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Ahstract The initial rate of uptake of [‘H]prcdnisolonc by cultured NovikolP and Reuhcr rat hcpa- 

toma cells at IX was directly proportional to the hormone concentration in the medium between 

0.01 /urn and 5 mM. LJptakc of 0.05 /tM prednisolonc was not affcctcd h) 100 /tM dcxamcthasonc 
or deoxycorticosterone or by depletion of the cells of ATP hq prcincuhation in glucose-free medium 

containing KCN and iodoacetate. LIptake was also not affected by treatment of the cells with ncuramini- 
dase or phospholipase C and no countertransport of prcdnisolonc could hc demonstrated. Lptakc 

was also unaffected by a 5000-fold excess of o-glucose in the medium. in spite of the fact that predniso- 
lone acts as a simple competitive inhibitor of II-glucose transport. The results indicate that prednisolone 

is not taken up by the II-glucose or some glucocorticoid-specific transport system. hut rather enters 
both types of cells bj simple diffusion. Net uptake of prcdnisolonc by the glucocorticold-unrcsponsiw 

NovikoB cells ccascd uhcn the intracellular concentration was IO-IOO”,, higher than that in the medium 
rcgardlcss of the medium conccntrntion. indicating some nonspccitic bindin! of the hormone IO cellular 

components. At a concentration of 0.01 /IM in the medium the glucocorticold-responsive Rcuhcr hcpn- 
toma cells accumulated two to three times more prednisolone’cell than Novikoff cells. This concentra- 
tl\e effect dimmished at higher concentrations. mdicating saturation of binding sites. 

Glucocorticoids induce a number of effects in mam- 

malian cells. These include the inhibition of growth 
of mouse lymphoid [I] and L cells 121. the inhibition 
of II-glucose metabolism in various types of cells 
[3-X]. alterations in the surface membrane of certain 
hepatoma cells [9] and the induction of various 
enzymes in these cells and liver [ lO_ 151. An initial 
step in the action of glucocorticoids is the binding 
of the hormones to cytoplasmic receptor proteins 
[ 16-201. The hormone resistance of certain mutant 
lines of mouse L [I71 and lymphoma cells [I] and 
the unresponsiveness to enzyme induction of certain 
clones of hcpatoma cells [20] seem to be related to 
a decreased binding capacity for the hormone. The 
mode of cntr! of glucocorticoids into cells, however. 
has not been elucidated [21], and the possibility that 
an unresponsiveness of cells to glucocorticoids may 
also be regulated at the cell membrane level. there- 
fore, has not been ruled out. Nevertheless. studies on 
the incorporation of glucocorticoids into whole cells 
as a measure of their binding to intracellular rcccp- 
tors indicated that the entry of glucocorticoids into 
cells must be quite rapid. From a series of recent 
cxpcriments. it has been suggested that a stereospeci- 
fit transport system is involved in the uptake of 
triamcinolone acetonide bq a lint of mouse pituitary 
tumor propagated in culture 122. 2371. In contrast. out 
present results show that simple difl’usion is the sole 
process by which prednisolone enters cells of the glu- 

cocorticoid-unresponsive Novikoff hepatoma and the 
Reuber hepatoma in which tyrosine aminotransferasc 
and phosphoenolpyruvate carboxylase are induced by 
glucocorticoids [I I, 12. 141. Furthermore. the initial 
rates of uptake are about the same for both types 
of cells and arc not affected by the prcscnce of D-glu- 

cost. although prednisolone inhibits I,-glucose trans- 
port by both types of cells in a competitive manner. 

