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The objective of the study was to explore the influence of

saponins derived from Tribulus terrestris L. (TT) on normal

human skin fibroblasts and to compare it with their anticancer

properties. In this study, [3H]thymidine incorporation and MTT to

assess cell proliferation and viability, respectively, and immu-

noblotting and HPLC analysis to explore intracellular signal

transduction pathways have been used. We found that TT

caused a dose-dependent decrease in [3H]thymidine incorpo-

ration into the DNA of treated fibroblast compared to the

untreated controls. Viability of treated cells remained within

the control levels with treatment of up to 5 lg TT/ml medium. It

was significantly depressed with incubation in �6 lg TT/ml

medium with an IC50 of 12.6 lg TT/ml of cultivating media.

ERK1/2 was significantly dephosphorylated at 5 mins of

incubation with TT until the 48th hour, when phosphorylation

slightly recovered, but was still below the control levels. In

contrast, p38 and JNK phosphorylation was positively influ-

enced, with peaks at 1 hr and 24 hrs of incubation respectively.

Phosphorylation/dephosphorylation events of SAPK/MAPK

clearly correlated with Mkp-1 induction. Procaspase 3 was

activated after 5 mins of incubation and coincided with a rapid

actin cleavage. There was a significant decrease of putrescine

concentration and a concomitant increase of spermidine and

spermine at 2 mins of treatment. According to our results, TT is

less toxic for normal human skin fibroblasts in comparison to

many cancer lines investigated in previous studies. The

molecular mechanism of this cytotoxicity involves up- and

downregulation of polyamines’ homeostasis, suppression of

proliferation, and induction of apoptosis. Further research in

this field using animal models would help to explore and

interpret the potential properties of TT as an anticancer supple-

ment. Exp Biol Med 232:126–133, 2007
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Introduction

Interest in herbal medicine, and in herbal anticancer

therapy in particular, has progressively increased in

contemporary society. One of the goals of anticancer

therapy and prevention is the discovery of compounds that

are relatively selective to tumor cells and therefore have

reduced effects on normal cell growth.

Saponin-containing herbs possess a broad range of

bioactivities and have been commonly used in folk medicine

for their health-promoting properties. Tribulus terrestris L.

is one such saponin-containing herb used from high

antiquity to energize, vitalize, and improve sexual function

and physical performance in men. There is a growing body

of evidence for a cytostatic effect of saponins derived from

different herbs against malignant cells (1–4) and anticancer

properties of T. terrestris L. saponins (referred hereafter as

TT), aside from their aphrodisiac effect (5–8). However,

there still is a strong need for investigating TT effect(s) on

normal human cells in order to interpret the possibility of

using TT in the struggle against cancer.

Many active compounds from T. terrestris L. extract

have been identified (9–11). Some researchers have

preferred an approach of using such purified individual

compounds (5, 12, 13) or their derivatives (chemically

altered or naturally occurring) (1, 2) for their in vivo and in
vitro studies. However, changes in the nature and biological

effects of the native compound may take place during the

isolation and purification process. In addition, the saponins

might produce the desired effects in conjuction with other

moieties. Therefore, another approach worth considering is

the use of a defined saponin mixture.

The main objectives of the current research were to

reveal the bioactivity of saponin mixture from T. terrestris
L. under physiological conditions in vitro, to compare it

This research was supported by grant By–<–305 from the Bulgarian Ministry of
Education and Science.

1 To whom correspondence should be addressed at Department of Chemistry and
Biochemistry, Medical University, 2 Zdrave Street, Sofia 1431, Bulgaria. E-mail:
neychev@dir.bg

Received March 20, 2006.
Accepted June 13, 2006.

126

1535-3702/07/2321-0126$15.00

Copyright � 2007 by the Society for Experimental Biology and Medicine



with saponins’ anticancer properties, and to unravel, at least

in part, the molecular mechanisms of the effect(s) on

primary cultures from normal human skin fibroblasts.

The results show that TT is less toxic for human skin

fibroblasts in comparison to a great variety of tested cancer

cellular lines. The molecular mechanisms of this bioactivity

involve changes in polyamine homeostasis in conjunction

with antiproliferative and apoptotic molecular machinery.

