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Exploration of the correlation between the structure, hemolytic
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Abstract—The hemolytic activity of a collection of 63 steroid saponins was determined. The correlations between these structures
and their hemolytic and cytotoxic activities are discussed. It has been demonstrated that the hemolytic activity of steroid saponins is
highly dependent on their structures, that is, the sugar length, the sugar linkage, the substitutes on the sugar, as well as the aglycone.
It has also been disclosed that the hemolytic activity and cytotoxicity of steroid saponins are not correlated. These results suggest
that steroid saponins execute hemolysis and cytotoxic activity in different mechanisms, and encourage to develop steroid saponins
into potent antitumor agents devoid of the detrimental effect of hemolysis.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Saponins are anciently classified as any of various plant
glycosides that form soapy lathers when mixed and agi-
tated with water; and thus have been used routinely as
detergents, foaming agents, and emulsifiers.1 These nat-
ural surfactants are later found to be mainly glycosides
of steroids and triterpenes, which exist widely in terres-
trial plants, including many significant foods, forage
crops, and herbal medicinal plants. So far, thousands
of homogeneous saponins have been isolated and char-
acterized. These glycosides display a tremendous
structural diversity and a wide spectrum of biological
activities.2 Among those activities, hemolysis is probably
the most general one shared by many structurally dispa-
rate saponins. It is believed that those saponins can form
complexes with sterols of the erythrocyte membrane,
thus causing an increase in permeability and the subse-
quent loss of hemoglobin.3–5 However, the detailed
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mechanism of action of this hemolytic cascade remains
unclear. On the other hand, the hemolytic property of
saponins discourages the development of the various
therapeutic potentials of this type of abundant natural
product. Thus the correlations between the hemolytic
and other biological activities of saponins, such as
antitumor, adjuvant, and anti-inflammatory activities,
require exploration.

However, the structure–activity relationship (SAR)
studies on saponins have been hampered by the limited
availability of homogeneous saponins in each laborato-
ry. Those glycosides exist in such a micro-heterogeneous
manner in plants that separation of each component in
an appreciable amount is always a formidable task.2

Recently, chemical synthesis has become a realistic alter-
native to determine the availability of homogeneous
saponins, thus affording new opportunities for SAR
studies.6 For example, employing the natural and syn-
thetic compounds, a good SAR has been obtained for
the hederagenin diglycosides.7 However, SAR studies
on the hemolytic steroid saponins are few and lack
relevance.8–14 We have been working on the chemical
synthesis of steroid saponins, to search for anticancer
agents, for more than 10 years.15–22 A good collection
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of the saponins bearing diosgenin and its congeners as
the aglycones enabled us to explore a thorough SAR
on this type of commonly occurring natural steroid
saponin. Herein we report the hemolytic activity of 63
such steroid saponins (Figs. 1–3), and discuss the corre-
lations between the structure, hemolytic activity, and
their previously reported cytotoxicity.
2. Results

The hemolytic activity of the 63 steroid saponins, ex-
pressed as the concentrations that cause 50% hemolysis
of human erythrocytes, is shown in Tables 1 and 2. List-
ed are also the cytotoxicities previously reported for
most of the compounds.

The HD50 data listed in Tables 1 and 2 show clearly that
the hemolytic activity of steroid saponins is highly sensi-
tive to the change of their structures. We could draw the
following structure–activity relationships:

(1) With a same aglycone, trisaccharides (e.g., 10–16)
are more hemolytic than disaccharides (e.g., 2–9),
and disaccharides are more hemolytic than monosac-
charides (e.g., 1). However, trisaccharide 25 was
only slightly weaker in hemolysis than its disaccha-
ride congener 24.
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Compound Sugar residue 

