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The Generation of Insulin-Like Growth Factor-l- 
Sensitive Cells by Growth Hormone Action 

Insulin-like growth factor-1 (IGF-l), a mitogenic polypeptide, is usually considered 
the sole effector by means of which growth hormone increases tissue mass. However, 
growth hormone, but not IGF-1, directly promotes the differentiation of cultured 
preadipocytes to adipocytes. Adipocytes newly differentiated from precursor cells in 
response to growth hormone were shown to be much more sensitive to the mitogenic 
effect of IGP-1 than the precursor cells. The result of IGF-1 action is therefore a 
selective multiplication of young differentiated cells (clonal expansion). This supports 
the concept of a dual effector system in which the preferred target cells of IGF-1 action 
are created by the direct action of growth hormone. 

G ROWTH HORMONE SPECIFICALLY 

promotes the dfferentiation of 
cloned lines of preadipose 3T3 cells 

into adipose cells (1). This is the result of a 
direct action of the hormone on the cells; 
IGF-1 (insulin-like growth factor-1 or so- 
matomedin C), which has been regarded as 
an obligatory intermediate effector of the 
hormone in the promotion of growth ( 2 4 ) ,  
does not promote this differentiation (5, 6). 
To account for the direct and the IGF- 
mediated effects of growth hormone in ani- 
mals, we proposed a dual effector theory (7) 
based on the concept that growth of tissues 
commonly occurs in two stages: (i) differen- 
tiated cells are formed from their precursors 
and (ii) the number of young differentiated 
cells is increased through limited multiplica- 
tion (clonal expansion). The dual effector 
theory states that both stages are promoted 
by growth hormone: the first, directly by 
the hormone, and the second, indirectly, 
through its intermediate effector IGF-1. Al- 
though these two effects of the hormone 
cannot be easily distinguished in animal 
tissues, they can be distinguished in cell 
cultures. We show that cells with marked 

sensitivity to IGF-1 are produced by the 
prior action of growth hormone. 

Preadipose 3T3-F442A cells were grown 
in 35-mm dishes containing the Dulbecco- 
Vogt modification of Eagle's medium sup- 
plemented with 5% cat serum and 0.5% calf 
serum. For experiments, cells grown to con- 
fluence in this medium were fed with modi- 
fied conversion medium (6) containing 
1.5% cat serum and 1.0% calf serum but 
lacking insulin to enable the cells to respond 
to IGF-1. The concentration of serum was 
the lowest compatible with good multiplica- 
tion and adipose differentiation; the effects 
produced by added growth hormone and 
IGF-1 are increments over a relatively low 
background, some of which may be due to 
the presence of both proteins in the serum 
supplement. 

The effect on adipose conversion pro- 
duced by the addition of the two proteins is 
shown in Fig. 1. As the measure of differen- 
tiation, we used the activity of glycerophos- 
phate dehydrogenase, a sensitive marker of 
the adipose phenotype (8-10). In the ab- 
sence of added growth hormone, the differ- 
entiation of preadipose 3T3 cells was com- 

pletely unresponsive to IGF-1, up to a con- 
centration of 300 ngiml. The cells did not 
develop glycerophosphate dehydrogenase, 
and although IGF-1 exerted a mitogenic 
action detectable by ['4C]thymidine incor- 
poration (see below), it had no detectable 
effect on the total cell protein content per 
dish. No adipose cells'were formed (F'ig. 
ID).  

Human growth hormone promoted sub- 
stantial differentiation even in  the absence of 
added IGF-1, but when IGF-1 was added, 
the specific activity of cellular glycerophos- 
phate dehydrogenase increased up to 4.5- 
fold (Fig. 1A). IGF-1 also substantially in- 
creased the protein content of the cultures in 
which the differentiation had been promot- 
ed by growth hormone (Fig. 1C). As a 
result, the total enzyme activity per culture 
undergoing adipose conversion increased up 
to tenfold after IGF- 1 was added (Fig. 1B). 