Materials and Methods

Plant Materials and Purification of Saponins. T.
terrestris L. (origin: Bulgaria) was authenticated by Dr.

Kozuharova from the Department of Pharmacognosy and

Botany, Faculty of Pharmacy of the Medical University of

Sofia, and a voucher specimen (No. SO/104021) was

deposited at the Herbarium of the Institute of Botany,

University of Sofia, Bulgaria.

TT were extracted as described previously (9). In brief,

the powder from aerial parts of the herb was extracted three

times with 70% ethanol. The extract was evaporated to

dryness under vacuum at less then 508C. The residue was

dissolved in water and extracted by aqueous butanol three

times. The butanol extract was evaporated to dryness under

vacuum at temperature below 508C and was then subjected

to chromatography on D101 resin. The resin was subjected

to ethanol gradient elution from 0% to 100%. Fractions

containing saponins were evaporated to dryness under

reduced pressure and subjected to chromatography on silica

gel. Saponins were eluted from the column using mixture of

CHCl3-MeOH-H2O (50:10:1, v/v/v).

The contents of saponins in the fraction selected for the

experiments was determined to be more than 99% by

photometric analysis described previously (14). In addition,

the fraction was standardized on base of protodioscin

contents by RP-HPLC as described previously (15), using

commercially available protodioscin (ChromaDex, Inc.,

Santa Ana, CA) as an external standard. Chemical structure

of protodioscin is shown in Figure 1.

Materials. Dulbecco’s modified Eagle’s medium

(DMEM), 3-(4–5-dimethyl thiasol-2-yl)-2–5-diphenyl tetra-

zolium bromide thiazolyl blue (MTT), fetal bovine serum

(FBS), bovine serum albumin (BSA), anti-p-p38 antibody,

anti-ERK 1 antibody, anti-p-ERK 1/2 antibody, anti-p-JNK

antibody, anti-MKP-1 antibody, anti-Actin antibody, [3H]thy-

midine (Sigma-Aldrich, St. Louis, MO), and anti-caspase 3

(Santa Cruz Biotechnology, Santa Cruz, CA).

Fibroblast Isolation and Cell Culture. Fibroblast

cultures were established from skin of two healthy human

subjects, a 34-year-old male and a 54-year-old female.

Explants were obtained by surgical removal under local

anesthesia, after informed consent was obtained and with

approval of the local ethics committee. Epidermis and

subdermal fat were removed from sterile biopsies of normal

skin. The specimens were minced into pieces of 1 to 2 mm3

in sterile tissue culture dishes and gently overlaid with

DMEM supplemented with 10% FBS. Explants were

incubated at 378C in a humidified CO2 incubator for 10 to

14 days and fed every 3 days. Fibroblasts were harvested

from primary cultures by trypsin treatment and replated.

Cell cultures from both donors were used at passage two to

four unmixed.

Cell Proliferation Assay. Fibroblasts were plated in

24-well plates at 1.2 3 104 cells/well with DMEM

supplemented with 10% FBS for 48 hrs. Cells were then

starved for 24 hrs in serum-free medium supplemented with

0.1% BSA and subsequently treated with different TT

concentrations (0, 0.06, 0.6, 6, 20, 60 lg/ml medium) for 20

hrs using cultivating media as a solvent. At the end of the

corresponding treatment, 0.250 lCi [3H]thymidine/well was

added and cells were subsequently grown for an additional 4

hrs. The cells were then washed in cold phosphate-buffered

saline (PBS) three times, fixed in 5% trichloroacetic acid

(TCA), and dried with 70% ethanol. Finally, 250 ll of 0.2 M
NaOH was added, allowed to stand for 15 mins, and then

neutralized with 250 ll HCl acid; 150 ll of each well

content was then counted in 2 ml of scintillation mix.

