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1 Undesired effects of cancer radiotherapy mainly affect the hematopoietic system. Growth hormone
(GH) participates in both hematopoiesis and modulation of the immune response. We report both r-
hGH cell death prevention and restoration of secretory capacities of irradiated human peripheral
blood lymphocytes (PBL) in vitro.

2 r-hGH induced cell survival and increased proliferation of irradiated cells. Western blot analysis
indicated that these effects of GH were paralleled by increased expression of the antiapoptotic protein
Bcl-2.

3 r-hGH restored mitogen-stimulated release of IL-2 by PBL. Preincubation of irradiated
lymphocytes with the growth hormone receptor (GHR) antagonists B2036 and G120K abrogated
r-hGH-dependent IL-2 release.

4 These results demonstrate that r-hGH protects irradiated PBL from death in a specific, receptor-
mediated manner. Such effect of r-hGH on PBL involves activation of the antiapoptotic gene bcl-2
and prevention of cell death, associated with preserved functional cell capacity. Finally, potential use
of GH as an immunopotentiating agent could be envisioned during radiation therapy of cancer.
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Introduction

Biomorphologic changes occurring during acute radiation

syndrome may involve the lymphohemopoietic system. For

example, fatal septicemia is an untoward effect related to

immunosuppression caused by therapeutic or environmental

exposure to radiations (Love et al., 1998; Hart et al., 2001). In

fact, progression of radiation-induced atrophy of lymph nodes,

spleen and bone marrow enhances susceptibility to infections

by opportunistic microorganisms (Anderson & Warner, 1976).

Growth hormone (GH), a peptide molecule that controls

somatic development (Neta, 1990), also regulates an array of

physiological processes, including hematopoiesis (Bengtsson

et al., 1990) and the immune response (Miale et al., 1996).

Interestingly, GH has been shown to improve impaired immune

response in genetically (Murphy et al., 1993) and pharmacolo-

gically (Franco et al., 1990) immune-depressed mice.

GH induces dimerization of a single-pass homodimeric

transmembrane receptor (GHR) associated with a tyrosine

kinase of the Janus kinase family named JAK2 (Argetsinger

et al., 1993). GHR belongs to the erythropoietin/interleukin-2

(IL-2)/GH receptor superfamily (Bazan, 1989). Cytokines

binding to this receptor superfamily, such as granulocyte –

macrophage- and granulocyte-colony-stimulating factor dis-

play radioprotective effects (Murphy et al., 1992a,b; Tisch et al.,

1998). Evidence indicates that the latter are exerted via the

induction of antiapoptotic genes (Liu et al., 1999). In this line,

binding of GH to its receptor results, for example, in protection

from Fas-mediated apoptosis in monocytes through upregula-

tion of the antiapoptotic protein Bcl-2 (Haeffner et al., 1999).

GHR dimerization (Chen et al., 1991) is prevented by

recently characterized GH analogs, which have been shown to

behave as specific GHR antagonists (Chen et al., 1994). We

have recently demonstrated that the two GHR antagonists

B2036 and G120K (Fuh et al., 1992; Chen et al., 1994) totally

abrogate beneficial effects of recombinant human GH (r-hGH)

on postirradiation cell death and compromised hormone

secretion in primary cultures of rat anterior pituitary cells

(Chiarenza et al., 2000).

For these reasons, it appeared of interest to assess possible

radioprotective effects of r-hGH on in vitro human peripheral

blood lymphocytes (PBL) irradiated sublethally, by estimating

postirradiation residual cell viability. In addition, to elucidate

the nature of GH-dependent protective effects, we also studied

the expression of the bcl-2 oncogene. Moreover, to test residual

functional activity of irradiated PBL, we investigated whether
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treatment with h-rGH could affect lymphocyte responsiveness

to mitogens, either by measuring proliferation rate and IL-2

release.

Finally, we also characterized pharmacologically the effects

of GH, using the two potent GHR antagonists B2036 and

G120K (Chen et al., 1994).

Methods

Chemicals

All chemicals were purchased from Sigma Chemicals Italia

(Milan, Italy), unless otherwise specified. Plasticware was from

NUNC (Roskilde, DK). r-hGH was a gift from Serono

Pharma S.p.A (Rome, Italy).