The combined effect of the hormone and 
IGF-1 could be the result of either more 
advanced differentiation within each adipose 
cell or an increase in the number of adihose 
cells. The proportions of adipose and non- 
adipose cells were therefore scored by count- 
ingcells containing or lacking fat droplets. 
This measurement is complicated by the fact 
that the addition of IGF-1 to growth hor- 
mone-treated cells increases the amount of 
lipid per fat cell. Using the dye Nile red, 
which is very specific and sensitive for lipid 
( l l ) ,  to stain the living cells, we could easily 
identify fat cells containing small amounts of 
lipid. Cells exposed to IGF-1 alone did not 
acquire lipid droplets, but in growth hor- 
mone-treated cultures the addition of IGF- 
1 increased the proportion of adipose cells 
about 3.5-fold (Fig. 1D). 
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If, as suggested by this experiment, the -GH +GH 
effect of IGF-1 is not on the process of 
differentiation itsell; but on clonal expan- 
sion, it should be possible to demonstrate an 
effect of IGF-1 on multiplication of young -I(-&l 
adipose cells. Confluent cultures of preadi- . . 
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ter 3 days, the cells were trypsinized and * .  
counted, and aliquots were precipitated 

= with trichloroacetic acid and counted by Fig. 2. Focal cell multiplication in differentiating 
D w -  liquid scintillation. In the absence of growth adtures. Gd-s were treated with her- 

., 2 = 0 

I /'-'- ",:: mone and IGF-1 and labeled as described in the 
g E home? the addition Of IGF-l induced a legend to Table 1. & 2 days of labeling, the 

10 ' 8 50% increase in the amount of I4C incorpo- cult.res were fived and pnxessed for autoradiog- 2 & 
a & ,5 3& - rated; this is consistent with the known raphy with NTB2 nuclear emulsion (25). Dishes 

IGF-1 (nglml) ability of IGF-1 to induce multiplication in were exposed to emulsion at 4°C and developed 
different cell types. However, in the pres- days. 

ence of growth hormone, the effect was 
Fig. 1. The effect of IGF-1 on 3T3-F442A cells much greater, amounting to about eightfold 

by growth to undergo (Table 1). Clearly the action of growth extensively, growth hormone was added, 
pose differentiation (0) in the presence of human 
growth hormone (25 'ndd) and (0), in the hormone put the cells into a state much and 4 days later ['4C]$midine was added. 
absence of growth hormone. (A) specific activity more susceptible to mitogenesis by IGF-1. Examination of such cultures by autoradiog- 
of glycerophosphate dehydrogenase. (B) Total Even in the absence of added IGF-1, the raphy after 3 days of labeling showed no 
activity of gl~cerophosphate deh~drogenase. (C) cultures that underwent adipose conversion more cell multiplication in the fat cell clus- 
Total protern. (D) Number Of be- incorporated somewhat more labeled thymi- ters than in clusters formed in the absence of corning adipose. Cells (2 x lo4) were inoculated 
into 35-- dishes in the ~ u l b e ~ ~ ~ - ~ ~ ~ ~  dine than those that did not; it is not certain preliminary IGF- 1 treatment. 
cation of Eagle's medium supplemented with 5% whether this could have occurred in the total Second, we obtained from 0. G. P. Isaks- 
cat serum and 0.5% calfserum. At confluence (5 absence of IGF-1, since some must have son an antiserum to human growth hor- 
to 6 days) the cells were fed with 3 ml of medium hen present in the se- supplement. 
supplemented with 1.5% cat serum, 1% calf 

mone which, when added together with 

=-, 1 0 - 6 ~  biotin, wansferrin (5 pdml), uiio- From this experiment, the possibility growth hormone to preadipose cultures, 
dothymnine (2 x ~ O - ~ M ) ,  mouse e idemal could not be excluded that cells exposed to was able to completely block hormonal ac- 
growth factor (30 ndml), partially puried with growth hormone became more sensitive to tion. For the experiment, this antiserum was 
Bio-Gel P-10 (23) and 40 fl p-mercapt* IGF-1, whether or not they had undergone added to cell cultures which had already 

