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Abstract

Purpose The milk thistle extract silymarin, alone or in

combined chemotherapy, is now under investigation in

anticancer research, with particular interest for its possible

employ in the treatment of chemoresistant tumours. So far,

the consequences of a silymarin pre-treatment have not

been thoroughly investigated. We studied whether silym-

arin pre-treatment synergized with chemotherapy, explor-

ing the dose-dependence of the interaction in sensitive and

multidrug-resistant cells.

Methods We studied cell cycle perturbations induced by

silymarin in two colon carcinoma cell lines, LoVo and the

multidrug-resistant isogenic LoVo/DX. Synergism/additivity/

antagonism of silymarin–doxorubicin silymarin–paclitaxel

combined treatments were evaluated by isobologram/

combination index analysis, in the whole spectrum of

active and sub-active concentrations of all drugs. The

mechanisms of silymarin interaction with the other drugs

were investigated by measuring drug uptake and cell cycle

perturbations.

Results Silymarin had similar antiproliferative activity

against both cell lines. Pre-treatment with low silymarin

concentrations synergised with both doxorubicin and pac-

litaxel in LoVo but not in LoVo/DX. Higher silymarin

concentrations were additive with doxorubicin and paclit-

axel in both cell lines. Silymarin favourably interfered with

uptake and cell cycle effects of the chemotherapeutics in

LoVo but not in LoVo/DX.

Conclusion These findings confirm activity of silymarin

against colon carcinoma, including multidrug-resistant

types, at relatively high but clinically achievable concen-

trations. In view of its low toxicity, two schedules based on

low- and high-dose silymarin pre-treatment might offer a

valuable option for combined treatment.

Keywords Silymarin � Combination chemotherapy �
Synergism � Multidrug resistance � Drug uptake �
Flow cytometry

Introduction

It is known that the antitumour activity of anticancer drugs

can be enhanced by combining them with modulating agents

to reduce their toxicity and/or boost their antitumour activity

[5]. This is particularly important considering that many

human tumours have resistance mechanisms responsible for

the failure of chemotherapeutic treatment, so the use of

resistance-counteracting compounds is potentially useful.

The milk thistle extract silymarin, commonly used for its

hepatoprotective [12] and antioxidant [13, 25] properties, is

under study in cancer research both as a chemopreventive

and as a modulating compound. Silymarin is a mixture of

flavonolignans, mainly silibinin (also named silybin, with

two diasteroisomers silybin A and silybin B), isosilybin

(with two diasteroisomers isosilybin A and isosilybin B),

silydianin and silychristin, among which silibinin is the most

active, but not the only active constituent [24]. Preclinical

studies indicate that silymarin or silibinin counteract carci-

nogenesis in models of prostate, lung, colon, ovarian and

non-melanoma skin cancer [21]. The use of silymarin is also

favoured by its tolerability, which permits prolonged oral
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treatment with no limiting side-effects, even in patients with

cancer [20].

On the other side, the drug-modulating effect of silym-

arin was demonstrated by its ability to potentiate the

cytotoxic effect of doxorubicin or cisplatin against breast

and prostate cancer cells [7, 37, 38]. Further studies suggest

that this effect is at least partly due to silymarin influencing

on the active transport of drugs through the cell membrane,

acting particularly on mechanisms that cause multidrug

resistance, increasing drug efflux by over-expression of

ATP-binding cassette (ABC) transporters such as MDR1

P-glycoprotein (P-gp, ABCB1) and multidrug resistance-

associated protein 1 (MRP1, ABCC1) [3, 30]. Therefore,

silymarin-based therapies might be particularly useful in

the management of multidrug-resistant tumours.

Previous studies have investigated the activity of

silymarin in colon cancer cells [1, 22, 33] but its activity

against multidrug-resistant cells and drug combinations

have not been evaluated. The present study was undertaken

to test the antitumour activity of silymarin alone and in

combination against colon cancer cells, in a cell line sen-

sitive to doxorubicin (LoVo) and its multidrug-resistant

(MDR) isogenic counterpart (LoVo/DX). Silymarin was

tested in combination with doxorubicin and paclitaxel at a

wide concentration range of drugs, allowing a thorough

analysis of potential synergism or antagonism. We also

compared drug uptake/efflux and cell cycle perturbations in

the two cell lines in the presence or absence of silymarin, to

clarify the putative contribution of these phenomena to the

effect of the combination.