The GH antagonists B2036 and hGH G120K (referred

to as G120K) were kindly provided by Sensus Drug

Development Corporation (Austin, TX, USA). These com-

pounds contain various mutations as described earlier (Fuh

et al., 1992).

Primary cultures of human lymphocytes

A volume of 20ml of peripheral blood from healthy volunteer

donors were diluted 1 : 1 with Ca2+-Mg2+-free phosphate-

buffered saline (PBS, pH 7.4; Gibco, Life Technologies Italia,

Milan, Italy) and stratified onto a Ficoll – Hypaque gradient

(Pharmacia, Piscataway, NJ, USA). Samples were then spun at

3000 rpm for 15min at room temperature. Resulting buffy

coats were separated and washed twice in PBS. The pellets

were resuspended in RPMI 1640 medium (Gibco, Life

Technologies Italia, Milan, Italy) supplemented with 10%

fetal calf serum (FCS, Gibco, Life Technologies Italia, Milan,

Italy), 50 mg/ml gentamicin (Gibco, Life Technologies Italia,

Milan, Italy), 2 g NaHCO3 (Gibco, Life Technologies Italia,

Milan, Italy) and 1ml/l l-glutamine (Gibco, Life Technologies

Italia, Milan, Italy). The volume of cell suspension was then

properly adjusted, and cells were plated in a 96-well plate at a

density of 2� 105/well.

Pharmacological treatment of cultures and irradiation
procedures

All cells were treated for periods of 12 h with graded

concentrations (from 0.1 to 50 nm) of r-hGH either before,

after, or before and after irradiation. Cells were irradiated with

a single 8Gy dose produced by a 60Co source. After

irradiation, remaining cells were treated for 24 h as follows:

postirradiation treatment with GH for 12 h plus 12 h incuba-

tion with plain medium; or 24 h in plain medium for cultures

receiving only preirradiation treatment with GH.

Viability was then evaluated by the trypan blue method and

the media frozen at �801C until processed for IL-2 ELISA.

Apoptosis and proliferation assays

For quantitation of apoptosis, cells were stained with Hoechst

33258 (Darzynkiewicz et al., 1994) and nuclear morphological

changes, such as chromatin condensation and fragmentation,

were examined under a fluorescent microscope (Leica). The

number of apoptotic cells was counted over a total cell number

4103 and expressed as percent.

Cell proliferation was evaluated by means of the routine

tritiated thymidine method (3H-Thy, specific activity:

25Cimmol�1; Amersham Pharmacia Biotech Italia, Cologno

Monzese, Italy).

Western blot analysis

After separation and collection of PBL from peripheral blood,

cells were cultured in 60-mm plastic Petri dishes and treated

as follows: r-hGH, r-hGH plus GHR antagonist B2036 or

antagonist B2036 alone 12 h before irradiation. At 12 h

following treatment, cells were solubilized in Laemmli

buffer, and 80mg of proteins separated by SDS – PAGE

(12%), transferred on to a nitrocellulose sheet, probed with

an anti-rabbit/human Bcl-2 Ab (1 : 1000; Alexis Biochemicals,

San Diego, USA) and with the secondary peroxidase-

conjugated anti-rabbit Ab (1 : 1000; Amersham Italia

S.r.l., Milan, Italy), which was then detected by enhanced

chemiluminescence (ECL; Amersham Italia S.r.l., Milan,

Italy).

Phytohemagglutinin proliferation test

Stimulation test with phytohemagglutinin (PHA) was per-

formed in irradiated human PBL cultures treated with 5 nm r-

hGH before and after irradiation according to the above-

described protocol. The media were aspirated 24 h after

irradiation, and cells incubated for an additional 24 h

with fresh complete medium containing 5 mg/ml of PHA. In

other experiments, B2036 or G120K (50 nm, a concentration

in 10-fold excess to ensure efficient competition with GH)

(Fuh et al., 1992) was added 15min before treatment with

r-hGH.

After 24 h, media were separated by centrifugation

(1500 rpm) and frozen at �801C until assayed for IL-2.

