


INDUCTION BY BUFALIN OF DIFFERENTIATION OF HUMAN LEUKEMIA CELLS

of inhibition was calculated as:
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OH

HO
Fig. 1. The chemical structure of bufalin.

with NBT for 20 min, they were examined microscopically. Phagocytic
activity was determined by measuring the capacity of the cells to engulf
polystyrene latex particles (average diameter, 0.81 Â¿im;Difco Labora
tories). Leukemia cells (1 x IO6cells/ml) were suspended in serum-free
Eagle's minimum essential medium containing 0.2% latex particles and
incubated at 37Â°Cfor 4 h. After incubation, the cells were washed once

with phosphate-buffered saline. The cells containing more than 10 latex
particles were scored as phagocytic cells. Cytospin slide preparations
were cytochemically stained for a-naphthyl acetate eaterase and AS-D
chloroacetate esterase by standard techniques (23). The presence of Fc
receptor was assayed by measuring erythrocyte-antibody rosette forma
tion using sheep erythrocytes coated with rabbit anti-sheep erythrocyte
antibody (24).

Morphologic assessment of the cells was made on cytospin slide
preparations stained with Gruenwald's-Giemsa's.

Assay for Growth Inhibition. Cells were seeded at 2 x IO5 cells/ml

and incubated for 3 days after the addition of bufalin. The percentage

100 --x 100

where T and C were the numbers of cells in treated and control cultures,
respectively.

Cell Cycle Distribution. To measure DNA content, cells were incu
bated for 15 min at 4Â°Cin RPMI containing 0.05% (w/v) NP-40 and 50

mg/ml propidium iodide. DNA histograms were then generated with a
Coulter Epics Elite flow cytometer (Japan Scientific Equipment Co.,
Tokyo, Japan) with an argon laser operated at 200 mV and at an
excitation wavelength of 480 nm.

Assay for the Inhibition of Na+/K4-ATPase. The activity of NaV
K+-ATPase was measured as the rate of release of inorganic phosphate

(PÂ¡)(25). The incubation mixture contained 110 HIM NaCl, 3 m\i
MgCl2, 30 mMTris-HCl (pH 7.8), 10 HIMKC1,and 3 miviATP, in a final
volume of 1.0 ml; the enzyme concentration ranged between 0.25 and 5
Mg/incubation. The reaction was started by the addition of ATP and was
allowed to proceed for 15 min at 37Â°C.Bufalin, cinobufagin, ouabain,

and digitoxigenin were added to the reaction mixture without ATP. The
reaction mixture was preincubated for 10 min, and the reaction was
started by the addition of ATP. The reaction was terminated by placing
the tubes containing the reaction mixture on ice, and ATPase activity
was measured by determining the amount of inorganic phosphate re
leased from ATP (25).

Protein was assayed by the method of Lowry et al. (26).
Statistical Analysis. Statistical analysis was performed with Stu

dent's t test.

RESULTS

Cell Growth Inhibition. Fig. 2A shows the effect of different
concentrations of bufalin on the U937, ML1, and HL60 cells.
Bufalin, at a concentration of 0.1-1.0 HM,had no effect on the
growth rate of the cells. The growth of U937, ML1, and HL60
cells was inhibited by the presence of 10, 10, and 5 HMbufalin
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Fig. 2. A, effect of bufalin on ML1, U937 and HL60 cells proliferation. Each point is the mean Â±SD (n = 3). B, cell cycle distribution of untreated control cells
and cells treated with 10 HMbufalin for 3 days . The histograms were generated by flow cytometry analysis of propidium iodide stained cells.
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Fig. 3. Concentration-dependent effect of bufalin on differentiation of U937
(A). ML! (B). and HL60 cells (O- The cells were cultured with various concentrations of bufalin at 37Â°Cfor 4 days. Differentiation-inducing activity was mea

sured by NBT staining and cell viability was assessed by trypan blue dye exclusion
as described in "Materials and Methods." Points, mean; bars, SD (n = 3).

by 71.7%, 84.6%, and 83.8%, respectively, after 3 days of cul
ture. These concentrations of bufalin were thus adopted for
further experiments. The higher bufalin concentrations inhib
ited the growth of leukemia cells more efficiently and caused
excessive cell death.