Materials and methods

Drugs and chemicals

Silymarin (Legalon�) (SIL) was kindly provided by

Madaus srl, Padova, Italy. The preparation contains 75.0–

80.9% silymarin, including silibinin (26–31% in weight),

isosilybin (10–14%), silychristin (12–14%). Silydianin

(14–17%) [8].

Paclitaxel (Taxol�) (TAX) was provided by Indena

S.p.A., Milan, Italy, doxorubicin (DOX) by Nerviano

Medical Sciences, Nerviano, Italy.

Cell culture

A human colon adenocarcinoma cell line (LoVo), isolated

from a metastatic nodule, and its MDR variant (LoVo/

DX) were used. Both cell lines were grown as previously

described [9]. The LoVo/DX cell line was selected

for resistance to DOX from its drug-sensitive parental

LoVo cell line [17] and was also resistant to other

anthracyclines, to vinca alkaloids and epipodophyllotoxin

derivatives [9]. LoVo/DX cells have high levels of

expression of P-gp [9, 29].

Detection of doxorubicin and paclitaxel

by high-performance liquid chromatography (HPLC)

Doxorubicin and paclitaxel were determined in cell pellets

by using two previously reported HPLC methods after

solvent or solid phase extraction, respectively [4, 41].

Flow cytometric detection of doxorubicin

The inherent fluorescence of DOX can be combined with

flow cytometry as a convenient and rapid method for the

quantification of DOX uptake and efflux [10, 23]. There is

a good correlation between the average cellular fluores-

cence intensity and the amount of drug associated with the

cells as detected by HPLC. DOX fluorescence was ana-

lysed using a FACSCalibur flow cytometer (Becton–

Dickinson Immunocytometry Systems, Inc., San Jose, CA)

with excitation at 488 nm and emission in the 562–606 nm

range. Dead cells were excluded on the basis of their

scatter signal and propidium iodide (PI) stainability.

Cell cycle perturbations and apoptosis

Exponentially growing cells were treated with different

drug concentrations in T-25 cm2 tissue culture flasks

(Iwaki, Bibby Sterilin, Staffordshire, UK). After treatment,

the cells were washed twice with warm PBS and left in

drug-free medium for the specified times. At each time, the

cells were detached, counted, fixed and prepared for

cytometric DNA and TdT-mediated dUTP nick end label-

ling (TUNEL) analyses as described before [28]. DNA

histograms were analysed using a previously described

software [39] obtaining the percentage of cells in the cell

cycle phases (%G1, %S, %G2M).

Combination treatment

To evaluate the effect of the combination of SIL and DOX

(or TAX), cells were treated, left in drug-free medium up to

7 days and tested with sulphorodamine B (SRB) [2]. A

factorial experimental design was adopted in each experi-

ment, where single concentrations of SIL were coupled with

several concentrations of DOX (or TAX) and vice versa, in

96-well plates, with five replicated independent plates.

Several concentrations were considered for each drug: SIL

concentrations were in the range 1–100 lg/ml in both cell

lines, DOX in the range 3–50 nM (LoVo) and 40–3,000 nM

(LoVo/DX), TAX in the range 0.4–40 nM (LoVo) and
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100–2,000 nM (LoVo/DX). Each schedule was tested in at

least two independent experiments.

Data were first analysed using the isobologram method,

relying on fitting of the combined concentrations of SIL

and DOX (or TAX) that caused a growth inhibition of 30,

50 or 70% (reviewed in [18]).

To quantify the interaction, we calculated the combi-

nation index (CI) for each pair of drug concentrations

tested in combination (Dsil, Ddox), with the following for-

mula (based on the Lowe additivity criterion [27]):

CI ¼ Dsil=ICX;sil þ Ddox=ICX;dox

where X is the observed effect in the combination, ICX,sil

and ICX,dox are the concentrations of each individual drug

that would produce the same effect ‘‘X’’ if given alone.

