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Summary. We have investigated whether the previously dem- 
onstrated stimulatory actions of growth hormone on DNA 
synthesis and (pro)insulin biosynthesis and release of isolated 
adult rat islets of Langerhans are mediated by an autocrine re- 
lease of somatomedin-C/insulin-like growth factor I (SM-C/ 
IGFI). In medium containing 1% fetal calf serum, the 
presence of 16.7 mmol/1 glucose, or 2.7 mmol/1 glucose sup- 
plemented with a concentrate of essential amino acids, caused 
a significant increase in 3H-thymidine incorporation and in- 
sulin release compared to 2.7 mmol/1 glucose alone but no in- 
crease in SM-C/IGF I release. Further supplementation with 
1 p~g/ml growth hormone increased 3H-thymidine incorpora- 
tion and SM-C/IGF I release within all groups, and insulin 
release in the 16.7 retool/1 glucose and 2.7 mmol/1 plus amino 
acid groups. The ability of growth hormone to increase 3H- 
thymidine incorporation in the presence of 16.7 mmol/1 glu- 
cose, but not its action on insulin release, was partly inhibited 
by a monoclonal antibody against SM-C/IGF I (control cul- 
tures 100%; growth hormone alone 261 + 27%, mean + SEM; 
growth hormone + anti-SM-C/IGF I 179 + 21%; p< 0.05, 

n=18). Growth hormone, but not 100 ng/ml SM-C/IGFI, 
increased insulin biosynthesis assessed as immunoprecipit- 
able 3H-labelled insulin by 45%, but this was accompanied by 
a similar increase in overall protein synthesis. Similarly 
growth l)ormone, but not SM-C/IGF I caused a 75% increase 
in glucose oxidation by islets. Both growth hormone and SM- 
C/IGF I failed to increase the cellular uptake of a-aminoiso- 
butyric acid or 3-O-methyl glucose over a 90 min period. The 
results suggest that while the stimulatory effect of growth hor- 
mone on islet cell insulin biosynthesis and release, glucose ox- 
idation and general protein synthesis is probably direct, its ac- 
tion on B-cell replication is partly mediated by a paracrine 
release of SM-C/IGF I. This may provide a mechanism for 
increasing B-cell mass and consequently total insulin output 
during times of increased metabolic demands on insulin secre- 
tion. 
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It is well established that growth hormone (GH) has an 
insulinotropic action on the pancreatic B cell of  a number 
of  species. Elevation of G H  levels in vivo stimulates in- 
sulin production concomitantly with an increased B-cell 
replication and development of  islet hyperplasia [1-5]. 
Conversely, hypophysectomy in the adult rat causes a 
decrease in insulin biosynthesis, a poor insulin secretory 
response to glucose and diminished islet insulin stores 
[6-91. It has also been possible to reproduce in vitro the 
stimulation of  insulin production and islet cell replica- 
tion by G H  in a large number  of  studies (reviewed in 10). 
Apart from the observation that G H  increases islet glu- 
cose metabolism [8, 9] little is known, however, about the 
mechanisms by which GH exerts it anabolic and growth 
stimulatory actions on the adult B cell. 

Growth-promoting actions of G H  are thought to be 
mediated by somatomedins/insulin-like growth factors 
(SM/IGF)  [11]. Although rat I G F I I  (multiplication 
stimulating activity, MSA) promotes B-cell replication 
[121, the greater effect of  G H  on replication and the ob- 

servation that this effect was additive to that of  IGF  II 
led to the suggestion that GH acted directly on the 
B cell without the mediation of  SM/IGFs .  Studies of  
the stimulation of  insulin production by G H  have also 
indicated a direct effect of  the hormone on the B cell [9, 
13]. Recently, it has become clear that S M / I G F s  act 
predominantly as paracrine growth factors and are 
released by a number of  different cell types [14], and 
that the transcription of the S M / I G F  genes, especially 
that for somatomedin C/insulin-like growth factor I 
(SM-C/ IGF  I), is enhanced by G H  [15]. It has also been 
reported that human fetal, as well as rat fetal and 
neonatal islet cells release S M - C / I G F  I while exoge- 
nous S M - C / I G F I  increases islet cell D N A  replication 
[16-18]. Moreover, G H  stimulates S M - C / I G F  I release 
from fetal rat islets and neutralisation of  the released 
peptide with an antibody partly inhibits the growth re- 
sponse elicited by G H  [18]. Taken together, the findings 
indicate that a GH-dependent,  paracrine regulation of  
proliferation, exists in fetal pancreatic islets. 