1 (trillin) β-D-Glc-(1→

2 (ophiopogonin C’) α-L-Rha-(1→2)-β-D-Glc-

3 α-L-Rha-(1→2)-6-O-Ac-

4 4-O-Ac-α-L-Rha-(1→2)-

5 (polyphillin C) α-L-Rha-(1→3)-β-D-Glc-

6 α-L-Rha-(1→4)-β-D-Glc-

7 4-O-Ac-α-L-Rha-(1→4)-

8 α-L-Rha-(1→6)-β-D-Glc-

9 4-O-Ac-α-L-Rha-(1→6)-

10 (dioscin) α-L-Rha-(1→4)-[α-L-Rha

11 4-O-Ac-α-L-Rha-(1→4)-

12 4-O-CH3(CH2)2CO-α-L-R

13 4-O-CH3(CH2)4CO-α-L-R

14 (taccaoside) α-L-Rha-(1→3)-[α-L-Rha

15 (polyphillin D) α-L-Araf-(1→4)-[α-L-Rh

16 3,5-di-O-Ac-α-L-Araf-(1→

Figure 1. Saponins 1–16 bearing diosgenin as the aglycone.
(2) With a same aglycone and a same length of sugar
chain, the sugar linkage determines the hemolytic
potency. This point is clearly demonstrated by the
four disaccharide congeners 2, 5, 6, and 8. Com-
pounds 2, 6, and 8 bearing (1! 2)-, (1! 4)-, and
(1! 6)-a-LL-Rha! b-DD-Glc linkage, respectively,
showed comparable activity (HD50 = 21.6, 27.3,
and 28.6 lM, respectively), however, compound 5
with a (1! 3)-linkage had much lower activity
(15% hemolysis at 40 lg/mL).

(3) Substituents on the hydroxyl groups in the sugar res-
idues could affect significantly the hemolytic activity
of the parent compounds. Thus, acetylation of the
6 0-OH of the disaccharide 2 (leading to compounds
3 and 4) and the 400-OH of the disaccharide 8 (lead-
ing to compound 9) greatly lowered the parent
activity. However, acetylation (and even substitu-
tion with a longer acyl group) of the 400-OH of the
disaccharide 6 (leading to compound 7), the 4000-
OH of the trisaccharide 10 (leading to compounds
11–13), and the 3000, 5000-OH of the trisaccharide 15
(leading to compound 16) changed the hemolytic
activity negligibly.

(4) Changes on the algycone could also change the hemo-
lytic activity. Comparing the saponins bearing 3-O-
b-charcotrioside (10, 17–23), it shows that small
changes on the aglycone (cf. compounds 10, 17,
and 18) led to slight changes in activity, and more
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Figure 2. Steroid saponins 17–27.
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46-63
28/46 R = -N3 37/55 R = -NHCOPh
29/47        -NH2 38/56        -NHCOPh(p-OMe)
30/48        -NHCOCH3 39/57        -NHCOPh(p-NO2)
31/49        -NHCOCF3 40/58        -NHCOPh(o-I)
32/50        -NHCO(CH2)2CH2Cl 41/59        -NHCOCH2OPh
33/51        -NHCOCH=CHCH=CHCH 3 42/60        -NHCOCH2OPh(p-Cl)
34/52        -NHCO(CH2)8CH=CH2 43/61        -NHCOCH=CHPh
35/53        -NHCO(CH2)12CH3 44/62        -NHFmoc
36/54        -NHCO(CH2)16CH3 45/63        -NHdansyl

Figure 3. Saponins 28–63 with modified chacotriosyl residues on

dioscin.
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sizable changes (compounds 22 and 23 bearing long
C12 and C16 fatty acids at C-6) diminished the activ-
ity. However, interestingly, substitution of a C10

and C6 fatty acids at C-6 (compounds 20 and 21)
largely maintained the activity (compared to 17)
while the acetyloxy compound 19 was significantly
less active.
(5) The furostanol saponins (26 and 27), which bear an
additional monosaccharide at the other side of the
aglycone (compared to the spirostan saponins men-
tioned above), were not hemolytic at all.

(6) Substitution/modification on the various hydroxyl
groups in the sugar residues could affect the hemolytic
activity differently. This point has been discussed
above and is further proved by the saponins 28–63
with modifications at the 6 0- and 4000-OH of the
chacotriosyl residue. Compared to the parent com-
pound dioscin (10, HD50 = 6.8 lM), replacement of
the 6 0-OH with an azide or amino group (com-
pounds 28 and 29) significantly lowered the hemo-
lytic activity. However, substitution of the amino
group (of 29, HD50 = 24.8 lM) could enhance the
activity remarkably, even to the level of dioscin
(the HD50 values of compounds 33, 38, 40–42, 44,
and 45 are below 10 lM). The 4000-O-(2-N-acyl)ethyl
derivatives (46–63) were mostly more hemolytic
than the parent dioscin; compounds 51, 58, 61,
and 63 had the HD50 values below 2.0 lM. The
long fatty acid substitutions, whether at the 6 0 or
4000 position (compounds 35, 36, 53, and 54), could
abolish the hemolytic activity. However, the same
C11 substituent at 6 0 (compound 34) abolished the
activity, while at 4000 position (compound 52)
enhanced the activity (HD50 = 3.8 lM).
3. Discussion