Novikoff rat hcpatoma cells (sublinc NISI-67) were 
propagated in suspension culture [24]. and cells in 
the exponential phase of growth were harvested and 
suspended to I x IO’ cells.!ml of basal medium 42 
(BM42B 1251) or @ucosc-free BM42B (BM42A 
[26]). Suspensions of cells wcrc supplemented with 
I)-glucose and r3H- 1.2.41 prednisolonc (Schwarz~~ 
Mann) and unlabeled prednisolone-2 I -sodium SLIC- 

cinate (Sigma) as indicated in the appropriate exper- 
iments and incubated on a gyrotory shaker. Duplicate 
samples of suspension were analyzed for radioactivity 
in total ccl1 material as follows. The cells were col- 
lected by centrifugation. washed once in 5 ml of 
balanced salt solution (BSS 1271). and suspended in 
0.2 ml of 0.5 N trichloroacctic acid. The mixtures were 
heated at 70 for 30 min and analyzed for radioacti- 
vity [24]. Other samples of cell suspension were ana- 
lyzed for radioactivity in acid-insoluble material [27]. 
Perchloric acid extracts were prepared from labeled 
cells and analyzed by ascending paper chromatogra- 
phy with various solvents as described previously 
[26. 271. The composition of the solvents was as fol- 
lows: solvent 9: 79 ml saturated ammonium sulfate. 
I9 ml of 0.05 M phosphate bull& (pH 6) and 2 ml 
isopropanol: solvent 2X: 30 ml of I M ammonium 
acetate (pH 5) and 70 ml of 95”,, ethanol: solvent 30: 
85 ml rl-butanol and I5 ml H20. 

H-35 Reuber rat hepatoma cells [3X] grew poorly 
in suspension and were therefore routinely propa- 
gated in monolayer culture in plastic tissue culture 
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Fig. 2. Initial rates of prednisolone mcorporation as a 
function of prcdnisolonc concentration in the medium. 
Samples of suspensions of I x IO’ NISI-67 ccllsjml of 
BM42A m (B) and (C) or BM42B in (A) were supplemented 
in (A) with 0.01. 0.02, 0.04. 0.1. 0.2 or 0.4 /IM [3H]prcdniso- 
lone (9000 cpm, pmole) or in (B) with 0.1. 0.2 or 0.4 I’M 
[“H]prcdnlsolonc (X000 cpm;pmole) or 0.4. 0.8, 1.4. 2. 4 
or 8 /IM [3H]prednisolone (500 cpm;pmole) or in (C) with 
lOO.OOOcpm [lH]prcdn~solonc/ml plus unlabeled predni- 
solonc to 0.1. 0.2. 0.5. 1, 7 or 5 mM. The suspensions were 
incubated at IX and duplicate l-ml samples were analyzed 
for radioactivity in total cell material after I. 3, 5. IO and 
20 min of incubation. The points represent averages of 

the duplicate 1 -min values. 

of 20000-fold higher concentrations of other glucocor- 
ticoids. such as dexamethasonc or deoxycorticoster- 
one in the medium. Depletion of the cells of ATP 
by incubation of the cells in a glucose-free medium 
containing 5 mM KCN and 5 mM iodoacetate([30] 
and in preparation) had also no effect on the time 
course of prednisolone incorporation (Fig. IA). 
Neither did pretreattncnt of cells with neuraminidase 
or phospholipase C (Fig. IB). which was found to 
markedly inhibit the incorporation of triamcinolone 
acetonide by cultured mouse pituitary tumor cells 
[X]. The shapes of the incorporation curves were 
about the same at various concentrations of predniso- 
lone between 0.01 /tM and 5 mM, that is. maximum 
intracellular levels were attained within about 15 min 
(not shown). The I-min values of such time courses 
of incorporation wcrc taken as estimates of the initial 

