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Abstract

Objective: This study explored whether short-term replacement therapy with growth hormone (GH)
affects blood pressure (BP), heart rate (HR) and endothelial nitric oxide synthase (eNOS) expression
in cardiovascular tissues in hypophysectomized (Hx) female rats.
Design and Methods: BP, HR and the expression of eNOS in the aorta, caval vein and heart were studied
in Hx female rats and in Hx female rats that underwent 7 days treatment with GH and thyroxine þ
glucocorticoids ð½T4 þ GC�Þ: Insulin-like growth factor-I (IGF-I) was included in a second experimental
protocol to explore the indirect effect of GH. The expression and localisation of eNOS was analysed by
immunoblotting and immunohistochemistry.
Results: Decreased BP (Hx 98^1; Intact 129^3 mmHg; P , 0:05), HR (Hx 297^14; Intact
399^31 beats=min; P , 0:05) and unchanged eNOS expression was demonstrated in Hx compared
with intact rats. None of the hormones affected BP, but both GH and IGF-I increased HR compared
with Hx rats (GH 358^10; IGF-I 337^7; Hx 306^11 beats=min; P , 0:05). Replacement of GH,
GH þ ½T4 þ GC� and IGF-I resulted in an increased aortic eNOS expression (GH 161^24; GH þ ½T4 þ
GC� 177^25; IGF-I 153^21; Hx 109^7%; P , 0:05), whereas in caval vein only GH þ ½T4 þ GC�
affected eNOS expression. None of the hormones changed the level of eNOS in the heart. eNOS
was localised in the intima layer of the aorta, whereas in the caval vein eNOS was localised in all
cell layers.
Conclusions: These findings support the suggested positive role of GH in the regulation of the cardio-
vascular homeostasis. The observed up-regulation of eNOS, and presumably an increased NO bio-
availability, may result in improved endothelial and cardiovascular function.
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Introduction

Growth hormone (GH) deficiency or hyposecretion of
GH is associated with an increased risk for cardiovascu-
lar mortality (1). These patients demonstrate normal
blood pressure, hypotension or hypertension (for
review see (2)). They also have endothelial dysfunction
(3) and decreased nitric oxide (NO) formation (4). Sev-
eral studies have shown the clinical benefits of GH
therapy on cardiovascular function in these patients,
such as unchanged or decreased systolic and diastolic
blood pressure (BP), increased cardiac output (CO),
increased heart rate (HR) (4, 5), increased NO for-
mation (4) and decreased vascular resistance (5).

Hypophysectomized (Hx) rats demonstrate lowered
BP, CO and HR (6, 7), as well as endothelial dysfunction
(8), decreased heart weight and reduced wall to lumen
ratio in the vasculature (9) in comparison to intact rats.

Chronic treatment with GH results in improved vascu-
lar function (10). It has also been demonstrated that
substitution with thyroxine (T4) and GH is required
for the increase in BP and for the normal adaptation
of the structure of the heart and the vessels in Hx
rats (9).

It has previously been shown that formation of NO
can be regulated via the GH–insulin-like growth
factor-I (IGF-I) system (4). However, the cellular mech-
anism for this regulation is unknown. Nitric oxide
(NO), formed by endothelial nitric oxide synthase
(eNOS), has been shown to play an important role in
the physiological regulation of local blood flow and
BP (11, 12). Although considered to be constitutively
expressed, different physiological factors are involved
in the regulation of eNOS and NO formation (11).

The clinical consequence of hyposecretion of GH as
well as replacement of GH for the cardiovascular
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system is well documented, but only a limited number
of studies have explored the specific cellular effects of
this hormone in vivo. Therefore, the aim of the present
study was to investigate the effects of GH on HR and BP
as well as on the protein content and cellular localis-
ation of eNOS in cardiovascular tissues (caval vein,
aorta and heart) after 7 days of administration in Hx
female rats. The second aim was to explore the poten-
tial role of IGF-I as a mediator of the action of GH on
eNOS expression.

Materials and methods

Animals

Female Wistar rats were obtained from M&B (Ejby,
Denmark). The animals underwent hypophysectomy
at the age of 7 weeks (weight approximately 180 g) at
M&B. All rats were acclimatised for 1 week before the
onset of the experiment. All rats were weighed daily.
None of the Hx rats increased their body weight (BW)
prior to treatment (experiment (Exp) 1 from 162^1
to 163^5 g; Exp 2 from 170^1 to 169^1 g), demon-
strating complete hypophysectomy (13), while the
intact rats (Exp 1) demonstrated an increase in BW of
,13% (from 190^2 to 214^4 g). The rats had free
access to standard pellet chow and tap water through-
out the study. All experiments were approved by the
Regional Animal Ethic Committee, Göteborg University.

