHHF rats suggest that our treat-
ment was increasing thyroid hormone levels. Further
evidence for this possibility was noted in a preliminary
study using WKY rats treated with the same or lower
levels of DTG, in which we found marked increases in
T4 and T3 serum levels in this genotype (unpublished
observations).

Effects of hyperthyroidism on ventilation. Hyperthy-
roidism can affect control of breathing through various
mechanisms. These include increased metabolic de-
mand and body temperature (37), elevated LVP (7),
increased blood pressure (11), remodeling of the respi-
ratory muscles and lungs (1, 20), increased hematocrit
(25), and alteration of neurotransmitter levels in brain
regions involved in control of breathing (16, 21, 38).

An increase in O2 demand is a powerful stimulus to
increase ventilation. One measure of the efficacy of the
respiratory system to respond to changes in metabo-
lism is the ventilatory equivalent (ventilation � O2
consumption). In the present study, ventilatory equiv-
alent was significantly lower in DTG-treated SHHF
male and female rats than in untreated controls. These
data suggest that DTG-treated SHHF rats did not
increase ventilation to match O2 consumption. Al-
though there was a clear gender difference in WKY
ventilatory equivalent, DTG did not alter this relation
or its magnitude. In support for the latter findings,
Hillbom and Poso (17) rendered male rats hyperthyroid
by administering T3 for 6 days and found no effect on
blood gases. This indicates that ventilation and metab-
olism were matched in these animals. Ianuzzo and
coworkers (19) induced hyperthyroidism in male SD
rats by subcutaneous injection of T4 for 6 wk and noted
no effect on tidal volume or frequency, although dia-
phragmatic fiber types were markedly altered and fiber
diameters were smaller. These ventilatory results con-
trast with our findings in SHHF, but not WKY, rats
and suggest that the type and length of thyroid hor-
mone treatment and underlying factors such as strain
influence control of breathing.

In hyperthyroid human subjects, ventilation is in
excess of metabolic demands (20, 29). This is especially
apparent when the subject exercises. However, the
level of exercise that can be attained by a hyperthyroid
subject is generally lower than that attained by
matched euthyroid subjects (20). Ventilatory responses
to hypoxic and hypercapnic gas challenges are also
greater in hyperthyroid subjects (29). In the present
study, the ventilatory response to hypercapnia was not
altered by DTG treatment. However, untreated WKY
rats exhibited higher responses to hypercapnia than
did untreated SHHF rats. This was especially true in
WKY compared with SHHF male rats.

Other factors that may modulate ventilation are
reflexes associated with the cardiovascular system. For

example, Crisp and colleagues (7) reported that elevat-
ing LVP in anesthetized dogs decreased phrenic nerve
activity, an index of ventilatory drive to the dia-
phragm. In a separate study, Crisp and coworkers (6)
noted that elevating RVP had no effect on ventilation.
Thus the depressed ventilatory equivalent in DTG-
treated SHHF male and female rats may be related to
their elevated LVP. However, LVP is similar in un-
treated and DTG-treated SHHF male rats and higher
than in untreated SHHF female rats, but ventilatory
equivalent is higher in untreated SHHF male rats than
in DTG-treated male or untreated female rats. These
results suggest that not only LVP, but also gender, in
SHHF rats affects control of ventilation.

Studies that investigate the interaction between hy-
pertension, gender, and control of breathing focus on
their roles in sleep apnea syndrome (cessation of air-
flow during sleep) (2). Male gender and hypertension
are significant risk factors in humans for developing
sleep apnea (26). Clinically, sleep apnea exacerbates
underlying cardiovascular disease or may contribute to
its etiology and may increase morbidity and mortality.
Treatment with antihypertensive drugs or assisted
ventilation may be helpful in some patients (29).

Animal models of hypertension have been useful to
study hypertension and abnormal control of breathing.
Carley and coworkers (3) reported that male SHR
exhibited increased postsigh apneas (a measure of con-
trol of breathing) during sleep relative to normotensive
controls. Administration of hydralazine, which normal-
ized the blood pressure in SHR, markedly decreased
sleep apnea and the number of postsigh apneas (4).