rates of prednisolone uptake. The results in Fig. 2 
show that the initial rate of uptake at I8 was directly 
proportional to the concentration of prednisolone in 
the medium between 0.01 PM and 5 mM. Thus. pred- 
nisolone uptake was not stereospecific or energy 
dependent. and nonsaturatable at least to a concen- 
tration of 5 mM. These results are consistent with the 
view that prednisolone was taken up by NISI-67 cells 
by simple diffusion through the membrane. This con- 
clusion is supported by the finding that countertrans- 
port could not be demonstrated for prednisolonc (Fig. 
IC). When Nl Sl-67 cells pere preloaded with IO mM 
of unlabeled prednisolone and then exposed to 
0.05 ELM [3H]prednisolone, the initial time course of 
uptake of radioactivity was about the same as in the 
control cells which had not been prcloaded. Counter- 
transport has been demonstrated to occur in N 1 Sl-67 
cells with various substrates that enter these cells by 
facilitated diffusion [31.32]. It has been observed that 
lowering the ATP level in Chinese hamster ovary cells 
results in an acceleration of the entry of various sub- 
strates that seem to enter cells by simple diffusion, 
suggesting that ATP is involved in establishing a bar- 
rier to simple diffusion in animal cells 1333. Our 
results in Fig. IA do not support this view for predni- 
solone uptake in NISI-67 cells since uptake was the 
same in normal and ATP-depleted cells. 

The experiments illustrated in Fig. I and 2 were 
conducted at I8’, because at this temperature incor- 
poration was slow enough to allow the estimation 
of initial rates of uptake, whereas at 37- uptake was 
too rapid for obtaining accurate initial rates (Fig. 3). 
However, all experiments described so far were also 
conducted at 37’. The results (not shown) were similar 
to those at IX‘, in that incorporation was not affected 
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Fig. 3. Effect of temperature on prednisolone incorpor- 
ation. Samples of NISl-67 cells were suspended to I x IO’ 
cells/ml of BM42B pre-equilibrated at the indicated tem- 
peratures. The suspensions were supplemented (zero time) 
with I LAM [3H]prednisolone (230 cpm/pmole) incubated at 
the appropriate temperatures. Duplicate I-ml samples were 
analyzed for radioactivity in total cell material. All points 

represent averages of the duplicate samples. 



by, other glucocorticoids. or I>? treatment wirli ncur;l- 

minidase or phospholipase c‘. or prcloading (hc ccllz 

with 10 mM prednisolone. and occurred normally in 

KCN- iodoacctatc-treated cells. 
One finding not cntirclv consistent with the simple 

diffusion model for pr&isolone uptake was that the 

glucocorticoid accumula~cd slightI> againjl ;I conccn- 

tration gradient regardless of the tcmpcl-atul-c 01‘ inu- 

bation (Fig. 3). Based on an average ccl1 ~olum 01 
about 20 ~~1~10’ cells [+!I. rlic tnaimum intraccllulai 
concentration was bet\veen 30 and 1 OO”,, higher Ihan 

the extraccllular concentration c\cn when the cells 

were cxposed to millimolx concentration\ 01‘ prcdni- 

solone (Fig. 4). The latter finding suggcstz lhat the 

apparent accumulation of prcdnisolonc against ;I COP 
ccntration gradient was not onl! tluc to tbc binding 

of the hormnnc to cytoplasmic 1101.monc rcccpk~r~ 

[ lh--XI]. It scans. in part at least. to rcllccl ;I non-spc- 
cific interaction of prcdnisolone with ccl1 componcn~s. 
smcc it was not nffccted by the pt-e~ncc of high COP 

ccntrations ol’ olhcr plucocorticoids (I- ig. 1 A ). The 

nature of this interactiori oi- 01‘ the ccl1 coniponciits 

involved is not kno\nn. but ;I similar xcumtllation 

against a conccnlration gradicnr ha\ been obscr\ccI 
with othcl- glucocorticoids in HTC‘ hepatoma cell5 
[I. 35. ih]. Some saturation of thcsc cell componenls. 
however. seems to be invol\cd. Gncc the Iratio of intra- 

cellular to c\ctracellulnr concentration 01‘ prcdtiisolonc 

was lower at B high than at ;I low concentration 01 

the hormone in the medium (Fig. 3). Thi\ dill’crcncc 

was most apparent in experiments in which duplicnte 

samples of ccl1 suspension bvere supplcmentcd with 
the same amount of [‘Hlprcdnisolonc (0.05 I’M: 