Interaction was claimed additive if 0.85 \ CI \ 1.15,

synergistic if CI B 0.85, antagonistic if CI C 1.15. To

support the claim with a statistical test, SIL and DOX (or

TAX) concentrations were grouped on the basis of the

effect of the single drug in the ‘‘low-efficacy’’ (growth

inhibition between 5 and 30%) and ‘‘high-efficacy’’

(growth inhibition between 30 and 70%) groups. SIL

concentrations that were almost ineffective (less than 5%

growth inhibition) but higher than 0.5 lg/ml were consid-

ered as an additional ‘‘sub-efficacy’’ group. ‘‘Sub-effec-

tive’’ concentrations of DOX and TAX were not evaluated.

Eventually, all the combination data of at least two

repeated experiments with a given cell line entered the

analysis, and the results were pooled in the following six

groups: (SILsub, DOXlow), (SILsub, DOXhigh), (SILlow,

DOXlow), (SILlow, DOXhigh), (SILhigh, DOXlow), (SILhigh,

DOXhigh).

Means and the standard deviation of the CI in each

group were calculated. The significance of the difference of

the mean from a given CI was evaluated using a two-sided t

test. Synergy was significant if average CIs were lower

than 0.85 and statistically different from 1; antagonism if

they were higher than 1.15 and statistically different from

1; additivity if they were between 0.85 and 1.15, signifi-

cantly higher than 0.8 and lower than 1.2.

Results

Antiproliferative activity of silymarin

in LoVo and LoVo/DX

Silymarin was tested in a human colon adenocarcinoma

cell line (LoVo), isolated from a metastatic nodule, and its

MDR variant (LoVo/DX). The characterisation of the

MDR phenotype of LoVo/DX cells has been reported

elsewhere, particularly evidencing a 2-log increase in the

expression of P-gp [29]. In our experiments with the SRB

test, LoVo/DX cells were about 72 times less sensitive to

DOX than LoVo (IC50 892 and 12 nM, respectively, as

average of at least three independent experiments) and 78

times less sensitive to TAX (IC50 1,112 and 14 nM).

Instead, LoVo/DX cells were only slightly less sensitive to

SIL than LoVo (IC50 70 and 51 lg/ml) (not shown).

The time-course of the antiproliferative effects of SIL

was investigated by contemporaneous absolute cell count

and DNA flow cytometry. Cells were treated for 24 h with

different SIL concentrations and then analysed for addi-

tional 48 h.

Treatment with 10 lg/ml SIL induced only a weak,

reversible delay in LoVo cells (Fig. 1a), with a small non-

significant increase in the percentage of cells in G2M phase

(particularly at 48 h, Fig. 1b), while the same concentration

was ineffective in LoVo/DX. At 50 lg/ml, cell proliferation

was strongly reduced during SIL treatment, in association

with increased percentage of cells in G1 (Fig. 1b, 24 h

panels). The increased %G1 was observed also at 100 lg/ml

in LoVo/DX, while this effect was less evident in LoVo,

indicating that growth arrest (Fig. 1a) was not specific for a

particular phase. After drug wash-out, we observed an

increase in %G2M in LoVo, (Fig. 1b, 48 h), reaching the

relatively highest value in samples treated with 100 lg/ml.

Taken together with the persistent growth inhibition

(Fig. 1a, 48 h), the data indicated that in the first day after

100 lg/ml SIL treatment LoVo cells moved slowly through

G1 and S phases but then were arrested in G2M. At 72 h,

proliferation was resumed and G2M block was resolved,

while controls and samples treated with lower concentra-

tions were approaching confluence increasing the percent-

age of G1 due to the presence of quiescent/G0 cells.

Proliferation was resumed earlier in LoVo/DX, where a

frank increase in cell number was observed in the second

day, particularly with 50 lg/ml SIL (Fig. 1b).