192 I. Swenne and D.J. Hill:: Growth hormone and B-cell function 

The present study was undertaken to establish 
whether a similar mechanism also operates in adult is- 
lets, and whether anabolic actions of GH, such as 
stimulation of substrate utilisation and protein biosyn- 
thesis, are also mediated by SM-C/IGF I. 

Materials and methods 

Islet isolation and culture 

Pancreatic islets were prepared by collagenase (Boehringer Mann- 
heim, Mannheim, FRG) digestion of pancreatic glands [19] from adult 
male Sprague-Dawley rats (body weight 250-350 g; Anticimex, Sol- 
lentuna, Sweden). Groups of approximately 50 islets were cultured 
free-floating in multiwell plates (Linbro Plastics, Flow Laboratories, 
Irvine, UK) containing, in each well, 2 ml RPMI 1640 tissue culture 
medium (Flow) supplemented with 1% (v/v) fetal calf serum (FCS; 
Flow) and antibiotics (penicillin 100U/ml and streptomycin 
0.1 mg/ml). The glucose concentration of the tissue culture medium 
was either 2.7 or 16.7 mmol/1 (subsequently denoted as 2.7 G and 
16.7 G). In a third experimental group, the 2.7 G medium was sup- 
plemented with 100 p] amino acid concentrate per well (100 X Basal 
Eagle's Medium amino acid solution, Flow; the supplemented me- 
dium subsequently denoted as 2.7 GAA) thereby increasing the amino 
acid concentration approximately 5-fold [20]. Some cultures were fur- 
ther supplemented with 100ng/ml recombinant SM-C/ IGFI .  
(Amersham International, Amersham, UK) or with 1 ~,g/ml human 
growth hormone (GH; Medical Research Council, London, UK; 
1 lxU taken to be the equivalent of 0.5 ng according to the 1st Interna- 
tional Reference preparation). In some experiments, a monoclonal 
antibody to SM-C/IGF I (antibody 1.20: University of North Caroli- 
na, Chapel Hill, NC, USA) was added to the culture medium at a final 
concentration of 1 : 2000 to block the effect of any SM-C/IGF I pres- 
ent. At this antibody dilution, the biological effects of up to at least 
100 ng/ml SM-C/IGF 1 is blocked in a number of cultured cell types 
(D.J, Hill, unpublished). The preparation of this antibody and its 
ability to block the mitogenic response of fibroblasts and rat islets to 
SM-C/IGF I has been described previously [18, 21]. A monoclonal 
antibody to horse apoferritin served as the control. The islets were cul- 
tured in the different media for three days with a medium change after 
two days. 

Estimation of islet cell DNA replication 

To estimate the islet DNA replication methyl-3H-thymidine (Amer- 
sham; specific activity 5 Ci/mmol) was added to the culture media to 
a concentration of 1 lxCi/ml for the final 24 h. The islets were then 
washed briefly in non-radioactive medium and sonicated in 250 p,1 
distilled water. Duplicates, 50 Ill each, of the homogenates were 
mixed with 5% (w/v) trichloroacetic acid (TCA) and the precipitates 
collected by filtration through a glass fibre disc (GF/A, 2.5 cm; Labo- 
ra, Stockholm, Sweden), Any remaining free isotope was removed by 
washing with distilled water. The filters were dried and their radioac- 
tivity determined by liquid scintillation counting. Further 50 txl dupli- 
cates of the homogenates were assayed for DNA content [22, 23], and 
the incorporation of labelled thymidine finally expressed as dpm/bg 
islet DNA. 

Assay of insulin and SM-C/IGF I 

Culture medium from the last 24 h of culture were collected and 
stored frozen at - 2 0 ~  until assayed. Insulin was measured accord- 
ing to Heding [24] using crystalline mouse insulin standard. The 
monoclonal antibodies against SM-C/IGF I and apoferritin present 
in some of the medium samples did not interfere with the insulin 
assay. SM-C/IGF I (100 ng/ml) did not interfere with the assay. 

SM-C/IGF I was dissociated from its binding proteins by acidifi- 
cation with hydrochloric acid and separated by reverse phase chroma- 
tography on C18 silica gel columns as previously described in detail 
[18]. The extracted samples were lyophilised and assayed for immu- 
noreactive SM-C/IGF I as described elsewhere [25] using recombi- 
nant SM-C/IGF I (Amersham) standard. The cross-reactivity of rat 
IGF II in the assay was less than 1%. Insulin at the concentrations 
present in the culture media showed no cross-reactivity. Culture me- 
dium supplemented with 1% FCS and incubated for 24 h contained 
less than 1 ng/ml SM-C/IGF I, contributing less than 20% of the con- 
centrations in culture medium conditioned by islets. 

