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Summary Background Dysregu-
lation of the balance between cell
growth and death in the colonic
epithelium is associated with can-
cer promotion. Understanding how
cell death in this self-renewing tis-
sue is regulated and how it is in-
fluenced by interaction of specific
dietary components, especially fat
and fibre, could lead to improved
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Interaction of polyunsaturated fatty acids
and sodium butyrate during apoptosis
in HT-29 human colon adenocarcinoma cells

treatment and prevention strate-
gies for cancer. Aim of the study
The effects of two types of polyun-
saturated fatty acids (PUFAs) —
arachidonic (AA, 20:4, n-6) or do-
cosahexaenoic (DHA, 22:6, n-3) -
on the response of human colon
adenocarcinoma HT-29 cells to
sodium butyrate (NaBt) were in-
vestigated. Methods The parame-
ters reflecting cell proliferation
and cell death were studied to-
gether with oxidative response, mi-
tochondrial membrane potential
(MMP) and changes of selected
regulatory molecules associated
with cell cycle (p27%P! and
p21CiPVWAFL) and apoptosis (cas-
pase-3, caspase-9, poly (ADP-ri-
bose) polymerase - PARP, Bcl-2,
Bax, Bak, Mcl-1). Results We
demonstrated that pre-treatment
with either AA or DHA attenuated
cell cycle arrest caused by NaBt
which is associated with modula-
tion of p27XiPl, but not p21Cipl/WAFI
protein expression. On the other
hand, PUFAs sensitised HT-29 cells

to NaBt-induced apoptosis. An in-
creased amount of floating cells
and cells in the subGy/G, popula-
tion was associated with increased
reactive oxygen species produc-
tion, lipid peroxidation, decrease
of MMP, activation of caspase-3
and -9, PARP cleavage, and de-
crease in the expression of anti-
apoptotic Mcl-1 protein. The ob-
served effects were modulated by
the addition of a protein synthesis
inhibitor, cycloheximide, and par-
tially reversed by the antioxidant
Trolox. Conclusions PUFAs may
have beneficial effects in the colon
enhancing apoptosis induced by
NaBt. Alteration of cell membrane
lipid composition and potentiation
of oxidative processes accompa-
nied by changes in mitochondria
followed by stimulation of apop-
totic cascade components play a
role in these effects.
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Abbreviations FCS foetal}éalf sert?m
MMP mitochondrial membrane potential

AA arachidonic acid NaBt sodium butyrate
CHX cycloheximide PARP poly(ADP-ribose) polymerase
CL cardiolipin PL phospholipids
DAPI 4.6-diamidino-2-phenyl-indole PUFAs polyunsaturated fatty acids
DHA docosahexaenoic acid ROS reactive oxygen species
DHR-123 dihydrorhodamine TBARs  thiobarbituric acid reactive substances
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TMRE tetramethylrhodamine ethyl ester perchlo-
rate
Introduction

The colonic epithelium is in direct contact with dietary
factors present in the lumen, and these factors may af-
fect the pattern of growth, differentiation and cell death
within the tissue [1]. Apoptotic cell death is one of the
principal mechanisms by which cell numbers are con-
trolled within the crypt of a healthy colon. However, the
regulation of this event is often altered in transformed
cells [2].

The important modulators of cytokinetics in the
colonic epithelium are short-chain fatty acids, particu-
larly butyrate, produced during microbial fermentation
of dietary fibre. Butyrate provides the preferred oxida-
tive fuel for the normal colonocytes [3] but it has also
been shown to affect gene expression, cell growth regu-
lation, and differentiation in colon cancer cells. Al-
though the molecular mechanisms by which butyrate
mediates its effects are not well understood, it is known
to induce a variety of changes within the nucleus, in-
cluding histone hyperacetylation and DNA methylation
[4].A recent gene array and proteome analysis of human
colon adenocarcinoma HT-29 cells treated with sodium
butyrate (NaBt) revealed that the genes (mostly tran-
scription factors) and proteins linked to the cell growth,
apoptosis and oxidative metabolism appeared as the
most significantly affected [5, 6]. Butyrate or its ana-
logues are used as anticancer drugs and have been
shown to potentiate TNF-o. or Fas-induced apoptosis [7,
8]. However, cancer cells develop mechanisms by which
they can escape the beneficial effects of butyrate, partic-
ularly the induction of apoptosis [5,9].