Apoptosis over control levels (2% apoptotic cells, as

detected by the TUNEL assay) was not observed up to

50 lg/ml SIL in both cell lines. SIL at a concentration of

100 lg/ml induced apoptosis modestly, with a maximum

of 10% apoptotic cells reached at 48 h in LoVo and at 24 h

in LoVo/DX (not shown).

Synergism, additivity and antagonism of combinations

of silymarin with doxorubicin or paclitaxel

The antiproliferative effect of combined SIL-DOX and

SIL-TAX treatments were evaluated in experiments chal-

lenging several combinations with drug concentrations

spanning the whole efficacy range in LoVo and LoVo/DX

cells. At least two drug interaction experiments were

done for each schedule and drug combination. We used

the isobologram analysis [18] for qualitative assessment of

synergy or antagonism. The normalised concentrations of
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the combinations causing 30, 50 or 70% growth inhibition

could be evaluated by their position in relation to the line

of additivity, connecting all pairs of drug concentrations

expected to produce 30, 50 or 70% growth inhibition. In

order to potentiate the possible interaction of SIL with the

second drug, SIL treatment started 24 h before addition of

the second drug. When 24 h SIL was followed by 24-h co-

treatment with DOX, synergism was detected at all efficacy

levels in LoVo, with most data points below the additivity

line (Fig. 2a). Instead, combinations data were near the

additivity line or above it in LoVo/DX, depending on

concentration range (Fig. 2b). Similarly, 24-h SIL-TAX

co-treatments were frankly synergistic in LoVo (Fig. 3a)

and additive/antagonistic in LoVo/DX cells (Fig. 3b).

In order to quantify the interaction and objectively to

test the significance of synergism/additivity/antagonism

at different concentration ranges, we calculated the CI

for each pair of drug concentrations, grouping the values

obtained with concentrations of low or high efficacy of

each drug, as defined in the Methods section. In LoVo cells

(Table 1a, c), in the ‘‘low-efficacy’’ SIL group, including

concentrations around 10 lg/ml, producing 5–30% growth

inhibition as single treatment, average CIs were near 0.5.

The synergism was highly significant (P \ 0.0001) for

both low and high concentrations of DOX and TAX. These

moderately effective SIL concentrations were the most

efficient to synergize with DOX and TAX. Lower SIL

concentrations, in the ‘‘sub-efficacy’’ group, around 1 lg/

ml, producing less than 5% growth inhibition as single

treatment, were generally only additive, with a possible

(not significant) synergism only observable when com-

bined with low DOX concentrations.

SIL concentrations in the ‘‘high-efficacy’’ group,

30–50 lg/ml, producing 30–70% growth inhibition as

single treatment, synergized with ‘‘high-efficacy’’ DOX

and ‘‘low-efficacy’’ TAX concentrations, but were additive

otherwise.

In LoVo/DX cells, no synergism was found. Both

SIL-DOX and SIL-TAX combinations (Table 1b, d) were

antagonistic at sub-effective SIL concentrations, additive/
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Fig. 1 Time– and

dose–responses of the

antiproliferative effect of SIL.

LoVo and LoVo/DX cells were

treated for 24 h with 10, 50 or

100 lg/ml SIL, counted and

fixed for flow cytometric

analyses at the indicated times

from the start of treatment.

a Absolute cell count. b Cell

cycle percentages obtained by

DNA flow cytometry. Data

points and error bars represent

the mean and standard error of

three replicate samples.

Asterisks mark values

significantly different from

relevant controls (*P \ 0.05,

**P \ 0.01, two-tailed t test)
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slightly antagonistic at low SIL concentrations and additive

at high SIL concentrations.

Doxorubicin and paclitaxel cellular uptake

and its modulation by silymarin

In order to disclose the cellular mechanism of the observed

synergism, we have investigated whether SIL interfered

with DOX and TAX uptake. To this purpose, cells were

pre-treated with SIL for 24 h then DOX or TAX was added

for another 24 h. At the end of the treatment, cells were

harvested, counted, centrifuged and DOX or TAX mea-

sured in the pellet using HPLC. We found that intracellular

drug content of both DOX and TAX was enhanced by SIL

(Fig. 4). However, 1 lg/ml SIL was ineffective and at least

10 lg/ml SIL was required to produce the effect, which

was higher for DOX than for TAX. Aliquots of the same

samples were re-suspended in drug-free medium for eval-

uation of the efflux. Efflux, evaluated by residual intra-

cellular drug content 30 min after drug wash-out, was not

affected by SIL, remaining fast in LoVO/DX and slow in

LoVo irrespective of SIL treatment.

