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Glucose transport by cultured human fibroblasts: 
regulation by phorbol esters and insulin 
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The regulation of 3-O-methyl-u-glocose (OMG) uptake by insulin and phorbol esters was studied in cultured human 
skin fibroblasts. Insulin rapidly stimulated OMG uptake through a mechanism independent of new protein 
synthesis. Maximal insulin effect was reached in 30 min and remained constant up to 12 h. The protein kinase C 
activators 12-O-tetradecanoyl phorbol 13-acetate (TPA) and phorbol 12,13.dibutyrate (PdBU) promoted an initial 
rapid stimulation followed by a secondary long-term rise of OMG influx. This latter effect of phorbol esters on 
OMG influx began after I h, reached a maximum in 12-15 h, and was prevented by the simultaneous addition of 
protein synthesis inhibitors, suggesting that phorbol esters increased the synthesis of new glucose transporters. In 
accord with this interpretation, phorbot esters, but not insulin, increased mRNA levels for two distinct glucose 
transporters (GLUTI and GLUT3) in human fibroblasts. Both the i'apid and the long-term effects of phorbol esters 
on OMG influx were dose-dependent and half-maximal stimulations occurred at  15 nM for both PdBU and TPA. 
Kinetic analysis of OMG uptake indicated that both effects of phorbol esters were associated with an increase in the 
Vmz of the transport process, vAth no significant changes of the K m (4-6 mM). These results suggest that, in 
human fibroblasts, phorbol esters, unlike insulin, produce a long-term stimulation of OMG uptake, which is 
dependent ~:pon protein synthe~,;is and is associated with increased levels of GLUT! and GLUT3 mRNA. 

Introduction 

Glucose enters human fibroblasts by facilitated dif- 
fusion down its chemical gradient [I]. The rate at which 
this transport process takes place is stimulated by 
insulin [2,3]. insulin initiates its action by interacting 
with specifc receptors on the plasma membrane of 
target cells. These receptors are heterotetramers com- 
posed of two a and two/3 subunits linked by disulfide 
bonds. The a subunit is extraccllular and binds insulin 
whereas the /3 subunit spans the plasma membrane 
and has an intracellular tyrosine kinase domain [4,5]. 
Insulin binding to the a subunit of the receptor stimu- 
lates /3 subunit autophosphorylation and kinase activ- 
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ity. In fibroblasts derived from patients with inherited 
insulin-resistant syndromes, defective insulin receptor 
autophosphorylation and kinase activity are associated 
with defective insulin stimulation of sugar uptake [6-8]. 
By contrast, human fibroblasts with a constitutive acti- 
vation of the insulin receptor kinasc have increased 
and insulin-insensitive glucose transport [9,10], indicat- 
ing that the kinase activity of the insulin receptor plays 
an essential role in the stimulation of glucose trans- 
pot t. 

Several candidates have been proposed for the next 
step in the transduction of the insulin signal. Protein 
kinase C has been involved in insulin stimulation of 
glucose transport, since phorbol esters which activate 
protein kinase C also stimulate sugar transport by 
many cell types including adipocytes [1 I], BC3H-I my- 
ocytcs [12] and mouse skeletal muscle [13]. In addition, 
insulin increases intraceUular levels of diacylglycerol, 
the natural activator of protein kinase C, in some cell 
types [14,15]. However, other serine/threonine kinases 
may be activated by lipid mediators and stimulation of 
glucose transport has been observed with diacylglyc- 
erols which do not stimulate protein kinase C [16]. 



Like m~min, phorbol esters rapidly stimulate sugar 
transport in human fibroblasts [17]. However, the 
long-term effects of insulin and phorbol ester on glu- 
cose transport have not been characterized in cultured 
ceils and it is unknown whether phorbol esters modu- 
late glucose transporter mRNA levels in human fibrob- 
lasts. In this study, we compare short and long-term 
effects of insulin and phorbol esters on OMG transport 
by human fibroblasts. Both compounds rapidly en- 
hanced OMG influx, but only phorbol c:,ters caused a 
further increase of OMG uptake sustained over time 
(long-term stimulation). This latter effect of phorbol 
esters was associated with increased mRNA levels for 
two glucose transporters, GLUTI and GLUT3 (for 
nomenclature, see Ref. 18). 