Experiment 1

Hypophysectomised rats were randomised into four
experimental groups; Hx (n ¼ 10 rats), thyroxine þ
glucocorticoids ð½T4 þ GC�; n ¼ 10), GH ðn ¼ 5Þ and
GH þ ½T4 þ GC� ðn ¼ 10Þ: The hormones and vehicle
were administered subcutaneously, twice daily for 7
days in a volume of 0.1 ml/100 g rats. Untreated
intact rats ðn ¼ 10Þ were used as controls. The
untreated Hx and intact rats received vehicle
treatment.

Experiment 2

To explore whether the observed differences in central
haemodynamics and aorta in Exp 1 were due to
direct action of GH or mediated by IGF-I, IGF-I was
included in the second experimental protocol. Three
different experimental groups of Hx rats were used:
Hx ðn ¼ 6Þ; GH ðn ¼ 9Þ and IGF-I ðn ¼ 9Þ: The sup-
plementation of [T4 þ GC] was not included in Exp 2,
since no effects on either aortic eNOS expression in
the cardiovascular tissues or on the BP and HR was
detected after ½T4 þ GC� treatment in Exp 1. Growth
hormone was administered subcutaneously twice
daily, whereas IGF-I was delivered subcutaneously for
seven days by a constant infusion using Alzet mini-
osmotic pumps (model 2001, Alza Pharmaceuticals,

Palo Alto, CA, USA). These pumps were inserted into
the neck during short-lasting barbiturate anaesthesia
of the animals (methohexital sodium, Brietal; Eli-Lilly,
Indianapolis, IN, USA) (75 mg/kg body weight, i.p.).

Measurement of plasma IGF-I

In intact rats ðn ¼ 7Þ from Exp 1 and untreated Hx rats
ðn ¼ 6Þ and Hx rats treated for 7 days with either GH
ðn ¼ 7Þ or IGF-I ðn ¼ 7Þ from Exp 2, the plasma IGF-I
content was analysed by a commercial RIA kit (Mediag-
nost, Reutlingen, Germany). This RIA kit demonstrates
high assay sensitivity as well as uses a highly specific
polyclonal antibody that demonstrates about 49% in
cross-reactivity to rat IGF-I (Mr Lindau, Mediagnost,
personal communication). This suggests that the
endogenous plasma IGF-I levels measured in all ani-
mals are underestimated by a factor of two.

Hormones (Exp 1 and 2)

The following hormones were used: thyroxine (L-thy-
roxine; Nycomed, Oslo, Norway) (T4, 10mg/kg/day)
and glucocorticoids (GC, cortisol phosphate; Solu-
Cortef, UpJohn, Puurs, Belgium) (400mg/kg/day)
(14). Bovine growth hormone (bGH, 1 mg/kg/day)
(14) was generously supplied by American Cyanamide
Co. (Princeton, NJ, USA). Insulin-like growth factor-I
(IGF-I, 1.25 mg/kg/day) (15), was a generous gift
from Genentech Inc. (San Fransisco, CA, USA).

T4 and GC were diluted in saline, whereas bGH was
diluted in 0.05 mol/l phosphate buffer (pH 8.6) con-
taining 1.6% glycerol and 0.02% sodium azide.

Measurements of systolic blood pressure and
heart rate (Exp 1)

Systolic blood pressure (SBP) and HR were measured by
tail-cuff plethysmography (Narco BioSystems, Houston,
TX, USA) on a randomised selection of rats from three of
the groups in Exp 1; intact rats ðn ¼ 5Þ; Hx rats treated
with ½T4 þ GC� ðn ¼ 5Þ and Hx rats treated with GH þ
½T4 þ GC� ðn ¼ 5Þ: The measurements were done prior
to hormone treatment (at days -7, -5 and -3), at the
onset of treatment (day 0) and during treatment (at
days 3, 5 and 7). Some of the SBP and HR data from
intact rats and Hx treated rats with ½T4 þ GC� and
GH þ ½T4 þ GC� has been published before (16).

Measurement of conscious mean arterial blood
pressure and heart rate (Exp 2)

Invasive conscious mean arterial blood pressure (MAP)
and HR were measured for 30 min at day 7 in Hx ðn ¼
5Þ; GH-treated ðn ¼ 5Þ and IGF-I-treated ðn ¼ 5Þ rats.
The procedure was performed by a catheterisation
(PE-50) of the tail artery during short-lasting anaesthe-
sia (methohexital sodium). The rats were allowed to
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recover for at least 30 min after the operation before
onset of registration.

Dissection and homogenisation of tissues
(Exp 1 and 2)

The rats were killed by decapitation on day 7 of treat-
ment. The inferior caval vein, aorta and heart were
quickly excised. The heart was separated into left
(including septum, LV) and right ventricles (RV). The
tissues were trimmed free of fat and adherent tissues
and weighed before being frozen in liquid nitrogen
and stored at 280 8C until analysis.