300.000 cpq ml) and one of the samples w;15 alao ‘iu17- 
plemented with 2 mM unlabclcd prcdnisolonc. Kcpu- 

1x1! the amouiif 01’ radioactivity ;iccumLil~rted b> the 

cells in the latter suspension L\;IS bct\hccn 70 and 30 
pc‘l- csnl lo\+cr than that accutnulatcd h) the cells 

in the control suspension (Fig. SA). This ditrurcncc 

might have rcllcctcd binding to specific rsccplor sites. 

lIpon ~\ashiny of the [‘H]l~rcdnisolonc-labeled ccII\ 
xnd incuhatlon in fresh medium. ;I large proportioti 

(ahout (10 pcl- cent) of the accumul;~tcd prcdnisolonc 

\I;IS rclcaacd rrom the ccl15 wlicthcr the cells had hecn 

lalxlcd with 0.05 j/M ot- 1 mM I-~H])~rcdnisolone (Fig. 

5A). 4 second M.;IS~ and incubation in flrcsh medium 

i-csullcd in the rulcasc of 50 per wit of the residual 

radioxlivit\ lxil mor( 01‘ the rcmaindcr 0I‘ the 

radio:tctivi(j (ahouc 15 pc’r cent of lhc lotal aswciatcd 

iniGall\ with the cells) rcmnined ccl1 hound regardlcs~ 

of how often the cells \vct-c washed (not sho\vn ). Thus. 
the inkraction of most of the prcdnisolonc ~4 ith ccl1 
components II;IS rcadil) irc\crsihlc. Rcc:rusc of ttii\ in- 

kxtction of prednisolonc with ccl1 components it i5 

not entirely clear \zheth~‘r rhc etkct OK tcmpcraturc 

on the initial ratu 01‘ incorporation (I-min ~~~lucs. Fig. 

3) solcl! rcllcctcd XI ctkt on uptahc or also on bind- 
ing to cell conyxmxits. .Although accurate ~lucs 
co~~ld not hc obtained f’rom thcsc data. the Q,,, fol 
the initial r;ilc of prcdnisolonc incorporation sxniecl 

to fall bet\bccn I .2 and I .6 (F’is. 3). 
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Fig. 6. Maximum intracellular concentration of predniso- 
lone accumulated by H-35 cells as a function of the predni- 
solone concentration in the medium. The details of the 
experiment are described in the legend to Fig. 7. Ali points 
represent averages of the duplicate 20-min incorporation 
values. The dashed line indicates direct proportionality 

between intracellular and extracellular concentration. 

Results with H-35 cells were very similar to those 
obtained with NlSl-67 cells, except that at low con- 
centrations of the hormone (0.01 to 1 PM) H-35 cells 
accumulated two to three times more pre~isoione 
on a per cell basis than Nl Sl-67 cells (Fig. 6). Since 
the overall volume of H-35 cells is approximately the 
same as that of NlSl-67 cells (about 204’10’ cells), 
the ratio of intracellular to extracellular concentration 
at these low concentrations was even higher in H-35 
than in NlSl-67 cells. A slightly increased intracellu- 

lar accumulation of glucocorticoids at low concen- 
trations has also been reported for another glucocor- 
ticoid-sensitive hepatoma cell line, HTC [ 1.26.271, 
and related to the binding of hormone to cytoplasmic 
receptors [l]. H-35 cells have been shown to possess 
a receptor protein similar or identical to that of nor- 
mal rat liver [37]. Nonspecific binding as observed 
with N I Sl-67 cells. however, also occurred with H-35 
ceils, since the ratio of intracellular to extracellular 
concentration was greater than I even at millimolar 
concentrations of the hormone (Fig. 6). 