Cell Viability Assay. Fibroblasts were plated in 24-

well plates at 1.2 3 104 cells/well, with DMEM supple-

mented with 10% FBS and cultivated to confluence. When

cultures were confluent, TT was added in different

concentrations (0, 0.06, 0.6, 0.8, 1, 2, 3, 4, 5, 6, 7, 8, 10,

20, and 60 lg/ml medium) using the cultivating media as a

solvent. Cells were incubated with TT for 24 hrs. Viability

was monitored by MTT assay. An MTT stock solution 5

mg/ml was prepared, and a quantity was added to each

culture that was equal to one tenth of the original culture

volume and incubated for 4 hrs. At the end of the incubation

period, medium was removed and formazan complex was

solubilized with dimethyl sulfoxide (DMSO). Absorbance

Figure 1. Chemical structure of protodioscin. Glc, glucose; Rha,
rhamnose.
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of the complex was measured at a wavelength of 570 nm

with background subtraction at 630–690 nm.

Western Blot Analysis. Fibroblasts from normal

skin were plated into 100 mm Petri dishes (Nunc) at 1.2 3

104 cells/cm2 with DMEM supplemented with 10% FCS

and cultivated to confluence. At confluence, 6 lg TT/ml of

medium was added and experiments were stopped at

different times (0 mins, 5 mins, 10 mins, 30 mins, 1 hr,

24 hrs, 48 hrs, 72 hrs). At the end of the respective

treatment, cells were lysed with a buffer containing 1%

Nonidet P-40, 0.1% sodium deoxycholate, 150 mM NaCl,

50 mM Tris-HCl, pH7.5, 1 mM phenylmethyl sulfonyl

fluoride, 0.2 U/ml aprotinin, 10 mM Na4P2O7, 10 mM NaF,

4 mM ethylenediaminetetraacetic acid (EDTA), and 2 mM
Na3VO4. The protein content was measured by the Bradford

assay using Bio-Rad protein assay reagent (Bio-Rad

Laboratories, Richmond, CA). Cell lysates (20 lg) were

separated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis and then transferred to an Immobilon

polyvinylidene difluoride membrane (Millipore, Bedford,

MA). After blocking with 5% nonfat milk and overnight

incubation at 48C in the presence of anti-p-p38, anti-ERK 1,

anti-p-ERK 1/2, anti-p-JNK, anti-MKP-1, anti-caspase 3,

and anti-actin antibodies, the membrane was further

processed using secondary antibodies.

Prior to the MKP-1 experiment with TT, cells were

cultivated in a serum-free medium for 24 hrs to eliminate the

influence of growth factors. Since the proteins used

frequently as a loading control, including actin, are known

caspase 3 substrates (16), we used ERK 1 as a loading

control in our experiments.

Polyamine Analysis. Fibroblasts were plated into

100 mm petri dishes (Nunc) at 1.2 3 104 cells/sm2 with

DMEM supplemented with 10% FCS and cultivated to

confluence. After that, 6 lg TT/ml medium was added, and

experiments were stopped at different time (0 mins, 2 mins,

5 mins, 10 mins, 30 mins, 1 hr, 24 hrs, 48 hrs, 72 hrs). Cells

were collected at the end of the respective experiments and

washed three times with 20-ml aliquots of ice-cold PBS.

The resulting pellets were resuspended in 0.4 ml of chilled

0.3 M perchloric acid and subjected to two cycles of freeze-

thawing. After centrifugation at 12,000 g for 5 mins, 0.3 ml

of the clear supernatant was used for polyamine analysis,

whereas the pellet was dissolved in 0.4 ml of 0.3 M NaOH

for protein determination. Putrescine, spermidine, and

spermine were quantified by HPLC.

Statistical Analysis. Results were expressed as

means 6 SEM, and are representative of at least two

separate experiments performed at least in triplicate.

Statistical analysis was performed using one-way ANOVA,

with a level of significance of difference set at P , 0.05.

Results

TT Depresses [3H]Thymidine Incorporation in a
Dose-Dependent Manner. To determine the effect of

TT on proliferation of normal skin fibroblasts, cells were

treated with different TT doses for 24 hrs. This experiment

showed a dose-dependent decrease in [3H]thymidine

incorporation into the DNA of treated fibroblasts compared

to the untreated controls (Fig. 2A). During incubation with

0.06 lg TT/ml medium [3H]thymidine incorporation was

73.13 6 7.2% of controls (P , 0.0001) and gradually

reached 13.75 6 2.79% with treatment of 60 lg TT/ml

medium (P , 0.0001).

