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Abstract Pentacyclic triterpenes are abundant in the
plant kingdom and have a wide array of pharmacolog-
ical activities. They also have insect antifeedant effects
and therefore apparently play a role in plant defense. In
this paper, we describe the insecticidal activity of
pentacyclic triterpenes of plant origin from different
chemical classes on several insect pests (Spodoptera
littoralis, Leptinotarsa decemlineata and Myzus per-
sicae), their phytotoxic properties and their selective
cytotoxic effects on insect-derived Sf9 and mamma-
lian CHO cells. We also discuss the role they play in
plant defense based on these activities.
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St9 Spodoptera frugiperda pupal ovarian
cell

AB Biomass gains

Al Food consumption

ANCOVA Analysis of covariance

DMSO Dimethylsulphoxide

GABA y-Aminobutiric acid

CNS Central nervous system

Tig Tigloyl group

Introduction

Triterpenes are part of the terpenoid family, an
extensive group of natural products, which are
abundant in the plant kingdom. These compounds
possess pharmacological properties exhibiting anti-
inflammatory (Fu et al. 2005), antibacterial (Katerere
et al. 2003), antifungal (Yuan et al. 2008), antiviral
(Zhu et al. 2001; Kuo et al. 2009), antitumor (Saxena
et al. 2006; Kuo et al. 2009), antidiabetic (Wen et al.
2005), antiulcerogenic (De Andrade et al. 2008),
anticariogenic (Segal et al. 2006), hepatoprotective
(Liu 1995), neuroprotective (Lee and Kim 2001),
antiparasitic (Danelli et al. 2009), analgesic (Tapond-
jou et al. 2003), antioxidant (D’ Abrosca et al. 2005)
and other effects. The pharmacological activities of
natural triterpenoids and their therapeutic implica-
tions have been reviewed (Dzubak et al. 20006).
Some tetracyclic triterpenes possess anti-insect prop-
erties. It is well know that azadirachtin, a seco-ring

@ Springer



246

Phytochem Rev (2011) 10:245-260

C limonoid isolated from the Indian neem tree
Azadirachta indica (Butterworth and Morgan 1968),
is a potent insect antifeedant with growth regulatory
activity and reproductive effects. This compound, with
an extremely complex structure, has recently been
synthesized (Ley et al. 2008). The antifeedant proper-
ties of limonoids from Melia azederach (chinaberry),

Azadirachtin
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and related plants, have been reviewed (Nakatani
1999). Other tetranortriterpenes such as nymania-3
from Dysoxylum malabaricum (Govindachari et al.
1999), hirtin derivatives from Trichilia palida (Sim-
monds et al. 2001), munroniamide from Munronya
henryi (Qi et al. 2003) and xyloccensins A-K and
xylogranatins A-R from species of the Xylocarpus
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genus (Wu et al. 2008; Shen et al. 2009) act as
feeding deterrents. Triterpenes of this type from the
Meliaceae and Rutaceae groups have been tested
showing that the orientation of the furan group and
the hydroxylation of specific carbons affect their
antifeedant properties against the fall armyworm
(Spodoptera litura; Suresh et al. 2002).
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The quassinoids are another well-known nortriterp-
enes with insecticidal properties, which have been found
in the Simarubaceae family (Polonsky 1985; Almeida
et al. 2007). Components of Cucurbitaceae such as
momordicine II obtained from Momordica charantia,
showed also properties of this type (Chandravadana
1987; Yasui 2002). The food consumption, utilization,
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and detoxification enzyme activity of the rice leaffolder
larvae after treatment with cycloartane triterpenes have
been studied (Nathan et al. 2007). Recently, the insect
antifeedant and toxic effects of several tetracyclic
triterpenes isolated from the latex of Euphorbia species
have been described (Mazoir et al. 2008).

Pentacyclic triterpenes have also been shown to
possess anti-insect properties. Thus, f-amyrin palmi-
tate, isolated from Santalum album, acts as an insect
growth inhibitor and exhibits chemosterilant proper-
ties (Shankaranarayana et al. 1980). Betulin deriva-
tives are effective agents against bollworm larvae
(Heliothis zea; Lugemwa et al. 1990) and Colorado
potato beetle (Leptinotarsa decemlineata; Huang et al.
1995), while betulinic acid derivatives are active
against S. litura (Jagadeesh et al. 1998). Oleanolic
acid derivatives act as a feeding deterrent against
L. decemlineata (Kubo et al. 1990; Hua et al. 1991),
while ursolic and oleanolic acids and their fatty acid
ester analogues, have been screened for their activity
against S. litura (Mallavadhani et al. 2003). A triter-
pene glucoside of 2¢,3f,68,23a-tetrahydroxy-ursolic
acid, with growth inhibitory activity against larvae of
Spilarctia obliqua, was found in an extract of Centella
asiatica (Shukla et al. 2000). The insecticidal and
phytotoxic potential of friedelane triterpenes, derived
from byproducts of the cork processing industry, has
been reported (Moiteiro et al. 2006). Bioassay-guided

