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Growth hormone interferes with the progression of myocarditis in rats
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Abstract

Ž .In this study, we investigated whether recombinant human growth hormone rhGH influences the progression of myocarditis. We
induced experimental autoimmune myocarditis in F344 rats by subcutaneous injection of cardiac myosin, and divided the rats into three

Ž . Ž . Ž .groups: 1 control group, saline injection; 2 pre-treated group, subcutaneous injection of rhGH 100 mIUrratrday for 10 days before
Ž . Žinduction of experimental autoimmune myocarditis; and 3 post-treated group, subcutaneous injection of rhGH 100 mIUrratrday for 10

.days after induction of experimental autoimmune myocarditis. On the 35th day after induction of experimental autoimmune myocarditis,
all rats were sacrificed and the hearts were examined. The increase in body weight was smaller in the control group than the pre-treated
group and the rate of heart weightrbody weight was larger in the control group than in the two treated groups. Histopathologically, rats in
the control group showed multifocal infiltration by inflammatory cells, mainly neutrophils, lymphocytes and macrophages, extensive
fibrosis, and a higher proportion of mast cells in the inflammed region. In contrast, rats in the two treated groups showed only minor
changes. We found that rhGH did not influence the distribution of lymphocytes in peripheral blood in the three groups, and that rhGH
induced G1 checkpoint dysfunction, thereby arresting the cell cycle in G1 and inhibiting the proliferation of mast cells in vitro. These
findings suggest a possible role for mast cells in the progression of myocarditis and the rhGH may be a candidate for use as a new tool to
treat myocarditis. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Growth hormone GH is a neuroendocrine hormone
secreted by acidophilic cells in the anterior pituitary. It
exerts a wide range of growth-promoting effects in the

Ž .body Rudman et al., 1990 . Insulin-like growth factor I
Ž .IGF-I, also known as somatomedin C is produced and
released by the liver and other tissues, and is believed to
mediate most of the biological effects of GH, such as
cellular proliferation and regulation of cellular metabolism
Ž .Isgaard et al., 1988, 1989; Duerr et al., 1995 . Evidence is
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emerging that GH helps to control heart morphology and
function by activating cardiac cell growth without chang-
ing the collagen content of the myocardium or the capil-
lary density, and by inducing physiologic ventricular

Ž .remodeling Timsit et al.,1990; Merola et al., 1993 . Nu-
merous reports have indicated that GH exerts a wide
variety of significant effects on the lymphohematopoietic
system, for example, promoting the growth of the thymus
Ž .Kelley et al., 1986; Monroe et al., 1987 and T cell

Ždevelopment Mercola et al., 1981; Murphy et al., 1992;
.Postel-Vinay et al., 1997 , and improving T cell function

Ž .Snow et al., 1981; Murphy et al., 1993 in animals using
both in vitro and in vivo assays.

Myocarditis is an incompletely understood syndrome of
multiple etiologies, including cardiotropic virus infection
and host autoimmune reactions. It is proposed that the
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phenotypic characteristics of autoimmune myocarditis are
Ždifferent from those of the viral disease Kodama et al.,

.1995 . Some cases of myocarditis are progressive, result-
ing in chronic myocarditis. Accumulating evidence links
chronic myocarditis with the eventual development of
dilated cardiomyopathy; that is, the persistent myocardial
cell damage involved in myocarditis may cause continuous
destruction of contractile proteins and facilitate fibrosis,

Žwhich may finally lead to dilated cardiomyopathy Seko et
.al., 1995 . Dilated cardiomyopathy is a multifaceted dis-

ease resulting from an insult to the ventricular myocardium
and is characterized by progressive enlargement of cardiac
chambers, thinning of ventricular walls, and reduced con-
tractility. Dilated cardiomyopathy is also a prevalent cause
of heart failure and sudden death, and there is no specific
therapy except for cardiac transplantation.