Materials and Methods 

Materials. Fetal bovine serum (FBS) and growth 
media were from GIBCO. 3-O-[3H]MethyI-D-glucose 
(79 Ci /mmol )  was from New England Nuclear; 
[32P]dCTP was from Amersham. Sigma and Aldrich 
were the sources of phorbol esters, cytochalasin B, 
protein synthesis inhibitors, and other chemicals. 

Cell culture. H~,man fibroblasts were derived from 
adult skin biopsi~ : and propagated in Dulbecco-Vogt 
(DV) medium st !~plemented with 15% fetal bovine 
serum. For uptak~ assays, fibroblasts (4.104 cells) were 
seeded in 24-welt plates (Costar) and used after 8-12 
days. The culture medium was renewed every 72 h and 
48 h before the experiment. 

Glucose transport. Confluent monolayers were 
washed twice and incubated at 37°C in Earle's bal- 
anced salt solution (EBSS) containing D-glucose (25 
taM) and 0.5% bovine serum albumin (ESA, RIA 
grade) with the [:~dicated additions. Insulin, when 
added was used at 200 nM, a concentration which 
maximally stimulates glucose transport by human fi- 
broblasts [9i. At the indicated time, cells were wa'=hed 
three times with glucose-free EBSS and 3-O-[3H]meth - 
yl-o-glucose (OMG, I mM) influx was measured for 
10-20 s, a time-frame which allows the measurement 
of initial rates of entry of this sugar in human fibrob- 
lasts [1]. The uptake assay was stopped by three rapid 
washes with ice-cold 0.1 M MgCI 2. lntracellular ra- 
dioactivity was extracted with 0.5 ml of ethanol which 
were then added to 2.5 ml of scintillation fluid (EcoS- 
cint, National Diagnostic) and counted in a liquid 
scintillation spectrometer (Beckman LS 7500). Protein 
content was measured in each well by a modified 
Lowry procedure [19] and intracellular fluid volume 
was estimated from the equilibrium distributior of 
OMG [20]. Previous studies indicated that cell water 
estimated with this method in human fibroblasts is 
identical to that obtained from the equilibrium distri- 
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bution of inulin and urea [1]. in different experiments 
and conditions, intracellular water ranged between 6.1 
and 8 . 0 / z l /  mg of cell protein, with a mean value e l  
7.{)5 + 0.71 /.tl/mg of cell protein. 

Calculations. OMG uptake was normalizcd to cell 
protein and cell water and cxprc:;sed as umol/ml cell 
water per s. The analysis of initial-velocity kinetic curves 
was performed using a BASIC program applying Mar- 
quardt's algorithm for least-squares estimation of non- 
linear parameters [21]. The equations used were: 

v.,,,,.lSl 
r= - - -  If} 

X~+ISl 

where [S] is the concentration of substratc, Vm,,~ is the 
maximal velocity and K m is the Michaelis-Menten 
constant. This equation was used on data corrected for 
non-saturable OMG uptake, measured in the presence 
of l0/ . tM ojtochalasin B [i]. 

The analysis of dose-reponse curves was performed 
using the stimulation above control values (difference 
between stimulated and control values) by means of 
the following equation: 

Ema ~" IAGONIST] 
Stimulation (2) 

EDna + [AGONISTI 

where Em~,~ is the maximal effect and the EDso the 
concentration of agonist at which half-maximal re- 
sponse in observed [22]. 

Parameters obtained by nonlinear regression analy- 
sis are shown in the text with 95% confidence intervals. 
Other data are reported as means + S.D. of at least 
three determinations. 