COoH
HO

HO <
‘COLH
Medicagenic acid

Maslinic acid

fractionation of an extract from field peas (Pisum
sativum) showed that dehydrosoyasaponin I was an
active component against rice weevil (Sitophilus
oryzae; Taylor et al. 2004). This insect was also used
in a study of the antifeedant activity of maslinic acid,
and other pentacyclic triterpenes, which had been
isolated from Junelia aspera (Verbenaceae; Pungitore
et al. 2005). The insecticidal activity of nortriterpene
quinone methides obtained from Maytenus species
against the codling moth (Cydia pomonella) has been
reported (Avilla et al. 2000). Saponins containing
hederagenin as aglycone also exhibited antifeedant
activity. These compounds had been obtained from
Pometia eximia (Sapindaceae), (Jayasinghe and
Fujimoto 1999). Medicagenic acid, its C-3 glucoside
and hederagenin monoglucoside obtained from alfalfa
(Medicago sativa), were the most active triterpenes
acting as plant growth inhibitors (Oleszek 1993). The
deterrence and toxicity of the glycosyl derivatives of
this acid against the pea aphid, Acyrthosiphon pisum,
have also been determined (Golawska 2007). A review
of the insecticidal and allelopathic activities of triter-
pene saponins from Medicago species has likewise
been published (Tava and Avato 2006). Other penta-
cyclic triterpenes isolated from Melilotus messanensis
(Macias et al. 1994, 1996, 1997) and Sebastiana
adenophora (Macias-Rubalcava et al. 2007) have
exhibited allelopathic properties.

“~0H
Hederagenin

HO.C_

B-Glycyrrhetinic acid
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In this work, we present published and unpub-
lished data on the insect antifeedant and phytotoxic
effects of several pentacyclic triterpenes of plant
origin on Spodoptera littoralis, Leptinotarsa decem-
lineata, Myzus persicae and Lactuca sativa, and their
selective cytotoxic effects on insect-derived Sf9 and
mammalian CHO cells, which is followed by a
discussion of their plant defensive role based on the
above-mentioned results.

Results and discussion

The bioassayed triterpenes featured six different
carbon skeleton: (a) Lupane: lupeol (1), lupeol acetate
(2), betulin (3), betulin diacetate (4), betulinic acid (5)
and betulinic acid acetate (6). (b) Oleanane: f-amyrin
(7), p-amyrin acetate (8), oleanolic acid (9), oleanolic
acid acetate (10), oleanolic acid methyl ester (11),
3-ox0-olean-12-en-28-oic acid (12), germanicol (13),
and anagadiol (14). (c) D:B-friedo-Oleanane: glutinol
(15). (d) Friedelane (D:A-friedo-Oleanane): epifri-
edelinol (16), epifriedelinol acetate (17), friedelinol
(18), friedelinol acetate (19), and friedelin (20). (e)
Ursane: uvaol (21) and uvaol diacetate (22). (f) D:
B-friedo-Ursane: rhoiptelenol (23), rhoiptelenol ace-
tate (24) and rhoiptelenone (25),

We compared their biological activities in order to
study the structure—activity relationships, which
showed that the activity of these compounds is
related to the presence of different substituents at C-3
and C-28.

Antifeedant effects

The insect antifeedant effects of test compounds 1-25
are shown in Table 1. L. decemlineata (oliphagous)
was the most sensitive insect to the triterpenes tested,
followed by S. littoralis and M. persicae (polypha-
gous), according to their feeding ecologies. Rhoip-
telenol (23) acted as an antifeedant in both choice and
no-choice tests against L. decemlineata. Uvaol (21),
glutinol (15), f-amyrin (7), rhoiptelenonone (25),
lupeol acetate (2), epifriedelinol (16) and friedelin
(20) exhibited antifeedant effects in choice tests.
Uvaol (21), glutinol (15), rhoiptelenol (23) and
f-amyrin (7) acted as strong antifeedants with
effective doses within the silphinene range, a strong
CPB sesquiterpene antifeedant (Gonzalez-Coloma
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et al. 1997; Mullin et al. 1997). Oleanane (10 and
11) and ursane-type triterpenes (21 and 22) were
antifeedants to S. littoralis, 21 being the most active.
M. persicae feeding behaviour was only moderately
affected by compounds 5, 16, 18 and 20.

