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A. Introduction 

Glucocorticoid hormones are known to 
have a wide variety of molecular effects 
by induction or repression of proteins at 
the transcriptional level via a receptor 
system. Glucocorticoids, depending on 
the nature of the target tissue, can not 
only regulate carbonhydrate, protein and 
nucleic acid metabolism but can also ac
celerate or inhibit cellular growth or dif
ferentiation. Among the cell types that 
involute during prolonged exposure to 
steroids are certain lymphocytes and 
lymphoma cells. This effect is the basis of 
steroid therapy for malignant lympho
mas. The steroid-induced death of lym
phoma cells has morphological charac
teristics clearly distinct from necrosis, 
i.e., early alterations of the nuclear struc
ture together with progressive reduction 
of the cellular volume but preservation of 
the integrity of cytosolic organelles [1] 
which are altered early during necrosis. 
This second type of cell death, called 
apoptosis, represents an active process 
involving an alteration of the pattern of 
active genes [2] in contrast to necrosis 
which is the consequence of environmen
tal perturbations. 

While the therapeutic potential of cor
ticosteroids has been known for many 
years, the molecular basis of the steroid
triggered cytolysis of lymphoma cells has 
not been elucidated. In this contribution, 
an overview of the possible molecular 
events leading to the lysis of S49.1 mu-
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rine lymphoma cells as well as the impli
cations for the therapy of malignant 
lymphomas are presented. 

B. Two Phases of Glucocorticoid Action 
on Lymphoma Cells 

S49.1lymphoma cells exposed to the syn
thetic glucocorticoid dexamethasone re
spond to the steroid challenge by various 
metabolic alterations. Among the earliest 
effects is a reduction in the rate of glucose 
and amino acid transport [3], followed by 
a decrease in the rate of DNA, RNA and 
protein synthesis [4, 5]. These findings 
suggest that the first action of glucocorti
coids is to switch cells from the prolifer
ating to the nonproliferating state. This 
initial steroid effect is reflected by an ac
cumulation in G 1 of the cell cycle [6]. 
This was confirmed by the experiment 
shown in Fig. 1. Glucocorticoid-induced 
cell death is initiated after a lag phase of 
about 24 h (Fig. 1 A). During this time 
the steroid effect is fully reversible, i.e., 
when the glucocorticoid was removed 
and the cells cloned in soft agar no reduc
tion in the colony forming ability was 
detectable before 24 h (Fig. 1 B). In con
trast, when lymphoma cells were treated 
with glucocorticoids, washed at various 
times to remove the steroid, and incubat
ed further until day 3 after hormone 
addition, a pronounced decrease of the 
growth rate was detectable even when the 
cells were exposed to the steroid for only 
6 h (Fig. 1 C). Consequently, two phases 
of glucocorticoid action on lymphoma 
cells can be discriminated, a reversible 
cytostatic phase followed by an irre
versible cytolytic phase. This finding sug-
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Fig. 1 A-C. Cell death (A), colony forming ability (b) and growth rate of dexamethasone
treated lymphoma cell cultures (C). S49.1 lymphoma cells were seeded and treated with 10- 7 M 
dexamethasone. At the times indicated the cell viability (A) of dexamethasone-treated or control 
cultures was determined, or the cells were washed and reseeded at the same densities and the 
colony forming ability (B) was measured, or the number of living cells was monitored on the 
third day after steroid addition (C) as described in [7] 

gests that the two processes are the result 
of distinct molecular mechanisms. 

Since steroid "toxicity" depends on the 
growth rate, with a high number of lysed 
cells appearing under suboptimal growth 
conditions versus a lower number under 
optimal conditions [7], one can speculate 
that steroid-mediated growth inhibition 
may be brought about by interference 
with the growth-regulating system, either 
directly or indirectly by depression of the 
synthesis of autocrine growth factors. 