Quantitative and qualitative supply of essential
polyunsaturated fatty acids (PUFAs) of n-6 and n-3
families from dietary fat is proposed to be linked with
the risk of colorectal cancer [10]. Some types of PUFAs
(particularly n-3 series) have antiproliferative effects,
enhance apoptosis, and are protective against colon
cancer in experimental systems both in vitro [11] and
in vivo [12]. PUFAs, and especially the large family of
their oxygenated metabolites, eicosanoids, act as mod-
ulators or messengers of the intra- and intercellular in-
formation network and regulate various aspects of in-
flammatory and immune responses [13, 14]. They may
influence gene expression and cellular processes such as
proliferation, differentiation, and apoptosis [15]. How-
ever, the precise cellular and molecular mechanisms by
which PUFAs modulate tumour growth remain to be
detected.

Tumour cells, due to their selective uptake of fatty
acids from the circulation, may be specifically targeted
by dietary supplementation with PUFAs [16]. The accu-

mulation of PUFAs and increased lipid peroxidation
may cause cell death or modulate the sensitivity of tu-
mour cells to the action of other factors operating in the
colon [17, 18]. We hypothesised that interaction of bu-
tyrate with PUFAs might influence the cytokinetic re-
sponse, particularly apoptosis, of the colonic epithe-
lium. Therefore, in our study, the response of the human
colon adenocarcinoma cell line HT-29 to NaBt after pre-
treatment with arachidonic (AA, 20:4, n-6) or docosa-
hexaenoic (DHA, 22:6, n-3) acids was investigated.

Material and methods
Cell culture

The HT-29 human colon adenocarcinoma cells obtained
from the American Tissue Culture Collection (ATCC,
Rockville, MD) were cultured in McCoy’s 5A medium
supplemented with 50 pg/ml gentamicin (both from
Sigma-Aldrich Corp., St. Louis, MO, USA) and 10%
foetal calf serum (FCS, PAN Biotech GmbH; Aidenbach,
Germany) in a humidified incubator at 37 °C in 5% CO,.
For the experiments, the cells were seeded in 40x10 mm
(1x105 cells per dish) or 60x15 mm (5x10° cells per dish)
dishes (TPP; Trasadigen, Switzerland) and allowed to at-
tach for 24 h.

Experimental design

AA and DHA (Sigma-Aldrich Corp., St. Louis, MO, USA)
were dissolved in 96 % ethanol and stored as stock solu-
tion (100 mM) under nitrogen at —-80 °C. For the experi-
ments, fatty acids were freshly prepared from stock so-
lutions. To simulate physiological conditions, PUFAs
were bound to fatty acid-free bovine serum albumin
(BSA, SERVA Electrophoresis GmbH; Heidelberg, Ger-
many) at a molar ratio of 1:2.5,and then diluted with the
growth medium. The resulting concentration of FCS
during PUFA treatment was 5 %. The control cells were
treated with BSA and an appropriate concentration of
ethanol. This type of treatment did not influence any of
the parameters tested. After 48 h cultivation of cells with
AA or DHA the medium was exchanged for a fresh
serum-free McCoy’s 5A medium supplemented with 1%
ITS (insulin, transferrin, sodium selenite) without PU-
FAs and with or without 5 mM of NaBt. Then the cells
were cultivated for 24 h. In the experiments using cyclo-
heximide (CHX), the cells were treated with 5 pg/ml
CHX added 3 h before the application of NaBt. Trolox (a
water-soluble analogue of vitamin E, 50 pg/ml) used as
an antioxidant was added to the cells simultaneously
with PUFAs for 48h or with NaBt for 24h. All the chemi-
cals described in this paragraph were purchased from
Sigma-Aldrich Corp., St. Louis, MO, USA.
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Analysis of fatty acid composition of cellular lipids

The content of selected fatty acids in cell lipids after 48
h treatment with AA or DHA was determined. Cells were
washed twice with phosphate-buffered saline (PBS), re-
suspended in freezing medium (cultivation medium
containing 10 % FCS and 5% DMSO) and aliquots were
frozen in -80 °C. After thawing total lipids were ex-
tracted from the samples and fatty acid content was de-
termined after transmethylation using a GC-MS Turbo-
Mass instrument (Perkin-Elmer, Norwalk, USA). The
derivatisation procedure was performed as published
previously [19]. The amount of detected fatty acids in
the samples was expressed as nmol per 106 cells.

