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Abstract-The action of rhein, 4,5 dihydroxyanthraquinone-2-carboxylic acid, on protein synthesis of 
neoplastic cells has been investigated. Rhein decreases amino acid incorporation in all cells tested. The 
inhibition of incorporation of labeled precursors into acid-insoluble material cannot be ascribed to an 
impairment of amino acid uptake, which is unaffected by the drug. Tests on cell-free system showed 
that rhein does not inhibit the TMV-mRNA directed in vitro protein synthesis, thus indicating that the 
protein machinery per se is not affected. The inhibition of protein brought about by the drug must be 
ascribed to an effect on the energy-yielding processes with a remarkable decrease in ATP content. The 
mechanism is similar to that of other metabolic inhibitors, but rhein, for its capability to inhibit both 
respiration and glycolysis, is effective at much lower concentrations. 

Traditional approaches to the chemotherapy of 
tumors have relied on the finding that rapidly divid- 
ing tumor cells are more susceptible to damage by 
agents which interfere with nucleic acid metabolism. 
Nevertheless, rapidly proliferating normal tissues are 
also damaged by some antineoplastic drugs and such 
toxicity limits drug utility. A rational alternative 
approach to cancer chemotherapy would be to ident- 
ify essential metabolic pathways that contain “regu- 
latory” enzymes of different enzymic composition 
than normal cells and to target these tumor-specific 
enzymes for chemotherapeutic inhibition [l]. 

In the last years several agents have been reported 
that act through a selective inhibition of tumor 
energy production [2-6]. One of the most promising 
compounds is Lonidamine, currently employed as an 
antineoplastic drug in human patients [7], which 
acts through a selective inhibition of mitochondrially 
bound hexokinase [2,3]. 

Furthermore, it has been demonstrated that rhein, 
4,5 dihydroxyanthraquinone-2-carboxylic acid, an 
anti-inflammatory drug [&lo], inhibits both res- 
piration and glycolysis of neoplastic cells [ll]. The 
decrease of oxygen uptake is related to the inhibition 
of electron transport at the dehydrogenase-coen- 
zyme level [12], whereas the reduced lactate pro- 
duction depends on the inhibition of glucose uptake 
1111. 

The observation that rhein inhibits the glycolysis 
of Ehrlich ascites tumor cells by reducing glucose 
uptake may be of particular interest considering that 
some degree of glucose catabolism is required for 
nucleic acid synthesis and to supply reducing equiv- 
alents for the biosynthetic processes [13-151. Rhein 
also decreases the growth rate of neoplastic cells 
in uitro (Floridi, manuscript in preparation). Since 

t To whom correspondence should be addressed. 
$ Abbreviations: TES, N-tris[hydroxymethyl]-2-amino- 

ethanesulfonic acid; DNP, 2,4 dinitrophenol; P,, inorganic 
phosphate. 

growth is an energy-requiring process, the ability of 
rhein to interfere with neoplastic growth strongly 
suggests that it might affect their synthetic pathways. 

The experiments described in this communication 
were undertaken to evaluate the effect of rhein on 
protein synthesis in tumor cells. The following ques- 
tions were addressed: (a) does rhein affect the incor- 
poration in vitro of labeled amino acids? (b) does 
rhein inhibit the uptake of amino acids? (c) is there 
a relationship between the inhibition of energy 
metabolism induced by rhein and amino acids incor- 
poration? (d) does rhein inhibit protein synthesis in 
a cell-free system? Answers to all of these questions 
are provided below. 