Exploiting the intrinsic DOX fluorescence, DOX uptake

was also evaluated on a cell-by-cell basis by flow cytom-

etry, with the additional feature of excluding dead and

dying cells by counter-stain with propidium iodide. Using

the same treatment protocol, intracellular DOX fluores-

cence was measured at the end of treatment and 30 min

after drug wash-out (Fig. 4c). The results confirmed the

HPLC measure, demonstrating that DOX fluorescence at

the end of treatment was significantly higher in samples

treated with 10 lg/ml SIL with respect to cells without

SIL. At lower concentrations, SIL was almost ineffective,

while 50 lg/ml led to higher DOX accumulation. The

effect was stronger in LoVo than in LoVo/DX cells. The

efflux of DOX from LoVo/DX cells was rapid, leaving

about 8% of the original fluorescence signal at 30 min in

SIL-untreated samples, and equally rapid in cells treated

with SIL. Instead, more than 50% of the DOX intracellular

content at the end of treatment was still inside LoVo cells
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Fig. 2 Isobolograms of SIL-DOX combinations in LoVo (a) and

LoVo/DX cells (b) at the IC30, IC50 and IC70 levels. SIL was given

for 24 h alone, then DOX was added for another 24 h. Cell cultures

were tested with SRB after 7 days. Abscissa: DOX concentration, as a

fraction of DOX IC30, IC50 or IC70; ordinate: SIL concentration, as

a fraction of SIL IC30, IC50 or IC70. The additivity line (dashed)

separates the antagonistic (upper) from the synergistic (lower) region.

The cells were exposed to a range of concentrations of SIL plus DOX.

Combined concentrations producing 30, 50 and 70% growth inhibi-

tion were calculated by fitting dose–response curves of SIL at each

tested DOX concentration and viceversa

Cancer Chemother Pharmacol (2011) 67:369–379 373

123



0

0.2

0.4

0.6

0.8

1

1.2

0 0.20.40.60.8 1 1.21.41.61.8 2

IC30 IC50 IC70

TAX TAX TAX

S
IL S
IL

S
IL

a
LoVo

TAX TAX

S
IL

S
IL S
IL

b

LoVo/DX

0

0.2

0.4 

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

TAX

Fig. 3 Isobolograms of SIL-TAX combinations in LoVo (a) and

LoVo/DX (b). SIL was given for 24 h, then paclitaxel was added for

24 h. Abscissa: TAX concentration, as a fraction of TAX IC30, IC50

or IC70; ordinate: SIL concentration, as a fraction of SIL IC30, IC50

or IC70. See Fig. 2 for explanation of isobolograms

Table 1 Combination indexes (CI) of drug interactions in different concentration ranges

DOX conc SIL concentration

Sub-efficacy Low efficacy High efficacy

(a) LoVo

Low efficacy 0.67 ± 0.22 SYN 0.57 ± 0.05 SYN** 0.9 ± 0.11 ADD

High efficacy 0.87 ± 0.19 ADD 0.44 ± 0.03 SYN** 0.66 ± 0.06 SYN**

(b) LoVo/DX

Low efficacy 1.73 ± 0.23 ANT* 1.19 ± 0.07 ANT** 1.04 ± 0.03 ADD**

High efficacy 1.37 ± 0.1 ANT** 1.20 ± 0.15 ANT 1.09 ± 0.04 ADD*

TAX concentration SIL concentration

Sub-efficacy Low efficacy High efficacy

(c) LoVo

Low efficacy 1.10 ± 0.01 ADD** 0.51 ± 0.05 SYN** 0.83 ± 0.05 SYN**

High efficacy 1.06 ± 0.04 ADD* 0.50 ± 0.07 SYN** 1.06 ± 0.11 ADD

(d) LoVo/DX

Low efficacy 1.64 ± 0.39 ANT 1.22 ± 0.09 ANT* 1.07 ± 0.03 ADD**

High efficacy 1.77 ± 0.27 ANT** 0.98 ± 0.06 ADD** 1.03 ± 0.04 ADD**

a: SIL-DOX combination in LoVo cells; b: SIL-DOX in LoVo/DX; c: SIL-TAX in LoVo; d: SIL-TAX in LoVo/DX. Mean and standard error of