Saponins with diosgenin and its congeners as the agly-
cones constitute one of the most abundant types of ste-
roid saponins in Nature. Then the structure diversity lies
mainly in their ‘glycoforms’.2 A common structural pat-
tern of the ‘glycoforms’ starts with a b-DD-glucopyranosyl
unit at the 3-OH of the steroid aglycones and extends
mostly with a-LL-rhamnopyranosyl residues. For exam-
ple, diosgenin 3-O-b-DD-glucopyranoside (trillin 1,
Fig. 1) is the simplest one in this family; substitution
of a a-LL-rhamnopyranosyl residue at the 2-OH of the
first glucose residue provides the disaccharide saponin
ophiopogonin C 0 (2); and further addition of an a-LL-
rhamnopyranosyl residue at the 4-OH of the glucose
residue produces the trisaccharide saponin dioscin (10).
Many such saponins show both hemolytic activity (to-
ward erythrocyte) and cytotoxicity against tumor cells.
Dioscin, for example, is among the potent members with
a cytotoxicity IC50 at lM range against various tumor
cell lines.24,25 The previous sporadic data suggest that
the hemolysis and cytotoxicity of steroid saponins are
dependent on their structures,8–14 especially on the nat-
ure, number, and sequence of the sugars in the saponins.

When comparing the hemolytic activity of the steroid sap-
onins with their cytotoxicity (Table 1), one might first
have an impression that these two activities are correlated.
Several weakly hemolytic compounds are weakly toxic,
such as compounds 1, 5, 22, and 23. And other highly
hemolytic compounds are highly toxic, such as com-
pounds 10, 11, 14–17, 24, and 25. However, when com-
paring closely the whole collection of the data, as
depicted in Figures 4 and 5, it is very clear that these



Table 1. Hemolytic activity of saponins 1–27

Compound Hemolytic activity

HD50 (lM)

Cytotoxicity

IC50 (lM)

1 �100 (no activity at

100 lg/mL)

>34.5a

2 21.6 ± 2.0 2.5a

3 >75 (29% at 75 lg/mL) 9.6b

4 >75 (8% at 75 lg/mL) 9.4b

5 >40 (15% at 40 lg/mL) >27.7a

6 27.3 ± 1.8 >27.7a

7 29.3 ± 0.7

8 28.6 ± 0.4

9 >50 (12% at

50 lg/mL)

10 6.8 ± 0.3 3.8a; 0.52c; 3.5d

11 3.2 ± 0.3 8.2b

12 2.8 ± 0.4

13 2.2 ± 0.2

14 6.8 ± 0.2 2.3a

15 3.9 ± 0.1 0.6a

16 2.7 ± 0.2 0.5b

17 3.0 ± 0.2 0.81c

18 13.1 ± 0.7 2.3c

19 >30 (34% at

30 lg/mL)

26d

20 7.6 ± 0.2 21d

21 6.7 ± 0.2 No activity up to 30 lMd

22 >100 (8.5% at

100 lg/mL)

No activity up to 30 lMd

23 �100 (no activity

at 100 lg/mL)

No activity up to 30 lMd

24 7.5 ± 0.4 2.5c

25 9.6 ± 0.6 3.9c

26 �100 (no activity

at 100 lg/mL)

27 �100 (no activity

at 100 lg/mL)

a Data taken from Ref. 23 (where IC50 was expressed in lg/mL against

HL-60 human promyelocytic leukemia cells).
b Data taken from Ref. 17 (against A-549 human pulmonary

carcinoma).
c Data taken from Ref. 19 (against A-549 cells).
d Data taken from Ref. 18 (against HeLa cells).