Insulin and SM-C/IGF I release into the culture medium was fi- 
nally expressed as ng immunoreactive peptide/~g islet DNA/24 h. 

Estimation of insulin biosynthesis 

To estimate (pro)insulin biosynthesis, groups of about 30 islets were 
transferred to microtiter plates (well capacity 250 ~tl; Linbro Plastics). 
Each well contained 100 I11 bicarbonate-buffered medium [26] sup- 
plemented with 2 mg/ml bovine serum albumin (fraction V; Sigma, 
St. Louis, Mo, USA), 100 ~Ci/ml L-4,5-3H-leucine (specific activity 
120 Ci/mmol;  Amersham), and for each group, the same glucose and 
hormone concentration as during the previous culture. The islets were 
incubated for 120 min at 37~ in a humidifed atmosphere of 5% CO2 
in air, briefly rinsed in non-radioactive buffer and sonicated in 250 p] 
distilled water. The amount of tritiated leucine incorporated into 
(pro)insulin [(pro)insulin biosynthesis] was determined by an immu- 
no-precipitation technique [27]. The amount of tritiated leucine incor- 
porated into proteins (total protein biosynthesis) was determined by 
precipitation with 10% (w/v) TCA. Further samples of the homoge- 
nares were analysed for DNA content. Tritiated leucine incorporated 
into immunoprecipitable (pro)insulin and TCA-precipitable proteins 
were finally expressed as dpm/lxg islet DNA. Furthermore, for each 
individual experiment the percentage contribution of (pro)insulin 
biosynthesis to total protein biosynthesis was calculated. 

Estimation of ct-aminoisobutyric acid 
and 3-O-methylglucose uptake 
Determinations of the uptake of ~-aminoisobutyric acid (AIB) and 3- 
O-methylglucose (3-O-MG) were performed essentially according to 
Hellman et al. [28]. The cultured islets were pre-incubated for 60 min 
in bicarbonate buffer [29] containing 16.7 retool/1 glucose and, for 
each group, the same hormone supplement as during the previous cul- 
ture. After the pre-incubation, groups often islets were transferred to 
microtiter plates containing, in each well, 250 ~tl bicarbonate buffer 
with the various hormone supplements and either 16.7 mmol/1 3-0- 
M G +  10 ~tCi/ml 3H-3-O-MG (Amersham; specific activity 2.0 Ci /  
mmol) or 5retool/1 A I B + I  ~cCi/ml 14C-AIB (Amersham; specific 
activity 59 mCi/mmol). The islets were incubated for 5, 15, 45 or 
90 rain at 37 ~ C in a humidified atmosphere of 5% CO2 in air and then 
carefully washed for four periods of 1 rain each in drops of ice-cold 
buffer containing unlabelled 3-O-MG and A1B respectively. In sepa- 
rate experiments, it was demonstrated that four 1-min washing peri- 
ods brought the radioactivity to stable levels which were not affected 
by further washings [28]. The washed islets were sonicated in distilled 
water, aliquots spotted on glass fibre discs which were dried and their 
radioactivity determined by ]liquid scintillation counting. Further 
samples of the homogenates were assayed for DNA, and the islet up- 
take of AIB and 3-O-MG expressed as dpm/~g islet DNA. 

Estimation of glucose oxidation 
To estimate the oxidation of glucose, duplicate groups of ten islets 
were incubated in 100 lxl bicarbonate buffered medium [29] contain- 
ing 10 mmol/1 Hepes, 16.7 mmol/1 glucose and, for each group, the 
same hormone supplement as during the previous culture. To the 
medium was added U-14C-glucose (Amersham; specific activity 
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290 mCi/mmol)  to yield a final specific activity of 0.4 mCi/mmol.  The 
incubation procedure, the trapping of 14CO2 and the calculation of re- 
sults have previously been described in detail [30]. Since the various 
additions to the incubation medium in the course of the experiment in- 
terfered with the DNA assay, it was not possible to express the 14C02 
production per unit DNA for each individual experiment. The DNA 
content was instead determined in separate groups of ten cultured is- 
lets and the average DNA content used as a common denominator 
(control cultures 0.36+ 0.03 p~g DNA/10  islets, n = 9 ;  cultures with 
100 ng/ml  SM-C/ IGF 1 0.39 + 0.03 lxg DNA/10  islets, n =  9; cultures 
with 1000 ng/ml  GH 0.37+0.03 ~tg DNA/10  islets, n=9).  Islet glu- 
cose oxidation was finally expressed as pmol glucose/Ixg islet DNA. 