Media IL-2 assay

IL-2 was measured in tissue culture media by means of the

commercial Quantikine ELISA kit according to the manufac-

turer’s instructions (R&D Systems GmbH, Wiesbaden-Nor-

denstadt, Germany).

IL-2 secretion in unstimulated, untreated, and nonirradiated

cells was taken as basal secretion value. To normalize results,

IL-2 secretion was calculated in picograms per milligram (pg/

mg) of cell proteins. Protein concentration was determined by

the Bradford dye-binding procedure (Bradford, 1976).

Statistical analysis of results

All experiments were run in triplicate and repeated at least

twice on different days. Statistical analysis of results was

performed using the one- or two-way analysis of variance (one-

way ANOVA test), followed by Duncan’s multiple range test.

Significance was set for Po0.05.
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Results

Effect of r-hGH on viability of irradiated human PBL

We assessed the effects of treatment with r-hGH on lethality

resulting from irradiation of cultured human PBL. Incubation

of irradiated cells with h-rGH resulted in partial prevention of

cell death.

Percent of cell survival was significantly higher in cultures

treated with r-hGH (concentration range: 0.1–50 nm) 12 h

before irradiation. The effect of r-hGH was concentration-

dependent. Maximal effect occurred at a concentration of 5 nm

(EC50: 2.8 nm). Protective effect of GH upon irradiation-

induced cell death was not observed in cultures treated with r-

hGH 12 h after irradiation.

Treatment of human lymphocytes with r-hGH 12 h before

and 12 h after irradiation resulted in significantly increased cell

survival. The effect of r-hGH was concentration dependent.

Maximal effect of r-hGH was at a concentration of 5 nm (EC50:

1.1 nm) (Figure 1). All untreated cells showed reduced survival.

In order to verify whether the observed survival effect of GH

on lymphocytes was rather due to decreased cell death than to

increased cell proliferation, we assessed the apoptosis rate of

cells by the Hoechst staining method. Treatment with GH

(5 nm, 12 h before and after) rescued cells from apoptosis

caused by sublethal irradiation (about 70% of cells), as

indicated by the significantly decreased number of apoptotic

cells (Table 1).

Effects of r-hGH on the expression of the antiapoptotic
protein Bcl-2 in irradiated human PBL

In order to verify whether the effect of r-hGH could affect

apoptosis-related mechanisms, we also studied the expression

of the antiapoptotic protein Bcl-2 following 12 h treatment

with h-rGH.

Western blot analysis showed a significant increase of Bcl-2

in irradiated PBL treated with r-hGH 12 h prior to irradiation.

A similar effect occurred in intact lymphocytes (Figure 2,

panel a).

The GHR antagonist B2036 prevented GH-dependent

increase in both intact (Figure 2, panel b) and irradiated

PBL (Figure 2, panel c).

Effects of r-hGH on proliferation of irradiated human
PBL

To verify residual proliferating capacity of irradiated PBL, we

evaluated the rate of 3H-Thy incorporation following treat-

ment with r-hGH.

r-hGH stimulated proliferation of intact cultured human

lymphocytes in a concentration-related manner. Peak of the

effect occurred at a concentration of 10 nm.

Figure 1 Percent survival in irradiated primary cultures of human
PBL treated with r-hGH (concentration range: 0.1 – 50 nm), either
12 h before irradiation (squares), 12 h after irradiation (circles), or
12 h before and after irradiation (triangles). Cells were exposed to
8Gy radiation, produced by a 60Co source. Vertical bars are the
means7s.e. (*Po0.05, ANOVA+Duncan’s multiple range test).

Table 1 Rescue from irradiation-induced apoptosis in cultured human PBL treated with r-hGHa

Percent apoptotic cells

Intact Irradiated GH before GH after GH bef+aft GH+B2036 B2036

0.9570.1 79.974.3 44.175.2* 61.376.9* 29.775.6* 69.975.3 72.378.1

aNonirradiated or irradiated PBL were treated with 5 nm r-hGH at different times (12 h after or before, or before and after irradiation).
Effects of GH were characterized by using the GHR antagonist B2036 (50 nm). Typical apoptotic cells stained with Hoechst 33258 were
counted among >103 cells and percent cell apoptosis was determined. Data are means7s.e. from three independent experiments, each
performed in triplicate. Experiments with B2036 were performed in cultures treated with r-hGH before and after irradiation. *Po0.05 vs
irradiated (untreated; ANOVA followed by Duncan’s test).