Injection of porcine whole or rod cardiac myosin into
susceptible strains of rats and mice has been shown to

Žcause experimental autoimmune myocarditis Inomata et
.al., 1995 . Experimental autoimmune myocarditis, which

resembles myocarditis in humans, was shown to occur in
recurrent episodes, leading to dilated cardiomyopathy
Ž .Wilson et al., 1985; Kodama et al., 1994 . Exogenous

Žgrowth hormone recombinant human growth hormone,
. ŽrhGH has been used in experimental animals rats and
.mice , and shown to act as effectively as GH in those

animals. Recently, the administration of rhGH in experi-
mental animal models has been shown to result in a clear
improvement of cardiac performance in experimental heart

Ž .failure Tajima et al., 1999 . Moreover, it was reported that
the administration of rhGH to patients with ischemic car-
diomyopathy results in a significant improvement in hemo-

Ž .dynamics and clinical function Genth-Zotz et al., 1999 .
Using the model of experimental autoimmune myocarditis,
the present study was designed to characterize the effect of
rhGH on myocarditis. We show here that rhGH treatment
markedly interferes with the progression of myocarditis.

2. Materials and methods

2.1. Reagents

The rhGH used in this study was kindly donated by
Ž .Pharmacia-Upjohn Stockholm, Sweden . The following

monoclonal antibodies used for cytofluorometric analysis
were purchased from Fujisawa Pharmaceutical: R-phyco-

Žerythrin-conjugated mouse anti-rat CD45R for a pan B
. Ž .cell marker and CD8a for a suppressor T cell marker

monoclonal antibodies, and fluorescein isothiocyanate
Ž . ŽFITC -conjugated mouse anti-rat CD4 for a helper T cell

.marker monoclonal antibody. The antibodies against rat
p53, cyclin E, cdk2 and IGF-I used in this study were
purchased from Wako, Tokyo. All other chemicals were of
reagent grade and purchased from Sigma.

2.2. Experimental animals

Specific-pathogen-free male F344rNSIc rats weighing
150 g were purchased from Sankyo Laboratory, Japan.
They were housed in animal quarters with controlled tem-

Ž . Ž . Žperature 22–268C , humidity 50–60% , and lighting 12-h
.cycle , and given free access to standard feed and water.

Twenty animals were used per experimental condition.
Body weights were measured at regular intervals.

2.3. Cell line and culture conditions

Ž .Mast cell line RBL-2H3 cells, syngeneic to rats
Ž .Turner et al., 1995 were grown in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum
Ž .Flow Laboratories , 50 Urml of penicillin and 50 mgrml
of streptomycin. The cells were maintained at 378C in a
humidified atmosphere containing 5% CO and 95% air.2

The viability of the cells used in these experiments was
consistently more than 95% when evaluated by the trypan
blue exclusion method.

2.4. Induction of experimental autoimmune myocarditis

Purified cardiac myosin prepared from the muscles of
porcine hearts and purchased from Sigma was used as an
antigen. Experimental autoimmune myocarditis was in-

Ž .duced as described by Inomata et al. 1995 with minor
modifications. Briefly, the cardiac myosin was emulsified
with complete Freund’s adjuvant supplemented with My-
cobacterium tuberculosis H37Ra at a concentration of 10
mgrml. To induce myocarditis, F344 rats were injected
twice subcutaneously with a 7-day interval in the rear
footpads with 0.1 ml of the emulsified solution.

2.5. Administration of rhGH

F344 rats were randomly assigned to three groups re-
Ž . Žceiving subcutaneous injection: 1 saline diluent desig-

. Ž .nated the control group , 2 rhGH at 100 mIUrratrday
for 10 days before induction of experimental autoimmune

Ž . Ž .myocarditis designated the pre-treated group , and 3
rhGH at 100 mIUrratrday for 10 days after induction of

Žexperimental autoimmune myocarditis designated the
.post-treated group .

2.6. Histopathologic and immunohistochemical analyses

For the histopathological study of cardiac tissue, the
rats were sacrificed under ether anesthesia on day 35 after
the cardiac myosin injection. The hearts were removed

Žfrom the rats, weighed, sliced transversely at least four
.biventricular cardiac cross-sectionsrheart , fixed in 10%

formalin, embedded in paraffin, and stained. The extent of
inflammatory cell infiltration was estimated using hema-
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toxylin-eosin staining. The extent of fibrosis was estimated
using Mallory Azan staining. Mast cells were visualized by
toluidine blue staining and counted.