Amyrins and their derivatives have been described
as defensive substances against phytophagous insects
(Eigenbrode et al. 1991). Furthermore, several spe-
cies of Doryphorina leaf beetles from Central and
South America, a chrysomelid subtribe that includes
L. decemlineata, produce oleanane triterpene glyco-
sides in their defensive glands, using triterpenes of
plant origin such as -amyrin (7) as starting material
(Laurent et al. 2003). Amyrins also act as feeding
stimulants to the chrysomelid Opharella communa
(Tamura et al. 2004). Other triterpenoids act as
feeding stimulants on cucurbitaceous leaf beetles
(Matsuda 1998) and as antifeedants (Chandravadana
1987; Abe and Matsuda 2000). Therefore, triterpe-
noids seem to be key structures in chrysomelid-plant
interactions but the mechanisms that determine their
antifeedant activity are not clear. It is possible that
this biological effect is the result of their interaction
with specific receptors (Huang et al. 1995).

In chrysomelid insects, a GABA mediated taste
regulation has been proposed (Mullin et al. 1994).
This study was supported by the molecular similar-
ities between the silphinene antifeedant and the
GABA antagonist picrotoxinin, and by silphinene
activity on mammalian and insect CNS preparations
(Bloomquist 2001, 2003; Bloomquist et al. 2008;
Gonzalez-Coloma et al. 2002a; Mullin et al. 1997).
Furthermore, betulinic acid (5) binds angiotensine I
and muscarinic receptors (Zhu et al. 1996), while
triterpene acids such as oleanolic acid (9) and
p-glycyrrhetinic acid are angiotensin blockers
(Caballero-George et al. 2004). Betulin (3) binds
GABA-A receptor sites in mice brain in vitro and
has CNS activity in vivo (Muceniece et al. 2008).
Therefore, the insect antifeedant mode of action of
the pentacyclic triterpenes shown here could be
neuroreceptor mediated involving GABA and other
receptors.

Postingestive and cytotoxic effects
None of the test compounds abdominally injected

into L. decemlineata were toxic (Table 2). No
significant effects were observed when S. littoralis
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Table 1 Antifeedant effects of different triterpenoids on L. decemlineata adults, S. littoralis larvae and M. persicae apterous adults

(%C + SE, %T + SE in choice tests, 50 ug/cmz)

Triterpene type

ECso (pg/em?)

95% confidence limits (lower, upper)

L. decemlineata S. littoralis M. persicae
Choice No-choice Choice %Ca %T"
Lupane
>50 >50 >50 53 + 2,84 47 + 2.84
2 3.38 (1.90-6.02) >50 >50
3 >50 >50 >50 49 £ 3.75 51 £ 3.75
4 >50 >50 >50
5 >50 >50 >50 59 + 3.82 41 £ 3.82%
6 35.48 (21.38-58.80) >50 >50 - -
Oleanane
7 0.76 (0.20-2.83) >50 >50 49 + 3.69 51 &£ 3.69
8 >50 >50 >50
9 >50 - >50 48 £ 3.26 52 £+ 3.26
10 - - 35.5 (21.4-58.8) - -
11 - - 18.0 (15.3-32.8) - -
12 - - >50 - -
13 - - -
14 >50 >50 >50 - -
D:B-friedo-oleanane
15 0.69 (0.34-1.41) 10 > EC5y > 0.2 >50 56 + 5.35 44 £+ 5.35
Friedelane
16 8.65 (2.38-31.43) - >50 65 + 5.08 35 4+ 5.08%*
17 >50 - >50 - -
18 - >50 66 + 4.28 34 4+ 4.28%
19 - - >50 - -
20 14.41 (5.00-41.61) - >50 58 + 3.07 42 £ 3.07*
Ursane -
21 0.20 (0.02-1.71) >50 3.3 (1.6-6.8) 47 £3.48 53 £ 3.48
22 >50 >50 8.7 (4.9-15.5) - -
D:B-friedo-ursane
23 2.04 (0.47-8.93) 13.74 (8.84-21.32) >50 - -
24 >50 >50 >50 - -
25 3.18 (0.86-11.67) >50 >50 - -

* P < 0.05, Wilkoxon signed-rank test
% % aphids on control disk
® % aphids on treated disk

were orally injected with the test compounds at a
dose of 20 pg/larvae. At a dosage of 40 pg/larvae, the
friedelane group was the most toxic (16-20). Olean-
olic acid methyl ester (11) and uvaol diacetate (22)

had a significant effect on Al without affecting AB,
suggesting moderate  postingestive  antifeedant
effects. Betulin (3), betulinic acid (5), its acetate 6,
the friedelane derivatives 16-20 and uvaol (21)
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significantly reduced both Al and AB without any
further toxic effects (pANCOVA2 > 0.05), suggest-
ing strong postingestive antifeedant and/or insect
growth regulator (IGR) effects for these substances.