These and other studies in SHR and in hypertensive
humans indicate a significant relation between hyper-
tension and abnormalities of control of breathing (26).
Except in the epidemiological studies and the present
study, the role of gender has not been specifically
investigated in modulating hypertensive factors that
also influence control of breathing.

In summary, this study investigated how the inter-
action between hypertension, hyperthyroidism, and
gender affects control of cardiopulmonary function.
These results suggest a host of further studies cited
above to understand how thyroid hormone therapy
affects remodeling of the heart, lungs, and central
nervous system in SHHF male and female rats. Our
original hypothesis that hyperthyroidism would have a
more deleterious effect on the cardiopulmonary system
of SHHF male rats was not supported, but, rather,
DTG actually may have a beneficial effect in this ge-
notype. SHHF rats may serve as a good model to
investigate a beneficial role of thyroid hormone abnor-
malities associated with heart failure.
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28. Paré WP and Klucznski J. Differences in the stress response
of Wistar-Kyoto (WKY) rats from different vendors. Physiol
Behav 62: 643–648, 1997.

29. Pino-Garcı́a JM, Garcı́a-Rı́o F, Dı́ez Gomez-Mendieta MA,
Racionero MA, Dı́az-Lobato S, and Villamor J. Regulation
of breathing in hyperthyroidism: relationship to hormonal and
metabolic changes. Eur Respir J 12: 400–407, 1998.

30. Radin MJ, Holycross BJ, Sharkey LC, Shiry L, and Mc-
Cune SA. Gender modulates the activation of renin-angiotensin
and endothelin systems in hypertension and heart failure.
J Appl Physiol 92: 935–940, 2002.

31. Redei EE, Solberg LC, Kluczynski JM, and Pare WP. Par-
adoxical hormonal and behavioral responses to hypothyroid and
hyperthyroid states in the Wistar-Kyoto rat. Neurosychophar-
macology 24: 632–639, 2001.

32. Santini F, Hurd RE, and Chopra IJ. Sex-related differences
in iodothyronine metabolism in the rat: evidence for differential
regulation among tissues. Metabolism 43: 793–797, 1994.

33. Schlenker EH, Burbach JA, and Singh YN. Effects of thy-
roxine and naloxone administration on metabolism and ventila-
tion in hamsters. Respir Physiol 123: 63–70, 2000.

34. Schlenker EH, Martin DS, Lin XM, and Egland MC. Nalox-
one microinjected into the arcuate nucleus has differential ef-
fects on ventilation in male and female rats. Physiol Behav 62:
531–536, 1997.

35. Shanoudy H, Soliman A, Moe S, Hadian D, Veldhuis JD,
Iranmanesh A, and Russell DC. Early manifestations of “sick
euthryoid” syndrome in patients with compensated chronic heart
failure. J Card Fail 7: 146–152, 2001.

36. Tamura T, Said S, and Gerdes AM. Gender-related differ-
ences in myocyte remodeling in progression to heart failure.
Hypertension 33: 676–680, 1999.

37. Tulea E, Schneider F, Schneider F, and Petriou A. The
metabolic and functional effects of thyroid hormone excess in
rats. Physiologie 16: 37–40, 1979.

38. Upadhyaya L and Agrawal JK. Effect of L-thyroxine and
carbimazole on brain biogenic amines and amino acids in rats.
Endocr Res 19: 87–99, 1993.

39. Walker JS and Levy G. Induction of experimental thyroid
dysfunction in rats with implantable pellets of thyroxine or
propylthiouracil. J Pharmacol Methods 21: 223–229, 1989.

40. Young JK. Thyroxine treatment reduces the anorectic effect of
estradiol in rats. Behav Neurosci 100: 284–287, 1986.

2298 THYROID AFFECTS CARDIOPULMONARY FUNCTION IN SHHF RATS

J Appl Physiol • VOL 95 • DECEMBER 2003 • www.jap.org

 by 10.220.32.246 on S
eptem

ber 16, 2016
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/