C. Autocrine Growth factors of S49.1 
Lymphoma Cells 

Dilution of S49.1 cell cultures drastically 
reduces the growth rate, an effect which 
can be reversed by addition of condi
tioned medium and which points to the 
dependence of lymphoma cell prolifera
tion on autocrine growth factors [7]. The 
nature of the factor(s), however, remains 
as yet unknown. Neither interleukin 2 
nor other interleukins tested, including 
interleukins 1, 3 and 4, showed growth 

stimulating potential (Wie1ckens, unpub
lished observations). 

Charcoal treatment of conditioned 
medium, however, revealed that one of 
the growth promoting factors is a small 
molecule with high affinity to charcoal. 
Since metabolites of arachidonic acid 
which bind strongly to activated charcoal 
have been shown to promote growth of 
cultured cells [8, 9] we first tested whether 
at least one of the autocrine growth fac
tors is derived from arachidonic acid. 
Since the nonspecific lipoxygenase in
hibitor nordihydroguaiaretic acid com
pletely blocked S49.1 cell proliferation, 
in contrast to the cycloxygenase inhibitor 
indomethacin, the growth factor ap
peared to be a product of the lipoxy
genase pathway. Of the metabolites test
ed (5-hydroxyeicosatetraenoic acid = 5-
RETE, 8-RETE, 9-RETE, 12-RETE, 
15-RETE, lipoxins A and B, leukotrienes 
B 4 , C4 , D 4 and E4), only leukotriene B4 

could restore the reduced growth rate in 
lymphoma cell cultures with low cell 
numbers, suggesting a critical role of this 
factor under the test conditions [7]. Even 
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the precursor arachidonic acid did not 
significantly affect lymphoma cell prolif
eration. Furthermore, it was shown that 
S49.1 cells synthesize nanogram amounts 
of leukotriene B4 , arguing for it having a 
role as an autocrine growth factor [7]. 

As suggested by the lack of a pro
nounced effect of leukotriene B4 on 
colony-forming ability in soft agar, how
ever, S49.1 lymphoma cell growth ap
pears not to depend only on this arachi
donic acid metabolite. When cells are 
seeded at a still higher dilution than in 
the low density cell multiplication assays, 
the concentration of other essential au
tocrine growth factors may fall under a 
critical level. Therefore, it can be con
cluded that the diluted cell cultures still 
contain enough of other growth factors 
necessary to sustain lymphoma cell pro
liferation. Preliminary experiments sug
gest that at least two additional growth 
promoting factors are present in condi
tioned medium, one probably a protein, 
the other possibly a small molecule 
derived from arachidonic acid. 

The antiinflammatory effect of corti
costeroids has been attributed to inhibi
tion of arachidonic acid release by induc
tion of a phospholipase A2 inhibitor, 
thereby blocking the formation of 
prostaglandins, leukotrienes and other 
hydroxyeicosatetraenoic acids [10). The 
critical role of leukotriene B4 suggests 
that the same mechanism is responsible 
or at least partially responsible for the 
antiproliferative effect on lymphoma 
cells. This notion is supported by the 
finding that dexamethasone abolished 
leukotriene B4 synthesis almost com
pletely [7]. In contrast to control cultures, 
where leukotriene B4 was detectable at a 
constant level within 6 h, no leukotriene 
B4 was detectable in dexamethasone
treated cultures. Since addition of 
leukotriene B4 to dexamethasone-treated 
lymphoma cultures failed to reverse the 
growth inhibition, glucocorticoids ap
pear to induce growth inhibition by more 
than one mechanism. It must be postulat
ed that glucocorticoids also block the 
synthesis of other autocrine growth fac-
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tors and/or the synthesis of growth factor 
receptors. 

D. Glucocorticoid-Induced Lymphoma 
Cells Lysis 

After accumulation of lymphoma cells in 
G 1 of the cell cycle by interference with 
the growth regulating system, glucocorti
coids initiate cell lysis. The mechanism of 
corticosteroid-induced cell death has 
been subject to great controversy. It was 
proposed that it is the final response to 
an accumulation of various alterations of 
cellular metabolism [2]. This hypothesis, 
however, did not explain the early alter
ations of chromatin structure after corti
costeroid challenge which are character
istic for apoptotic processes and which 
point to the nucleus having a particular 
role in the lytic event. 