Microscopic findings were expressed in terms of my-
ocardial infiltration and fibrosis scores. Microscopic find-
ings of the severity of myocardial infiltration and the

Ž .extent of fibrosis were graded as follows: 0 no lesion , 1
Ž 2presence of a few small lesions, not exceeding 0.25 mm

. Žin size , 2 presence of multiple small lesions or a few
2 .moderately sized lesions, not exceeding 6.25 mm , and 3

Žthe presence of multiple moderately sized lesions or nu-
. Ž .merous, larger lesions Okura et al., 1998 .

Microscopic scores represent the average and mast cell
numbers represent the total number in the whole fields in
all sections obtained from the same heart. Therefore, the
microscopic scores and the mast cell numbers were de-
fined as valuerheart.

To verify the rhGH is effective in rats, rhGH was
subcutaneously injected in normal rats at 100 mIUr
animalrday for 10 days. The livers were removed from
anesthetized rats, fixed in 10% formalin and embedded in
paraffin. Immunostaining of IGF-I protein in hepatic tis-
sues was performed according to the staining manual of

Ž .the DAKO LSAB2 Kit Dako, CA using 40 mgrml of
Ž .anti-rat IGF-I goat immunoglobulin G1 IgG1 monoclonal

antibody. Fig. 1 shows representative photographs. Im-

Fig. 1. Representative photographs of IGF-I expression in rat liver. rhGH
was subcutaneously injected into normal rats at 100 mIUranimalrday for
10 days. The livers were removed from anesthetized rats treated without
Ž . Ž .A or with B rhGH, and stained with monoclonal antibody against
IGF-I protein as described in Section 2.

Fig. 2. Time course of rhGH effect on body weight. Pre, rhGH treatment
before induction of experimental autoimmune myocarditis; M, induction
of experimental autoimmune myocarditis; and Post, rhGH treatment after
induction of experimental autoimmune myocarditis, as described in Sec-
tion 2. Values are expressed as the mean"S.D. )P-0.05 and ))P-

0.01 vs. control group.

munoreactive IGF-I protein was mainly localized round
Ž .central veins of the liver Fig. 1A . rhGH injection induced

Ž .the upregulation of IGF-I protein expression Fig. 1B ,
indicating that rhGH is effective in rats.

2.7. Immunofluorescence lymphocyte subtyping

Peripheral blood was obtained at regular intervals from
anesthetized rats by cardiac puncture. The blood was placed
in a 1.2% EDTA solution in phosphate buffered saline
Ž .PBS . The lymphocytes in 100 ml of blood were labeled
with 20 ml of the fluorochrome-conjugated mouse anti-rat
monoclonal antibodies specific for lymphocyte surface

Ž .antigens CD4, CD8a and CD45R . The lymphocytes were
then incubated for 30 min and washed twice with PBS at
1500 rpm for 10 min. The tagged lymphocytes were fixed
with 1% formaldehyde and stored at 48C until they were
analyzed.

Immunofluorescence from individual cells was mea-
Žsured with a flow cytometer Cytofluorograf system 50H,

Table 1
Heart and body weights of experimental autoimmune myocarditis rats

Ž . Ž . Ž . Ž .Group BW g HW mg HW mg rBW g
aPre-treated group 285"7 847"46 2.97"0.17

Control group 262"12 899"74 3.44"0.35
aPost-treated group 275"11 842"57 3.07"0.26

BW indicates body weight at the time of sacrifice; and HW, heart weight.
Values are expressed as the mean"S.D.

aP-0.01 vs. control group.
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Fig. 3. Representative photomicrographs of inflammatory cell infiltration and mast cell accumulation. Upper panel, pre-treated group; middle panel, control
group; and lower panel, post-treated group, as described in Section 2. Left panels are hematoxylin and eosin stained and right panels are toluidine blue
stained; magnification =250.

. ŽOrtho Instruments and a FACSort Becton Dickinson
. 4Immunocytometry System . At least 10 lymphocytes were

acquired in each run, and the results were analyzed using
CELLQuest software.

2.8. Measurement of cellular proliferation and cell cycle
analysis

The number of cultured mast cells was determined
using a Coulter counter model ZM and a Channelyzer

Ž .model 256 Coulter Electronics . The analyzer was cali-
brated using 9.61-mm styrene beads.