Statistical analysis 

Student's two-tailed t-test for independent observations was used for 
statistical analyses. 

Results 

D NA replication 

In 16.7 G medium, the DNA replication, as determined 
by the incorporation of 3H-thymidine, was twice that 
observed in 2.7 G medium (Table 1). In 2.7 GAA DNA 
replication was only slightly, though significantly, 
stimulated above the levels in 2.7 G. Addition of GH to 
the culture medium increased DNA replication irre- 
spective of the glucose and amino acid concentration 
although the stimulatory effect was most marked in 
16.7 G. GH-containing media with 16.7 G, but not that 
with 2.7 GAA, stimulated the DNA replication above 
the levels observed in 2.7 G. 

Release o f  insulin and SM-C/ IGF I 

In 16.7 G medium, insulin release was stimulated 7-fold 
compared to 2.7 G medium while 2.7 GAA caused a 50% 
increase of the insulin release (Table 2). Addition of GH 
to the medium did not increase the insulin release in 2.7 G 
but caused a 50% stimulation in both 16.7 G and 
2.7 GAA. In GH-containing media, insulin release was 
stimulated 9-fold by 16.7 G and increased 50% by 
2.7 GAA compared to the values obtained in 2.7 G. 

The release of SM-C/ IGF I was not affected by the 
glucose or amino acid concentration of the medium 
(Table 3). Addition of GH stimulated SM-C/ IGF I re- 
lease by 50-80% in all groups, the stimulation being 
most marked in 16.7 G. In the GH-containing media, 
the concentration of glucose and amino acids did not 
affect the release of SM-C/ IGF I. 

Effects o f  antibody against SM- C/ IGF I on 
DNA replication and insulin release 

When an antibody, known to block the stimulation of 
replication by SM-C/IGF I, was added to 16.7 G me- 
dium neither DNA replication or insulin release was af- 
fected (Table 4). A control antibody directed against 
apoferritin was also without effect. SM-C/IGF I stimu- 

Table 1. Effect of growth hormone on the DNA replication of cul- 
tured adult rat islets 

Culture 
conditions 

3H-thymidine incorporation 
(dpm. 10 -2.  p,g islet DNA) 

Control n Cultures with 
cultures growth hormone 

2.7 mmo]l/1 glucose 17 ___ 1 (27) 28 + 2 a (19) 

16.7 mmol/1 glucose 30 +_ 2 b (26) 74 + 7 a, b (16) 

2.7 mmo][/1 glucose 
+ amino acids 22 + 1 c (22) 30 + la (14) 

Islets isolated from adult rats were cultured for three days in medium 
containing 1% fetal calf serum and either 2.7 or 16.7 mmol/1 glucose. 
In a third experimental group, medium containing 2.7 mmol/1 glu- 
cose was supplemented with a concentrate of essential amino acids. 
Some cultures were, furthermore, supplemented with 1000 ng/ml  
human growth hormone (GH). After two days, the media were 
changed and 3H-thymidine added. At the end of the culture, the 3H- 
thymidine incorporation into islet DNA was measured and expressed 
on the basis of the DNA content of the islets. Results are given as 
means + SEM for the number of observations indicated. Significance 
of difference versus control cultures (no hormone) but the same glu- 
cose and amino acid concentration: a p <  0.001; significance of dif- 
ference versus cultures with 2.7 mmol/1 glucose and the same hor- 
mone supplement, b p <  0.001, c p <  0.01 

Table 2. Effects of growth hormone on the insulin release of cultured 
adult rat islets 

Culture Insulin release 
conditions (ng insulin- ~tg islet DNA- 24 h) 

Control n Cultures with 
cultures growth hormone 

2.7 mmol/1 glucose 138 _+ 9 (27) 168 + 17 (19) 

16.7 mmol/1 glucose 916 _+ 60 a (21) 1468 +__ 170 a' b (14) 

2.7 mmol/1 glucose 
+amino  acids 212+20 a (24) 304+ 31 c,d (14) 