Protein was extracted from the aorta, caval vein, LV,
RV and liver as previously described (17). The total pro-
tein concentration was determined by a commercial
protein assay (Bio-Rad, Hercules, CA, USA).

Immunoblotting (Exp 1 and 2)

The procedure for immunoblotting has previously been
described in detail (18). Briefly, 25mg (aorta, caval vein
and liver) or 35mg (LV, RV and liver) of total proteins
were loaded in each lane on gels (10% NuPAGE Bis-
Tris gels; Novex, San Diego, CA, USA). The gels were
run for 90 min at constant voltage (150 V). Molecular
weight standards (See Blue; Novex, San Diego, CA,
USA) were used on each gel. The proteins were trans-
ferred to a polyvinyldifluoride (PVDF) membrane
(Amersham, Buckinghamshire, UK). The membranes
were then incubated with a mouse monoclonal anti-
body against eNOS (dilution 1:1000; Transduction Lab-
oratories, Lexington, KY, USA). Immunoreactive
protein was visualised by chemiluminescence using
an alkaline phosphatase-conjugated secondary anti-
body (dilution 1:30,000; Sigma, St Louis, MO, USA)
and CDP-Star (Tropix, Bredford, MA, USA) as a sub-
strate. The membranes were exposed to ECL film
(Amersham) at room temperature for 1–5 min and
the films were subsequently developed. Semi-quantitat-
ive measurements of proteins from the immunoblots
were made by densitometry (Fluor-S Multimager,
Quantity One ver. 4.1.0, Bio-Rad). The optical density
(OD) of each band was measured. The lane containing
extract of liver was used as a reference on each gel.

Immunohistochemistry (Exp 1)

Separate animals from the first experimental protocol
(two in each treatment group: Intact, Hx, ½T4 þ GC�;
GH and GH þ ½T4 þ GC�Þ were used for perfusion fix-
ation for immunohistochemistry. Catheterisation of
the common carotid artery with outflow from both
jugular veins was performed during short-lasting bar-
biturate anaesthesia (methohexital sodium). The rats
were perfused at a pressure of 100 mmHg (Intact) or
80 mmHg (Hx) with phosphate-buffer (PBS) containing
0.58 M Na2HPO4, 0.17 M NaH2PO4 and 0.68 M NaCl

for 15 min. The perfusion pressure was chosen in
relation to the SBP in the respective groups (for details
see Results and Fig. 1a). The solution was changed
thereafter to 4% cold (+4 8C) neutral buffered formal-
dehyde and the rats were perfused for an additional
time of 30 min prior to the excision of the vessel. The
aorta and caval vein were further fixated for 60 min
in 4% formaldehyde and then transferred to 14%
sucrose –PBS at 4 8C for 24 h. The tissues were
embedded in OCT-compound (Sakura Finetek Europe
B.V., Zoeterwoude, the Netherlands) and snap frozen
in 2-methylbutane chilled on dried ice, and stored at
280 8C until analysis (19).

The immunohistochemistry procedure has pre-
viously been described by Piontkewitz et al. (19). Briefly,
the sections were blocked with 5% non-fat milk in PBS.
This was followed by incubation with antibodies
against eNOS (monoclonal antibody, dilution 1:50;
Transduction Laboratories, Lexington, KY, USA), von
Willenbrand factor (polyclonal antibody, dilution
1:800; Dako A/S, Glostrup, Denmark), or smooth
muscle actin (monoclonal antibody, dilution 1:1600;
Sigma). After several rinsing steps the sections were
incubated with either biotinylated anti-mouse or bio-
tinylated anti-rabbit (dilution 1:200 for both; Vector
Laboratories, Burlingame, CA, USA). Rat serum
(dilution 1:50) was added in conjunction with the
anti-mouse in order to reduce unspecific binding.
Thereafter, the sections were developed in streptavidin
fluorescein (dilution 1:200; Amersham, Buckingham-
shire, UK) and mounted with Moviol/Dabco mounting
medium. The following controls for unspecific binding
were used: replacement of primary antibody with (1)
non-specific anti- IgG1 antibody (dilution 1:800, Dako
A/S, Glostrup, Denmark); or (2) 5% non-fat milk.
These controls demonstrated negligible signals (data
not shown).

Statistical analysis

Values are given as means^S.E.M. Left ventricular and
RV weights (Exp 1), MAP and HR (Exp 2), changes in
BW (Exp 1 and 2) and levels of plasma IGF-I were ana-
lysed by ANOVA followed by Fisher’s LSD as a post hoc
test. ANOVA adapted for repeated measures was used
to evaluate SBP and HR in Exp 1. The Mann–Whitney
rank sum test was used for the analysis of immunoblot-
ting data obtained by densitometric scanning from both
experimental protocols. A P value of less than 0.05 was
considered significant.