MATERIALS AND METHODS 

Cells. Ehrlich ascites and Sarcoma 180 tumor cells 
were grown in 2-month-old male Swiss mice. Klein 
sarcoma, Yoshida ascites and AS30D hepatoma 
tumor cells were grown in C3H mice, male Wistar 
rats and female Sprague-Dawley rats respectively. 
The cells were harvested 7 to 10 days after inocu- 
lation. The cells were withdrawn from the animals 
after death and resuspended in a medium containing 
final concentration of 10.5 mM NaCl, 5 mM KCl, 
50 mM TES,f pH 7.40 (NKT). The cells were centri- 
fuged at 2000g at room temperature and washed 
three times with NKT medium. The packed cells 
were resuspended at a concentration of 2 X lo7 cells/ 
mL. Contamination with other cells did not exceed 
0.4% according to differentiated counting of smears 
stained with the May-Grunwald method. The 
viability of the cells was routinely 95-98%, as indi- 
cated by Trypan Blue exclusion test. 

Assay of traslational actiuit); with whole cells. The 
incorporation of labeled amino acids was performed 
by incubating 0.2 mL of cellular suspension (4 X lo6 
cells) in 0.8 mL of NKT medium. The cells were 
preincubated for 10 min at 30” in a girorotary bath; 
then 50 &i of [3H]leucine (sp. act. 120 Ci/mol) was 
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added. Glucose, when present, was 10 mM final con- 
centration. The incubation was allowed to proceed 
for 60 min; at established intervals, 50 PL were with- 
drawn and spotted onto Whatman 3MM filter-paper 
disks. The disks were processed with cold and hot 
trichloroacetic acid (TCA) according to Mans and 
Novelli [ 161. After drying, the disks were transferred 
into scintillation vials and counted in a LS-1800 Beck- 
man liquid scintillation spectrometer with Aquassure 
scintillation liquid (New England Nuclear, Boston, 
MA, U.S.A.) at an efficiency of 60%. Results are 
always expressed as cpm incorporated/105 cells. 

Assay of uptake of labeled amino acids by whole 
cells. The uptake of labeled precursors and the effect 
of rhein was evaluated in Ehrlich ascites tumor cells. 
The cells (4 x 106) were preincubated for 10 min in 
0.8 mL of NKT buffer at 30”. Rhein was added to a 
final concentration of 65 PM. At the end of the 
preincubation time 50 &i of [3H]leucine or 2 &i 
of [r4C]protein hydrolysate (sp. act. 57 mCi/mmol) 
were added. Glucose, when present, was added 
together with labeled precursors at a final con- 
centration of 10 mM. The incubation was allowed to 
proceed for 20 min. The cells were then harvested 
centrifugation at 2000g at 4”, washed three times 
with cold NKT medium and then resuspended in this 
medium. The cells were disrupted by addition of 
sodium dodecylsulfate (SDS, 1% final concentra- 
tion) and all acid-insoluble material was precipitated 
by addition of an equal volume of 25% TCA. After 
1 hr at O”, the material was centrifuged for 15 min at 
13,000 g in a Beckman 521 centrifuge. An aliquot of 
supernatant (100 ,uL) was taken up and assayed for 
radioactivity in 5 mL of Aquassure li 
lation. Results were normalized as cpm 9 

uid scintil- 
10’ cells. 

Zero-trans influx was measured at 30” using an oil- 
stop procedure. Cells were suspended in NKT buffer 
at concentration of 2 x lo7 cells/ml and pre- 
incubated for 10 min in the presence or in the absence 
of rhein (65 PM). For transport measurements, 
0.25 mL of silicone oil (d = 1.050) and 0.2 mL of 
assay solution containing 12.5 &i of [3H]leucine 
were added to a 1.5 mL microfuge tube. At time 
zero, 0.2 mL of cell suspension was rapidly added to 
the assay tube which was placed in the microfuge. 
At indicated time the cells were spun through the oil 
(14,000g) to terminate uptake by the rapid sep- 
aration from the extracellular substrate. The super- 
natant and oil were aspirated and the bottom of the 
tube with cell pellet was clipped off and placed into 
7 mL scintillation vials. The pellet was solubilized 
with 50 ,uL of 10% SDS and 0.5 mL 1 M NaOH at 
65” for 2 hr. The solution was then neutralized with 
0.5 mL 1 M HCl and counted in 4.5 mL of Aquas- 
sure. Results were always expressed as cpm/lOs cells. 