Insulin release into the culture medium was measured during the last 
24 h of a three day culture period (see legend to Table 1) and ex- 
pressed on the basis of the DNA content of the islets. Results are given 
as mean,; + SEM for the number of observations indicated. Signifi- 
cance of difference versus control cultures (no hormone) but the same 
glucose and amino acid concentration: b p <  0.001, e p < 0.05; signifi- 
cance of difference versus cultures with 2.7 mmol/1 glucose but the 
same hormone supplement: a p < 0.001 ; d p < 0.05 

Table 3. Effects of growth hormone on the release of somatomedin- 
C/insulin-like growth factor I of cultured adult rat islets 

Culture 
conditions 

SM-C/ IGF I release 
(ng peptide, lxg islet DNA. 24 h) 

Control n Cultures with 
cultures growth hormone 

2.7 mmo]l/1 glucose 27 _+ 2 (29) 41 + 6 a (19) 

16.7 mmol/1 glucose 27 + 3 (28) 49 + 7 b (20) 

2,7 mmo][/1 glucose 
+ amino acids 26 + 3 (19) 43 + 9 a (14) 

Somatomedin C/insulin-like growth factor I (SM-C/ IGF I) release 
into the culture medium was measured during the last 24 h of a three 
day culture period (see legend to Table 1) and expressed on the basis 
of the DNA content of the islets. Results are given as means ___ SEM 
for the number of observations indicated. Significance of difference 
versus control cultures (no hormone) but the same glucose and amino 
acid concentrations: a p < 0.05, b p < 0.01 



194 I. Swenne and D.J. Hill: Growth hormone and B-cell function 

Table 4. Effects of an antibody to somatomedin-C/insulin-like 
growth factor I on the DNA replication and insulin release of cul- 
tured adult rat islets 

Medium supplement 3H-thymidine n Insulin n 
incorporation release 

No addition 100 100 

Anti-somatomedin 103+ 6 (16) 105_+ 7 (11) 

Anti-apoferritin 101 + 8 (16) 105 + 8 (11) 

SM-C/ IGF  I 171 +23 ~- d (7) 115 + 13 (7) 

SM-C/ IGF I + 
anti-somatomedin 104 + 14 (7) 109 + 14 (7) 

SM-C/ IGF  I + 
anti-apoferritin 161 _ 17 a, d (7) 118 + 16 (7) 

GH 261 ___27 c (18) 180+14 c (14) 

GH + anti-somatomedin 179+21 b (18) 173 +17 c (14) 

GH + anti-apoferritin 280 + 41 b (18) 188+15 c (14) 

Islets isolated from adult rats were cultured for three days in medium 
containing 16.7 mmol/ l  glucose and 1% fetal calf serum. Some cul- 
tures were also supplemented with 100 ng/ml  somatomedin C/in-  
sulin-like growth factor I (SM-C/ IGFI )  or 1000ng/ml  human 
growth hormone (GH). To block the effects of any soma- 
tomedin C/insulin-like growth factor I (SM-C/ IGF I) present in the 
media, a monoclonal antibody to SM-C/ IGF  I was added to some of 
the cultures. Antibody to horse apoferritin served as control. After two 
days, the media were changed and 3H-thymidine added. At the end of 
the culture period, the 3H-thymidine incorporation into islet DNA 
and the insulin release into the culture medium were measured and 
expressed on the basis of the DNA content of the islets. Results are 
given as means + SEM for the number of observations indicated and 
expressed as percentages of the 3H-thymidine incorporation and in- 
sulin secretion obtained, in each experiment, in islets cultured without 
GH and antibodies. Significance of difference versus control cultures 
(no hormone or antibody): ap<0.05;  b p < 0 . 0 t ;  Cp<0.00t.  Signifi- 
cance of difference versus cultures with anti-somatomedin antibody: 
dp<0.05 

Table 5. Effects of growth hormone and somatomedin-C/insulin-like 
growth factor I on the insulin biosynthesis of cultured adult rat islets 

Medium n (Pro)insulin Total protein % 
supplement biosynthesis biosynthesis 

(dpm- 10 -5- (dpm. 10 -5 .  
~g islet DNA) ~xg islet DNA) 