Floating cells quantification and viability assays

Floating and adherent cells were counted separately us-
ing a Coulter Counter (model ZM, Beckman-Coulter,
Fullerton, CA,USA),and the amount of floating cells was
expressed as a percentage of the whole cell number. Cell
viability was determined by eosin (0.15 %) dye exclusion
assay. The percentage of unstained (viable) cells was de-
termined microscopically from a total number of 100
cells.

Flow cytometric (FCM) analysis of DNA

Floating and adherent cells were harvested together,
washed twice in PBS, and fixed in 70 % ethanol at 4 °C.
After washing with PBS, low-molecular-weight frag-
ments of DNA were extracted for 10 min in citrate buffer
(Na,HPO,, CsH;0;, pH 7.8), RNA was removed by ri-
bonuclease A (5 Kunitz U/ml), and DNA was stained
with propidium iodide (20 pg/ml PBS) for 30 min in the
dark. Fluorescence was measured using a flow cytome-
ter (FACSCalibur, Becton Dickinson, San Jose, CA)
equipped with an argon laser at 488 nm wavelength for
excitation. A total of 2x10* cells were analysed in each
sample. The ModFit 2.0 (Verity Software House, Top-
sham, ME) and CellQuest (Becton Dickinson) softwares
were used to generate DNA content frequency his-
tograms and quantify the amount of the cells in the in-
dividual cell cycle phases including subGy/G; popula-
tion. Single cells were identified and gated by pulse-code
processing of the area and width of the fluorescence sig-
nal. Cell debris was excluded by appropriate raising of
the forward scatter threshold.

Fluorescence microscopy

After trypsinization, the cells were stained with 40 pl
4.6-diamidino-2-phenyl-indole (DAPI, 3 pg/ml of

methanol, Fluka, Switzerland) at room temperature in
the dark for 30 min. The cell suspension was then mixed
with 30 pl of Mowiol 40-88 (Sigma-Aldrich Corp., St.
Louis,MO, USA). The percentage of apoptotic cells (with
chromatin condensation and fragmentation) was deter-
mined using a fluorescence microscope (Olympus IX-
70) from a total number of 300 cells in each sample.

Production of reactive oxygen species (ROS)

The intracellular production of ROS was detected by
FCM analysis using dihydrorhodamine-123 (DHR-123,
Fluka, Switzerland), which reacts with intracellular hy-
drogen peroxide. The cells treated with the appropriate
agent were harvested, washed twice in PBS, and resus-
pended in Hank’s buffered saline solution (HBSS). DHR-
123 was added in a final concentration of 0.2 pM. The
samples were then incubated for 15 min at 37 °C in 5%
CO,. Fluorescence was detected with a 530/30 (FL-1) op-
tical filter. Forward and side scatters were used to gate
the viable population of cells.

Detection of mitochondrial membrane potential
(MMP)

The changes of MMP were analysed by FCM using
tetramethylrhodamine ethyl ester perchlorate (TMRE;
Molecular Probes, Eugene, OR, USA). The cells were
washed with HBSS, resuspended in 100 nM of TMRE in
HBSS, and incubated for 20 min at room temperature in
the dark. The cells were then washed twice with HBSS,
resuspended in 500 pl of the total volume, and analysed
(2x10* cells per sample). Fluorescence was detected with
a 585/42 (FL-2) optical filter.