Betulinic acid (5) and epifriedelinol (17) were
selective toxicants to insect Sf9 cells (Table 3).
Betulin (3) had the strongest cytotoxic effect on
Sf9, followed by uvaol (21), betulinic acid (5),
friedelin (20), epifriedelinol (16) and betulinic acid
acetate (6). Lupeol (1) showed selective cytotoxic
effects against mammalian CHO cells and betulin (3)

showed the strongest cytotoxic effect to CHO,
followed by uvaol diacetate (22) and uvaol (21;
Table 3). Overall, Sf9 cells were more sensitive to
the active compounds than CHO. This may be due to
differences in membrane composition and/or receptor
affinity between insect and mammalian cells (Hu
et al. 2004; Marheineke et al. 1998).

Asiatic acid (26) reduced the consumption and
growth of the rice grasshopper Oxya fuscovita and
inhibited the digestive enzymes amylase and invert-
ase (Sanjan and Partho 1993). Angiotensin blockers,

Table 2 Toxic effects of
compounds 1-19 on

L. decemlineata
(hemolymph injection,

Triterpene type L. decemlineata

% Mortality®

S. littoralis

AT 20 pg® AB 20 pg® AT 40 pg® AB 40 pg® pANCOVA2

10 pg/insect) and Lupane
S. littoralis (oral 1 26
cannulation, 20 and

40 pg/larvae) 2 15
3 0
4 0
5 9
6 _
Oleanane
7 15
8 0
9 _
10 -
11 -
12 -
13 0
14 0
D:B-friedo-Oleanane
15 27
Friedelane
16 20
17 nt
18 -
nt Not tested 19 B
* P < 0.05, ANCOVALI 20 -
(initial larval weight as Ursane
covariate) 21 32
# 72 h. Corrected according 22 0
to Abbott (1925) D:B-friedo-ursane
® Food consumption 23 14
¢ Biomass gains 24 0
4 From Moiteiro et al. 25 6

(2006)

104 104 101 113

94 71 - _

137 170 69* 59+ 0.064

100 103 - -

88 107 90 85

100 99 89 91

100 102 79% 87

106 101 - -

134 155 69* 64 0.723

- - 76% 64 0.442

- - 63* 115

- - 89 106

103 85 - -

77 166 - -

105 127 - -

131 124 67+ 52%d 0.149¢
nt nt nt nt —

- - 594 324 0.2334
- - 73%4 56%4 0.366°
132 120 794 774 0.064¢
127 142 57+ 37+ 0.051

108 110 60* 107

101 89 - -

- - 97 99
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Table 3 Cytotoxic effects of different triterpenoids on insect
Sf9 and mammalian CHO cells

Triterpene type ~ Sf9* CHO
(EDsp) pg/ml
Lupane
1 >50 28.59 (9.04-90.28)
2 100 100
3 9.10 (3.08-27.24) 4.20 (0.59-28.63)
5 14.86 (3.08-71.65) >100
6 25 > EDsg > 10 23.88(15.76-36.16)
Oleanane
7 >100 >100
9 >100 >100
Friedelane®
16 16.21 (11.26-23.33) >100
17 79.56 (41.87-151.21) >100
18 >100 >100
19 >100 >100
20 16.52 (3.89-70.16) 9.56 (5.71-16.35)
Ursane
21 13.32 (9.87-17.96) 7.55 (5.89-9.67)
22 >100 >100

4 Cells derived from S. frugiperda pupal ovarian tissue
® Mammalian Chinese hamster ovary cells
¢ From Moiteiro et al. (2006)

including triterpene such as oleanolic and f-glyc-
yrrhetinic acids, induced ecdysteroid secretion in the
lepidopteran Lymantria dispar (Caballero-George
et al. 2004; Loeb et al. 1998), suggesting that these
triterpenes could interfere with the insect’s ecdyster-
oid levels.

Triterpenes such as oleanolic and ursolic acids
have fluidity-modulating effects on liposomal mem-
branes (Han et al. 1997). Semisynthetic derivatives of
friedelin (20), including epifriedelinol acetate (17),
have been described as exhibiting low-moderate
cytotoxicity to Sf9 and CHO cells (Moiteiro et al.
2006) and also as inhibitors of human lymphocyte
and cancer cell proliferation (Moiteiro et al. 2001,
2004). Other friedelane, oleanane, lupane, and ursane
triterpenes have also been reported as tumoral cell
growth inhibitors (Setzer and Setzer 2003; Chang
et al. 2004; Fu et al. 2005; Mukherjee et al. 2006).
Insect cell lines have been shown to respond to
ecdysone by clumping, generating filamentous exten-
sions and increased mortality (Hu et al. 2004),

however, there are few reports on pentacyclic triter-
penes acting on insect-derived cells.