More recently it was postulated by 
Wyllie [11] that glucocorticoids activate 
an endonuclease in lymphatic cells, lead
ing to the digestion of internucleosomal 
DNA and resulting in the discrete distri
bution of DNA fragments observed fol
lowing extraction and separation on 
agarose gel [11]. The characteristic frag
ment pattern, corresponding to the DNA 
of oligo- and monosomes, has also been 
found in S49.1lymphoma cells [7].lt can
not be ruled out, however, that DNA 
fragmentation occurs after cell death and 
merely represents a post-mortem phe
nomenon. This notion is supported by 
the finding that a comparable DNA frag
ment pattern is also detectable in cells 
treated by other toxic agents such as flu
oride, azide, or cycloheximide ([12] and 
Wie1ckens, unpublished observations) 
and is therefore not related to death by 
necrosis or apoptosis. That a DNA frag
mentation process could indeed be cru
cial for glucocorticoid-induced lympho
ma cell lysis can be demonstrated by 
an indirect approach supporting Wyllie's 
postulate; however, the mechanism ap
pears to be much more complicated than 
originally assumed. 

The poly(ADP-ribosyl)ation reaction 
is a nuclear protein modification reaction 



utilizing NAD and catalyzed by a chro
matin-bound, DNA-dependent enzyme, 
the poly(ADP-ribose)synthetase [13]. 
The enzyme polymerizes and transfers 
ADP-ribose moieties from NAD to chro
matin proteins such as histone H2B or 
topoisomerase I [14, 15]. Moreover, the 
poly(ADP-ribose)synthetase is extensive
ly automodified [16]. In intact DNA 
poly(ADP-ribose)synthetase is almost 
inactive but the enzyme is strongly acti
vated by the introduction of strand 
breaks [17]. Therefore, it was proposed 
that the poly(ADP-ribosyl)ation reaction 
is involved in the DNA repair process 
[18]. The hypothesis of its involvement in 
DNA repair is now generally accepted, 
although the exact role of poly(ADP)-ri
bosyl)ation during DNA repair has yet 
to be elucidated. 

Since DNA fragmentation either by 
alkylating agents or irradiation activates 
the poly(ADP-ribosyl)ation reaction [19, 
20], an increase in poly(ADP-ribose)syn
thetase activity, a rise in the nuclear 
poly(ADP-ribose) content, and a de
crease in the NAD level could reflect 
DNA fragmentation as well as activation 
of DNA repair. When S49.1 lymphoma 
cells were treated with dexamethasone 
and the poly(ADP-ribose)synthetase ac
tivity in permeabilized cells determined 
at various times after steroid addition, it 
became obvious that the poly(ADP-ribo
syl)ation system was indeed activated 
during corticosteroid treatment. The 
amount of active enzyme increased up to 
fivefold in dexamethasone-treated cells 
(Fig. 2). By contrast, the amount of ac
tive enzyme in control cells was almost 
stable. The finding of activation of the 
poly(ADP-ribose)synthetase in dexa
methasone-treated lymphoma cells was 
further supported by analysis of protein
bound poly(ADP-ribose) which revealed 
a significant increase in the amount of 
polymeric ADP-ribose residues [21] dur
ing the steroid challenge. Moreover, a de
cline in the NAD level, the substrate of 
the poly(ADP-ribosyl)ation reaction, 
was detectable many hours before ce111y
sis [22] and could be suppressed by addi-
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Fig. 2. Activation of poly(ADP-ribose)syn
thetase in dexamethasone-treated S49.1 lym
phoma cells. Cells were incubated in the ab
sence or presence of 10- 7 M dexamethasone 
(+dex) for the times indicated, and the per
centage of active poly(ADP-ribose)synthetase 
was determined as described in [21] 

tion of an inhibitor of poly(ADP-ribose) 
formation. The antagonistic effect of 
poly(ADP-ribosyl)ation in glucocorti
coid cell death was also reflected by a 
strong potentiation of glucocorticoid 
toxicity by inhibitors of poly(ADP-ribo
syl)ation such as benzamide [21, 22]. 