TT Depresses Fibroblast Viability. The effect of

TT on cellular viability was determined by incubating

fibroblasts with different TT dilutions, as described in

‘‘Materials and Methods,’’ for 24 hrs (Fig. 2B). Viability of

treated cells remained within the control levels with

treatment of up to 5 lg TT/ml medium. However, it was

significantly depressed (66.95 6 4.46% of controls [P ,

0.0001]) with incubation in �6 lg TT/ml medium and

decreased gradually thereafter.

Half maximal inhibitory concentration (IC50) of TT

was determined to be 12.6 lg TT/ml of cultivating media

(BioDataFit, Chang Bioscience, Inc., Castro Valley, CA).

Rapid Effect on MAPK/SAPK Protein Kinase
Subfamilies. A striking decreasing effect of TT on ERK1/

2 phosphorylation was observed in the fifth minute of

incubation 1.82 6 0.196% of controls (P , 0.0001) (Fig.

3A and B(b)). This effect remained unchanged until the 48th

hour of incubation, when ERK phosphorylation slightly

recovered to 48.35 6 1.34% (P , 0.0001), but was still

below the control levels at 72 hrs of treatment, 58.84 6

2.16% (P , 0.0001). In contrast, p38 phosphorylation was

increased and reached a sharp peak after 1 hr of incubation,

210.97 6 1.53% of controls (P , 0.0001), and decreased

gradually until 72 hrs, when it fell slightly below the control

levels (Fig. 3A and B(a)). p-JNK had a fate similar to that of

p-p38, but with a gradual increase of phosphorylation and a

later peak at 24 hrs, 212.68 6 1.62% (P , 0.0001) (Fig. 3A

and B(c)). Phosphorylation/dephosphorylation events of

SAPK/MAPK correlated with rapid MKP-1 induction,

which was 203.68 6 0.33% (P , 0.0010) at 5 mins and

reached a peak of 354.28 6 0.73% of controls (P , 0.0001)

at 3 mins of incubation with TT (Fig. 3A and B(d)).

Early Activation of Procaspase 3 and Corre-
sponding Actin Cleavage. Cleavage of procaspase 3

(activation) was found after only 5 mins of treatment, 58.06

6 1.32% (P , 0.0001), which reached 88.66 6 0.90% (P
, 0.0001) at 72 hrs of incubation (Fig. 4A and B(a)). As a

consequence of procaspase 3 activation, actin was also

cleaved. Actin degradation was 69.57 6 3.13% (P ,

0.0001) at 5 mins, and following procaspase 3 activation

reached 99.10 6 1.28% (P , 0.0001) at 72 hrs of treatment

(Fig. 4A and B(b)). These events correlated with morpho-

logical changes in the fibroblasts, beginning with a normal

fusiform appearance and shrinkage with time in TT treated

cells (not shown).

Changes in Polyamine Levels Correlate with
Antiproliferative and Apoptotic Effect. We found a
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significant decrease in putrescine concentration, 2.15 6 0.38

nM/mg protein (P ¼ 0.0016) (Fig. 5 A) and a concomitant

increase in spermidine, 3.04 6 0.13 nM/mg protein (P ,

0.0001) (Fig. 5 B) and spermine 4.69 6 0.36 (P¼ 0.0003)

(Fig. 5 C) at 2 mins of treatment of fibroblasts with TT.

Interestingly, 3 mins later (5 mins of treatment) polyamines

returned to their initial (control) levels. At 30 mins of

incubation, however, putrescine concentration increased,

Figure 3. Effects of TT on MAPK/SAPK. (A) Immunoblot demonstrating a rapid MKP-1 induction with a powerful p-ERK1/2 dephosphorylation
and an increase in p-p38 and p-JNK phosphorylation (here C is control). (B) Densitograms of a) p-p38, b) p-ERK1/2, c) p-JNK, and d) MKP-1. *P
, 0.0001, **P , 0.02 compared to 0 (control) time.