Compounds, such as betulinic acid (5) and its
acetate (6), showed cytotoxic activity to Sf9 cells
without negative post-ingestive effects on S. littoral-
is, suggesting metabolic detoxification by this insect.
Similarly, metabolic detoxification has been
described for ecdysteroids in this insect (Webb
et al. 1995). Furthermore, among the IGR compounds
without short-term antifeedant effects on S. litforalis,
the non-cytotoxic ones (9, 18 and 19) could be
digestive toxins, while the cytotoxic ones (3, 16 and
20) could act unspecifically on cell membranes in
addition to being digestive toxins. Therefore, the IGR
effects observed here could be the result of a
multifaceted biological action.

Oleanolic and ursolic acids have fluidity-modu-
lating effects on liposomal membranes (Han et al.
1997). Asiatic acid (26) reduced the consumption
and growth of the rice grasshopper Oxya fuscovita,
and inhibited the digestive enzymes amylase and
invertase (Sanjan and Partho 1993). Angiotensin
blockers, including the triterpene oleanolic and
p-glycyrrhetinic acids, induced ecdysteroid secretion
in the lepidopteran Lymantria dispar (Caballero-
George et al. 2004; Loeb et al. 1998), suggesting
that these triterpenes could interfere with the
insect’s ecdysteroid levels.

Phytotoxic effects

Among all the triterpenes tested, 11-13, 16, 17 and
19 did not have significant effects on L. sativa
germination at 24 h (Table 4), while 7-10, 12, 14,
16-20 and 22 did not affect germination after 72 h.
The rest of the tested compounds affected germina-
tion to varying degrees, f-amyrin acetate (8) and
uvaol (21) being the most active at 24 h, followed by
betulin (3), rhoiptelenone (25) >betulinic acid (5),
oleanolic acid methyl ester (11; 1% <germination
<15%, Table 4). After 72 h, f-amyrin acetate (8)
and uvaol (21) were the most active compounds
(germination <50%), followed by betulinic acid (5;
germination <60%). All the compounds tested inhib-
ited radicle elongation (Table 4). Uvaol (21) and its
acetate (22) were the most active (growth <35%),
followed by friedelinol (18), friedelin (20), oleanolic
acid methyl ester (11), betulin (3), betulinic acid (5)
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Table 4 Phytotoxic effects of several triterpenoids on L. sativa. Data is represented as average =+ standard error (SE)

Triterpene type Germination (% control) Radicle length

(% control)

24 h 48 h 72 h
Lupane

1 46" + 4 76"+ 5 88 + 2 -

2 69" £ 7 77 £ 35 824 + 2 54° + 0.1

3 122 + 7 61* + 65 66 £ 5 45° + 0.1

4 30* + 87 52* + 14 63" £ 16 57° 4+ 0.1

5 19° + 2.7 44 + 2 56 + 3 46° £+ 0.2

6 44* + 37 45 + 2 67 + 2 50° + 0.1
Oleanane

7 64* + 8 86 + 3 90° + 1 49° + 0.2

8 6" +2 30° + 4 43" + 4 -

9 45" £ 6 65°+ 6 80" + 3 50° + 0.1

10 80" + 4 100 100 46° + 0.1

11 19° + 2 100 100 40° + 0.1

12 80 + 9 100 100 55° + 0.1

13 53+ 8 63" + 7 874 + 2 55° + 0.1

14 89 + 7 98 + 1 98 + 1 56° + 0.1
Friedelane®

16 91 +3 96 + 2 99 + 1 44° + 0.1

17 81 £ 3 100 100 68" &+ 0.2

18 73 £ 7 94 +2 98 + 1 36° £ 0.1

19 90 + 4 99 + 1 99 + 1 50° + 0.2

20 31+ 3 76" + 4 824 + 4.64 38° + 0.1
Ursane

21 la+ 1 15 + 1 46 + 2 32° + 0.1

22 54 + 8 100 100 34° + 0.1
D:B-friedo-ursane

23 - - - -

24 - - - -

25 15+ 3 48" + 6 62* + 3 56° + 0.2

4 P < 0.05, Kruskall-Wallis test
® P <0.05, LSD test
¢ From Moiteiro et al. (2006)

and f-amyrin (7; 35 <% growth <50). The lack of
molecular selectivity observed indicates a non-spe-
cific phytotoxic effect for these triterpenes on
L. sativa, suggesting their interference with the plant
membrane rather than acting as chemical signals.
Previous reports have shown that pentacyclic
triterpenes, including 3-epi-f-amyrin, f-amyrinone,
3-epi-lupeol, lupenone, taraxerol, taraxerone and
friedelin (20), inhibited the root growth of
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Echinochloa crusgalli (Castafieda et al. 1992; Mac-
fas-Rubalcava et al. 2007). «-Amyrin inhibited the
root growth of Amaranthus hypochondriacus and
E. crusgalli (Anaya et al. 2003), while friedelinol (18)
and friedelin (20) also inhibited L. sativa radicle
elongation (Moiteiro et al. 2006). The phytotoxic
effects of these types of molecules have been attrib-
uted to their membrane-modifying properties (Han
et al. 1997; Duke and Oliva 2004).
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RO