Assay of adenine nucleotide concentration. The 
cells (2 X 10’) were incubated in a final volume of 
2.0 mL of NKT medium at 30” in a girorotary bath. 
Rhein and glucose, when present, were added at a 
final concentration of 70 PM and 10 mM respectively. 
The incubation was allowed to proceed for 1 hr. At 
the end of the incubation period the content of the 
flasks was added to 2.0 mL of ice-cold 0.5 M KOH and 
immediately deproteinized under vigorous shaking 
on Vortex. After 5 min standing in ice, 1 mL of 
ice-cold NKT medium was added and the solution 

transferred in a Centricon 30 (Amicon) and centri- 
fuged for 1 hr at 6000g at 0” in a Beckman 521 
centrifuge using JA-20 fixed angle rotor. One mL of 
the clear ultrafiltered solution was taken up and 
the pH adjusted to 6.50 by adding 0.3 mL of 1 M 
KH,P04 solution. The determination of adenine 
nucleotides (ATP, ADP, AMP) was performed 
by reverse-phase high-performance liquid chroma- 
tography. according to Stocchi et al. [18] with an 
LKB 2150 apparatus equipped with an Erbasil 5 pm 
Cl8 column (Carlo Erba, Milan, Italy). The appar- 
atus was connected to an Olivetti M24 computer 
through a Nelson Analytical series 900 interface. The 
analysis of chromatograms. as well as the integration 
of peak areas, was performed with a Nelson Ana- 
lytical Chromatographic Software. version 3.6. 
Quantitative measurements were carried out by 
injection of standard solutions of known concen- 
tration. 

Assay of traslational activity in vitro. To test the 
effect of rhein on a cell-free protein synthesis system, 
a nuclease-treated messenger-dependent rabbit reti- 
culocyte lysate was employed [17]. The incubation 
mixture contained in a final volume of 25 pL; 20 PL 
of nuclease-treated rabbit reticulocyte lysate. 3.5 FL 
of L-[‘?S]methionine corresponding to 37.5 &i, and 
1.5 PL of tobacco mosaic virus (TMV)-mRNA. 
Rhein at a final concentration of 70 PM was added 
in a 1 PL volume. Incubations were carried out at 
30”. [“‘S]Methionine incorporation was assayed as 
alkali-stable, acid insoluble radioactivity in 2 @L 
samples. 

Chemicals. [“H]Leucine, [ ‘“Clprotein hydro- 
lysate, L-[“?S]methionine, rabbit reticulocyte lysate 
(nuclease-treated. messenger-dependent) and TMV- 
mRNA were obtained from the Radiochemical 
Centre (Amersham, U.K.); TES was obtained from 
the Sigma Chemical Co. (St Louis, MO, U.S.A.); 
ATP, ADP, AMP, NAD, NADH, NADP, NADPH 
were purchased from Boehringer Mannheim, GmbH 
(Mannheim,F.R.G.). Allotherreagentswereofana- 
lytical grade and were purchased from BDH Italia 
(Milan, Italy). Rhein was a gift from Dr Vittorio 
Behar, Proter Laboratories. Opera, Milan, Italy. 

RESULTS 

Effect of rhein on the in vitro incorporation of amino 
acids by several tumor cell lines 

Table 1 shows the effect of rhein, both in the 
presence and in the absence of glucose. on the incor- 
poration of [3H]leucine into TCA-insoluble material 
by several ascites tumors. 

When the medium is supplemented with glucose, 
the radioactivity in the acid-insoluble material is 
remarkably higher only in the Yoshida ascites tumor, 
whereas it is lower in the Ehrlich and sarcoma 180 
tumor cells. The addition of rhein decreases the 
amino acid incorporation in all the cells tested, 
although the extent of inhibition depends on cell 
type. AS30D cells are the most sensitive, while 
Yoshida ascites and Klein sarcoma cells are the less 
responsive. 