Figure 2. Influence of TT on fibroblasts’ proliferation and viability. (A) [3H]thymidine incorporation was significantly depressed with 0.06 lg TT/
ml medium incubation 73.13 6 7.2% of controls and gradually reached 13.75 6 2.79% with 60 lg TT/ml medium. (B) Cellular viability
decreased significantly following incubation with �6 lg extract/ml medium 66.95 6 4.46% of controls. (C) Proliferation ([3H]thymidine
incorporation) and cell viability curves converge at a TT concentration of ;6 lg. *P , 0.0001 compared to controls.
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with a peak of 5.51 6 0.23 nM/mg protein (P ¼ 0.0098),

whereas spermidine and spermine decreased to 0.41 6 0.14

(P , 0.0001) and 1.69 6 0.05 (P¼0.0019) respectively, and

then all returned again to the control range. Subsequently,

spermidine and spermine concentrations dropped below the

controls at 48 hrs and gradually reached 0.15 6 0.05 nM/mg

protein (P , 0.0001) and 1.09 6 0.01 nM/mg protein (P¼
0.0002) at 72 hrs of the treatment respectively.

Figure 4. Influence of TT on activation of procaspase 3 and actin cleavage. (A) Immunoblot reveals a correlation between rapid procaspase 3
activation and actin degradation (here C is control). (B) Densitograms of a) procaspase 3 activation, and b) actin cleavage. *P , 0.0001
compared to 0 (control) time.

Figure 5. Effect of TT on polyamines’ homeostasis. (A) Putrescine concentration decreased significantly 2.15 6 0.38 nM/mg protein at 2 mins
of incubation accompanied by increase in (B) spermidine 3.04 6 0.13 nM/mg protein, and (C) spermine 4.69 6 0.36. There was an inversion of
changes at 30 mins with an increase of (A) putrescine and decrease of (B) spermidine, and (C) spermine followed by return to control levels. At
48 hrs of incubation spermidine and spermine dropped below the controls and reached 0.15 6 0.05 and 1.09 6 0.01 nM/mg protein at 72 hrs,
respectively. *P , 0.0001, **P , 0.01 compared to 0 time.
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Discussion

The goal of the current study was to explore some

aspects of the effect of TT under physiological cellular

conditions using primary cultures of normal human skin

fibroblasts as a cellular model. The results of our research

and the data from the previous studies investigating the

depressive effect of TT saponins against cancer cells are

considered and compared below.

First, we optimized conditions for investigating the

cytostatic/cytotoxic effect in normal human fibroblasts. For

this purpose, the effects of TT were determined by MTT

analysis and [3H]thymidine incorporation, as described in

‘‘Materials and Methods.’’ The results obtained suggested

that TT in vitro has cytostatic properties against normal

human skin fibroblasts in concentrations ranging from 0.06

to 5–6 lg/ml of cultivating media, and increasing the

concentration over 6–7 lg causes cytotoxicity with an IC50

of 12.6 lg TT/ml of cultivating media. The morphology of

cells treated for 24 hrs with different cytostatic TT dilutions

(0.06–5 lg) was indistinguishable from the typical fusiform

morphology of the controls, whereas incubation with

cytotoxic TT concentrations (�6 lg) led to apoptotic-like

shrinkage and vacuolization, and higher TT concentrations

(�20 lg) led to lysis within hours (data not shown). Despite

the apoptotic-like morphological changes observed, no

obvious cellular lysis was observed even at 72 hrs of

incubation with 6 to 9 lg TT/ml media.

Here, we reveal the dose-dependent cytostatic/cytotoxic

effect of TT against normal human cells aside from their

known anticancer properties. The data from recent studies

considering TT anticancer activity (5, 7, 8) has shown an

IC50 � 8.2 lg TT/ml of cultivating media for a great

variety of human cancer cell lines, including hepatoma

(BEL-7402), breast cancer (Bcap-37), melanoma malignum

(SK-MEL), oral epidermoid carcinoma (KB), breast ductal

carcinoma (BT-549), and ovary carcinoma (SK-OV-3).