Results

Experiment 1

Body weight The BWs of Hx rats and Hx rats receiving
½T4 þ GC� were unchanged throughout the experiment
(Hx from 164^1 to 161^1 g; ½T4 þ GC� from 160^3
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to 157^4 g). The intact rats showed a slight, but non-
significant, increase in BW at day 7, compared with day
0 (from 214^4 to 218^3 g). Rats supplemented with
GH or GH þ ½T4 þ GC� demonstrated a significant

increase in BW (GH from 161^2 to 183^4 g; P ,
0:05; GH þ ½T4 þ GC� from 161^2 to 187^2 g;
P , 0:05).

Systolic blood pressure and heart rate Hypophysect-
omy per se, resulted in a decrease in both SBP and in HR
compared with intact animals (P , 0:05; Fig. 1A and
1B). During replacement (days 0–7), the SBP remained
unchanged in all treatment groups (Fig. 1A). Heart rate
remained unaltered after replacement with ½T4 þ GC�
in Hx rats (Fig. 1B). However, the animals receiving
GH þ ½T4 þ GC� demonstrated an increase in HR from
day 3 (P , 0:05 compared with day 0 and between
½T4 þ GC� and GH þ ½T4 þ GC� during the treatment
period) and reached the same HR level as intact ani-
mals (Fig. 1B). The HR remained elevated until the
experiment was completed (Fig. 1B).

Left and right ventricular weights Hypophysectomy
caused a significant decrease in LV ðP , 0:05Þ; but not
in RV weight, compared with intact rats (Fig. 2A and
B). After treatment, LV weight increased in ½T4 þ GC�;
GH, and GH þ ½T4 þ GC� groups (P , 0:05 for all vs.
Hx, Fig. 2A). There was a small, but significant differ-
ence between ½T4 þ GC� and GH þ ½T4 þ GC� in LV
weights (P , 0:05; Fig. 2A). None of the treatments
had any effect on the RV weight (Fig. 2B).

Expression and cellular localisation of eNOS in
aorta, caval vein, RV and LV

Intact and Hx rats There were no differences in the eNOS
protein expression in the aorta, the caval vein (Figs 3, 4
and 5a–d), the RV (data not shown) or the LV (data not
shown) between Hx rats and intact rats.

The expression of eNOS was higher (1.6-fold) in the
caval vein compared with the aorta in Hx animals
(P , 0:05; Figs 3 and 4). There was no difference in
eNOS expression between LV and RV in Hx rats (data
not shown).

Figure 1 Systolic blood pressure (SBP, A) and heart rate (HR, B)
prior to and during treatment. Measurements at -7, -5 and -3 days
are pretreatment values. Treatment with different hormones
(thyroxine þ glucocorticoids ð½T4 þ GC�Þ and growth hormone
(GH)) were started on day 0. SBP and HR were measured at
days 3, 5 and 7. The different groups were hypophysectomized
(Hx) treated rats with ½T4 þ GC� ðn ¼ 5Þ and GH þ ½T4 þ GC�
ðn ¼ 5Þ: Intact rats ðn ¼ 5Þ served as controls. Data is expressed
as means^S.E.M. ANOVA adapted for repeated measures was
used for statistical analysis. *P , 0:05 between intact control and
Hx rats. #Significant change in GH þ ½T4 þ GC�-treated rats com-
pared with day 0 ðP , 0:05Þ: §P , 0:05 between GH þ ½T4 þ GC�
and ½T4 þ GC� during the treatment periods (day 3, 5 and 7,
P , 0:05). Some of the SBP and HR data from intact rats and Hx
rats treated with ½T4 þ GC� and GH þ ½T4 þ GC� has been pub-
lished before (16).
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The aorta showed a specific staining for eNOS in the
endothelial cells (Fig. 5a and c). Unspecific staining of
the elastine components of the media layer was
observed in the aorta (Fig. 5a, c, e, g and i). This was
also noticed with non-specific IgG1 (data not shown).
In the caval vein, the staining included cells localised
to the intima, media and adventitia layers (Fig. 5b
and d).