An examination of cell cycle distribution showed that bufa-
lin-treated ML1 cells accumulated preferentially at the postrep-
licative stage, as revealed by the increased number of cells with
G2 DNA content. However, bufalin-treated U937 cells accu

mulated in S and G2, as shown by the greatly increased number
of U937 cells with intermediate DNA content (S and G2 phas
es) (Fig. 2B).

Differentiation of Leukemia Cells by Bufalin. Bufalin, at low
concentrations, was effective in inducing the differentiation of
human U937, ML1, and HL60 cells. Cell viability decreased
sharply with increasing concentrations of bufalin. Fig. 3 shows
the effects of bufalin on the differentiation of U937 (Fig. 3/Ã•),
ML1 (Fig. 3Ã„),and HL60 cells (Fig. 3C) when incubated at
various concentrations for 4 days. More than 80% of U937
(Fig 3A), ML1 (Fig. 3Ã„),and HL60 (Fig. 3Q cells became
stainable with NBT staining after treatment with 10, 10, and 5
HM bufalin, respectively. The viabilities of U937, ML1, and
HL60 cells when incubated with 5-10 HMbufalin were more
than 90%. Other characteristics associated with differentiation
following treatment of U937, ML1, and HL60 cells with bufa
lin are shown in Table 1. The number of Fc receptors and
phagocytosis were increased significantly by treating with bu
falin, suggesting that HL60, U937, and ML1 cells differenti
ated to monocyte/macrophage cells which expressed high
a-naphthylacetate esterase activity and exhibited morphologi
cal characteristics of mature macrophage cells (Fig. 4, A and B).

Effect of Exposure Time of Leukemia Cells to Bufalin. To
determine the effective exposure time to bufalin to differentiate
U937 and ML1 cells, the cells were incubated with 10 nM bu
falin for various time intervals, washed, and then resuspended
in fresh growth medium without bufalin. After incubation for
4 days, the percentage of cells reducing NBT was assessed
as shown in Fig. 5. After the exposure of U937 and ML1 cells
to bufalin for 4 and 6 h, respectively, 25.3% and 22.6% of the
cells were differentiated and reached maximum differentiation
at 72 h. The results suggest that bufalin can irreversibly commit
the leukemia cells to differentiation within a very short time,
but continuous exposure of leukemia cells to bufalin would be
necessary to maximally differentiate with the increasing per
centage of mature cells in the culture.

Combination Effect of Bufalin with Chemotherapeutic
Agents, Vitamin Analogues, and Cytokines on the Differentia
tion of U937, ML1, and HL60 Cell Lines. In order to deter
mine whether there is an interaction of bufalin with other in-
ducers that causes the differentiation of these human leukemia
cells, we compared their effects on the cells separately and in
combination, by examining NBT reduction and phagocytosis of
the cells. VP 16 and rTNF-a have been shown to induce the
differentiation of ML1 cells (13-16). When ML1 cells (Fig. 6,
A and B) were treated with 2.5 HMbufalin, 200 HMVP 16, and
0.2 ng/ml rTNF-a separately, only 21%, 18%, and 23% of the
cells, respectively, were differentiated by such treatment. The

Table I Induction of differentiation markers on HL60, ML1, and U937 myeloid leukemia cells by bufalin

CellÂ»HL60ML1U937BufalinHIM]5C10â€”10â€”Naphthol
AS-D-chloroacetate

esterase activity(%)0007Â±

115Â±49Â±2n-Naphthylacetate

esterase activity(%)70
Â±2*092

Â±71
Â±090

Â±86Â±
1Fc

receptor (%) Phagocytosis(%)45

Â±S
Â±34

Â±5
Â±36

Â±2Â±100

Â±011
Â±370

Â±313
Â±2100

Â±03Â±
1

" The cells were treated with bufalin for 4 days.
* Mean Â±SD (n = 3).
c Untreated cells.
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ferentiate K562 cells was compatible with their inhibitory effect
on Na+/K+-ATPase activity.