Although there was no fibrosarcoma among the investigated

malignant cellular lines, the presence of a human epider-

moid carcinoma line (KB) and the equivalent methods used

in those studies (5) serve as an alternative for a relatively

precise comparison of TT cytotoxicity in physiological and

pathological conditions. According to our MTT assay

results, it seems that TT is less toxic for normal human

skin fibroblasts with an IC50 of 12.6 lg TT/ml of

cultivating media in comparison to the vast number of

investigated cancer lines (5, 7, 8).

The following observations and findings have sup-

ported additionally the estimation of working TT concen-

tration. First, even incubation with the lowest dose of 0.06

lg TT resulted in a significant depression of [3H]thymidine

incorporation into cellular DNA with an unchanged

viability. Second, while [3H]thymidine incorporation pro-

gressively decreased, cellular viability remained within

control levels with TT dilutions up to 5 lg. Further increase

of TT concentration (�6 lg), however, caused significant

loss of viability. Third, [3H]thymidine incorporation reached

control levels 24 hrs after switching the cells cultivated with

0.06–5 lg of TT to TT-free media, but was irreversibly

depressed with treatment concentrations of �6 lg (data not

shown). Finally, as shown in Figure 2C, [3H]thymidine

incorporation and viability curves intersect near a TT

concentration of 6 lg and proceed thereafter almost parallel.

Put together, this indicates that ;6 lg of TT represents

the transition point between cytostatic and cytotoxic

properties in vitro and the most appropriate concentration

for exploring the intracellular events resulting from treat-

ment.

The results of the MTT and [3H]thymidine tests, as well

as morphological observation, imply at least two possible

means of TT action: (i) affecting the proliferation, and/or (ii)

inducing apoptosis. Hence, the following steps for tracing

the probable intracellular antiproliferative and/or apoptotic

events were undertaken.

In fibroblasts, proliferation is regulated positively by

the p42/44MAPK (ERK1/2) and negatively by p38/JNKMAPK

pathway (17, 18). p38 and ERK1/2 interact physically to

form a perinuclear complex, and their activities are

oppositely regulated in response to different proproliferative

or proapoptotic signals (19). Therefore, the possible effect

of TT on ERK1/2 and the two other MAPK family

members, p38 and JNK (SAPK), was investigated. As was

anticipated, they were oppositely influenced. p-ERK1/2 was

significantly dephosphorylated at 5 mins of incubation with

TT until 48 hrs, when phosphorylation slightly recovered,

but was still below the control levels. In contrast, p38 and

JNK phosphorylation were positively influenced, with peaks

at 1 hr and 24 hrs of incubation respectively. In order to

explore this rapid p-ERK1/2 dephosphorylation event, we

investigated MAPK phosphatase-1 (MKP-1) expression,

because MKP-1 has been shown to dramatically inhibit

fibroblast proliferation via p-ERK1/2 dephosphorylation

and has been induced within minutes following growth

factor stimulation (20). Although positive effect of growth

factors was avoided by cultivating cells in a serum-free

medium 24 hrs prior to the experiment, we observed a rapid

expression of MKP-1 at 5 mins of incubation, with TT

almost exceeding twice the control level. It reached a peak

at 30 mins, decreasing gradually thereafter. There was a

clear correlation between MKP-1 expression and the

phosphorylation/dephosphorylation events of SAPK/MAPK

caused by TT.

The physiological role of SAPK activation in cell

survival and apoptosis is still controversial, being suggested

to have an antiapoptotic (21), proapoptotic (22), or no effect

(23) on these processes. However, the intracellular events

observed in the current study together with cells’ apoptotic

morphological changes hinted at a possible involvement of a

SAPK-dependent apoptosis initiation.