RNA analysis. Fibroblasts were grown to confluence 
in 150 cm 2 flasks and incubated for the indicated time 
in the presence of insulin or phorbol esters. At the end 
9~' the incubation cells were washed with sterile ice-cold 
saline and RNA was extracted by guanidinium thio- 
cyanate [23]. Total RNA (10-20 /zg/ lane)  was sepa- 
rated by formaldehyde-agarose gel electrophoresis, 
blotted to nylon (ZetaProbe, Bio-Rad), and hybridized 
at 65°C to 32P-labeled cDNAs co~iing for GLUT! [24], 
GLUT3 [25], and GLUT4 [26] glucose transporters. 
The hybridization solution contained 7% sodium dode- 
cylsuifate, i% bovine serum albumin, 10% poly(ethyl- 
ene glycol), 0.25 M NaCI, 1 mM EDTA, and 0.16 M 
sodium phosphate. Blots were washed at 65°C in 0.5 × 
SSC and exposed for 18-48 h at -70°C. Blots were 
then stripped and re-hybridized to /3-actin cDNA. 
Autoradiograms were analyzed by two-dimensional 
laser densitometw and intensity of the glucose trans- 
porter band was normalized to the intensity of the 
actin signal before comparison. 
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Results and  Discussion 

Time-course for  insulin attd TPA sthmdation o f  glucose 
transport 

T he  effect of  phorbol esters (1 /xM) on O M G  influx 
in human  fibroblasts is repor ted  in Table  I. Phorbol 
esters which activate protein kinase C st imulated O M G  
influx in human fibroblasts. The  inactive phorbol ester,  
phorbol 13-monoacetate had no significant effect on 
O M G  influx. Addition of  diacylglycerol, a natural  acti- 
vator  of  protein kinasc C, s t imulated sugar  influx to a 
lesser extent,  perhaps  because of  rapid inactivation. In 
different exper iments  and in different fibroblast strains, 
phorbol esters st imulated O M G  influx be tween 50 and 
200% above basal af ter  30 min of  incubation. 

The  t ime course of  T P A  and insulin stimulation of  
3-O-methyl-o-glucose ( O M G )  transport  is shown in 
Fig. 1. T o  avoid the interference of  serum factors, 
human  fibroblasts, grown to confluence in the presence 
of  serum, were  washed and incubated ei ther  in serum- 
free Earle 's  balanced salt solution (EBSS, panel  A)  or  
in serum-free  Dulbecco-Vogt med ium (DV,  panel  B), 
in the presence of  e i ther  insulin or  TPA.  lncabatior,  in 
the absence of  serum caused a decrease  in O M G  
uptake that  reached a min imum af ter  3 h. Af te r  this 
t ime, basal O M G  uptake remained  constant  up to 12 
(panel  A)  or  48 h (panel  B). Insulin, added at the 
beginning of  the incubation, p revented  this decline in 
sugar  t ransport  and st imulated O M G  influx above the 
value observed in serum-t rea ted  cells. Insulin stimula- 
tion of  O M G  uptake was rapid. Significant increases in 
O M G  influx occurred af ter  5 min o f  incubation (data 
not shown), reached a maximum in about  30 min, 
r emained  constant  for 12 h and declined thereaf ter .  
However ,  even after  48 h of  incubation, O M G  uptake 
was still significantly higher  in cells incubated in the 
presence of  insulin than in ¢e!!= i~=ubalcd in DV 
medium alone (Fig. IB). The  increase in O M G  influx 
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TIME, h 