No addition 19 191 +15 775+ 67 25.4+2.1 

100 ng/ml  
SM-C/ IGF  I 21 181+12 643+ 44 29.2+1.7 

1000 ng/ml  GH 23 276+24  a t 1 1 0 +  10t b 25.3+0.9 

Islets isolated from adult rats were cultured for three days in medium 
containing 16.7 mmol/1 glucose, 1% fetal calf serum and in some 
cases supplemented with either 100 ng/ml  somatomedin C/insulin- 
like growth factor I (SM-C/IGF I) or 1000 ng/ml  human growth hor- 
mone (GH). At the end of the culture period, the islets were incubated 
for two h with 3H-leucine. The amount of radioactivity incorporated 
into (pro)insulin ([pro]insulin biosynthesis) was determined by immu- 
no-precipitation with an insulin antibody and the total amount of 
radioactivity incorporated into islet proteins (total protein biosyn- 
thesis) by precipitation with trichloroactic acid. The results are ex- 
pressed on the basis of the DNA content of the islets and given as 
means + SEM for the number of observations indicated. Furthermore, 
for each individual experiment the percentage contribution of (pro)in- 
sulin biosynthesis to total protein biosynthesis was calculated. Signif- 
icance of difference versus control cultures (no hormone): a p <  0.01, 
b p <  0.05 

Table 6. Effect of growth hormone and somatomedin-C/insulin-like 
growth factor I on the glucose oxidation of cultured adult rat islets 

Medium n Glucose oxidation 
supplement (pmol- l0  islets. (pmol. ltg islet 

90 min) DNA. 90 min) 

No addition 10 661 _+ 80 1848 + 223 

100 ng/ml  
SM-C/ IGF  I 12 727+ 60 1854+153 

1000 ng/ml  GH 12 t t 6 0 + 1 5 4  a 3152_+418 a 

Islets isolated from adult rats were cultured for three days in medium 
containing 16.7 mmol/1 glucose, 1% fetal calf serum and in some 
cases supplemented with 100ng/ml  somatomedinC/insulin-l ike 
growth factor I (SM-C/IGF I) or 1000 ng/ml  growth hormone (GH). 
At the end of the culture period the islets were incubated for 90 min 
with U-14C-glucose, the amount of 14CO2 produced measured and 
used as an index of glucose oxidation. The DNA content was 
measured in separate groups of ten islets and their mean DNA con- 
tent used as a common denominator. Values are given as means + 
SEM for the number of observations indicated. Significance of dif- 
ference versus control cultures (no hormone): a p < 0.05 

lated DNA replication and this effect could be abol- 
ished by the somatomedin antibody but not by the con- 
trol antibody. However, SM-C/IGF I did not stimulate 
insulin release. GH stimulated both DNA replication 
and insulin release as indicated above. The stimulatory 
effect of GH on DNA replication could partly be 
blocked by the antibody against SM-C/IGF I but not 
by the control antibody. Both antibodies failed to affect 
GH-stimulated insulin release. 

(Pro)insulin biosynthesis, glucose oxidation 
and uptake of glucose and amino acid analogues 

After culture in 16.7 G, a considerable (pro)insulin bio- 
synthesis, as determined by the incorporation of 3H-leu- 
cine into immunoprecipiitable insulin, and contributing 
25% to the total protein biosynthesis could be demon- 
strated (Table 5). Addition of SM-C/IGF I to the cul- 
ture medium failed to increase (pro)insulin and total 
protein biosynthesis. On the other hand, culture with 
GH stimulated both (pro)insulin and total protein bio- 
synthesis by about 50%. The percentage contribution of 
insulin biosynthesis to total protein biosynthesis thus 
remained unchanged. 

By the same token, islet glucose oxidation was 
stimulated by the addition of GH to 16.7 G medium but 
not by the addition of SM-C/IGF I (Table 6). 

The cellular uptake of 3-O-MG and AIB was similar 
after culture in 16.7 G medium without hormones or 
with either GH or SM-C/IGF I added (Fig. 1). Thus, no 
differences could be detected either in the initial rates of 
uptake or in the steady state levels. 

Discussion 

Islets isolated from adult rats contain only a small frac- 
tion of proliferating cells but have, nevertheless, proven 
useful for the study of islet cell replication [31]. The use of 



I. Swenne and D.J. Hill: Growth hormone and B-cell function 195 

Z 

# 
b 
v -  

101 

1 "  

Z 

b 

m_ 
I 

A 

i | 

B 

3! 
2 

; ,; ;o 
Time (rain) 