½T4 þ GC�-; GH- and GH þ ½T4 þ GC�-treated Hx rats The
expression of eNOS in aorta, caval vein, LV or RV was
not affected by ½T4 þ GC� (Figs. 3 and 4). There was
an increase of eNOS expression in the aorta after GH
supplementation compared with Hx and Hx rats trea-
ted with ½T4 þ GC� (P , 0:05 for both, Fig. 3). This
increase was also observed in the aorta when GH was
combined with ½T4 þ GC� (P , 0:05; Fig. 3). The caval
vein of GH þ ½T4 þ GC�-treated animals demonstrated a
1.4-fold higher eNOS expression compared with the
aorta in the same animals (P , 0:05; Figs 3 and 4),
which was similar a difference as seen in Hx rats. An
increased eNOS expression was shown in the caval
vein of GH þ ½T4 þ GC�-treated animals compared
with ½T4 þ GC� rats (P , 0:05; Fig. 4). The hormonal

Figure 2 Left (A) and right (B) ventricular weights of intact (con-
trols, n ¼ 10), hypophysectomized (Hx, n ¼ 10) and Hx rats trea-
ted thyroxine and glucocorticoids ð½T4 þ GC�Þ ðn ¼ 10Þ; growth
hormone (GH, n ¼ 5) or GH þ ½T4 þ GC� ðn ¼ 10Þ for 7 days.
Data is expressed as means^S.E.M. Changes in left and right ven-
tricular weight were analysed by ANOVA followed by Fisher’s
LSD as a post hoc test. aP , 0:05 between controls and Hx,
bP , 0:05 between Hx and the different treatments and
cP , 0:05 between ½T4 þ GC� and GH þ ½T4 þ GC�:

Figure 3 The protein expression of endothelial nitric oxide
synthase (eNOS) in the aorta of intact rats (controls, n ¼ 10),
hypophysectomized (Hx, n ¼ 10) and Hx rats after 7 days of treat-
ment with thyroxine and glucocorticoids ð½T4 þ GC�Þ ðn ¼ 10Þ;
growth hormone (GH, n ¼ 5), or GH þ ½T4 þ GC� ðn ¼ 10Þ: The
values are obtained by densitometric scanning of immunoblots.
Data is expressed as means^S.E.M. and as a percentage of
expression in liver (¼100%). The same liver sample was used as
the standard for each gel. The Mann–Whitney rank sum test was
used for statistical analysis. aP , 0:05 vs. intact, bP , 0:05 vs Hx
and cP , 0:05 vs ½T4 þ GC�.
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treatment did not affect the protein level of eNOS in the
heart (RV or LV) (data not shown).

Immunohistochemistry showed specific eNOS stain-
ing in the endothelial cells in the intima layer in the
aorta (Fig. 5e, g, and i). In the caval vein, the stain-
ing for eNOS was observed in endothelial cells of the
intima-, media- and adventitia cell layers (Fig. 5f, h
and j). No alteration in the cellular localisation in
aorta or caval vein was observed after hormonal
treatments compared with controls (intact, Hx)
(Fig. 5).

The aorta demonstrated unspecific staining for eNOS
of the elastine components of the media layer (Fig. 5a,
c, e, g and i), which also was observed with non-specific
IgG1 (data not shown).

Expression and cellular localisation of von Willen-
brand factor and smooth muscle actin In the aorta,
only the endothelial cells in all groups demonstrated
staining for von Willenbrand factor (Fig. 6a). In con-
trast, staining for this factor was present in all layers
(intima, media and adventitia) of the caval vein (Fig.
6b). No difference in staining for von Willenbrand
factor was observed between the different experimental
groups.

The localisation of smooth muscle cells was demon-
strated by staining of a-smooth muscle actin in both
the aorta and the caval vein. All treatment groups
showed the same specific staining of a-smooth muscle
actin in the media of aorta and caval vein (Fig. 6c and d).

Figure 4 The protein content of endothelial nitric oxide synthase
(eNOS) in the caval vein of intact rats (controls, n ¼ 10), hypo-
physectomized (Hx, n ¼ 10) and Hx rats after 7 days of treatment
with thyroxine and glucocorticoids ð½T4 þ GC�Þ ðn ¼ 10Þ; growth
hormone (GH, n ¼ 5), or GH þ ½T4 þ GC� ðn ¼ 10Þ: The values
are obtained by densitometric scanning of immunoblots. Data is
expressed as means^S.E.M. and as a percentage of expression in
liver (¼100%). The same liver sample was used as the standard
for each gel. The Mann–Whitney rank sum test was used for stat-
istical analysis. aP , 0:05 vs intact, bP , 0:05 vs Hx and
cP , 0:05 vs ½T4 þ GC�:

Figure 5 Immunohistochemistry demonstrating the protein expression of endothelial nitric oxide synthase (eNOS) in the aorta (a, c, e, g
and i) and the caval vein (b, d, f, h and j) of intact (a and b), hypophysectomized (Hx) rats (c and d) or Hx rats treated with thyroxine
and glucocorticoids ð½T4 þ GC�Þ (e and f), growth hormone (GH) (g and h) or GH+[T4 þ GC] (i and j). ec, endothelial cells; sm, smooth
muscle cells; av, adventitia layer. Scale bars, 50mm.
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Experiment 2