Fig. I. T~me course of the effect of insulin t200 nM. 1.2 p.g/ml) and 
12-O-tetradecanoyl phorbol 13-acetate (TPA. 200 nM) on 3-O- 
methyl-o-glucose (OMG) uptake by cultured human fibroblasts. Hu- 
man flbrohlasts were grown to confluence in Dulbecco-Vogt (DV) 
medium supplemented with 15% fetal I'awine serum (FBS). (A) 
Cultures were washed and incubated at 37°C in Earle's balanced salt 
solution (EBSS) supplemented with larcine serum albumin 0.5% in 
the presence of either insulin or TPA. At the indicated times, cells 
were washed three times with glucose-frce EBSS and OMG (I mM) 
infl~ix" was measured fnr 15 s. (B) Confluent cultures of human 
fiarohlasts wt:r:. • wash¢t~ and incubated at ~7°C in Dulbecco-Vogt 
medium supplemented with 0.5% BSA, in the nresence of either 
insulin (200 nM) or TPA (200 nM). OMG tl raM) uptake was then 
measured for Ifl s and normalized to intracelluiar watt.r, intra- 
cellular water did not differ among points at the same time interval. 
Each point is the mean of triplicates +S.D. Each experiment was 

repeated twice with similar results. 

TABLE I 

Effi'ct of phorbol esters and diucylglycerol on .~-O-melhyl.l~-ghtcose 
(OMG ) inflm" in cultured hmnan fibrohlasls 

Confluent cultures were incubated for 30 rain in the presence of the 
indica!ed phorbol ester (I /.LM) or diacylglyccrol (20 #M). The influx 
of OMG (I mM) was then measured for 20 s. Data arc expressed as 
mean±S.D, of at least three determinations. TPA 12-O-tctrade- 
canoyl phorbol 13-acetate. • P < a.05. *" P < 0.01 venus control. 
using variance analysis. 

OMG uptake Effect 
(nmol ml-t s -i ) {~;.~ ) 

Control (EBSS) 13.81 + 1.90 - 
TPA 33.31 ± 1.00 + 141 ** 
Phorbol 12,13-dibutyrate 32.5~}+0.41 + 136 ** 
Phorbo113-monoacetate 15.49+0.42 + 12 
Diacylglyccrol 18.48 ± 1.33 + 34 ° 

p romoted  by insulin was not observed when  the uptake 
measu remen t  was pe r fo rmed  in the presence o f  cyto- 
chalasin B (20 #M) .  Cytochalasin B-insensitive O M G  
influx was 1.9 + 0.5 n m o l / m l  of  cell wa te r  pe r  s in cells 
incubated for I h in EBSS and 1.7 + 0.4 n m o l / m l  cell 
water  pe r  s in cells incubated for the same t ime in the 
presence of  insulin. 

T P A  mimicked the rapid stimulation of  O M G  influx 
caused by insulin (Fig. 1). Additionally, T P A  promoted  
a second increase in sugar  uptake,  ~.hat was sustained 
for 12 h ( long-term stimulation). Af te r  this period,  
O M G  transport  in TPA-s t imula ted  cells slowly de- 
clined and re turned  to the basal value in about  30 h 
(Fig. IB). This  decrease  was probably due  to a down 
regulation of  protein kinase C activity which is ob- 
served in human  fibroblasts [27] and o ther  cell types 



[13,28]. TPA did not affect cytochalasin B-insensitive 
OMG uptake, which remained 1.9 + 0.3 nmol/ml cell 
water per s in ceils incubated for 1 h or 6 h with the 
phorbol ester. In several experiments, even after I h of 
incubation, TPA was significantly more effective than 
insulin in stimulating OMG uptake, whereas shorter 
times of incubation (up to 15-30 rain) resulted in 
similar stimulations by the two agonists. 

These results indicate that phorbol esters, in addi- 
tion to an acute effect, have a long-term effect on 
OMG uptake which is not shared with insulin. The 
long-term effect o; phorbol esters on OMG uptake was 
evident even at short times of  incubation (1 h). This 
additional long-term effect o f  phorbol esters on OMG 
uptake may explain the higher stimulation of  glucose 
transport obtained by TPA as compared to insulin in 
human fib.~ 9blasts as well as in other cultured cells [29]. 
By contrast, in adipose and muscle cells in primary 
culture, insulin is 3-5-fold more powerful than phorbol 
esters in stimulating glucose transport ( for review, see 
Ref. 29). This dramatic difference is probably at- 
tributable to the different glucose transporters ex- 
pressed by these cells. G L U T I  is the predominant 
isoform in human fibroblasts [30], whereas GLUT4 
represents the major glucose transporter of  both 
adipocytes and muscle cells [26]. 