Lipid peroxidation

Lipid peroxidation products were measured by the spec-
trophotometric thiobarbituric acid (TBA, Sigma-
Aldrich Corp., St. Louis, MO, USA) assay as described by
Canuto etal. [20] with some modifications. Briefly:
0.75 ml of cell suspension was added to the TBA reagent
(0.5ml of 15% trichloroacetic acid; 0.5 ml of 0.25 N hy-
drochloric acid; 0.5 ml of 0.6 % TBA). This mixture was
incubated at 90 °C for 45 min, then cooled, extracted
with 2.25 ml of N-butanol, and centrifuged (5 min, 1500
g). The absorbance of the upper phase was measured at
532 nm. The concentration of thiobarbituric acid reac-
tive substances (TBARs) was calculated from a standard
calibration curve generated with known amounts of
1,1,3,3-tetraethoxypropane (Sigma-Aldrich Corp., St.
Louis, MO, USA).
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Western blot analysis

The extracts of total proteins were obtained from cells
cultured on 60x15mm dishes and treated as described
above. After cell lysation, determination of protein con-
centrations, and separation by SDS-PAGE, the im-
munoblotting procedure was performed as described
previously [8, 21]. The membranes were probed with:
rabbit anti-PARP (1:500, Santa Cruz Biotechnology, #
SC-7150), mouse anti-Bax (1:500, Transduction Labora-
tories, # B73520), rabbit anti-Bak (1:4000, Pharmingen, #
556396), mouse anti-Mcl-1 (1:1000, Neomarkers, #
MS683), mouse p27 (1:1000, Transduction Laboratories,
# 610242), or rabbit p21 (1:500, Santa Cruz Biotechnol-
ogy, # 397) antibodies. The recognised proteins were de-
tected using horseradish peroxidase-labelled secondary
antibodies: anti-mouse IgG (1:3000, NEB, # 7072-1),
anti-rabbit IgG (1:3000, NEB, # 7071-7), and an en-
hanced chemiluminescence kit (ECL, Amersham Bio-
sciences; Buckinghamshire, England). An equal loading
was verified using non-specific amidoblack staining of
proteins after immunoblotting.

Caspase-3 and caspase-9 activity

After washing with PBS, the cells were lysed in lysis
buffer (250 mM HEPES, 25 mM CHAPS, 25 mM DTT, 40
MM protease inhibitor coctail, Sigma, Czech Republic)
on ice for 20 min. The lysates were then centrifuged at
15000 g, 15 min in 4 °C. The protein concentration in su-
pernatant was quantified using Bradford blue assay and
the samples were diluted to an equal concentration of
proteins. To measure caspase activity, samples were in-
cubated with caspase-3 (Ac-DMQD-AMC, 50 uM,
Alexis) or caspase-9 (Ac-LEHD-AMC, 50 pM, Alexis)
substrates in assay buffer (40 mM HEPES, 20 % glycerol,
4 mM DTT). Fluorescence was measured (355/460 nm)

using fluorometer Fluostar Galaxy (BMG Labtechnolo-
gies GmbH, Offenburg, Germany).

Statistical analysis

The results of at least three independent experiments
were expressed as the means + SEM. Statistical signifi-
cance (P <0.05) was determined by one-way ANOVA fol-
lowed by Tukey or LSD tests.

Results

The equieffective doses of AA (50 pM) or DHA (20 pM)
for cell pre-treatment were chosen on the basis of a 48 h
effect of their increasing concentrations on the total cell
number, the percentage of floating cells, viability, and
cell cycle parameters including subGy/G, population
(Table1). AA or DHA caused significant 1.5-2.5 fold in-
crease of the percentage of floating cells accompanied
with a decrease of adherent cells. Thus the total cell
number was not significantly different from control val-
ues. Also, subGy/G, population and cell viability were not
significantly influenced. The addition of the antioxidant
Trolox together with PUFAs reestablished the percent-
age of floating cells at control values. At higher concen-
trations used, both PUFAs significantly decreased the
amount of cells in the S phase and increased the amount
of cells in either G¢/G; (DHA)or G,/M (AA). Trolox in
AA- but not in DHA-treated cells reversed this effect to
control values. In concentrations used for cell pre-treat-
ment, i.e. AA (50 pM) or DHA (20 pM) similar signifi-
cantly increased ROS production (200-300 % of control
value) and lipid peroxidation (about 5-fold compared to
control) were observed. It was partially inhibited by the
addition of Trolox (not shown). In these doses no signif-
icant changes of MMP were detected. An analysis of the