Ri=H Ro=Me
R1 =Ac Rz =Me
Ri=H R,=CH,0H
R1 =Ac Rz = CH20Ac
Ri=H Rz=COxH 1
Ri=Ac Ry=COxH

10

7

H1 =H Rg =Me
Ri=Ac Ro=Me
Ri=H Rz=CO.H
R1 =Ac R2 = COQH
R1 =H Rz = COgMe

21 R =H 23 R=p-OH,H
22 R=Ac 24 R=B-OAc,H
25 R=0
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Structure—activity study

The triterpenes have been grouped according to their
structure in order to facilitate the structure—activity
study.

a. Lupane type triterpenes (1-6). Their antifeedant
effects on L. decemlineata depended on the
presence of the acetate group at C-3 (2 and 6)
with the exception of the diacetate 4. Betulin (3)
with hydroxyl groups at C-3 and C-28 showed
IGR effects on S. littoralis larvae and had the
strongest cytotoxic and phytotoxic action. Betu-
linic acid (5), with a C-28 carboxyl group, did not
affect larval growth but showed selective cyto-
toxic effects to Sf9 and was the second most
phytotoxic lupane derivative after betulin (3).
Lupeol (1), with a C-28 methyl group, showed
selective effects to CHO cells.

b. Oleanane type (7-14). The presence of a C-28
carboxyl group in oleanolic acid (9), or an
acetoxy group at C-3 as in 8, eliminated the CPB
antifeedant activity observed for f-amyrin (7).
Acetylation of C-3 (10) and methylation of C-28
(11) in 9 resulted in antifeedant effects to
S. littoralis, while a 3-oxo group was inactive
(12). A carboxyl group at C-28, as in 9 and 10,
resulted in significant S. litforalis consumption
and growth reduction. Methylation of the C-28
carboxyl (11) decreased the larval postingestive
effects and increased L. sativa root growth
reduction with respect to 9 and 10. The acetate
8 exhibited a strong antigerminative effect.

c. D:B-friedo-Oleanane: Glutinol (15), with a rear-
ranged oleanane framework and a C-3 hydroxyl
group exhibited CPB antifeedant effects similar to
other oleanane derivatives such as fi-amyrin (7).

d. Friedelane type (16-20). Epifriedelinol (16) and
friedelin (20) were active against L. decemline-
ata, being the former, with a f-hydroxyl group at
C-3, more active than the latter, with an oxo
group at this position. Acetylation of 16 resulted
in an inactive compound epifriedelinol acetate
(17). This triterpene class was the most toxic to
S. littoralis larvae when orally injected. Substi-
tution of the friedelin ketone at C-3 (20) by an
o- or f-hydroxy group (18 and 16), or an
a-acetoxy group (19), resulted in elevated larval
postingestive activity (Moiteiro et al. 2006).
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Selective cytotoxic effects on Sf9 depended on
a f-hydroxy group at C-3 (16) and disappeared
with an o-hydroxyl (18), while an 3-oxo group
(20) resulted in unspecific cytotoxicity. The
presence of an oxo or a f-hydroxyl substituent
at C-3 (20 and 16) led to the strongest inhibition
of L. sativa germination and root growth. The
configuration at C-3 is also important, thus a
f-hydroxyl (16) led to stronger insecticidal and
lower phytotoxic effects than an o-hydroxyl
group (18; Moiteiro et al. 2006).

e. Ursane type (21 and 22). The strong activity of
uvaol (21) decreased (antifeedant and postinges-
tive effects on S. litforalis, antigerminative effect
and root growth reduction) or disappeared (anti-
feedant effect to L. decemlineata, cytotoxicity)
with the presence of acetoxy groups at C-3 and
C-28 in uvaol diacetate (22).

f. D:B-friedo-Ursane type (23-25). Rhoiptelenol
(23) derivatives showed a CPB-antifeedant activ-
ity pattern similar to that of the f-amyrin (7) type.
This activity disappeared or decreased with the
presence of an acetoxy or an oxo group at C-3 (24
and 25, respectively).