Body weight In the second experimental protocol, the
BW of Hx rats was unchanged throughout the study
(from 173^2 to 173^1 g). GH treatment in Hx rats
demonstrated increased BW from 168^2 to 190^3 g
ðP , 0:05Þ and after IGF-I supplementation the BW
increased from 161^2 to 177^2 g ðP , 0:05Þ:

Plasma IGF-I The Hx untreated rats showed a statistic-
ally significant decrease in plasma IGF-I compared with
intact rats (Table 1, P , 0:05). There was a substantial
increase of plasma IGF-I in GH- and IGF-I-treated Hx
rats compared with untreated Hx rats (Table 1,
P , 0:05), whereas both GH- and IGF-I-treated Hx
rats demonstrated lower plasma IGF-I levels compared
with intact rats (Table 1, P , 0:05). There was no sig-
nificant difference in plasma IGF-I levels between GH-
and IGF-I-treated Hx rats (Table 1).

The same pattern of IGF-I levels were found in intact,
Hx and GH groups when compensating for the fact that
the IGF-I antibody showed different cross-reactivity to
human and rat IGF-I ðP , 0:05Þ: However, the levels
of IGF-I were significantly lower in the IGF-I group
compared with the GH group ðP , 0:05Þ: The recalcu-
lated levels were: Intact 981^110; Hx 85^12; GH
547^35 and IGF-I 362^26 ng=ml:

Conscious mean arterial blood pressure and heart
rate No change in conscious mean arterial blood press-
ure (MAP) measurement was observed between the
groups (Table 2). Furthermore, the GH-treated Hx
rats showed a 17% increase in HR compared with
untreated Hx rats measured by conscious HR measure-
ment (P , 0:05; Table 2). An increase in HR was also
demonstrated in IGF-I-treated Hx rats compared with
untreated Hx rats (P , 0:05; Table 2).

eNOS expression in cardiovascular tissues after
treatment with GH or IGF-I There was an increase
in eNOS protein expression in aorta following GH treat-
ment compared with Hx rats, as previously shown in
Exp 1 (P , 0:05; Figs 7 and 8). The group receiving
IGF-I demonstrated a similar increase in eNOS
expression in the aorta (P , 0:05 vs Hx, Figs 7 and
8) as the group treated with GH. Neither the caval
vein nor the heart tissues (LV or RV) showed any
changes in eNOS content after GH or IGF-I treatment
for 7 days (data not shown). The caval vein contained
more eNOS protein than the aorta (Figs 7 and 8), as
previously demonstrated in Exp 1.

Table 1 Plasma insulin-like growth factor-I (IGF-I) levels in intact
rats, untreated hypophysectomized (Hx) rats and Hx rats treated
with either growth hormone (GH) or IGF-I for 7 days. Values are
expressed as means^S.E.M.

Group N Plasma IGF-I (ng/ml)

Intact 7 491^55
Hx 6 43^6*
GH 7 273^18*#

IGF-I 7 319^26*#

ANOVA followed by Fisher’s LSD as a post hoc test was used for counting
statistically significant changes, *P , 0:05 vs intact, #P , 0:05 vs Hx.

Table 2 Invasive conscious mean arterial blood pressure (MAP)
and heart rate (HR) measurements in hypophysectomized (Hx)
rats and Hx rats treated for 7 days with either growth hormone
(GH) or insulin-like growth factor-I (IGF-I). Values are expressed
as means^S.E.M.

Group n MAP (mmHg) HR (beats/min)

Hx 5 93^3 306^11
GH 5 94^2 358^10*
IGF-I 5 98^2 337^7*

ANOVA followed by Fisher’s LSD as a post hoc test was used for counting
statistically significant changes between Hx and Hx-treated (GH or IGF-I)
groups, *P , 0:05:

Figure 6 Immunohistochemistry demonstrating the expression of
von Willenbrant factor (a and b) and smooth muscle actin (c and
d) in the aorta (a and c) and the caval vein (b and d) of hypophy-
sectomized (Hx) rats. ec, endothelial cells; sm, smooth muscle
cells; av, adventitia layer. Scale bars, 50mm.
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Discussion

The major findings in the present study were that hypo-
physectomy resulted in decreased BP and HR. Neither
replacement with ½T4 þ GC� nor GH or IGF-I restored
BP, but both GH and IGF-I replacement increased HR.
This study also demonstrates that GH treatment alone
elicits a stimulatory effect on eNOS expression in the
aorta in vivo in female Hx rats, but not in the caval
vein or in the heart, whereas, GH in combination
with ½T4 þ GC� results in an increased eNOS expression
in both vessels. Administration of IGF-I resulted in

increased aortic eNOS expression, but had no effect
on the eNOS expression in the other studied tissues.
In addition, the distribution of eNOS differed between
the two vessel types. In the aorta, the expression of
eNOS was localised to the endothelial cells of the
intima, whereas the caval vein expressed eNOS in all
cell layers (intima, media and adventita). Our results
suggest that the effect on eNOS expression in the
arteries (aorta) could partly be mediated by IGF-I
and/or by a direct effect of GH on the vascular cells.
In the veins another indirect effect of GH may mediate
this increased eNOS expression.