Hence, we proceeded with the assessment of the

caspase 3 activation as one of the key executioners of

apoptosis.
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Contrary to our expectations, however, the activation of

caspase 3 preceded the activation of p38 and JNK. Almost

60% of caspase 3 was activated at 5 mins and reached

approximately 90% at 72 hrs of incubation with TT. The

rapid apoptosis induction and caspase 3 activation, in

particular, was further confirmed by the accompanying

cleavage of actin. Approximately 56% of actin was cleaved

at 5 mins and gradually reached 96% at 48 hrs of TT

treatment and correlated clearly with caspase 3 activation

(Fig. 4). Obviously, other apoptosis initiation pathways are

involved and caspase 3 activation, in particular, is SAPK

independent in this experiment.

On the one hand, we observed an early rapid MKP-1

induction followed by p-ERK 1/2 dephosphorylation with

accompanying caspase 3 activation and rapid actin cleavage.

On the other hand, there was a later effect represented by

increasing phosphorylation of stress-activated protein

kinases (p38 and JNK) that seems unrelated to apoptosis

initiation. These findings implied that TT’s signal could

somehow modify crosstalk with other signal transduction

pathways and/or could have a different source. One possible

explanation is the close structural similarity between steroid

saponins’ aglycon moiety and steroid hormones, which

enables them to affect other signaling molecules, such as

MAPK family members, by transcription-independent

mechanisms (24, 25). The other possibility is that different

and some times antagonistic biological activities of TT

saponins are imparted by their oligosaccharide (glycon)

moiety (26). While these studies could, at least in part,

reveal a possible reason for divergent TT action, neither of

them could give a satisfactory explanation for the rapid

apoptotic and antiproliferative TT actions observed in our

research.

Some recent studies make it increasingly clear that

polyamines’ ubiquitous intracellular organic cations are

actively implicated in the intricate mechanism of regulating

cellular apoptosis and proliferation (27–29). The poly-

amines have been shown to regulate the activation of

caspase-3 directly and/or independently modulate upstream

signaling events (30).

We evaluated the possible involvement of polyamines

in the molecular mechanism of TT action and their probable

role in the uncoupling of signal and early caspase 3

activation. For that particular experiment, we expanded the

time-dependency design with an additional end point at 2

mins of incubation with TT in order to detect any existing

relation between polyamines, apoptosis initiation, and

antiproliferative effect.

We found a dramatic concussion of polyamines’

homeostasis with a decrease in putrescine concentration

and concomitant increase in spermidine and spermine at 2

mins of treatment with TT (Fig. 5). Surprisingly, after the

initial elevation, the polyamine concentrations returned to

control levels. These findings left us to conclude that

polyamines played a possible initiating role in TT signal

transduction and supported some recent studies showing

that polyamines, cell cycle events, and apoptosis are closely

connected (31–33).

Here we demonstrate a probable chronology and

possible correlation of intracellular events resulting from

TT treatment of normal human skin fibroblasts. We propose

the following order of events: a decrease of putrescine with

concomitant increase of spermidine and spermine concen-

trations fi caspase 3 activation, MKP-1 induction fi p-

ERK1/2 dephosphorylation and actin degradation with a

normalizing of polyamine levels fi p38/JNK phosphoryla-

tion and inversion of initial changes in the polyamine

concentrations.

Conclusions

The following conclusions can be made from our

research: (i) TT is less toxic for normal human skin

fibroblasts in comparison to a great variety of tested cancer

cellular lines; (ii) molecular mechanisms of TT action(s)

include rapid initiation of apoptosis and depression of

proliferation involving early caspase 3 activation and p-

ERK1/2 dephosphorylation, respectively; (iii) within our

cellular model, p38 and JNK activation during apoptosis is

TT stimulus-dependent (activation of the SAPK pathways,

however, is not required for procaspase 3 cleavage, but may

still be required to elicit other features of the apoptotic

phenotype resulting from TT treatment); and finally (iv) it is

becoming more and more evident that the polyamine system

is part of a tightly regulated control machinery which makes

final decisions in the choice between growth, survival,

differentiation, or death of a cell. Both up- and down-

regulation of polyamine levels seem to play a critical role in

TT signaling pathway(s). Extending this research to studies

in animals would help in exploring and interpreting the

potential properties of TT as an anticancer supplement.

We thank Dr. H. A. Jinnah and Dr. T. Shirley for helpful discussions.
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