Table1 The effect of arachidonic (AA) or docosahexaenoic (DHA) acid on HT-29 cell growth, cell death and cell cycle after 48 h of treatment. AA (50 pM) or DHA (20 pM)

were also combined with Trolox (Tr, 50 uM)

Treatment (uM) Total cell number (x10°) ~ Floating cells (%)  Viable cells (%)  SubGy/G; (%) Cell cycle phase (%)
Go/Gy S G/M

Control 4.67+£0.64 7.03£1.10 85.25+4.82 3.07+2.17 59.45+1.72 28.16%1.57 12.38+0.85
AA10 5.21+0.56 10.09£1.50 76.33+2.68 5.16+1.49 56.57+1.93 30.27+1.59 13.16£0.62
AA20 4.34+0.38 12.04+2.81 81.75+1.72 4.89+1.98 54.40+2.38 28.81+1.64 16.79+1.25*
AA 50 3.96+0.30 17.98+2.93* 84.25+0.87 5.66+1.67 55.58+1.55 21.59+1.65%  22.83+1.25*%
DHA 10 4.81+0.91 12.24+3.05 80.25+6.37 3.43+0.94 58.57+2.13 28.16+2.32 13.26+0.77
DHA 20 4.87+0.48 15.11£2.48* 81.25+5.53 4.71+£0.59 63.95+2.28 19.74£2.41* 16.31£1.11%
DHA 50 4.27+0.45 18.79+3.69* 75.33£3.90 4.18+0.84 69.65+2.89* 16.26+2.19% 14.10+£0.90
AA50 + Tr 5.49+0.33 6.20+1.80 85.00+5.70 1.91+0.89 59.62+1.99 27.83+2.38 12.55+0.44
DHA 20 + Tr 5.34+0.16 7.90+1.20% 71.00+3.70 2.52+1.51 68.22+2.26 20.54+3.06*  11.24+0.83

Values are means = S. E. M.; n = 4, statistically signif. P < 0.05, (*) compared to control, () compared to AA or DHA
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fatty acid content in cellular lipids after 48 h of treatment
showed a significant increase of the corresponding
PUFA. Standardised as nmol per 106 cells, 56.6 nmol (af-
ter treatment with 20 pM DHA) versus 2.6 nmol (con-
trol) of DHA and 34 nmol (after treatment with 50 uM
AA) versus 3.3nmol (control) of AA were detected.

Cells either non-pre-treated or pre-treated 48 h with
PUFAs were washed and further incubated in PUFA-free
medium with or without NaBt (5 mM) as described in
Material and methods. After additional 24 h of cultiva-
tion, the cell number, cell cycle parameters, and induc-
tion of cell death including parameters reflecting some
proposed mechanisms involved in the effects observed
were investigated.

Cell cycle

In the cells pre-treated for 48 h with AA or DHA and
then cultivated 24 h in PUFA-free medium, decreased
amount of cells in the S phase was still observed. How-
ever, when the cells were incubated with NaBt, pre-treat-
ment with AA or DHA attenuated NaBt induced cell cy-
cle changes which included an increased amount of cells
in the Go/G; and G,/M phases accompanied by decrease
of the S phase. This effect of NaBt was also attenuated by
CHX (Fig.1A, B) as well as by Trolox (not shown). We
demonstrated that NaBt increased the expression of the
cyclin kinase inhibitors p27XiP! and p21¢PV/WAF1 ‘and that
pre-treatment of the cells with both AA and DHA (which
alone had no effects) apparently attenuated the expres-
sion of p27XiP! but not of p21CiP/WAFL (Fig. 2).
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Fig.2 Expression of cell cycle regulatory proteins p216P1/WAF and p27Kiet detected
by Western blotting in HT-29 cells non-pre-treated or pre-treated for 48 h with 50
UM of arachidonic (AA 50) or 20 uM of docosahexaenoic (DHA 20) acid and then in-
cubated for 24 h in PUFA-free medium without or with 5mM sodium butyrate
(AA50-NaBt, DHA20-NaBt). The figure shows a representative result of three inde-
pendent experiments