Cardiovascular function

The present study demonstrated decreased BP and HR
after hypophysectomy. These results are in accordance
with those of László et al. (6), Shen et al. (7) and
Folkow et al. (9). A reduced structural adaptation of
the left ventricle (present study and (9)) as well as
lower CO (6, 7) together with loss of vascular structure,
e.g. reduced synthesis of collagen (20) and reduced
wall/lumen ratio in the resistance vessels (9), may
explain the reduction of BP in Hx rats. After 7 days of
supplementation with ½T4 þ GC�; GH or IGF-I the LV
weight increased up to the levels of intact rats,
although the BP was still reduced compared with
intact rats in all hormonal treatment groups. Folkow
et al. (9) demonstrated that 6 weeks of GH þ T4 sup-
plementation to Hx rats restored the blood pressure,
LV weight and the vascular structure to those of
intact rats. Our study may suggest that 1 week of hor-
monal replacement seems to be enough to create
normal LV weight in these rats, but it seems that
longer replacement therapy is needed to create a nor-
malisation of the vascular structure.

Both in the present study and in studies involving
humans (4), an increase in HR has been demonstrated
after supplementation with either GH or IGF-I. This
finding (increased HR and unaltered BP) can be
explained by: (i) a stimulatory effect of GH and IGF-I
on the heart followed by dilatory response in the resist-
ance vessels, or (ii) a primary effect (dilatation of
vessels) of GH and IGF-I with a reflexogenic increase
in HR to maintain BP. Our results support the second
explanation since the major effect of GH and IGF-I on
eNOS protein expression was observed in the aorta,
leaving the level of eNOS protein in the heart un-
affected. An increase in eNOS expression may result
in an increased NO bioavailability, causing a decreased
total peripheral resistance (TPR). A decreased TPR after
GH supplementation to a GH-deficient patient has pre-
viously been reported (5). Thus, this may suggest that
an increased eNOS expression in the arteries together
with increased NO bioavailability can cause the
reduced TPR in the GH-supplemented GH-deficient
patients.

Figure 7 The protein content of endothelial nitric oxide synthase
(eNOS) in the aorta and caval vein of hypophysectomised (Hx)
ðn ¼ 6Þ and Hx rats after 7 days of treatment with growth hormone
(GH, n ¼ 9) or insulin-like growth factor-I (IGF-I, n ¼ 9). The
values are obtained by densitometric scanning of immunoblots.
Data are expressed as means^S.E.M. and as a percentage of
expression in liver (¼100%). The same liver sample was used as
the standard for each gel. The Mann–Whitney rank sum test was
used for statistical analysis. bP , 0:05 vs Hx.

Figure 8 Immunoblotting demonstrated endothelial nitric oxide
synthse (eNOS) expression in aorta and caval vein in hypophys-
ectomized (Hx) female rats and in Hx rats treated with either
growth hormone (GH) or insulin-like growth factor-I (IGF-I) for 7
days. Lane 1, endothelial cells (positive controls); Lane 2, aorta
from untreated Hx rat; Lane 3, aorta from GH-treated Hx rat; Lane
4, aorta from IGF-I-treated Hx rat; Lane 5, caval vein from
untreated Hx rat; Lane 6, caval vein from GH-treated Hx rat; Lane
7, caval vein from IGF-I-treated Hx rat; Lane 8, ovcar cells (nega-
tive controls); Lane 9, liver from intact rats (positive controls).
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eNOS expression and localisation

Interestingly, in the present study, the level of eNOS pro-
tein was unaltered by hypophysectomy in the aorta,
caval vein and the heart. Growth hormone deficient
patients demonstrate a decreased NO formation in the
urine and plasma compared with control patients (4).
One explanation for the unaffected vascular eNOS
expression in the Hx rats could be the time frame.
Our untreated Hx rats were studied 3 weeks after hypo-
physectomy, whereas the majority of all patients studied
have a chronic (years) deficiency of GH. In addition,
specific vascular eNOS expression has not been studied
in GH-deficient patients. A second explanation could be
that the production of NO is not restricted to the eNOS
isoform but also involves the two other isoforms of NOS,
neuronal and inducible (21). Moreover, it is also poss-
ible that the effect of eNOS might not be limited to
the transcriptional/post-translational level. Several fac-
tors have been demonstrated to influence the enzymatic
activity of eNOS (22). Thus, further studies are needed
to elucidate the effect of short- and long-term hypophy-
sectomy, the enzymatic regulation of eNOS as well as to
ascertain if the other two isoforms of NOS are involved.