Effect of  protein synthesis inhibitors on insalin and TPA 
stimulation of glucose transport 

The effect of protein synthesis inhibitors on insulin 
and TPA stimulation of sugar transport is shown in 
Fig. 2. Fibroblasts were incubated for 30 rain (panel A) 
or 8 h (panel B) in EBSS containing insulin or TPA 
and protein synthesis inhibitors. 30 min were selected 
to reduce the contribution of the long-term effect of 
TPA on the stimulation of OMG uptake. Neither cy- 
cloheximide nor actinomycin D prevented the rapid 
stimulation of OMG uptake by insulin or TPA (Fig. 
2A). Cycloheximide (18/~M) alone rapidly stimulated 
sugar transport, but its stimulation was additive to that 
produced l~y insulin and TPA (Fig. 2A). Actinomycin D 
(5 p,M) significandy increased OMG uptake after 8 h, 
but not after 30 min of incubation. After 8 h of 
incubation, insuliu stimulation of OMG uptake was not 
impaired by protein synthesis inhibitors (Fig. 2B). By 
contrast, both cycloheximide and actinomycin D abol- 
ished the portion of TPA stimulation of OMG uptake 
above that observed after 30 rain of incubation (Fig. 
2A). These results indicated that th,~ :apid stimulation 
of OMO uptake by both insulin and TPA was indepen- 
dent of protein synthesis, whereas the long-term effect 
of TPA depended upon new protein synthesis. 

Cycloheximid¢ rapidly stimulated sugar transport 
(Fig. 2A). This stimulation (30 to 100% above basal 
OMO uptake in different experiments) was dese-de- 
pendent and half maximal stimulation was obtained 
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Fig. 2. Effect of cycioheximide and actinomycin D on insulin and 
TPA stimulation of OMO transport by human fibroblasts. Confluent 
cultures of human fibroblasts were incuhetcd for ~.0 mid (panel A) or 
S h (panel B) at 3T'C in EBSS supplemented with 0.5% BSA 
(control) in the abscore or in the presence of insulin (200 nM). TPA 
(200 nM), cyciohcximide (cyclo, 18/.¢M) or actinomycio D (actino, $ 
#M). OMG (I raM) transport was then measured for 10 s. Each 
point repre.,=.cnts the mean of triplicates ±S.D. The experiment was 
repeated twice with similar results. Addition of cycloheximidc for 30 
rain (panel A) and of cycioheximide or actinomycin D for 8 h (panel 
B) significantly (P < 0.01) increased OMG uptake in the absence of 
added insulin or TPA. "P < 0.01 vs. paired EBSS; i, p < a.01 vs. 

TPA alone, using analysis of variance. 

with 1.1 +0.2 #M of cyclobeximide, a value close to 
that producing half-maximal inhibition of protein syn- 
thesis in human fibroblasts (I.5 + 0.3 #M). Other in- 
vestigators found a stimulation of glucose transport by 
cycloheximide in BC3H-1 myocytes [31] and in 
adipocytes [32]. Since cycloheximid¢ also stimulates 
protein kinas¢ C activity [31,33], it is possible that this 
protein synthesis inhibitor stimulates sugar transport 
by interacting with protein kinas¢ C [31]. In addition, 
cycloheximide may also prevent protein kinase C down 
regulation and degradation in human fibroblasts [27]. 
Our results do not rule out these possibilities, but show 
that the stimulation of OMO uptake by phorbol esters 
and cyclobeximidc is additive (Fig. 2) and that another 
protein synthesis inhibitor, actinomycin D, also stimu- 
lates sugar transport when the incubation is continued 
for enough time to observe its action (Fig. 2B). It is 
possible that the stimulation of glucose transport by 
cyclohesimide is related to its action on protein synthe- 
sis. In support of this hynothesis, another protein syn- 
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thesis inhibitor, anisomycin, produced a similar stimu- 
lation of glucose transport (not shown). 