Cell death

NaBt induced about 10-14 % of floating cells or cells in
subGy/G,; population, but these values were not signifi-
cantly different from control. However, these effects
were significantly increased by pre-treatment of cells
with AA or DHA when compared to control and cells ei-
ther only pre-treated with PUFAs or treated only with
NaBt (left part of Fig. 3A, B). Pre-treatment with PUFAs
increased also the amount of morphologically detected
apoptosis after NaBt treatment. Although relatively low
(10-12 %), it was significantly higher compared to 2-4 %
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Fig.1 Cell cycle analysis of HT-29 cells non-pre-treated or pre-treated for 48 h with 50 uM of arachidonic (AA; A) or 20 uM of docosahexaenoic (DHA; B) acid and then in-
cubated for 24 h in PUFA-free medium without or with sodium butyrate (NaBt, 5 mM). Experiments with cycloheximide (CHX, 5 ug/ml) added to the cells for the last 24 h
are presented on the right parts of panels. Values are means+S.E.M.; n=4; Statistical significance: p <0.05 (*) compared to non-treated control; (+) compared to NaBt
and/or (x) to AA or DHA as single factors; (#) compared to cells pretreated with AA or DHA and then treated with NaBt
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Fig.3 The percentage of floating cells and/or subGo/G; population of HT-29 cells non-pre-treated or pre-treated for 48 h with 50 uM of arachidonic (AA; A) or 20 uM of do-
cosahexaenoic (DHA; B) acid and then incubated for 24 h in PUFA-free medium without or with sodium butyrate (NaBt, 5 mM). Experiments with cycloheximide (CHX, 5
pg/ml) added to the cells for the last 24 h are presented on the right parts of panels. Values are means +S.E. M.; n =4; Statistical significance: p < 0.05 (*) compared to non-

treated control; (+) compared to NaBt and/or (x) to AA or DHA as single factors; () compared to cells pretreated with AA or DHA and then treated with NaBt

in cells only pre-treated with PUFAs or treated only with
NaBt (individual data not shown). At the same time, cell
viability was not yet significantly different compared to
control. The addition of CHX together with NaBt abol-
ished the potentiating effects of AA or DHA pre-treat-
ment (right part of Fig.3A, B). The addition of Trolox
partially decreased the percentage of floating cells in-
duced by NaBt in cells pre-treated with AA, but not with
DHA. It did not influence the amount of cells in
subGy/G; and cell cycle parameters (data not shown).

Lipid peroxidation and ROS production

In cells pre-treated with AA or DHA and cultivated for
24 h in PUFA-free medium, increased lipid peroxidation
and ROS production were still detected. Treatment with
NaBt for 24 h also slightly increased these two parame-
ters in non-pre-treated cells, but pre-treatment of cells
with both AA and DHA led to apparent potentiation of
these effects (Fig. 4, Fig. 5A, B). Only in cells pre-treated
with DHA was the effect on lipid peroxidation not sta-
tistically significant. Increased lipid peroxidation after
AA pre-treatment was partially inhibited by the addi-
tion of Trolox (Fig. 4).

Changes of membrane mitochondrial potential
(MMP)

In cells pre-treated with AA or DHA and then cultivated
in PUFA-free medium no changes in MMP were ob-
served compared to the control. On the other hand, NaBt
caused an apparent decrease of MMP already in PUFA

TBARs (nmol/milion cells)

Fig.4 Lipid peroxidation measured as thiobarbituric acid reactive substances
(TBARs) production of HT-29 cells non-pre-treated or pre-treated for 48 h with 50
UM of arachidonic (AA 50) or 20 uM of docosahexaenoic (DHA 20) acid and then in-
cubated for 24 h in PUFA-free medium without or with 5mM sodium butyrate
(AA50-NaBt, DHA20-NaBt). The effect of Trolox (Tr, 50 pM) is presented in the right
part of panel. Values are means + S. E. M.; n = 3; Statistical significance: p < 0.05 (¥)
compared to non-treated control; (+) compared to NaBt and/or (x) to AA or DHA as
single factors; (®) compared to cells pretreated with AA or DHA and then treated
with NaBt