F i g . l A  and B. Effects of growth hormone (GH) and soma- 
tomedin C/insulin-like growth factor I (SM-C/IGF I) on the uptake 
of c~-aminoisobutyric acid (AIB) and 3-O-methylglucose (3-O-MG) of 
cultured adult rat islets. Islets isolated from adult rats were cultured 
for three days in medium containing 16.7 mmol/1 glucose, 1% FCS 
and in some cases 100 ng/ml SM-C/IGF I or 1000 ng/ml GH. Fol- 
lowing a pre-incubation, the islets were incubated in a bicarbonate 
buffered medium containing the same hormone supplement as during 
the previous culture and either 16.7 mmol/13H-3-O-MG or 5 mmol/1 
14C-AIB. The incubations were stopped at the time points indicated 
and any extracellular radiollabel was removed by washing for four 
periods of 1 min in ice-cold buffer. The uptake of isotope is expressed 
on the basis of the DNA content of the islets and given as means _+ 
SEM for 6-9 observations. The symbols designate control cultures 
(O), cultures with SM-C/IGF I (A), and cultures with GH (O) 

3H-thymidine as an index of islet cell replication and 
multiplication is well documented, and it is established 
that measurements of 3H-thymidine incorporation re- 
flects cell multiplication [20, 32]. Furthermore, since cul- 
tured adult rat islets contain > 85% B cells (Swenne, un- 
published), it has been assumed that the results reflect 
B-cell function. The concentration of FCS used in the 
present study was chosen for its ability to maintain the re- 
sponsiveness of islet cell replication and hormone pro- 
duction to nutrients and hormones in vitro without inter- 
fering with the analysis of SM-C/IGF I in the culture 
medium [18]. The high concentration of GH (1 gg/ml) 
used is almost a hundred-fold in excess of the average 
serum concentration of GH in adult rats. However, the 
rapid oscillations of GH secretion in the rat result in fre- 
quent episodes where GH concentrations of several hun- 
dred ng/ml can be attained throughout the day [33-35]. 
Since it may be that not only the concentration of GH but 
also the number and rate of increment of the secretory 
bursts determine the effects of GH on peripheral tissues, 

it is difficult to evaluate the physiological significance of 
a continuous stimulation by 1 ~tg/ml GH. Nevertheless, 
this concentration gives clear-cut effects on the different 
parameters of islet function [12, 18, 36] and does show 
the potential pathways which could operate. 

The present investigation demonstrates that SM-C/ 
IGF I is secreted by adult rat islets in tissue culture, 
thereby extending similar findings in fetal and neonatal 
islet tissue [17, 18] and confirming the presence of 
SM-C/IGF I in adult rat islets [37]. At variance with our 
previous study with fetal islets [18], GH stimulated 
SM-C/IGF I release from adult islets also in the 
presence of a low glucose concentration. Moreover, the 
absolute levels of SM-C/IGF I secretion were higher in 
adult islets. This would indicate a higher capacity for 
protein synthesis and secretion in adult islet cells, a no- 
tion supported also by higher levels of  insulin secretion 
compared to fetal islets [18, 20]. As in other adult rat tis- 
sues, the secretion of SM-C/IGF I was stimulated by 
GH and also accompanied by an increase in islet cell re- 
plication. These findings could suggest that some of the 
GH effects on DNA replication are mediated by a para- 
crine mechanism. The islet cells could then be stimu- 
lated by GH to produce somatomedins which in turn 
could stimulate cell proliferation within the islet. This 
notion is supported by the observation that the growth 
stimulation by GH could be partly inhibited by an anti- 
body known to inhibit growth stimulation of islets by 
SM-C/IGFI  [18]. Since IGF II expression declines to 
almost undetectable levels in adult rat tissues, including 
the pancreas [38], SM-C/IGF I is likely to be the only 
SM/IGF expressed and thus the only one to be con- 
sidered as a possible mediator of GH action. We have 
previously demonstrated that serum stimulation of islet 
cell DNA replication is not inhibited by the antibody 
[18], and it thus appears that this serum effect is medi- 
ated by factors other than SM-C/IGF I. The antibody, 
however, also failed to inhibit DNA replication under 
basal conditions in the absence of GH despite the re- 
lease of significant amounts of SM-C/IGF I. This is at 
variance with results obtained with monolayer cultures 
of other cell types [21] and remains, hitherto, unex- 
plained. 