The initial rates of prednisolone uptake (I-min 
values) by H-35 celis, as by NlSl-67 cells. were di- 
rectly proportional to hormone concentration (Fig. 
7), and the initial rates of uptake were about the same 
for both types of cells (compare Figs. 1 and 7). For 
instance, at 8 FM predni~loI~e in the medium the in- 
tial rates of uptake were 110 and 140 pmolcsjl0’ 
cells/min for NlSl-67 and H-35 cells respectively. 
These results suggest that glucocorticoids enter both 
types of cells by simple diffusion and that they enter 
~lucocorticoid-respons~~~~ and -unresponsive cells 
equally well. Furthermore. the uptake of prednisolone 
by either cell type was not affected by the presence 
of 10mM u-glucose in the medium either at 1X or 
37’- (see Fig. 5B for NISI-67 cells), in spite of the 
fact that prednisolone has approximately the same 
affinity for the D-glucose transport system of NI Sl-67 
cells as the substrate itself 181. This conclusion was 
indicated by the finding that the K, for the competi- 
tive inhibition of 2-deoxy-u-glucose transport by 
prednisolonc was about the same as the K, for 
?-deoxy-u-glucose or I>,-glucose transport (I- 2 mM). 
Additional studies have shown that the r)-glucose 
transport system of H-35 cells is inhibited by prcdni- 
solone to a similar extent as that of NISI-67 cells: 
the Ki for the competitive inhibition of 2-dcony-r>- 
glucose transport at 37’ was approximately IOmM. 
The results indicate that prednisolone interacts with 
and blocks the u-glucose transport system without 
being itself transported by the system. The physiologi- 

PREONtSOLONE(yM1 

Fig. 7. Uptake of prednisolone by H-35 cells as a function of hormone concentration in the medium. 
Petri plate cultures (S-cm diameter) of H-35 cells (3.5 x IO’ cells/plate) were rinsed with cold BM42A 
and then overlayed with 1.5 ml of 18’ BM42A containing (A) 0.01. 0.02. 0.04. 0.1. 0.2 or 0.4ftM 
[3H]prednisolone (8000cpm/pmoles) or (B) 0.4. I. 2, 4 or 8 JIM [3H]prednisolone (5OOcpmjpmole). 
The plates were incubated at room temperature, and at I and 20 min of incubation duplicate plates 
were analyzed for radioactivity in total cell material. All points represent averages of duplicate plates. 



I4Y-I P. Cr. W. PI.AGMANN and J. EKEI 

cal significance of this inhibition of I)-glucose trans- 

pal-t is uncertain. holier. since the effect is apparent 

only at tlnl~1~~siologic~~l~~ high concentrations of pred- 
nisolonc and since glucocorticoid-responsive and 

-nnrcspc)nGve cells w-c equally affected. 

Our finding that prednisolone enters. equally well. 
glucocol-ticoid-rcsponsiv~ and -unresponsive hcpa- 

toma cellx and that uptake is by simple diff&ion COP 
trast\ with the report of Harrison (jr (I/. [E 231 that 

trlamcinolonc xcronidc cntcrs cultured mouse pitui- 
tar> ~id~noc~lrciii~~iii~i cells b! a stcrcospecific trans- 

port r!~,tcrn. Their conclusion. however. may not he 

~~~~r~-x~~cd. since these investigators did not clearly 
distinguish bctwccn glucocorticoid uptake and bind- 

~ng. NC) initial rates of uptake. saturation kinetics or 

\tcl-ajspccificit! of uptake \+cre demonstrated. The 

cc)nclujion of these investigators M’;IS largely based 

on the tcmpcl-aturc‘ dcpcndcnce of incorporation of 
IJK hot-monc h! the cells und on differences in the 

tinic court\ of binding of the substrate hy whole cells 

and cell-I’I-CC e\ctrxtj. The Arrhcnius plot of whole 

cell inco~-~~c)~-~~tlon of triamcinolone ucetomide cxhi- 
hited ;I lcmpcratui-e transItion at I6 L21]. but this 

~+scr\atlon M;IS tvohahl~ unrelated to glucocorticoid 
nplnkc since cquilihrium conccntrutions of hormone 

M crc anal>4 rather than initial rates of uptake. 
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