non-pre-treated cells, but this effect was more pro-
nounced in cells pre-treated with both AA and DHA
(Fig.6A, B). Particularly important is the region of dis-
sipated (not collapsed) MMP marked as M2 in Fig. 6.
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Fig.6 Mitochondrial membrane potential (MMP) of HT-29 cells non-pre-treated or pre-treated for 48 h with 50 uM of arachidonic (AA 50; A) or 20 uM of docosahexaenoic
(DHA 20; B) acid and then incubated for 24 h in PUFA-free medium without or with 5mM sodium butyrate (AA50-NaBt, DHA20-NaBt). MMP was measured by FCM as tetra-
methylrhodamine ethyl ester perchlorate (TMRE) fluorescence (FL2-H). M1 region of collapsed MMP, M2 region of dissipated MMP, M3 region of normal MMP. The figure

shows a representative result of three independent experiments

Caspase-3 and caspase-9 activity

NaBt significantly increased caspase-3 activity com-
pared to control, which was enhanced by pre-treatment
with PUFAs, particularly AA (Fig.7A). In spite of the
tendency to increased caspase-9 activity was similar to
caspase-3, due to higher deviation of the values the sig-
nificance was confirmed only after NaBt applied on the
cells pre-treated with AA (Fig. 7B).

Cleavage of PARP

NaBt caused degradation and cleavage of PARP to its 89
kD product (detected by western blotting) already in
PUFA non-pre-treated cells. However, this effect was
markedly promoted in cells pre-treated both with AA
and DHA (Fig. 8).

Expression of proteins involved in regulation
of apoptosis

The expression of Bcl-2, Bax, Bak, and Mcl-1 proteins
was studied after NaBt treatment of AA- or DHA-pre-

treated or non-pre-treated cells. We found that HT-29
cells used in our experiments did not express any Bcl-2
protein, and the level of Bax protein remained un-
changed after all types of treatment. NaBt increased the
expression of Mcl-1 protein and marginally of Bak pro-
tein. PUFA pre-treatment did not additionally change
Bak expression, but attenuated the expression of Mcl-1
protein (Fig. 8).

Discussion

It was proved that dietary intake of PUFAs represents a
major source of lipid hydroperoxides in the intestinal lu-
men, which can contribute to oxidative stress induced in
enterocytes and through this mechanism they may pro-
mote colon carcinogenesis [22]. On the other hand, an-
ticancer activities of pure specific PUFAs or fish oil con-
taining n-3 PUFAs were reported in systems in vitro [11,
23] as well as in vivo [24, 25]. As presented in our paper,
PUFA induced processes could also promote the sensi-
tivity of cancer cells to other regulatory factors operat-
ing in the colon such as NaBt. We observed that the treat-
ment of HT-29 cells with n-6 AA as well as n-3 DHA for
48 h enhanced lipid peroxidation and ROS production,
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Fig.7 Activity of caspase-3 (A) and caspase-9 (B) of HT-29 cells non-pre-treated
or pre-treated for 48 h with 50 uM of arachidonic (AA 50) or 20 uM of docosa-
hexaenoic (DHA 20) acid and then incubated for 24 h in PUFA-free medium with-
out or with 5mM sodium butyrate (AA50-NaBt, DHA20-NaBt). Values are
means+S.E.M.; n=4; Statistical significance: p<0.05 (¥) compared to non-
treated control; (+) compared to NaBt and/or (x) to AA or DHA as single factors

processes which have been considered as the main
mechanism of the PUFA cytostatic and cytotoxic action
[26]. These events are mainly consequences of structural
and functional changes in cell membranes [27] and con-
version of PUFAs to eicosanoids [28]. Our own analysis
of fatty acids in cellular lipids confirmed that supple-
mentation with either AA or DHA significantly in-
creased the content of corresponding PUFA in HT-29
cells.