Additions Of human growth differentiation. To examine this point, we been exposed to growth hormone for 5 (to 25 nglml) were made at confluence, and IGF- 
1 was at vary,ng concentrations, 1 day repeated the experiment using autoradiogra- days. If IGF-1 was now added together 
later. Eight days after the addition of growth phy to reveal the location of the multiplying 
hormone, cells were ha-vested. Cell monolayers cells. In cultures inoculated with lo4 preadi- Table l. Effect of IGF-l on the incoFration of were washed with phosphate-buffered saline (pH pose cells, colony size reached about 100 [14c]thymihe by preadipose 4- 7.4) and harvested in 0.3 ml of buffer containing 
25 mM tris-HC1 and mM EDTA (pH 7.5). Any cells at confluence. Susceptibility of the col- tures of 3T3-F442A cells. Cells were plated as 
detached cells in the culture medium were recov- 0nie.S to ~0n~erSi0n is not uniform, and fat described in Fig. l. Additions of hon'l'lone 
ered by centrifugation and added to the cell cell clusters formed by differentiation corre- 25 "giml) were made at and Of 

harvest. Cells were sonicated for 10 ~efonds at s p n d  to individual susceptible colonies. 
IGF-1 (to 150 ngtml) 1 day later. Three days a h  
the addition of IGF-1, 1 ml of medium was 30W with the mrcrOtip Of a 'Oflifer (Brmon When cultures were gmwn in the presence replaced with fresh m e b  cant-g the same model 185). The extract was then centrihged for 

30 minutes at 78,000~ at 40c, and the supma- of [14C]thymidine and the incorporated I4C concentrations of hormone and IGF-1. Twenty- 
tants were s t o d  at -70°C. Assay of glycerophos- was located by autoradiography, the clusters six hours later the cells were labeled the 

addition of 1 pCi of [I4C]thymidine (53 mCi  phate dehydrogen~ activity was as previo~ly of labeled nuclei corresponded to clusters of mmol) to the ml of mdlum After days of described measurement Of adipose cells. Dense clusters of labeled nu- labeling, the 
cells were twsw and counted, of dihydronicotinamide adenine dinucleotide 

(NADH) at 340 nrn. One unit of enzyme activity clei were produced only when both growth and aliquots of cells were precipitated with ui- 
corresponds to the ofidation of 1 nmol O~NADH hormone and IGF-1 were added (Fig. 2). In cl~loroacetic acid. The precipitates were deposit* 
per minute. The protein concentration of the the absence of adipose conversion, the addi- On glass fiber filters for counting by liquid 

lation. The values are the averages of duplicate SUPCMtmts was cke-ed with Gmnassie tion of IGF-1 increased the number of la- mp~, the mge duplicates. bdhant G-250 (24). 'I1 points On the graph beled nuclei only slightly and randomly. represent averages of duplicate dishes. The bars 
indicate the range of the duplicates; where bars These did not determine [14C]Thymidine 
are absent, duplicate values fell within the symbol. whether IGF-1 acted on cells before, during, an- incorporated 
The IGF-1 was the cloned product of Ciba-Geigy; or after the action of growth hormone. Ths  dition per cell (cpm) x 10' 
the cloned products of Arngen and KabiVitnun question was studied in two ways. ~ i ~ ~ ,  
were used in other experiments and gave results -GH +GH 

similar to those shown here. The human growth cells were treated with IGF-1 for 4 days 
- IGF- 1 6.7 (0.5) 

hormone used was the cloned product of Genen- while they grew to ~~nfluence. The IGF-1 +IGF-~ 9.8 (1.1) 
15 (2) 

122 (5) 
tech. was then removed, the cells were washed 
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with ['4C]thymidine, an increased mitogen- 
ic effect was observed in the adipose cell 
clusters, demonstrating that the IGF- 1 acted 
on cells that had already responded to 
growth hormone. As the effect was less 
marked than that obtained when the growth 
hormone and IGF-1 were present together 
for several days, these experiments do not 
rule out the possibility of an additional 
synergistic effect of IGF-1. However, be- 
cause the cellular resDonse to the hormone is 
not highly synchronized, the more pro- 
nounced effect observed when both agents 
are present is probably due to a greater 
likelihood that the IGF-1 will encounter the 
young adipose cells when they are most 
sensitive to it. 