the CI in each concentration range are indicated in each box of the table. See text for definition of the ‘‘sub-efficacy’’, ‘‘low-efficacy’’ and ‘‘high-

efficacy’’ concentration ranges. Synergism (SYN) was claimed for mean CI of \0.85, antagonism (ANT) for CI of [1.15, additivity (ADD)

elsewhere. Asterisks indicate that CI are significantly different from 1, in the cases of synergism and antagonism, and significantly different from

0.8 and 1.2 for additivity (t test, * P \ 0.05, ** P \ 0.01)
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at 30 min, demonstrating a slower efflux, somewhat even

slower (80% residual fluorescence) in cells treated with

50 lg/ml SIL.

Silymarin interferes with cell cycle checkpoint response

to doxorubicin and paclitaxel treatments

Due to reported effects of SIL on proteins engaged in cell

cycle controls, we made the working hypothesis that SIL

interfered with checkpoint response to DOX or TAX

treatment. In order to verify the hypothesis, cell cycle

distributions of single and combined treatments were

evaluated by DNA flow cytometry. The experiments were

made with 10 lg/ml SIL, where maximum synergistic

effect was detected, and measures were made at the end of

treatment. DOX treatment in LoVo caused a dose-depen-

dent increase in %G2M, with decrease in %S, starting from

30 nM (Fig. 5a), consistent with the presence of G1 and

G2M blocks. In combination with SIL, 30 nM DOX

induced a high G2M peak, with %G2M reaching values in

between those observed with 60 and 100 nM DOX. The

cell cycle profiles of LoVo after 24-h treatment with TAX

were characterised by dose-dependent increase in %G2M

and by the presence of sub-G1 cells, indicative of an

ongoing dying process (Fig. 5b). This pattern is consistent

with a dose-dependent mitotic arrest accompanied with

apoptosis. Addition of SIL to 30 nM TAX induced a

marked increase in both G2M and sub-G1 cells, producing

cell cycle patterns closely resembling those of samples

treated with 100 nM TAX.

The same experimental protocol was applied also to

LoVo/DX cells, treated with effective DOX and TAX

concentrations. Cell cycle profiles of LoVo/DX treated

with IC50 DOX or TAX concentrations were almost

unaffected by SIL (Fig. 6).

Discussion

SIL has been reported to have anticancer activity per se and

to enhance that of other anticancer drugs. At microgram/ml

concentrations, SIL or silibinin induced cell cycle arrest
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Fig. 4 Intracellular content of DOX and TAX in the presence of SIL.

Samples were pre-treated for 24 h with 1, 10 or 50 lg/ml SIL or not

pre-treated and then treated with either DOX (0.2 lM) or TAX

(0.5 lM) for 24 h. Intracellular DOX or TAX content was measured

at the end of treatment and 30 min later by HPLC (a and b). Effect of

SIL on DOX uptake and efflux measured by flow cytometry (c). After

SIL pre-treatment, 0.15 lM (LoVo) or 1.5 lM (LoVo/DX) DOX was

added. After 24 h, cells were detached and intracellular DOX

fluorescence was measured by flow cytometry. Cells were washed,

suspended in drug-free medium and re-analysed 30 min later.