DISCUSSION

Leukemia cells are blocked at some step of the maturation
process and display a high proliferative capacity. The potential
value of differentiation inducers as therapeutic agents resides in
their ability to overcome the mature blockade. In the previous
study, we demonstrated that bufalin is a new potent inducer of
differentiation of human myeloid K562, U937, ML1, and
HL60 cells and differentiates K562 cells to granulocyte-like
cells (21). In this study, we investigated further bufalin-induced
characteristics of the differentiated U937, ML1, and HL60
cells by examining morphology and biological markers ex
pressed in these cells, such as a-naphthyl esterase activity, Fc
receptors, and phagocytic activity. Bufalin at concentrations of
5-10 nM was able to differentiate HL60 cells to monocyte/
macrophage-like cells. Myeloid cell maturation may be initiated
when the normal sequence of DNA replication is interrupted
(27); also, differentiation is a cell cycle-dependent event, such
that cells arresting at specific stages of the growth cycle might
suffice to trigger differentiation (28), and it is often produced by
agents that arrest cells at S and G2 (29-30). As shown in Fig. 2,

U937 cells

â€¢¿�

Fig. 4. Morphological changes of ML1 cells accompanying treatment with 10
nM bufalin for 4 days. The cells were stained with May-Gruenwald's-Giemsa's
solution. A, ML1 untreated control cells; B, Bufalin-treated cells. Arrows, cells
with hypergranular cytoplasm that are normally absent from the original ML1
populations. Bar, 10 um. This figure shows ML1 cells only. The HL60 and U937
cells exhibited a similar degree of differentiation.

combination of bufalin with VP 16 or rTNF-a not only in
creased the percentage of mature cells (caused 91% and 83% of
the cells to be stained by NBT and increased by 79% and 67%,
respectively, the phagocytic activity of the cells) but also pro
moted the rate of differentiation (Fig. 6C). U937 and HL60
cells can also be differentiated by VP16, RA, la,25(OH)2D3,
and IFN-7 alone (4, 7-12, 15-16). U937 (Fig. 7) and HL60

cells (Fig. 8) underwent a more pronounced differentiation due
to the synergistic effect of bufalin plus VP 16, RA, la,25(OH)2-
D3, rTNF-a, or INF-7 than they did with treatment with the
agent alone.

Effects of Bufalin, Cinobufagin, Ouabain, and Digitoxigenin
on the Differentiation of K562 Cells and on Na4/K'-ATPase

Activity. As shown in Table 2, of the cardiotonic steroids ex
amined, bufalin had a potent differentiation-inducing activity

on K562 cells. Cinobufagin, ouabain, and digitoxigenin also
showed a moderate or weak differentiation-inducing effect on
the cells. These cardiotonic steroids are well known to inhibit
Na+/K+-ATPase activity. Therefore, we compared their inhib
itory effects on NaVK^-ATPase activity by using the partially

purified enzyme from porcine cerebral cortex, since we could
not determine directly the enzyme activity of K562 cells. As
also shown in Table 2, bufalin produced the most potent inhi
bition of NaVK^-ATPase activity compared to other cardio
tonic steroids. The ability of these cardiotonic steroids to dif-
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Fig. 5. Time dependence of differentiation of U937 (A) and MLl (B) cells by
bufalin. The cells were treated with 10 nvt bufalin for various times at 37'C. After

removal of the medium by centrifugation, the cells were incubated in culture
medium without bufalin for 4 days. Differentiation-inducing activity of bufalin
was measured by NBT staining as describled in "Materials and Methods." Points,
mean; bars, SD (n = 3).
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Fig. 6. Effect of bufalin, VP16, or rTNF-Â«,
either separately or in combination, on the dif
ferentiation of MLI cells. The cells were
treated with 2.5 nM bufalin. 200 nM VP 16, or
0.2 ng/ml rTNF-tt separately (D) or in combi
nation (D, D). Differentiation-inducing activ
ity was measured by means of NBT staining
(A) and phagocytosis (B). C, effect on the dif
ferentiation rate of MLI cells. The cells were
treated with bufalin, VP 16, or rTNF-Â« sepa
rately or in combination for various times at
37Â°C.After removal of the medium by centrif-

ugation, the cells were incubated in culture me
dium without bufalin, VP16. or rTNF-a for 4
days. The NBT staining and phagocytosis of
cells were examined as described in "Materials
and Methods." Points, mean; bars, SD (n = 3).