The DNA content of the mast cells was determined as
Ž .described previously Zong et al., 1996 . Briefly, the cells

were fixed in 70% ethanol, and then treated exhaustively

with pancreatic RNase A and stained with propidium
Ž .iodide 10 mgrml in PBS . Fluorescence from individual

cells was measured with a flow cytometer.

Table 2
Cardiac pathology of experimental autoimmune myocarditis rats

Group Mast cellsrheart Microscopic scores

Infiltration Fibrosis
a b aPre-treated group 267"91 1.85"0.67 2.25"0.64

Control group 361"177 2.55"0.69 2.65"0.59
a a aPost-treated group 176"80 1.95"0.76 2.15"0.75

Values are expressed as the mean"S.D.
aP-0.05.
bP-0.01 vs. control group.
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The p53, cyclin E and cdk2 proteins of the mast cells
were detected by indirect immunofluorescence using spe-

Ž .cific antibodies as described previously Zong et al., 2000 .
Briefly, the mast cells were collected, washed in PBS,
fixed with 1% paraformaldehyde for 30 min at room
temperature and treated with 0.3% Triton X-100 for 10
min at 378C. They were then incubated with the primary
antibodies against p53, cyclin E or cdk2 for 24 h at 48C.
Next, they were washed in PBS containing 1% bovine
serum albumin and stained with the secondary anti-IgG
FITC-conjugated antibodies. Finally, the cells were washed
again, resuspended in PBS containing RNase A and pro-
pidium iodide, and analyzed by flow cytometry.

2.9. Data analysis

All values were expressed as the mean"S.D. Data
were compared between the groups by using analysis of

Ž .variance ANOVA . A value of p-0.05 was considered
statistically significant.

3. Results

3.1. Effect of rhgh on body and heart weights

Body weight is shown in Fig. 2. The weights of all rats
of the control, pre-treated and post-treated groups in-

Fig. 4. Representative photomicrographs of myocardial fibrosis. Upper panel, pre-treated group; middle panel, control group; and lower panel, post-treated
group, as described in Section 2. Mallory Azan staining; magnification of left panel is B =30 and right panel is =250.
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creased until sacrifice with a mild delay appearing during
the induction of experimental autoimmune myocarditis.
After the induction, the rate of increase was more marked
in rats of the pre-treated group than in the control and
post-treated groups.

With regard to heart weight, there was a marked differ-
ence between the control group and the two treated groups
Ž .Table 1 . The mean heart weight was heaviest in the

Ž .control group 899"74 mg , and lighter in the pre-treated
Ž . Žgroup 842"57 mg and post-treated group 847"46

.mg . When normalized to the body weight at the time of
sacrifice, there was a marked increase in the control group
Ž . Ž3.44"0.35 compared with the pre-treated group 2.97"

. Ž .0.17 and post-treated group 3.07"0.26 . These results
suggested that a more severe inflammation occurred in the
hearts of the control group.

3.2. Histopathological findings of myocarditis

Histopathological changes in the myocardium were ob-
served in the hearts of all rats from the three groups.
Myocarditis with the characteristic features of an inflam-
matory cell infiltration, consisting of numerous neu-
trophils, lymphocytes and macrophages, was detected in
all the hearts, but varied in distribution and intensity in the
different groups. In the control group, severe inflammatory
infiltration and edema together with myocardial necrosis
were observed throughout the ventricular wall. However,
in the two treated groups, the hearts showed microscopi-
cally detectable mild inflammation consisting of sporadic
inflammatory foci around the vessels or scattered between
the muscle fibers and small fragments of degenerated
myocardial fibers. Moreover, in the area of inflammatory
cell infiltration, we found that there was a more marked
accumulation of mast cells, visualized by toluidine blue
staining, in the control group than in the two treated

Ž .groups Fig. 3 and Table 2 .
Corresponding with the intensity of inflammatory cell

infiltration and mast cell accumulation, fibrosis was ob-
served throughout the ventricular wall in the control group,

Žbut was mild in the two treated groups Fig. 4 and Table
.2 . These results indicate that rhGH interferes with the

progression of myocarditis and suggest that mast cells play
an important role in the progression of myocarditis.