It is clear from these experiments that 
IGF-1 is a second effector in growth hor- 
mone action. Alone, it has a small mitogenic 
effect on preadipose cells, but it produces no 
differentiation. Together with growth hor- 
mone, it has a large mitogenic effect, but 
mainly on the differentiating cells. This re- 
sults in clonal expansion of those cells, there- 
by selectively increasing their abundance. 
This process is completed within a few days, 
after which the adipose cells become mature 
enough so that they no longer multiply. 

It has been demonstrated (12, 13) that , ,  , 
insulin at supraphysiological concentrations 
has a mitogenic effect on cultures of Ob17 
adipose cells. We found that all of the effects 
we describe for IGF-1 could also be pro- 
duced by insulin at similar concentrations. 
Receptors for both IGF-1 and insulin in- 
crease with the differentiation of 3T3-L1 
fibroblasts to young adipocytes (14-1 6). 
Although, in many cell types, mitogenic 
effects of both insulin and IGF are mediated 
by IGF receptors (17), in some cell types 
insulin receptors may also mediate mitogen- 
ic effects (1 7-19). However, since the serum 
concentration of IGF-1 is about 200 nglml, 
whereas that of insulin is usually about 1 
nglml, it seems likely that clonal expansion 
in adipose tissue of the animal would be 
mainly the result of the action of IGF-1. 

The dual effector theory of growth hor- 
mone action likely applies to other cell types. 
A direct effect of growth hormone on carti- 
lage has been demonstrated in animals and 
in culture (20-22), although not yet clearly 
on prechondroqrtes, as should be the case if 
the analogy to the adipose conversion is 
valid. 

REFERENCES AND NOTES 

1. M. Morikawa, T. Nixon, H. Green, Cell 29, 783 
(1982). 

2. W. H. Daughaday et al., Nature (London) 235, 107 
11972). 

3. D. ~ . ' ~ l e m m o n s  and J. J. Van Wvk, Handbook of 
Elvperimental Pharmacology, R.  ~aserga, Ed. (Spring- 

er-Verlae. Heidelbere. 1981). DD. 161-208. 16. J. Massague and M. P. Czech, J. Biol. Chem. 257, 
4. E. ~cho&le, J. Zapf, E. H U ~ ; ~ ~ J ~ I ; E .  R. Froesch, 5038 (1g82). 

Nature (London) 296, 252 (1982): 17. M. M. Rechler and S. P. Nissley, Polypqtide Hm- 
5. T. Nixon and H. Green, Endomnolo~y 114, 527 mone Receptms, B. I. Posner, Ed. (Dekker, New 

11984). York. 19851. DD. 227-297. ,- --, 
6. M. Morikawa. H. Green. U. 1. Lewis.Mo1. Cell. Biol. 18. 1. W: ~oon;z' k d  M. Iwahashi. Science 211. 947 

7. H.  rein, M: Morikawa, T. Nixon, Differentiation 
29, 195 (1985). 

8. W. Kuri-Harcuch, L. S. Wise, H. Green, Cell 14, 53 
11 9781 -,' 

9. L. S. Wise and H.  Green, J. Biol. Chm. 254, 273 
11 9791. 

(1981). 
19. L. Nagarajan and W. B. Anderson, Bwchem. Biophys. 

Res. Commun. 106,974 (1982). 
20. 0. G. P. Isaksson, J. Jansson, I. A. M. Gause, Science 

216, 1237 (1982). 
21. K. Madsen, U. Friberg, P. Roos, S. Eden, 0. 