bufalin reduced the growth activity of U937 and MLI cells by mia cells is not clear, the ability of bufalin to induce the differ-
arresting them preferentially at the G2 (MLI cell) and at the entiation of leukemia cells seems to be correlated with its in-
G2 and S (U937 cell) phases of the cell cycle, respectively, hibitory effect on Na+/K*-ATPase of plasma membranes. The
Although a mechanism for differentiating these human leuke- Na+ pump plays a key role in regulating Na*, K+, and Ca2+
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Fig. 7. Effects of bufalin and/or other in-
ducers, either separately or in combination, on
the differentiation of U937 cells. The cells
were treated with 2.5 IIM bufalin. 200 IIM
VP16. 100 nM RA, 5 nM 1Â«,2S(OH)2D,, 0.2
ng/ml rTNF-rt, and 140 units/ml IFN--y sepa
rately (D) or with bufalin plus VP 16, RA,
ln,25(OH)2 D3. rTNF-n, or INF-i (D, O). Dif
ferentiation-inducing activity was measured by
means of NBT staining (A) and phagocytosis
(B). Points, mean; bars, SD (n = 3).
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levels. Modification at the Na+ pump level during the process

of differentiation has been reported in some hematopoietic cell
lines (31). The specific Na+/K+-ATPase inhibitor ouabain,

which has a chemical structure and cardiotonic action similar to
those of bufalin, has been shown to be able to induce terminal
differentiation in some cell lines (32-34). These results suggest
that Na+/K+-ATPase may play an important role in regulating

cell growth and differentiation. Gupta et al. (35) have reported
that cardiotonic steroids (such as bufalin, ouabain, digitoxin,
and related compounds) exhibited 20-10000-fold higher toxic-
ity toward human and monkey cells than the cell lines derived
from mouse, Syrian hamster, and Chinese hamster (35). They
have also observed such differences in the toxicity in all cell
lines (both normal as well as transformed) from any one species
as well as cells from the closely related species (e.g., human and
monkey, or mouse, Chinese hamster, and Syrian hamster);

however, they failed to see any significant differences for a
larger member of other compounds which either bear limited
structural resemblance to cardiotonic steroids (such as estradiol
17-/3-acetate, testosterone propionate, 21-acetoxy pregnen-
olone, (3-estradiol, digitonin, tigogenin, and tornatine) or inter
act with Na""YK+-ATPase in a different manner (such as ver-

atridine, sanguinarine nitrate, penicilic acid, and vanadium
pentoxide). These facts suggest that the observed species-re
lated differences in the toxicity are highly specific events pro
duced by cardiotonic steroids. In this study, we found that bu
falin induced the differentiation of human-derived leukemia
cells at a 10-fold lower concentration than the concentration at
which it inhibited purified Na+/K+-ATPase from porcine cere

bral cortex. It is thus necessary to examine further a possible
inhibitory effect of bufalin on Na+/K+-ATPase in these leuke

mia cell lines in relation to its ability to induce differentiation.
4639

Research. 
on October 15, 2021. © 1992 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


INDUCTION BY BUFALIN OF DIFFERENTIATION OF HUMAN LEUKEMIA CELLS

Fig. 8. Effects of bufalin and/or other in-
ducers, either separately or in combination, on
the differentiation of HL60 cells. The cells
were treated with 2.5 nvi bufalin, 200 nui
VP16. 100 nvi RA. 1Â«,25(OH)2D,. 0.2 ng/ml
rTNF-a. or 140 units/ml IFN-i separately (D)
or with bufalin plus these inducers (D). Differ
entiation-inducing activity was measured by
means of NBT staining. Points, mean; bars,
SD (n = 3).
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Table 2 Effect of bufalin, cinobufagin, ouabain, and digitoxigenin
on differentiation ofK562 cells and Na*/K*-ATPase activity