Effect of insulirt and phorhol esters on ghtcose trans 
porter mRNA 

Three different types of glucose transporter mRNA 
have been identified in human fibroblasts (GLUTI ,  
GLUT3 and GLUT4), G L U T I  and GLUT3 represent- 
ing the major classes [30]. The effect of insulin and 
TPA on GLUTI  and GLUT3 mRNA levels is shown in 
Fig. 3. Human fibroblasts were incubated for 6 and 48 
h in culture medium in the absence or in the presence 
of insulin (1 #M)  or TPA (200 nM). After 6 h of 
incubation, TPA, but Jtot insulin, increased both 
GLUTI  and GLUT3 mRNA levels. Quantification of 
mRNA levels by laser densitometry (see Methods) in 
three separate experiments indicated that 6 h of incu- 
bation with TPA increased G L U T I  and GLUT3 
mRNA levels between 2.5- and 3.5-'frees (mean 3.1 + 
0.5-fold). This increase was comparable to the increase 
in OMG uptake observed in cells incubated for 6-10 h 
with TPA (Fig. I). After 48 h of incubation with TPA, 
GLUTI  and GLUT3 m ~ N A  levels ranged between 
0.9- and 1.2-times those observed in cells incubated in 
plain medium in three separate experiments (Fig, 3). 

1 2 3 4 5 6 
Szze 
(Ks) 

GLUT1 ...... ~ ...... ,u~ 2.8 

GLUT3 
4.1 

2.8 

ACTIH 1.5 

DV INS TPA DV INS TPA 
1 200 1 200 
~H NM ~4 NM 

6 HOURS 48 HOURS 
Fig. 3. Effect of insulin (I pM) and TPA (2(X) nM) on GLUTI and 
GLUT3 mRNA in human fihroblas|s. Confluent cells were incubated 
in DV medium supplemem,:J with l).5~.~ I~wine ~rum ulhumln in 
the absence (DV. lar.es I and 4) or in the presence of insulin (lanes 2 
and 5) or TPA (lanes 3 and 6). After 6 h (lanes I-3) and 48 h (lanes 
4-6). total RNA was extracted by guanidinium thiocyanate, sepa- 
rated by gel electrophorcsis (20 /.Lg/lane), blolted to nylon, and 
hybridized to ['~ZP]cDNA encoding the GLUTI and the GLUT3 
glucose transporters. The hybridization signal was delecled by auto- 
radiography. Blots ,0,ere then re-hybridized to actin eDNA for nor- 
malization. Band size was calculated by comparison with the migra- 
tion of an RNA ladder (BRL). The experiment was repeated three 

times with similar resulls. 
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Fig. 4. Dose-response curve for phorbol 12.13-dibutyrate (PdBU) 
stimulation of OMG transport in human fibroblasts. Confluent cul- 
tures of human fibroblasls were incubated for I h or 6 h in EBS$ 
containing 0.5% BSA in the presence of the indicated concentrations 
of PdBU. OMG (1 raM) uptake was then measured for I0 s. Each 
point represents the mean of triplicates -I-S.D. PdBU-stimulaled 
OMG uptake (difference between uptake measured in the presence 
and in the absence of PdBU) we.~ fitted to Eqn. 2 (see Methods) to 

obtain EDs. values 

This latter finding correlated well with the return to 
basal levels of glucose transport in cells treated with 
TPA for 48 h (Fig. 1). Neither insulin nor TPA affected 
the low levels of GLUT4 mRNA in human fibroblasts 
(not shown). 

An effect of TPA on GLUTI  mRNA levels and 
glucose transport has been observed in mouse 3T3 
fibroblasts [34]. In the case of the recently discovered 
GLUT3 transporter [25], stimulation of mRNA levels 
by phorbol esters in human fibroblasts represents the 
first type of regulation described. 