When the respiration is the only energy-yielding 
process, i.e. in the absence of glucose, rhein is more 
effective in inhibiting amino acid incorporation. 
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Table 1. Effect of rhein on the in vitro incorporation of [3H]leucine by neoplastic cells 

Cells Control 

Glucose 

Rhein 

No glucose 

A% Control Rhein A% 

Ehrlich 61,088 -c 3520 32,240 2 2524 -46 69,608 + 3220 30,772 2 2980 -56 
Sarcoma 180 46,887 * 1325 25,085 f 824 -40 58,899 ‘- 2350 12,512 r 1000 -79 
AS30D 32,342 2 1800 10,282 + 875 -68 33,381 f 2320 9469 + 500 -72 
Yoshida 56,580 c 2780 48,666 * 1870 -14 48,320 2 1980 17,910 + 2520 -63 
Klein 43,544 -c 1850 35,664 ? 982 -18 43,952 * 1530 30,008 1 1827 -32 

The values are expressed as cpm/lOs cells. Each value ? SD was averaged from five different experiments 
performed in duplicate. The final concentration of glucose and rhein was 10 mM and 65 nM respectively. 

Table 2. Effect of rhein on the amino acid uptake by Ehrhch ascites tumor cells 

3H-Leucine 14C-Protein hydrolysate 

Additions No glucose Glucose No glucose Glucose 

None 40,579 ? 3520 40,981 + 4260 9083 2 1320 8089 t 1240 
Rhein 43,097 +- 2780 46,884 ? 3270 9634 t 985 9658 2 850 

The values are expressed as cpm/lO’ cells. Each value ? SD was averaged from five 
different experiments performed in duplicate. The final concentration of glucose and rhein 
was 10 mM and 65 FM respectively. 
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Fig. 1. Dependence of the rate of incorporation of [3H]leucine by Ehrlich ascites tumor cells on rhein 
concentration in the absence (A) and in the presence of 10 mM glucose (B). Each point was averaged 

from five different experiments performed in duplicate and yielded reproducible results (+6%). 

Klein sarcoma cells are again the less sensitive to the 
drug. 

Effect of rhein concentration on amino acid incor- 
poration 

The data reported above clearly demonstrate that 
amino acids incorporation is strongly inhibited by 
rhein. To establish the mechanism of action of the 
drug, systematic investigations were carried out on 
Ehrlich ascites tumor cells. The choice of this exper- 
imental tumor was mainly due to the fact that it was 
already employed to study the effect of rhein on 
tumor energy metabolism [ 111. 

Figure 1 shows the incorporation of [3H]leucine as 
a function of rhein concentration in the presence and 
in the absence of glucose. In the cells incubated with- 
out glucose (A), the incorporation of labeled com- 
pound decreases in a sigmoidal manner; half-maximal 

inhibition occurs at 44 PM and the maximal inhibition 
is reached at 100 PM rhein. The presence of 10 mM 
glucose in the incubation medium (B) does not affect 
the response at highest rhein concentration, whereas 
low drug concentrations are less effective. This dif- 
ference lies in the fact that low concentrations of rhein 
do not inhibit to a considerable extent the glycolysis. 
Concentrationsofrheinup to37.5 ,uMdonot decrease 
the incorporation of labeled amino acid into acid- 
insoluble material. Half-maximal inhibition is 
reached at 56 PM rhein. 

Effect of rhein on the kinetics of incorporation and 
on the uptake of amino acids 

Figure 2 shows the effect of rhein on the rate of 
protein synthesis in intact cells in the absence (A) 
and in the presence (B) of glucose. Without glucose, 
the control incorporates labeled [3H]leucine with an 
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Fig. 2. Kinetics of incorporation of [)H]leucine by Ehrlich ascites tumor cells in the absence (A) and in 
the presence of 10 mM glucose (B). (0) Control; (0) 65 PM rhein. Eqch point was averaged from five 

different experiments and yielded reproducible results (?5%). 

hyperbolic kinetics; the incorporation is linear during 
the first 30 min. Subsequently, the rate decreases and 
approaches to plateau. Rhein, at a final con- 
centration of 65 PM, determines a marked decrease 
in the rate of incorporation, but the kinetics is similar 
to that observed for the control. In the presence of 
glucose (B), the kinetics of incorporation is similar 
to that found in its absence, but the inhibition 
achieved by rhein is slightly lower. 