Jagadeesh et al. (1998) have described an increase
in the antifeedant effect on S. litura of betulinic acid
(5) derivatives, with different substituents at C-3.
Huang et al. (1995) and Lugemwa et al. (1990) did not
find L. decemlineata antifeedant effects for betulin
(3), in contrast to several of its derivatives. Previous
results have shown that 3-O-fatty acid ester deriva-
tives of ursolic and oleanolic acids were stronger
antifeedants to S. litura when compared with their
parent acids (Mallavadhani et al. 2003). Additionally,
decreasing the polarity of the C-3 substituents reduced
their postingestive toxicity to Sitophilus oryzae in
oleanane triterpene acids (Pungitore et al. 2005), thus
emphasizing the importance of the substitution pattern
at this carbon. Substitution of the friedelin (20) 3-oxo
group by an a- or f-hydroxyl (18 and 16), or an
acetate group (19), resulted in elevated larval postin-
gestive activity (Moiteiro et al. 2006). Triterpenes
with a f-hydroxyl group at C-3 (16) resulting in
stronger insecticidal and lower phytotoxic effects than
those with an a-hydroxyl (18; Moiteiro et al. 2006).

Additionally, Avilla et al. (2000) found that the
C-20 hydroxylation in 20o-hidroxytingenone (27)
increased the antifeedant effects of nortriterpene
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quinone methides on the codling moth (Cydia
pomonella). Conversion of the C-3, C-6 hydroxyl
groups to the corresponding tosyl derivatives resulted
in a significant decrease in the IGR activity of plant
sterols such as peniocerol and macdougallin (Ces-
pedes et al. 2005). The results of Mazoir et al. (2008)
supported the importance of the C-3 substituent, also
suggesting the involvement of the C-7 substituent
groups, and indicated that a hydroxyl at C-3 is not
essential for the IGR effects of lanostane triterpenes.

The presence of large amounts of triterpenoids in
the latex and resins of numerous plants suggests a
defensive role in these plants. Our results have
demonstrated that uvaol (21), f-amyrin (7), glutinol
(15), roipthelenol (23), roipthelenone (25), lupeol
acetate (2), epifriedelinol (16), friedelin (20) and the
acetate of betulinic acid (6) showed antifeedant
effects to L. decemlineata, while uvaol (21), uvaol
diacetate (22), oleanolic acid methyl ester (12) and
oleanolic acid acetate (10) were antifeedants to S.
littoralis. Betulin (3), oleanolic acid (9), oleanolic
acid acetate (10), epifriedelinol (16), friedelinol (18),
friedelinol acetate (19), friedelin (20) and uvaol (21)
significantly reduced S. littoralis larval biomass
gains, while betulinic acid (5), epifriedelinol (16)
and epifriedelinol acetate (17) exhibited selective Sf9
cytotoxicity. Uvaol (21), uvaol diacetate (22), friede-
linol (18), friedelin (20), oleanolic acid methyl ester
(11), betulin (3), betulinic acid (5) and f-amyrin (7)
had strong L. sativa root growth inhibition, support-
ing this hypothesis.

Materials and methods
Plant material

All plants were collected during the flowering season
(May—June) from their natural habitats. Voucher
specimens of the plant species from the Canary
Islands (Spain) have been deposited at the herbarium
of the Jardin de Aclimatacion de La Orotava,
Tenerife, Spain.

Pericallis lanata (L'Hér.) B. Nord. (ex Senecio
heritieri; Asteraceae) was collected in Barranco del
Rio, Tenerife (voucher no. ORT 32001). Pericallis
steetzi (Bolle) B. Nord (Asteraceae) was collected in
Parque Nacional de Garajonay, Gomera (voucher no.
ORT 33451). Echium wildpretii H. Pearson ex Hook

fil. (Boraginaceae) was collected in Cumbres de
Fasnia, Tenerife (2,100 m; voucher no. ORT 32531).
Lavandula luisieri (Rozeira) Riv.-Mart. (Lamiaceae)
was collected in Villa de Almadén de la Plata
(Sevilla, Spain) as previously described (Sanz et al.
2004; Gonzalez-Coloma et al. 2006).

Triterpenes
Triterpenes isolated during this study

Lupeol (1) and epifriedelinol (16) were obtained from
Pericallis lanata and P. steetzi, respectively; betulin
(3), p-amyrin (7) and oleanolic acid (9) from
Lavandula luisieri, and glutinol (15) from Echium
wildpretii (see below).

Other triterpene samples

Uvaol (21) was isolated by Breton et al. (1969) from
Euphorbia paralias, germanicol (13) and anagadiol
(14) from Salvia broussonetii (Gonzalez et al. 1971),
and rhoiptelenol (23) and rhoiptelenone (25) from
Sideritis macrostachya (Fraga et al. 2003). Friedelin-
ol (18), friedelinol acetate (19) and friedelin (20)
were provided by Dr. Cristina Moiteiro (INETI,
Lisbon). Betulinic acid (5) was purchased from
Sigma—Aldrich.