Figure 2 Panel a: Western blot analysis of Bcl-2 protein expression
in PBL treated as follows: lane 1: intact untreated cells; lane 2: intact
cells treated with r-hGH; lane 3: irradiated untreated cells; lane 4:
irradiated cells treated with r-hGH; Panel b: lane 1, intact untreated
cells; lane 2, intact cells treated with r-hGH; lane 3, intact cells
treated with the GHR antagonist B2036; lane 4, intact cells treated
with r-hGH plus the GHR antagonist B2036. Panel c: lane 1,
irradiated untreated cells; lane 2, irradiated cells treated with r-hGH;
lane 3, irradiated cells treated with the GHR antagonist B2036; lane
4, irradiated cells treated with r-hGH plus the GHR antagonist
B2036.
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Incubation with r-hGH for 12 h prior to irradiation

determined a significant increase of proliferation of irradiated

PBL. The effect of r-hGH was concentration-dependent. Peak

of r-hGH effect occurred at 5 nm (EC50: 3.5 nm).

Treatment of irradiated human PBL with r-hGH for 12 h

after irradiation resulted in a significant increase of cell

proliferation compared to untreated cells (EC50: 4.2 nm).

Treatment of irradiated human PBL with r-hGH 12 h prior

to and after irradiation resulted in an increased cell prolifera-

tion compared to either untreated cells and other groups of

treatment, as indicated by the relative EC50 s (1.3 nm). The

effect of r-hGH was concentration dependent. Maximal effect

of r-hGH occurred at a concentration of 5 nm (Figure 3, lower

panel).

In additional experiments aimed to understand the relevance

of such effect of GH, we compared the mitogenic potency of

r-hGH (5 nm) versus PHA (5 mgml�1) in intact human PBL.

Both substances exerted comparable effects upon PBL

proliferation. Incubation with both r-hGH and PHA resulted

in an additive stimulatory effect on PBL proliferation

(Figure 3, upper panel).

Effects of r-hGH and its receptor antagonists on IL-2
released by irradiated human PBL

To assess protective effects of r-hGH upon postirradiation cell

function deficit, we measured IL-2 release in the culture media

from intact or irradiated human PBL incubated with PHA.

Treatment of irradiated PBL with r-hGH (5 nm) prior to and

after irradiation resulted in partially preserved capability of the

cells of secreting substantial amounts of IL-2, compared to IL-

2 levels detected in the media from untreated, irradiated PBL

(Figure 4, upper panel).

The basal value of IL-2 (untreated, nonirradiated PBL) was

27.671.4 pgmg�1 protein (mean7s.e.). On the other hand, IL-

2 levels were undetectable in irradiated, untreated cells.

To characterize the specificity of the effects of GH, both

intact and irradiated lymphocytes were preincubated with each

of the two specific GHR antagonists B2036 and G120K.

Experiments were conducted in the absence or in the presence

of the mitogen PHA.

The GHR antagonist B2036 completely prevented GH-

stimulated release of IL-2 in either intact and irradiated

lymphocytes in the absence of PHA (Figure 4, upper panel).

Similar results were obtained with the GHR antagonist G120K

(data not shown). Both GHR antagonists did not show any

intrinsic activity.

Irradiated cells preincubated with GHR antagonists and

then treated with GH failed to respond to PHA with IL-2

secretion. Both B2036 and G120K GHR antagonists did not

show any intrinsic activity when used alone. In addition, both

antagonists failed to inhibit IL-2 release from intact lympho-

cytes stimulated with mitogenic concentrations of PHA

(Figure 4, lower panel).

Discussion

We have shown that treatment with r-hGH significantly reduces

postirradiation lethality in human PBL. Such a finding is in

accordance with the trophic effects of GH either on B cells

(Geffner, 1997), which respond to the hormone with increased

proliferation in normal animals (Kimata & Yoshida, 1994), as

well as on T cells (Postel-Vinay et al., 1997). Interestingly, GH is

able to induce proliferation of T cells in genetically immuno-

deficient DW/J dwarf mice (Murphy et al., 1992a,b), a model

that resembles the irradiation-dependent immune suppression.