The reduced rate of incorporation brougmt about 
by rhein cannot be explained on the basis of the lack 
of precursors and cofactors, but must depend on a 
severe impairment of some factors which control the 
rate of protein synthesis. There is a well-recognized 
correlation between concentrative uptake of amino 
acids and the availability of chemical energy [19]. 
All compounds that inhibit either respiration or gly- 
colysis in tumors may cause a decrease in the uptake 
of amino acids. Such inhibitors include, among 
others, dicumarol [20], lipotropic agents [21,22] and 
specific antisera [23]. In view of the ability of rhein to 
interfere with respiration and glycolysis of neoplastic 
cells [ 111, the possibility that the inhibition of protein 
synthesis could be ascribed to a decreased amino 
acids uptake was tested. Data on the effect of rhein 
on amino acids uptake by Ehrlich ascites tumor cells 
are reported in Table 2. Rhein, both in the absence 
and in the 
uptake of [ P 

resence of glucose, does not inhibit the 
H[leucine and [14C]protein hydrolysate. 

The inability of rhein to interfere with amino acid 
transport is further confirmed by the data on zero- 
trans influx (Fig. 3). “Zero-trans” denotes the trans- 
port of a substrate from one side of the membrane 
to the other side of the membrane where its con- 
centration is initially zero. The amino acid is quickly 
transported through the cell membrane with an 
hyperbolic kinetics and the plateau is reached after 
1.5 sec. The addition of 65 ,uM rhein does not affect 
neither the time course nor the extent of the influx. 
In fact, the values obtained in the presence of rhein 
overlap those of the control. 

30 
seconds 

60 

Fig. 3. Zero-trans influx of [‘HJleucine in Ehrlich ascites 
tumor cells. The cells were resupended in NKT medium 
and pre-incubated for 15 min without (0) or with (0) 
65 PM rhein. Cells were mixed over an underlying layer of 
oil with radiolabelled leucine. Uptake was terminate, at 
indicated time, by centrifugation through oil. Each point 
performed in duplicate, was averaged from five different 

experiments and yielded reproducible results (26%). 

Effect of rhein on the adenylatepool, adenylate energy 
charge and on protein synthesis in a cell-free system 

The data reported above demonstrate that the 
decrease in protein synthesis brought about by rhein 
cannot be ascribed to a reduced amino acids uptake. 
Therefore, the hypothesis that the inhibition of 
amino acids incorporation could be related to the 
improvement of energy-yielding processes, was 
tested and the effect of rhein on adenylate pool and 
adenylate energy charge was investigated. 

Figure 4 shows a typical reverse-phase deter- 
mination of adenine nucleotides content in Ehrlich 
ascites tumor cells incubated 1 hr without glucose in 
the absence (A) and in the presence (B) of 70,~M 
rhein. In the control the greatest part of adenine 
nucleotides is present as ATP (82.3%), whereas 
ADP and AMP are 9.9 and 0.64% respectively. The 
incubation of the cells with rhein strongly reduces 
the ATP content (20.8%) and, conversely, raises the 
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Table 3. Effect of rhein on the adenylate energy charge in 
Ehrlich ascites tumor cells 

ATP 
I 

A 

4 6 6 

B 

min min 

Fig. 4. Representative reverse-phase determination of 
adenine nucleotides in Ehrlich ascites tumor cells incubated 
without (A) and with 701_1M rhein (B). The experiments 
were repeated with four different cell preparations and give 

reproducible results (24%). 