The present study demonstrates that treatment with
both GH and GH together with ½T4 þ GC� resulted in an
increased eNOS expression in the aorta. Administration
of ½T4 þ GC� did not change the eNOS expression in any
of the studied tissues. This suggests that GH ellicits a
stimulatory effect on aortic eNOS expression in female
Hx rats. GH is known to mediate its effects either
directly on the target cells or indirectly via IGF-I. To
explore whether the effect of GH on aortic eNOS
expression was mediated via GH directly or via IGF-I
a second experimental protocol was used in which Hx
rats were treated with either GH or IGF-I. Our results
showed a marked increase in eNOS expression in the
aorta after 7 days of treatment with IGF-I, similar to
the effect of GH. No changes of eNOS expression
could be detected in either the caval vein or in the car-
diac tissues after IGF-I treatment. This suggests that the
increased aortic eNOS expression can be due to a direct
effect of GH in this vessel or an indirect effect mediated
by IGF-I, or a combined effect of these two hormones.
The levels of serum IGF-I in GH- and IGF-I-sup-
plemented Hx rats were similar, although lower com-
pared with intact rats. These results demonstrate that
the doses of GH and IGF-I used in the present study
are within the physiological range. However, the
endogenous plasma IGF-I levels measured in the pre-
sent study are underestimated by a factor of two due
to the use of a human IGF-I antibody (for more detailed
information see Materials and methods).

Several in vitro and in vivo studies have shown that
IGF-I can activate NO production both in endothelial
cells and smooth muscle cells, resulting in vasodilation
and an increased blood flow (23, 24). Böger et al.
demonstrated an increased NO formation, both in

plasma and urine, after chronic GH treatment of GH-
deficient patients (4). They suggested that the increase
in NO formation was mediated by IGF-I (4). Taken
together, our results suggest that the effects on eNOS
expression seen in the aorta could be partly mediated
by IGF-I and/or by a direct effect of GH on the target
cells. We acknowledge that further studies are needed
to elucidate if the effect on eNOS expression in the
endothelial cells in the aorta is a direct effect mediated
by GH and/or IGF-I.

It is also possible that the increased HR (or presumed
increased sympathetic activity) seen after both GH and
IGF-I treatment could indirectly stimulate eNOS
expression in the aorta. An effect of sympathetic acti-
vation is less likely since b-receptor blockade appears
to stimulate eNOS expression in vitro (25). However, it
may be suggested that the increased frequency of
cyclic stretching of the aorta, mechanically induced
by the increased HR could be responsible for the
increased eNOS expression seen in the aorta. This is
supported by an ex vivo experiments by Gan et al.
(26). Further experiments are needed to elucidate this
hypothesis.

Another indirect effect of GH is the enhancement of
the conversion of T4 to tri-iodothyronine (T3) via up-
regulation of deiodinase enzyme (27). The combined
treatment of GH and ½T4 þ GC� used in the present
study may therefore result in increased plasma levels
of T3 (28). In addition T3 has been shown to induce
eNOS expression in the liver of rats (29). Thus, an
increased T3 plasma level may explain the increased
eNOS expression in the caval vein after combined treat-
ment with GH and ½T4 þ GC� but not after GH alone or
after IGF-I. However this possibly confounding effect of
T3 seems to be limited to the caval vein, since changes
in aortic eNOS expression was also observed both after
GH treatment alone and after GH þ ½T4 þ GC�
treatment.

The immunohistochemical localisation of eNOS
showed a specific staining in the aortic endothelial
cells of the intima layer in all groups. In contrast, the
caval vein demonstrated staining for eNOS in intima,
media and adventitia layers. Since von Willenbrand
factor has been shown to be specific for endothelial
cells, the co-localisation of eNOS and von Willenbrand
factor to these cell structures, supports the notion
that these cells share some of the features of endothelial
cells (30). Thus, it appears that endothelial-like cell
types and thereby eNOS localisation is not restricted
to the intima layer of veins (31).

Conclusions

Hypophysectomy per se, is associated with decreased BP
and HR. Seven days replacement with GH results in
increased eNOS expression in the vasculature, normal-
isation of HR, but has no effect on the reduced BP. Our
results suggest that the induction of eNOS expression
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seen in the arteries (aorta) after GH treatment could
partly be mediated by IGF-I and/or be a direct effect
of GH on the vascular cells, whereas in the veins
(caval vein) a so far unknown indirect effect of GH
may mediate the increased eNOS expression. These
findings support the suggested positive role of GH in
the regulation of the cardiovascular homeostasis. The
observed up-regulation of eNOS, and presumably an
increased NO bioavailability, may result in improved
endothelial and cardiovascular function.
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