Table 2. Hemolytic activity of saponins 28–63

Compound Hemolytic

activity HD50 (lM)

Cytotoxicity

IC50
a (lM)a

28 >50 lg/mL �10

29 24.8 ± 0.5 �10

30 >50 lg/mL �10

31 18.5 ± 0.6 �10

32 20.9 ± 0.0 �10

33 9.3 ± 0.1 �10

34 >50 lg/mL �10

35 >50 lg/mL �10

36 >50 lg/mL �10

37 10.7 ± 0.2 �10

38 9.5 ± 0.1 �10

39 39.0 ± 0.2 �10

40 7.4 ± 0.1 �10

41 9.4 ± 0.1 �10

42 9.4 ± 0.1 �10

43 11.8 ± 0.2 �10

44 9.0 ± 0.2 �10

45 6.9 ± 0.1 50.0b

46 9.7 ± 0.5 9.5

47 2.6 ± 0.2 9.2

48 9.2 ± 0.9 10.3

49 5.7 ± 0.5 3.7

50 3.8 ± 0.5 10.1

51 1.6 ± 0.3 4.9

52 3.8 ± 0.4 2.6

53 >50 lg/mL �10

54 >50 lg/mL �10

55 49.3 ± 0.4 11.2

56 4.5 ± 0.1 10.3

57 4.9 ± 0.2 15.3

58 1.7 ± 0.2 4.2

59 7.6 ± 0.5 7.7

60 2.9 ± 0.3 7.4

61 1.5 ± 0.3 11.2

62 3.0 ± 1.1 3.6

63 1.3 ± 0.1 11.9b

a Data taken from Ref. 21 (against A-549 human pulmonary carci-

noma; IC50 of dioscin 10 as a control is 4.2 lM).
b Data taken from Ref. 22.
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two activities are indeed not correlated. Not only it is not
true that the compounds having stronger hemolytic activity
must have stronger cytotoxicity, but also there are
compounds showing remarkable disparity in these two
activities (only those data from a simultaneous assay
are discussed below). Thus, disaccharides 2 and 6 showing
similar hemolytic activity (HD50 = 21.6, 27.3 lM, respec-
tively) have disparate cytotoxicity (IC50 = 1.8, >27.7 lM,
respectively). Trisaccharides 19 and 20 showing similar
cytotoxicity (IC50 = 26, 21 lM, respectively) have dispa-
rate hemolytic activity (HD50 > 30 and = 7.6 lM, respec-
tively). And the 6 0-N-acyl-dioscin derivatives possessing
hemolysis potency comparable to that of dioscin (com-
pounds 33, 37–44) show no obvious toxicity at 10 lM,
while the IC50 of dioscin is 4.2 lM.

The significant discrepancy between the two activities
strongly suggests that steroid saponins execute hemoly-
sis and cytotoxic activity in different mechanisms. These
mechanisms wait for deciphering. Similar phenomenon
was also observed by Voutquenne-Nazabadioko and
co-workers for hederagenin diglycosides.7 On the other
hand, the present results demonstrate that it shall be
realistic to develop steroid saponins into potent antitu-
mor agents devoid of the detrimental effect of hemolysis.
4. Materials and methods

4.1. Saponins

All the 63 saponins (Figs. 1–3) were synthesized in our
laboratory. The synthetic approaches and their charac-
terization have been previously reported.15–22

4.2. Hemolysis assay

The human erythrocytes were obtained from Shanghai
Blood Center. A slightly modified protocol as that used
by Voutquenne-Nazabadioko et al. was employed.26

Thus, all the tested compounds were dissolved in DMSO
(from Sigma–Aldrich) at a concentration of 250 lg/mL,
then PBS (Phosphate-buffered saline: NaCl = 8 g/L,
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KCl = 0.2 g/L, Na2HPO4 = 1.44 g/L, and KH2PO4 =
0.24 g/L; pH 7.4) was added to dilute the solution to
the testing concentrations ranging from 2.5 lg/mL
to 100 lg/mL, if not especially mentioned. The final
volume of the saponin solutions was 1.0 mL. The
erythrocytes were diluted with PBS to obtain a 10% sus-
pension. The erythrocyte suspension (100 lL) was added
to 1 mL of the suspension to be tested and the samples
were rapidly stirred and incubated at 37 �C with periodic
stirring during a 60 min incubation period. The solu-
tions were then centrifuged at 3000 rpm for 5 min.
Absorbance of the supernatant was measured at
540 nm using a Bio-Rad model 3550 microplate reader
(Bio-Rad, USA). And the hemolysis% was calculated
by comparison with the 100% hemolysis caused by dios-
cin (positive control) with the distilled water as a nega-
tive control. All experiments were done in triplicate
and the data were processed and HD50 (the concentra-
tions that cause 50% hemolysis) was calculated by
Origin 6.0 Program. The data were expressed as
means ± SD.
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