ATP 

I 

I 

A 

ATP 

Fig. 6. Effect of rhein on cell-free protein synthesis with a 
nuclease-treated TMV-mRNA directed rabbit reticulocyte 
lysate. (0) Control; (0) 70yM rhein; (A) no TMV- 
mRNA. The experoent was repeated three times and gives 

6 reproducible results (28%). 

min min 

Fig. 5. Representative reverse-phase determination of 
adenine nucleotides in Ehrlich ascites tumor cells incubated 
in the presence of10 mM glucose. (A) Control; (B) 70pM 
rhein. The experiments were repeated with five different 

cell preparations and give reproducible results (23%). 

concentration of ADP (20.8%), AMP (19.2%) and 
NADP+. When the medium was supplemented with 
10 mM glucose (Fig. 5) the chromatographic pattern 
is quite similar to that observed without glucose both 
in the absence (A) and in the presence (B) of rhein. 

On the basis of the data obtained by a quantitative 
analysis of the chromatograms, the effect of rhein 
on the adenylate energy charge [24] was evaluated 
and the values are shown in Table 3. Control cells, 
both in the absence and in the presence of glucose, 
appear to maintain the adenylate energy charge at a 
value of approximately 0.90, thus indicating that the 
ATP-regenerating reactions are activated. In the 

Adenylate energy charge 

No glucose Glucose 
A% A% 

Control 0.94 k 0.04 0.92 2 0.02 
Rhein 0.51 f 0.03 -46 0.62 t 0.01 -33 

Each value 2 SD was averaged from four different 
experiments performed in duplicate. The final con- 
centration of glucose and rhein was 10 mM and 70,uM 
respectively. 

v . 4 
t 

20 4b 60 
min 

cells incubated with rhein, but without glucose, the 
value of the adenylate energy charge is lowered to 
0.51 (-46%). This effect depends on a decreased 
ATP synthesis because of the inhibition of the oxi- 
dation of substrates entering first two energy-con- 
serving sites of the respiratory chain and of the 
oxidative phosphorylation [12]. In the presence of 
glucose, the inhibition of respiration in Ehrlich 
ascites tumor cells normally does not modify this 
metabolic parameter [a, 261, but rhein, by inhibiting 
also the glycolysis [ll], lowers the value of the 
adenylate energy charge to 0.62 (-33%). 

Therefore, these data clearly indicate that the 
inhibition of the incorporation of labeled precursors 
into acid-insoluble material of neoplastic cells 
depends on a decreased ATP availability. 

Nevertheless, the possibility that rhein might inter- 
fere with the synthetic protein machinery per se was 
investigated and Fig. 6 shows its effects in a cell-free 
system. The rabbit reticulocyte lysate, in the absence 
of TMV-mRNA, incorporates labeled amino acids 
to a very low extent. On the contrary, the complete 
system, i.e. with mRNA, shows a very high rate of 
incorporation which remains linear for 20 min, then 
decreases and approaches a plateau level. The 
addition of 70 PM rhein does not induce any modi- 
fication either in the rate or in extent of incor- 
poration. In fact, the values obtained with rhein are 
very close to those of the control and, in any case, 
not lower enough to justify a specific action of this 
drug on protein synthetic machinery. 
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DISCUSSION 

The observations recorded in this paper dem- 
onstrate that rhein decreases the rate of incor- 
poration of labeled precursors into acid-insoluble 
material by impairing energy-yielding pathways. 