3.3. Characterization of the phenotypes of lymphocytes in
peripheral blood

To investigate the effect of rhGH on the phenotypic
distribution of lymphocytes in peripheral blood obtained

Ž .on days 15, 25 and 35 just before sacrifice after the
cardiac myosin injection, the phenotype was analyzed by
flow cytometry. In the control group, CD4-positive T cells
appeared as the major population and CD8-positive T cells
appeared as a minor population similar to the results

Ž .reported by Okura Okura et al., 1998 . We found no

significant differences in the proportions of CD4-, CD8-
and CD45R-positive cells in the control group compared

Ž .with the two treated groups Fig. 5 . These results are not
consistent with the notion that rhGH interferes with the
progression of myocarditis through systemic disturbance of
the immune system.

3.4. Effects of rhgh on cell growth, cell cycle and g1
checkpoint

For cell growth and cell cycle studies, exponentially
growing mast cells in non-synchronized cultures were
treated with 0, 10y10, 10y9 or 10y8 M of rhGH and then

Fig. 5. Characterization of the phenotypes of lymphocytes in peripheral
blood. The phenotypic distributions of lymphocytes in peripheral blood

Ž .obtained respectively on days 15, 25 and 35 just before sacrifice after
the cardiac myosin injection from the control group, pre-treated group or
post-treated group were analyzed by flow cytometry as described in
Section 2. Values are expressed as the mean"S.D.
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Fig. 6. Effects of rhGH on cell growth and cell cycle in mast cells. Mast cells were treated with 0, 10y10, 10y9 or 10y8 M of rhGH for 24 h, and then
Ž . Ž .used to determine the distribution of DNA content by flow cytometry A and cell number by a Coulter counter B as described in Section 2. Values are

expressed as the mean"S.D. )P-0.05 and ))P-0.01 vs. control group.

cultivated for 24 h. As shown in Fig. 6A, treatment with
rhGH increased the proportion of cells in G1 phase in a
concentration-dependent manner. Cell counts show that the
proliferation of mast cells was inhibited by rhGH in a

Ž .concentration-dependent manner Fig. 6B . These results
indicate that rhGH inhibits the proliferation of mast cells
in vitro through G1 phase arrest.

Fig. 7. Effect of rhGH on G1 checkpoint in mast cells. Mast cells were
treated with 0 or 10y8 M of rhGH for 24 h, and then used to determine
the expression of p53, cyclin E and cdk2 proteins in mast cells as
described in Section 2.

To clarify the behaviour of the G1 checkpoint in the
rhGH-induced G1 arrest, flow cytometry was used to
quantify the expression of p53, cyclin E and cdk2 proteins
for the G1 checkpoint. Fig. 7 shows the expression of p53,
cyclin E and cdk2 proteins in mast cells subjected to flow
cytometry. After exposure to 10y8 M of rhGH for 24 h,
the expression of p53 protein was not significantly af-
fected. However, the expressions of cyclin E and cdk2
proteins were significantly inhibited. These results indicate
that G1 checkpoint dysfunction is a causal factor of
rhGH-induced G1 phase arrest.

4. Discussion

As a new tool for future use in treating heart diseases,
rhGH has been studied in clinical patients and laboratory
animals. Several independent lines of evidence suggest that

ŽrhGH increases the amounts of IGF-I mRNA Isgaard et
. Ž .al., 1988, 1989 and protein Amato et al., 1993 , increases

left-ventricular-wall thickness in dilated cardiomyopathy
Ž .Fazio et al., 1996 , and enhances contractile reserve in

Žheart failure Cuneo et al., 1989; Duerr et al., 1995; Yang
et al., 1995; Beranek, 1999; Genth-Zotz et al., 1999; Ross,

.1999; Tajima et al., 1999 . However, effective strategies
for treating myocarditis have not been established, and
especially, little is known about the effect of rhGH on
myocarditis. Because evidence is emerging that rhGH



( )Z. Zong et al.rEuropean Journal of Pharmacology 415 2001 51–6058

Žinteracts with the lymphohematopoietic system Kelley,
.1989 and experimental autoimmune myocarditis is a T

Ž .cell-mediated autoimmune disease Hanawa et al., 1996 ,
we hypothesized that rhGH might influence the progres-
sion of experimental autoimmune myocarditis. To test this
hypothesis, we used this model of experimental autoim-
mune myocarditis to observe the effects of rhGH in rats
and found that rhGH markedly interfered with the progres-
sion of myocarditis. Our results showed that on day 35
after induction of experimental autoimmune myocarditis,
histopathological findings of myocarditis, including in-
flammatory cell infiltration involving numerous neu-
trophils, lymphocytes and macrophages, edema, myocar-
dial necrosis and fibrosis, were significantly more severe
in the control group than in the two treated groups.