In this context, it should be noted that the antibody 
against SM-C/IGF I did not completely abolish the 
growth response to GH. The GH-stimulated SM-C/ 
IGF I production was approximately similar in the dif- 
ferent glucose and amino acid concentrations despite 
widely different rates of 3H-thymidine incorporation. It 
appears, therefore, that nutrient stimulation and part of 
the GH stimulation of islet cell replication is direct and 
not mediated by production and/or  release of 
SM/IGFs. The stimulation of replication by GH was 
greatest in the presence of a high glucose concentration, 
an observation which lends support to the view that nu- 
trients, and among these, notably glucose, are the major 
regulators of islet cell replication while hormonal 
stimuli act by modulating the response to nutrients [10]. 
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In contrast to the effect on islet cell replication, 
S M - C / I G F  I did not stimulate insulin release into the 
culture medium. Furthermore, GH-stimulated insulin 
secretion could not be blocked by the antibody against 
S M - C / I G F  I. The absence of  somatomedin mediation 
of  the G H  effects on insulin production is further sup- 
ported by the observation that GH,  but not SM-C/  
IGF  I, stimulated insulin biosynthesis. It is notable that 
G H  stimulated insulin and total protein biosynthesis to 
the same extent, i.e. there was not a preferential stimu- 
lation of  insulin production. This observation may re- 
flect the general stimulation of  nutrient uptake and me- 
tabolism by G H  seen in a number of  tissues [39]. 
However, while G H  enhanced glucose oxidation by is- 
lets we could not demonstrate GH-dependent  non-me- 
tabolisable glucose and amino acid analogue transport. 
Substrate transport across the B-cell membrane is, how- 
ever, very efficient and not rate-limiting for substrate 
oxidation, insulin biosynthesis and insulin secretion [28, 
40-43]. A stimulatory effect of  G H  on substrate uptake 
at the level of  the cell membrane is, therefore, not a pre- 
requisite for an increased substrate oxidation. Since 
stimulation of  insulin biosynthesis and secretion by glu- 
cose is closely linked to glucose oxidation [42], it seems 
likely that G H  exerts its effects on insulin production by 
increasing metabolic fluxes in the B cell. It is, however, 
notable that G H  does not have immediate effects but re- 
quires several hours before a stimulation of insulin pro- 
duction can be demonstrated [13]. This suggests that in- 
duction of  protein synthesis is necessary before the 
stimulation of  insulin production becomes evident [9]. 

Since S M - C / I G F  I mediated part of  the growth 
stimulatory effect of  G H  it would be expected that the 
former peptide could mimic the anabolic effects of  GH.  
S M - C / I G F  I, however, failed to stimulate substrate up- 
take, glucose oxidation and total protein biosynthesis of  
the islets despite a stimulatory effect on D N A  replica- 
tion. In view of  the very small proportion of  cells taking 
part in proliferation in adult islets [31] and since it is 
likely that proliferation is not possible without an in- 
crease in substrate utilisation and protein biosynthesis, 
it is possible that such anabolic effects were below lev- 
els of  detection given the far greater proportion of  non- 
proliferating cells. The findings would then suggest that 
only the cell fraction capable of  proliferation responds 
to S M - C / I G F I  and the possibility thus arises of  iden- 
tifying this population by the presence of  S M - C / I G F  I 
receptors. 

Our results demonstrate a dual action of G H  on islet 
cell function. First, there is a direct action on insulin 
production and islet cell replication. This direct effect 
of  GH is closely associated with substrate metabolism 
and may represent a mechanism for rapid adaptat ion to 
the hormonal  stimulation and would also counteract 
the general diabetogenic effect of  G H  in the organism 
[39]. Considering that several hours are needed before 
GH exerts its stimulatory effect on insulin production 
[44], it seems likely that an increased expression of  the 

insulin gene is involved in the process [45]. Second, G H  
stimulates the production of  S M - C / I G F  I in the islets 
which, via a paracrine mechanism, stimulates islet cell 
replication but not insulin production in the individual 
B cells. It is conceivable that this mechanism could in- 
crease the insulin output in the long-term by increasing 
the total B-cell mass in response to persistent demands 
on insulin secretion. To what extent the two different 
processes add to an increased insulin production under  
physiological conditions in vivo remains, however, to 
be clarified. 

Our investigation thus demonstrates that in the 
adult endocrine pancreas an intrinsic, or paracrine, con- 
trol of  proliferation exists, namely the release of  SM-C/  
IGFI .  It is regulated by G H  and possibly by other poly- 
peptide hormones such as placental lactogens which 
also stimulate insulin production and islet cell replica- 
tion [36, 46]. During periods of  increased metabolic 
stress, like during the pubertal growth spurt or during 
pregnancy, this mechanism may be necessary to in- 
crease B-cell mass in association with increasing de- 
mands on insulin output. Failure to do so and an inade- 
quately low total B-cell mass may lead to a blunted 
insulin secretory response to glucose [47] and a lowered 
total insulin output which in turn pre-disposes for 
diabetes [10]. 
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