CompoundsControl

Bufalin
Cinobufagin
Ouabain
DigitoxigeninNBT

reduction"(%)7Â±

1'
81 Â±4
18Â±2
14Â±6
8Â± 1ATPase

activity*
(1,11101Pi/mg
protein/h)1.48

Â±0.21*
0.31 Â±0.04
0.82 Â±0.07
0.66 Â±0.04
1.09 Â±0.16Inhibition

of Na-VK*-

ATPase(%)0

79.1
44.6
55.4
26.4

" K562 cells were treated with 10 nMbufalin. cinobufagin. ouabain, and digitox
igenin for 4 days, respectively.

* Na+/K*-ATPase from porcine cerebral cortex. Effect of inhibition on ATPase
activity due to the addition of 100 nM bufalin. cinobufagin, ouabain, and digitoxi
genin, respectively.<â€¢Mean Â±SD (n = 3).

â€¢¿�>Mean Â±SD (Â»= 4).

We also found that bufalin induced the differentiation of hu
man-derived leukemia cells at a 1000-10000-fold lower con
centration than the concentration at which it induced the dif
ferentiation of mouse-derived melanoma cells (36). In addition,
bufalin produced similar species differences in cytotoxicity to
ward various tumor cell lines and cultured human-derived cells
in comparison to the mouse-derived cells (results not shown).
As shown in Table 2, the ability of bufalin to inhibit Na+/K+-

ATPase activity and to induce the differentiation of HL60,
U937, and ML1 cells was markedly stronger than that of oua
bain. Although further detailed studies will be required, these
results suggest that this inhibitory effect of bufalin on Na+/K+-

ATPase in human leukemia cells, if not all cell lines, may result
in a number of physiological consequences which could trigger
the cascade of events leading to differentiation. However, Na"1"/
K^-ATPase inhibition by bufalin could be closely related to its

cardiotoxic and cytotoxic actions; thus further in vivo effects of
this steroid should be extensively examined.

The differentiation of ML1 cells can be induced by VP16 and
rTNF-a (13-16) alone. ML1 cells, when treated with bufalin
together with VP 16 and rTNF-a at low concentrations (at
which each inducer produced very weak differentiation).

showed a highly increasing percentage of matured cells and
differentiation rate, respectively (Fig. 6, B and Q. HL60 cells
also can be induced to differentiate by rTNF (13,14) and IFN-7
(13, 16) alone and in combination with other inducers, such as
VP 16 (13-16), la,25(OH)2D3, and RA. HL60 cells, when
treated with bufalin together with VP 16, RA, la(OH)2D3, rT
NF-a, or IFN-7 at low concentrations (at which each inducer
had very weak differentiation activity), showed a synergistic
effect on differentiation. U937 cells are differentiated by RA,
IFN-o, IFN-/3, and 12-0-tetradecanoylphorbol 13-acetate into
monocyte-like cells (5). It has been shown that the combination
of TNF and la,25(OH)2D3 synergistically induced the differ
entiation of U937 cells (16). The combination of bufalin with
VP16, RA, la,25(OH)2D3, IFN-7, or rTNF-a produced the
most potent effect on the differentiation of U937 cells. The
present findings clearly indicate that the combination of bufalin
with VP 16, RA, la,25(OH)2Dâ€ž rTNF-a, or IFN-7 produced a
highly synergistic effect on the differentiation of ML1, U937,
and HL60 cells; however, a mechanism for this synergy remains
to be determined.

In conclusion, bufalin was found to induce the differentiation
of HL60, ML1, and U937 cells into monocyte/macrophage-like
cells; the combination of bufalin with other inducers synergis
tically differentiated leukemia cells. This synergistic effect on
U937, ML1, and HL60 cells of bufalin administered with other
inducers of differentiation may be useful in combination ther
apy for leukemia, with a decreased probable side effect.
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