Tests on the effect of rhein on a cell-free system 
showed that it does not inhibit TMV-mRNA- 
directed in vitro protein synthesis, thus indicating 
that the protein synthetic machinery is not affected 
per se. The inhibition of incorporation of labeled 
precursors into TCA insoluble material cannot be 
ascribed to a decrease of the uptake, which is unaf- 
fected by rhein. Although concentrative uptake is 
an energy-requiring process [27,28] and compounds 
that decrease the amount of available ATP should 
give a simultaneous inhibition of amino acid uptake, 
the extent of inhibition of the energy-yielding pro- 
cesses not always parallel that of amino acids uptake 
and incorporation [19. Nevertheless, in spite of the 
unaffected amino acid uptake, there is a reduced 
incorporation into TCA insoluble material. Freu- 
denberg and Mager [29] demonstrated that the rate 
of protein synthesis is correlated with ATP levels 
and that it is inhibited by the accumulation of the 
product of ATP splitting, i.e. ADP and AMP, which 
interfere with the process of peptide chain elong- 
ation. This inhibitory effect of ADP and AMP is not 
detectable under conventional methods of assaying 
protein synthesis in vitro because of their rapid con- 
version to ATP by the ATP-regenerating system 
included in the standard reaction mixture. Even 
though the inhibition of amino acid incorporation 
can be produced by agents which do not affect ATP, 
the inhibition is almost inevitable when ATP pro- 
duction is impaired. Therefore, the inhibition of the 
rate of protein synthesis in intact cells induced by 
rhein must be ascribed to a decreased ATP avail- 
ability as a consequence of the reduced rates of 
respiration and glycolysis. This conclusion is further 
supported by the observation that the extent to which 
rhein inhibits the incorporation of amino acids into 
acid-insoluble material depends on the presence of 
glucose since, in its absence, rhein is more effective 
in inhibiting the rate of protein synthesis. The ability 
of glucose to partially overcome rhein inhibition may 
be essentially ascribed to two factors. 

The first is that the neoplastic cells can utilize 
equally well the energy from respiration and glycoly- 
sis, both anaerobic and aerobic, for thier biosynthetic 
processes [30]. The uncoupling of oxidative phospho- 
rylation by DNP strongly decreases the incorporation 
of amino acids into proteins [31]. Nevertheless, the 
addition of glucose overcomes this inhibition since 
DNP stimulates the aerobic lactate production 
through an activation of mitochondrial ATPase 
which raises intracellular Pi concentration. However, 
the decrease in respiratory ATP is partially balanced 
by the increase of the glycolytic ATP, but if the 
aerobic glycolysis is inhibited the rate of incor- 
poration of labeled precursors is almost completely 
abolished [31]. Similar results, in a medium sup- 
plemented with glucose, were obtained with res- 
piratory inhibitors, such as cyanide, azide, 
oligomycin etc. [30,31]. Glucose stimulates protein 
synthesis through an increased ATP generation with 

a rise in steady-state levels of this nucleotide. This 
effect is a widespread phenomenon since it has been 
observed in a large variety of mammalian cells and 
tissues [22,31-351. 

The second factor lies in the mechanism of action 
of rhein. Rhein inhibits respiration, aerobic and 
anaerobic glycolysis in neoplastic cells [ll], but, as 
lonidamine [4], it needs mitochondria with electron 
carriers in a relatively oxidized state in order to exert 
its inhibitory effect on oxidative metabolism. Rhein, 
in fact, inhibits the oxidation of NAD-linked sub- 
strates as well as that of succinate only when it is 
stimulated by uncouplers or ADP. whereas it is 
ineffective on state 4 respiration [12]. Glucose, after 
an initial stimulation (1 min), inhibits the oxygen 
consumption and induced a more reduced state of 
cytochrome 6 [36]. Therefore, the low respiratory 
rate and the more reduced state of the carriers of the 
first two energy-conserving sites of the respiratory 
chain make the cells less sensitive to rhein. The effect 
of rhein on the rate of protein synthesis is similar to 
that observed for other metabolic inhibitors, but 
rhein, for its capability to inhibit both respiration and 
glycolysis, is effective at much lower concentrations. 

In conclusion, these data demonstrate that rhein 
is very effective in reducing the rate of protein syn- 
thesis of neoplastic cells in vitro by affecting the 
ATP availability and clearly indicate once more the 
feasibility of an antineoplastic chemotherapy that is 
not directed towards nucleic acid synthesis. 

Moreover, the observation that rhein lowers the 
intracellular ATP content could be of considerable 
importance because it strongly suggests that rhein 
might be employed as a biochemical modulator [37] 
to revert or to reduce the multidrug resistance of 
neoplastic cells by increasing steady-state drug levels 
through an impairment of the functional properties 
of 170 kDa P-glycoprotein (38,391. 
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