Although the specific mechanisms of actions of rhGH
in myocarditis are not known, our data suggest several
possible kinds of interactions. First, it is conceivable that a
small population of adherent dendritic major histocompati-
bility complex class II-bearing resident cardiac antigen-
presenting cells that constitutively express myosin
peptide-bound major histocompatibility complex class II
molecules play a role in the inhibitory effect of rhGH on
the progression of myocarditis. In other words, it seemed
possible that the prevention of myocarditis by rhGH is a
direct effect on the heart, i.e., rhGH may stabilize the
myosin-stimulated antigen-presenting cells and inhibit their
expression of major histocompatibility complex class II
antigen and antigen presentation. A series of studies has
documented that major histocompatibility complex
molecules normally are not expressed by human cardiac

Žmyocytes Daar et al., 1984; Rose et al., 1986; Ahmed-
.Ansari et al., 1988 , that human cardiac myocytes are

incapable of inducing primary immune responses even
when they express major histocompatibility complex

Ž .molecules Ansari et al., 1992, 1993a,b,c, 1994 , and that
these resident cells induce myosin-specific responses that

Žlead to myocarditis upon immunization with myosin Smith
.and Allen, 1992a,b; Suzuki, 1995; Pummerer et al., 1996 .

Our observations revealed that in rats of the three groups
suffering from myocarditis, rhGH did not significantly
influence the phenotypic distribution of helper T cells,
suppressor T cells and B cells in the peripheral blood,
which is compatible with the possibility described above,
although the results presented here do not exclude the
possibility that rhGH inhibits the progression of myocardi-
tis via an immune response.

Second, it is assumed that the inhibition of the chemo-
taxis and growth of mast cells is responsible for the
prevention of myocarditis by rhGH, because the present
study showed that the mast cell infiltration is more marked
in the control group, as is the severity of the inflammation.
Recently, as master cells controlling inflammation, the role
of mast cells in the effective operation of the immune

Žresponse has been emphasized Chung et al., 1986; Brown
et al., 1987; Young et al., 1987; Burd et al., 1989; Plaut et

al., 1989; Wodnar et al., 1989; Gordon and Galli, 1990,
.1991 . More recently, it has been found that mast cells are

Ž .capable of producing tumor necrosis factor-a TNF-d ,
which modulates the phenotypic characteristics of fibrob-
lasts and synthesis of extracellular matrix as well as partic-

Ž .ipates in the fibrotic process Frangogiannis et al., 1998a,b ,
and that TNF-d is important for the pathogenesis of my-

Žocarditis and dilated cardiomyopathy Shioi et al., 1996;
. Ž .Kubota et al., 1997; Okura et al., 1997 . Hara et al. 1999

showed that mast cells cause apoptosis of cardiomyocytes
and proliferation of other intramyocardial cells in vitro. In

Ž .an in vitro experiment, with a short treatment time 24 h ,
we found that the proliferation of mast cells was signifi-
cantly inhibited by rhGH and that G1 checkpoint dysfunc-
tion is a causal factor of the inhibition to arrest the cells in
G1. These in vitro results indirectly support the hypothesis
that the inhibitory effect of rhGH on the progression of
myocarditis results from the effect of rhGH on mast cells,
though it is necessary to investigate the rhGH-induced
functional change of mast cells to confirm this.

This is the first study to evaluate the effects of rhGH on
myocarditis. Although the mechanisms are largely un-
known, it is a fact that rhGH treatment in rats suffering
from experimental autoimmune myocarditis effectively in-
terferes with the progression of myocarditis. We anticipate
the administration of rhGH to be helpful in pharmacologi-
cal therapy of autoimmune myocarditis and the prevention
of postmyocarditis dilated cardiomyopathy.
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