Average DOX fluorescence was normalised to the fluorescence of

controls with DOX without SIL at the end of treatment in the same

cell line. Column height and error bars represent the mean and

standard deviation of three replicate samples. Asterisks mark values

significantly different from relevant controls (*P \ 0.05, **P \ 0.01,

one-tailed t test)
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and apoptosis in tumour cell lines in vitro, interfering with

cyclin-dependent kinase (CDK) activity and other cell

cycle controls [6, 36, 44]. Antiangiogenic properties were

detected at concentrations even below 10 lg/ml of SIL

[42, 43] and were observed also in human xenografts

in mice in silibinin studies [32, 35]. In addition, SIL was

reported to interact with the ATP-dependent drug-efflux

pump P-gp [3, 30] and silibinin interfered with signal

transduction pathways crucial to the cellular response to

DNA-damaging agents [26, 32].

Recently, SIL was found active against colon cancer

both in vitro and in vivo [22], but no studies have been

reported on whether SIL synergises with other chemo-

therapeutic agents in colon cancer. The present study was

designed to address this issue and evaluate the possible use

of SIL to overcome MDR.
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Fig. 5 Cell cycle perturbations
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TAX treatments in LoVo. Cells

were pre-treated with 10 lg/ml

SIL for 24 h and then co-treated

with DOX (a) or TAX (b) at the

indicated concentrations. At the

end of treatment, cells were

harvested and analysed by DNA

flow cytometry. Representative

DNA histograms and bar graphs

showing the mean and standard

error of cell cycle percentages

of three replicate samples.

Asterisks mark values

significantly different from

relevant controls (*P \ 0.05,
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Fig. 6 Cell cycle perturbations

in combined SIL-DOX and SIL-

TAX treatments in LoVo/DX.

Cells were pre-treated with

10 lg/ml SIL for 24 h and then

co-treated with 1 lM DOX or

1 lM TAX. At the end of

treatment were harvested and

analysed by DNA flow

cytometry. Representative DNA

histograms and bar graphs

showing the mean and standard

error of cell cycle percentages

of three replicate samples.

Asterisks mark values

significantly different from

relevant controls (*P \ 0.05,

**P \ 0.01, two-tailed t test)
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We found strong antiproliferative activity for 24-h

treatment with at least 50 lg/ml SIL (Fig. 1), in LoVo.

These results are consistent with previous reports of the

growth inhibiting potency of silibinin in the same cell line

[22], in HT-29 [1], and three other colon cancer cell lines

[19] in the same concentration range. SIL was also simi-

larly active in the MDR-resistant cell line, but a closer

analysis revealed that the dynamics of cell cycle arrest was

somewhat different in LoVo and LoVo/DX. In both cell

lines, we found that 50 lg/ml SIL was cytostatic but not

cytotoxic, as apoptosis was not detected. Cell cycle arrest

was somewhat stronger in G1 than in other phases in LoVo,

and the growth-inhibitory activity did not recover imme-

diately after drug removal, but was maintained for addi-

tional 24 h, due to a delayed crossing S and G2M phases.

This delay was not observed in LoVo/DX, showing a

prompter recovery of proliferation after drug removal.

At a higher drug concentration (100 lg/ml), we detected

some apoptosis in both cell lines. Cell cycle perturbation

induced by SIL was less phase dependant in LoVo, with a

generalised cell cycle arrest, while the same treatment

produced a moderate increase in %G1 in LoVo/DX. A

release of G1 block after drug discontinuation and a more

persistent G2M block explain the accumulation of cells in

G2M in LoVo at 48 h. Instead, %G2M did not increase

significantly in LoVo/DX, but a decrease in %S indicated

that G1 block was somewhat more persistent, equally

resulting in a complete growth inhibition for 24 h after

drug removal. Thereafter, proliferation resumed, with

similar rate in both cell lines.

SIL-DOX combinations were previously investigated in

breast [37] [31], prostate [38] and lung [34] carcinomas,

using silibinin in the 10–100 lM range, generally obtain-

ing indications for a synergic effect. Silibinin did not

synergize with another taxane (docetaxel) in prostate car-

cinoma [15]. Our study differs from the previously pub-

lished ones with respect to treatment, i.e. 24-h SIL pre-

treatment before addition of the second drug, which was

suggested by our preliminary study of SIL effects on DOX

uptake. Moreover, our analysis of drug interaction explored

the whole spectrum of active and sub-active concentrations

of all drugs, in a factorial experimental design. We found

that SIL synergized with both DOX and TAX in LoVo but

not in LoVo/DX cells. SIL concentrations with low activity

as single agent (10 lg/ml) performed best in combination

with DOX or TAX, giving the lowest CI in LoVo, while

they were additive or slightly antagonist in LoVo/DX.