From these data it can be concluded 
that glucocorticoids really activate an en
donuclease, which leads to DNA frag
mentation. The activation of DNA re
pair mechanisms, however, antagonizes 
the DNA damage as long as sufficient 
NAD is present. Ultimately, the con
sumption of NAD limits the ability to 
repair DNA, and the consequent alter
ations of DNA repair capacity and 
breakdown of the energy metabolism to
gether bring about cell lysis (Fig. 3). 

Interestingly, benzamide not only en
hanced the steroid toxicity but also shift
ed the initiation of cell death to earlier 
times. In S49.1 cell cultures treated only 
with glucocorticoids, cytolysis did not 
occur until 20-24 h following steroid ad
dition [21]. When dexamethasone and 
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Fig. 3. Possible sequence of phases in response to glucocorticoid challenge 

benzamide were combined, however, 
lysed cells appeared about 10 h earlier 
[22], a phenomenon easily explained by 
the idea that DNA repair, including the 
poly(ADP-ribosyl)ation reaction, antag
onizes the glucocorticoid-induced DNA 
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fragmentation. Taken together, the data 
suggest that three phases in the effect 
of glucocorticoids on lymphoma cells 
should be discriminated: a reversible 
cytostatic phase, a reversible precyto
lytic phase where endonuclease-mediated 



1. Normal tissue turnover 
2. Embryogenesis 
3. Atrophy of endocrine dependent tissue 

(e.g., prostate, adrenal cortex) 

Table 1. Occurrence 
of apoptosis 

4. Treatment with glucocorticoids (lymphocytes, lymphoma cells) 
5. Tumor regression 
6. X-irradiation or radiomimetic cytotoxic agents 
7. T -cell-mediated cell killing 
8. Cold shock 
9. Treatment with tumor necrosis factor 

10. Treatment with lymphotoxin 

DNA breakage is antagonized by DNA 
repair, and an irreversible cytolytic phase 
when the NAD pool is exhausted. 

Cellular suicide processes comparable 
to those during glucocorticoid-induced 
lymphoma cell death have been demon
strated under a wide variety of condi
tions (Table 1). Therefore, a cellular sui
cide system could be essential for the de
velopment and homeostasis of a multi
cellular organism and it is possible that a 
system similar to that observed in 
lymphoma cells but triggered by other 
stimuli is present in nearly every eukary
otic cell. Moreover, the suicide system 
could be also involved in prevention of 
malignant transformation. 

E. Conclusions 

From our data it can be concluded that 
the therapeutic potential of glucocorti
coids in the treatment of malignant 
lymphomas is not yet fully realized. The 
effectiveness of steroid therapy could be 
dramatically increased by combination 
with agents interfering with the cytostatic 
or cytolytic potential of the hormone, 
such as compounds which block the syn
thesis or binding of growth factors (e.g., 
inhibitors of the lip oxygenase pathway 
[7] or suramin [23]) or inhibitors of the 
poly(ADP-ribosyl)ation reaction, and 
this may cause no increase in undesirable 
side effects. Consequently, it is worth 
while investigating which growth factors 
are necessary for the proliferation of an 
individual type of lymphoma or leu-

kemia and developing specific anti
growth factors such as protein growth 
factor analogs which have no intrinsic 
activity made by site-directed mutagene
sis, antibodies against growth factor re
ceptors, suramin analogs with decreased 
systemic toxicity, or inhibitors of certain 
lipoxygenases. The combination of corti
costeroids with inhibitors of poly(ADP
ribosyl)ation could also provide a novel 
approach to the treatment of malignant 
lymphomas. To date, however, no clini
cally suitable inhibitor of poly(ADP-ri
bose)synthetase is available. 
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