Insulin, unlike TPA, was unable to produce a sus- 
tained long-term stimulation of glucose transport (Fig. 
l) and, accordingly, did not increase glucose trans- 
porter mRNA (Fig. 3). These data contrast with those 
of Kosaki and collaborators [35] who found that insulin 
increased GLUTI  mRNA levels of 60% above basal in 
human fibroblasts. Glucose transport and GLUT3 
mRNA were not investigated in the reported study 
[35]. The reasons for this discrepancy are unclear at the 
moment. Methodological differences, such as a the 
prolonged serum starvation before insulin addition [35], 
may have contributed to produce or to enhance insulin 
effect in the previous study. 

Dose-response curce for phorbol ester stimulation of 
glucose transport 

Both the rapid and the long-term effects of phorbol 
esters on OMG influx were dose-dependent. Fig. 4 
shows dose-response curves for PdBU stimulation of 
OMG influx after 1 h or 6 h of incubation. PdBU was 
used in this quantitative experiment to avoid problems 
of non-specific binding to lipid components observed 
with TPA. The maximal stimulation of OMG influx in 
human fibroblasts was obtained at 100 nM of PdBU 
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Fig. 5. Effect of TPA (200 aM) on the kinetic const%nts for OMG 
transport by human fibroblasts. Confluent monolayers were incu- 
bated for I and 6 h at 37"C in EBSS containing 0.5% BSA in the 
absence or in the presence of TPA (7.41 aM). OMG (I-45 raM) 
uptake was then measured for 10 s in the absence or in the presence 
of cytochalasin B (10/.t M): added to the cells 3 rain before measuring 
uptake. Cytochalasin B-insensitive OMG influx was subtracted be- 
fore plotting according to an E" :ie-Hofst~e graphical representation. 
Each point is the mean of triplicates. Data were analyzed by nonlin- 
ear regression according to a Miebeelis-Mcoten equation (Eqn. I in 
Methods) aod lines represent the best fit obtained to each set of 

data. 

and the half-maximal effect was observed at about 15 
nM. With TPA, half-maximal stimulation of OMG 
transport was observed at 17.9 nM (not shown). These 
values are in the range of the dissociation constant 
(K o) for high-affinity binding of phorbol esters to cul- 
tured cells [36]. 

Only those phorbol esters which activate protein 
kinase C stimulated OMG influx (Table I). Further- 
more, half-maximal stimulation was observed at con- 
centrations (10-20 aM) close to the affinity constant 
for phorbol ~stet binding to protein kinase C [35]. 
These results indicate that phorbol esters stimulate 
OMG uptake in cultured human fibroblasts by activat- 
ing protein kinase C. 

Effect of phorbol esters on the kinetic constants for 
OMG uptake 

The effect of TPA (200 nM) on the kinetic of OMG 
(1-45 raM) influx is shown in Fig. 5. OMG uptake 
occurred through a saturable route, inhibitable by cyto- 
chalasin B (10/.~M), and an unsaturable route, formally 
indistinguishable from diffusion. TPA did not affect 
the unsaturable colnponent of OMG influx and the K d 
(diffusion constant) was 2.45 s -  t in fibroblasts exposed 
or not to TPA. The unsaturable component was sub- 
tracted from total OMG influx to obtain the saturable 
(cytochalasin B-sensitive) uptake that is reported in 
Fig. 5 according to an Eadie-Hofstee graphical repre- 
sentation. A l-h incubation with 200 nM TPA in- 
creased the Vm~ for OMG uptake from 27.8 + 2.0 to 

91.1 + 2.5 nmol/ml  per s, without affecting the appar- 
ent K m (from 5.3 + 1.3 to 6.3 + 0.6 mM). A more 
marked increase in the Vm, ~ value (up to 198.3 + 8.6 
nmol/ml  cell water per s, with no change in the 
apparent K m value (5.4 + 0.8 raM), was observed in 
cells incubated 6 h with TPA. 