In fact, ionizing radiations induce apoptosis in cells of the

immune system (Boreham et al., 2000), as shown by increased

expression of proapoptotic genes in irradiated human lympho-

blastic cells (Yu & Little, 1998).

Here we found that GH rescues cells from apoptosis when

added to the cultures prior to and after irradiation. In

accordance, we report that treatment of irradiated cells with

GH results in increased expression of the antiapoptotic gene

bcl-2. Increased expression of antiapoptotic genes has been

described after treatment of human monocytes with GH

(Haeffner et al., 1999), reinforcing the concept that GH, at

Figure 3 Effects of r-hGH on thymidine incorporation in human
PBL in vitro. Upper panel: Effects of r-hGH (5 nm), PHA (5 mg/ml)
or their combination vs basal proliferation in intact primary cultures
of human lymphocytes. Vertical bars are the means7s.e. (*Po0.05,
ANOVA + Duncan’s multiple range test). Lower panel: 3H-
Thymidine incorporation into irradiated human lymphocytes
treated with r-hGH (concentration range: 0.1 – 50 nm) at different
times. Cells were exposed to 8Gy radiation, produced by a 60Co
source. Vertical bars are the means7s.e. (*Po0.05, two-way
ANOVA).
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least in part, exerts its protective effects on leukocytes (Jeay

et al., 2000) via an antiapoptotic mechanism. Interestingly, GH

shares its antiapoptotic properties with other peptides binding

to the same GH-PRL/CSF/IL-2 receptor superfamily (Bazan,

1989). In addition, GH exerts positive effects upon cell cycle

machinery (Yang et al., 1999), and, moreover, self-activation

of GHR-dependent MAPKK (Vesely, 1981; Liu et al., 1999)

has also been described in irradiated cancerous cells (Dent

et al., 1999). Thus, it could be plausible to hypothesize that

radioprotective effects of GH are because of multiple

mechanisms, all concurring to lymphocyte survival.

IL-2 released by irradiated lymphocytes in response to

mitogenic stimuli was significantly decreased. In fact, reduc-

tion of functional capacity of surviving lymphocytes has been

shown to be another consequence of irradiation (Tisch et al.,

1998). It is of interest to note that r-hGH was able to restore

partially irradiated PBL capacity to release IL-2 in response to

mitogenic stimuli, a result corroborated by the additive effect

of GH in combination with PHA. Similarly, we have

previously reported that treatment with GH substantially

restores decreased secretory function of irradiated rat dis-

persed anterior pituitary cells and stimulated their respective

secretagogue factors (Chiarenza et al., 2000).

Interestingly, the selective GHR antagonists B2036 and

G120K abolished IL-2 release from irradiated PBL stimulated

with PHA and treated with GH.

Human lymphocytes are known to respond to GH by means

of specific surface receptors and to respond to their activation

with increased proliferation and synthesis (Postel-Vinay et al.,

1997).

In consideration of the pharmacological activity of r-hGH,

usually occurring in the nanomolar range (Vesely, 1981), it is

also likely that the beneficial effects of GH on irradiated

lymphocytes are mediated by specific GHRs, an hypothesis

that is corroborated by inhibition of GH effects in the presence

of its receptor antagonists.

Finally, it may be argued that the effects of GH could be

mediated by PRL receptors, known to bind GH (Uckun et al.,

1990) and also expressed by human lymphocytes (Goffin et al.,

1996). In this line, it has been shown that GHR antagonists

used in our study are unable to bind PRL receptors (Goffin

et al., 1999).

In summary, we have shown that GH partially prevents cell

death subsequent to irradiation in human PBL, and restores

PBL responsiveness to mitogenic stimuli and secretory

capacity via a specific GHR-mediated mechanism.

Our data corroborate the evidence that GH is a trophic

factor for the cells of the immune system (Yang et al., 1999),

and suggest that treatment with GH during irradiation may

contribute to maintain efficacy of the immune response

(Murphy & Longo, 2000). In the light of our results,

GH could represent a valid addition to the current strategies

for the prevention of irradiation-related immune system

impairment.
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