Isaksson. Nature (London) 304. 545 11983). 
10. j:Pai;ault and H.  Green, Pmc. Natl. Acad. Sci. 22. S. M.  iss sell  and'^. M. spencer, ~nddcrinolb~ 116, 

U.S.A. 76, 5138 (1979). 2563 (1985). 
11. P. Greenspan, E. P. Mayer, S. D. Fowler, J. CellBwl. 23. C. R. Sava e Jr., and S. J. Cohen, Bwl. Chem. 247, 

100, 965 (1985). 7609 (197%): 
12. P. Djian, P. Grimaldi, R. Negrel, G. Ailhaud, Exp. 24. J. J. Sedmak and S. E. Grossberg,Anal. Bwchem. 79, 

Cell Res. 142, 273 (1982). 544 (1977). 
13. P. Grimaldi et al., Mol. Cell. Endocrinol. 29, 271 25. G. H. Stein and R. Yanishevsky, Methods Enzymol. 

(1983). 58, 279 (1979). 
14. B. C. Reed, S. H. Kaufmann, J. C. Mackall, A. K. 26. Supported in part bv a rant from the National 

Student, M. D. Lane, Proc. Natl. Acad. Sci. U.S.A. Insutute of ~rthritis,' ~ ia te tes ,  and Digestive and 
74, 4876 (1977). Kidney Diseases. 

15. C. S. Rubin, A. Hirsch, C. Fung, 0. M. Rosen, J. 
Biol. Chem. 253, 7570 (1978). 10 February 1986; accepted 22 May 1986 

Near-Total Glutathione Depletion and Age-Specific 
Cataracts Induced by Buthionine Sulfoximine in Mice 

The specific inhibitor of glutathione biosynthesis, L-buthionine sulfoximine (L-BSO), 
although relatively nontoxic in adult mice, induces severe glutathione depletion and 
age-specific pathological changes when repeatedly administered to male suckling mice. 
Dense cataracts developed when mice aged 9 to 1 2  days were given a series of injections 
of L-BSO, despite excellent survival and the absence of other significant long-term 
effects. By contrast, similar treatment of mice aged 14 to 1 7  days, although slightly less 
effective in reducing glutathione levels, resulted frequently in death, hind-leg paralysis, 
or impaired spermatogenesis, but did not produce cataracts. Administration of L-BSO 
to preweanling mice provides a novel model system for the induction of cataracts by 
depletion of lens glutathione and may enable the study of critical functions of 
glutathione in the lens and other growing tissues during early postnatal development. 

G LUTATHIONE (GSH), 7-GLUTAMYL- 
cysteinylglycine, the most abundant 
nonprotein thiol in living cells [0.5 

to 10 rnM ( l ) ] ,  is recognized to be a major 
intracellular antioxidant, a key component 
in the metabolism of cysteine and cysteine- 
containing proteins, and a broadly specific 
deactivator of potentially toxic electrophilic 
agents, via enzyme-catalyzed S-conjugation 
(2). 

A number of compounds have been devel- 
oped to alter the metabolism and intracellu- 
lar concentration of GSH (2). One of the 
most widely used, in recent years, is bu- 
thionine sulfoximine (BSO) [(S- (n-butyl) 
homocysteine sulfoximine], a specific inhibi- 
tor of y-glutamylcysteine synthetase (3), the 
enzyme that catalyzes the first step of GSH 
biosynthesis. Over 90 percent reduction of 
GSH levels has been achieved in cells cul- 
tured in the presence of D,L-BSO (4), a 
mixture of four stereoisomers, or the more 
specific preparation, L-BSO (L-buthionine- 

S,R-sulfoximine) (5). The consequences of 
such in vitro exposure include increased 
sensitivity to radiation, chemotherapeutic 
drugs, thermal stress, and oxidative agents 
(4, 6), inhibition of the biosynthesis of 
leukotriene C and prostaglandin E2 in mac- 
rophages (7), and teratogenesis (8). On the 
other hand, treatment of adult mice with 
BSO has resulted in significant retention of 
GSH (at least 20 percent of control values) 
in most tissues and no grossly observable 
pathological effects (9). This and the large 
doses of BSO required for a significant effect 
on GSH levels in vivo have limited the 
usefulness of this highly specific drug for 
general physiological surveys of GSH func- 
tion. 
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