TPA, like insulin [2]. increased the Vm,,~ for glucose 
transport, without affecting the Km. This suggests that 
both the rapid and long-term effect of phorbol esters 
are due to an increased number of glucose transporters 
on the plasma membrane or to incrca~d intrinsic 
activity of preexisting glucose transporters. Since the 
long-term effect of phorbel esters can be prevented by 
the addition of protein synthesis inhibitors (Fig. 2) and 
is associated with increased glucose-transporter mRNA 
(Fig. 3), it is more likely that at least this latter effect of 
TPA is due to an increased number of active trans- 
porters on the phisma membrane. 

Many studies have focused on the  acute effects of 
insulin and phorbol esters on glucose transport in a 
variety of cells [11-13]. In this report, we evaluate the 
long-term effects of insulin and phorbol esters on glu- 
cose transport. Although both insulin and phorbol es- 
ters produced a rapid stimulation of OMG uptake, 
phorbol esters also promoted a secondary, long-term 
stimulation of glucose transport which was associat©d 
with increased levels of GLUTI and GLUT3 mRNA. 
This latter finding, together with the sensitivity of this 
secondary increase in glucose transport to protein s ~ -  
thesis inhibitors, suggested that phorbol esters stimu- 
lated the synthesis of new transporter proteins. This 
additional long-term effect of phorbol esters may ex- 
plain why in cultured cells TPA seems more effective 
in stimulating glucose transport than insulin [29]. By 
contra~t, in the skeletal muscle, phorbol esters and 
intracellular lipid mediators generated by pho6pho- 
lipase C do not activate glucose transport to the extent 
of insulin [37]. This discrepancy between a cultured 
cellular model, which expresses mainly the GLUT1 
transporter isoform, and the intact muscle, which ex- 
presses mainly GLUT4 transporters, may be due to a 
differential sensitivity to activation by protein kinase C 
of GLUTI and GLUT4 transporters. 

A further difference between human fibroblasts and 
the stteletal muscle is in the differential sensitivity to 
long term insulin incubation. Prolonged incubation with 
insulin stimulates a protein synthesis-dependent in- 
crease in glucose transport by skeletal muscle [38]. By 
contrast, human fibrobla'~ts failed to increase their 
glucose transport after a prolonged incubation in the 
presence of insulin (Fig. 1). Studies in other cell types 
suggest that differential availability of functional in- 
sulin receptors might explain this discrepancy. In fact, 
in 3T3 F442A routine cells, insulin could stimulate the 
accumulation of GLUTI mRNA levels only after dif- 
ferentiation into adipocytes and expression of a high 
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n u m b e r  of  insulin receptors  [39]. G L U T 1  m R N A  accu- 
mulat ion became  insulin-sensitive when  3T3 F442A 
fibroblas(s were  t ransfected with normal  insulin recep- 
tors [39]. h u m a n  fibroblasts express  a relatively low 
n u m b e r  of  insulin receptors  (1000/cel l  [9]) as com- 
pa red  to muscle cell~. However ,  o the r  possible expla- 
nations,  such as  the  differential  availability of  t rans -  

factors capable of  modula t ing  gun' :  ,expression, could 
explain the different  long-term regulat ion o f  glucose 
t ransport  in fibroblasts as compared  to d i f fe rent ia ted  
cells. The  discordant  effects  o f  insulin and  T P A  on the  
long- term regulat ion of  glucose uptake  in human  fi- 
broblasts  may  be due to the  fact that these  compounds  
use di f ferent  s ignal ing mechan i sms  o r  that T P A  acti- 
va tes  an addit ional  subtype of  prote in  kinase C which 
is not  act ivated by insulin. Studies of  glucose t ranspor t  
and prote in  kinase C activity in the  skeletal  muscle 
support  the hypothesis  that insulin s t imula tes  glucose 
t ranspor t  independen t  o f  prote in  kinase C activation 
[37]. However  s imilar  s tudies  have not been conducted  
in human  fibl,,blasts, and  fur ther  s tudies are  requi red  
to evaluate  th~ involvement  of  prote in  kinase C in 
insulin action in these  cells. 
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