Extraction and isolation

Ground dried plant material (above ground plant
tissues including stems, leaves and flowers) was
extracted in ethanol in a Sohxlet apparatus. L. luisieri
extract was obtained by ethanolic extraction of the
hexane extract as described (Baldovini et al. 2005).
These extracts were chromatographed using silica gel
vacuum-liquid chromatography, silica gel column
chromatography and molecular exclusion chromatog-
raphy (Sephadex LH20), with hexane/EtOAc/CH,Cl,/
MeOH gradients. Further HPLC chromatography of
the selected fractions (silica and C-18 semipreparative
columns) afforded lupeol (1, Pericallis lanata,
0.01%), betulin (3, L. luisieri, 25 x 107°%),
p-amyrin (7, L. luisieri 0.001%), oleanolic acid (9,
L. luisieri, 0.03% yield), epifriedelinol (16, P. lanata,
0.001%), glutinol (15, E. wildpretii, 0.001%) and
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uvaol (21, L. luisieri, 6 x 107°%). Compound yields
expressed as % of plant dry weight.

Insect bioassays

Spodoptera littoralis, Leptinotarsa decemlineata,
Myzus persicae and Diuraphis noxia were reared on
artificial diet (Poitut and Bues 1970), potato foliage
(Solanum tuberosum), bell pepper (Capsicum annu-
um) and barley (Hordeum vulgare) plants respec-
tively, and maintained at 22 + 1°C, >70% relative
humidity, with a photoperiod of 16:8 h (L:D) in a
growth chamber.

Feeding assays

These experiments were conducted with newly
emerged sixth-instar S. littoralis larvae, adult
L. decemlineata and apterous adult aphids. For the
chewing insects (S. littoralis and L. decemlineata)
percent feeding inhibition (% FI) was calculated as
previously described (Reina et al. 2001). Compounds
with an FI >70% were tested in a dose-response
experiment to calculate their relative potency (ECsg
values, the effective dose for 50% feeding reduction),
which was determined from linear regression analy-
sis (% FI on log dose). For the sucking insect
(M. persicae), each treatment consisted of 20 boxes
with 10 insects each as described in (Gutiérrez et al.
1997). For each compound we compared % T (%
aphids on treated surface) and % C (% aphids on
control surface; Wilkoxon signed rank test).

Oral cannulation

This experiment was performed with pre-weighed
newly emerged S. littoralis L6-larvae. Each experi-
ment consisted of 20 larvae orally dosed with 40 pg of
the test compound (Reina et al. 2001). Covariance
analysis (ANCOVA 1) of food consumption (AI) and
biomass gains (AB) with initial larval weight as
covariate (covariate P > 0,05) was performed to test
for significant effects of the test compounds on these
variables. An additional ANOVA analysis and covar-
iate adjustment on AB, with Al as covariate
(ANCOVA 2), was performed for those compounds
that significantly reduced AB to understand their post-
ingestive mode of action (antifeedant and/or toxic).

@ Springer

Hemolymph injection

DMSO solutions of the test triterpenoids (10 pg each
per insect) were injected through the metapimeron
suture of the thorax of 20 adults L. decemlineata
beetles (average weight 130 mg) using a Hamilton
repeating dispensor fitted with Hamilton 50 pL
syringe (50 gauge pointed needle). Toxicity symp-
toms and mortality were recorded up to 3 days after
injection while maintaining beetles on their respec-
tive potato leaf foods (Gonzélez-Coloma et al. 1998).
The mortality percentage was analyzed with contin-
gency table analysis, and corrected according to
Abbot (1925).

Phytotoxicity tests

These experiments were conducted with Lactuca
sativa var. Carrascoy seeds placed on paper disks
(Whatman no. 1, 2.0 cm?) treated with 50 pg/cm? of
the test compound or solvent for the control. The
disks were placed in lidded clear plastic boxes
(2 x 2cm® lined with 4 g of calibrated sand
humidified with 200 pL of deionizer water and then
placed in a plant growth chamber (25 4+ 1°C, >70%
relative humidity with a photoperiod of 16:8 h L:D)
for 6 days. A total of 100 seeds were used (20 seeds/
box, 5 boxes). The germination was monitored daily
and the radicle length measured at the end of the
experiment (20 digitalized radicles randomly selected
for each experiment) with the application Image J. A
Kruskall-Wallis test and an analysis of variance
(ANOVA) was performed on germination and radicle
length data respectively.

Cytotoxicity

St9 cells derived from S. frugiperda pupal ovarian
tissue (European Collection of Cell Cultures, ECCC)
and mammalian Chinese hamster ovary cells (CHO)
were grown as previously described (Gonzélez-
Coloma et al. 2002b). Cell viability was analyzed
by an adaptation of the MTT colorimetric assay
method (Gonzalez-Coloma et al. 2002b). The active
compounds were tested in a dose-response experi-
ment to calculate their relative potency (ECsq values,
the effective dose to give 50% cell viability) which
was determined from linear regression analysis
(% cell viability on log dose).
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