Instead, in LoVo/DX, we obtained the best results at higher

SIL concentrations, in the range of its IC50 (50 lg/ml),

with a frank additivity, without antagonism. This finding

suggests the possibility of increasing the efficacy of single

DOX and TAX treatments, even in resistant tumours, using

SIL at growth-inhibitory concentrations. These can be

reached in the colorectal mucosa in vivo not only in mice

[1], but also in patients, as demonstrated by Hoh et al. [20].

Similar concentrations were also reached in plasma of

patients in the phase I study of SIL [14].

We studied the origin of the drug interaction evaluating

drug uptake/efflux of DOX and TAX and cell cycle per-

turbations in the presence of SIL. SIL was able to increase

drug uptake, but at a greater extent in LoVo respect to

LoVo/DX cells. The fast drug efflux characterising LoVo/

DX was similarly fast in the cells co-treated with SIL,

suggesting that in these cells SIL was unable to inhibit

efficiently the P-gp pump, at least up to 50 lg/ml.

Nevertheless, we found that SIL did affect the drug-

pumping mechanisms present in sensitive cells. Concen-

trations of at least 10 lg/ml were required for interaction,

and SIL pre-treatment caused a significant increase in DOX

and TAX uptake by LoVo cells, while in LoVo/DX DOX

uptake increased modestly and TAX uptake was unaf-

fected. Thus, when drug uptake was dominated by fast

efflux caused by very high P-gp overexpression, as in

LoVo/DX, SIL was poorly effective on it, vice versa it

enabled to increase intracellular levels of DOX and TAX

when P-gp expression was not exceedingly high and other

exchange mechanism were probably relevant. Further clues

on the different drug interaction of LoVo respect to Lovo/

DX were provided by the cell cycle study, using the low

SIL concentration, where the highest synergism had been

observed. SIL at a concentration of 10 lg/ml potentiated

the effects of both DOX and TAX in LoVo cells, producing

cell cycle perturbations similar to those obtained with

higher (more than three times) DOX and TAX concentra-

tions. This effect was stronger than expected on the basis of

the 50% uptake increase achieved with this SIL concen-

tration, suggesting that SIL potentiated DOX and TAX

activity also by other mechanisms, related to checkpoint

controls and apoptosis. Instead, SIL was unable to poten-

tiate cell cycle effects of DOX and TAX in LoVo/DX.

Different considerations should be made for 50 lg/ml

and higher SIL concentrations. In this case, we observed

additivity, suggesting that cell cycle delays and/or dere-

gulations of protein expression [16] induced by SIL pre-

treatment might reduce the efficacy of the increased DOX

or TAX uptake in LoVo. Both SIL interferences in drug

uptake and cell cycle controls were possibly reduced

in LoVo/DX, the balance leading again to an additive

outcome.

In conclusion, our results confirm that SIL is active

against colon cancer cells, at clinically achievable con-

centrations. The encouraging preclinical tests and the well-

known low toxicity profile, reflected not only by preclinical

studies [40] but also by the long safe use of silymarin

in liver diseases, suggest the feasibility of developing

this compound in cancer therapy, particularly exploiting a
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formulation with better bioavailability [16, 21]. In a clin-

ical perspective, it should also be noted that an increased

cellular exposure to DOX produced by SIL is not expected

to increase the risk of DOX-induced cardiotoxicity,

because SIL was already proven to protect from such risk

[11]. Thus, the SIL-DOX combination is expected to be

even more efficient in terms of therapeutic index.

The present work suggests two strategies for adding SIL

to current chemotherapy, both based on starting SIL before

the other drugs: sensitive tumours may benefit from low

SIL concentrations synergizing with standard chemother-

apy, and resistant ones would benefit from the antiprolif-

erative properties of SIL at higher concentrations, alone or

in combinations with other drugs.
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