Furthermore effects of AA and DHA presented in our
paper were measured in cells washed and cultivated 24
h in PUFA-free media with or without NaBt. In these
cells the effects on floating cells, subGy/G;, cell cycle and
ROS production continued but there was no lipid per-
oxidation detected. However, the cells pre-treated with
PUFAs were more sensitive to the effects of NaBt, al-
though the effects of AA and DHA were rather different.
It has been reported that AA and DHA are not incorpo-
rated into HT-29 cell phospholipids (PL) in the same
way [29]. While AA was incorporated in total cell PL to a
greater extent than DHA, DHA is most extensively in-
corporated into cardiolipin (CL), which is one of the es-
sential components of the inner-mitochondrial mem-
branes and has the most diet-responsive and changeable
fatty acid composition among PL. The increase of its un-
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Fig.8 Cleavage of poly(ADP-ribose) polymerase (PARP) to its 89 kD fragment, and
expression of Bax, Bak and Mcl-1 proteins detected by Western blotting. HT-29 cells
were non-pre-treated or pre-treated for 48 h with 50 uM of arachidonic (AA 50) or
20 uM of docosahexaenoic (DHA 20) acid and then incubated for 24 h in PUFA-free
medium without or with 5mM sodium butyrate (AA50-NaBt, DHA20-NaBt). The fig-
ure shows a representative result of three independent experiments

saturation is associated with changes of mitochondria
structural integrity, electron transport chain, membrane
potential,and ROS production. Mitochondrial lipid per-
oxidation resulted in a marked loss of both cytochrome
c oxidase activity, CL content, and release of cytochrome
¢, which induces apoptosis. In the report of Watkins et al.
[29], DHA increased ROS production by accumulating
in CL,but DHA-enriched cells had even increased MMP.
This may explain that despite of non-significant changes
in total lipid peroxidation and no changes of MMP, there
was high ROS production after DHA pre-treatment in
our experiments observed. The different sites of incor-
poration and capacity to produce lipid peroxides could
also be the reason for different efficiency of Trolox to re-
verse the effects caused by AA or DHA. Trolox is water
soluble analogue of vitamin E and thus its ability to be
incorporated into the cell is limited. Thus, we suggest
that it may function namely on the level of the plasma
membrane where the ROS and lipid peroxides after AA
treatment were mainly produced, while it cannot be ef-
ficient within the cell on the level of mitochondrial
membrane. In spite of described similarities between
the acyl composition of HT-29 cell CL and CL isolated
from animal tissues, the results of in vivo system were
slightly different [27]. It was shown that fatty acid com-
position of individual mitochondrial PL classes of
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colonocytes from rats fed with fish oil, corn oil or mix of
n-3 fatty acid ethyl esters (FAEE) was affected by the diet
and enrichment of individual PL with n-3 and n-6 PU-
FAs was different. The increased amount of EPA and
DHA in mitochondrial PL resulted in the depletion of n-
6 PUFAs, an elevation in ROS production, reduction of
MMP and activation of caspase-3. However, in this in
vivo study CL contained only modest levels of DHA fol-
lowing fish oil or FAEE consumption. Thus, the correla-
tion between changes of total and mitochondrial PL, ox-
idative processes and cytokinetic changes after
enrichment of cells with n-3 and n-6 PUFAs needs fur-
ther investigation.

NaBt had antiproliferative effects on colon cancer cell
lines in vitro due to Go/G, arrest caused mainly by mod-
ulation of cell cycle-related proteins [30]. It also induced
differentiation of HT-29 cells documented by increased
ALP activity as we have confirmed previously [8, 31].
However, in agreement with other reports [6, 7, 31, 32]
we observed a relatively low percentage of floating or
subGy/G; cells (about 10%) as well as cells with mor-
phologically detectable apoptosis (about 4 %) after 24 h
treatment with physiologically relevant concentrations
of NaBt alone. In this paper we demonstrate that typical
NaBt induced Gy/G; arrest and decrease of the S phase
were attenuated by pre-treatment of HT-29 cells with
PUFAs. Similar effects incurred by addition of CHX or
Trolox imply the role of new protein synthesis as well as
ROS production. In agreement with other authors [33]
our results showed a significant increase of the expres-
sion of cyclin-dependent kinase inhibitors p27¥iP! and
p21CiPI/WAFL after NaBt treatment. In spite of reported ac-
tivation of p27XiPl and p21CPVWAFL by DHA [34], the
NaBt-induced expression of p27XiP! was markedly atten-
uated in cells pre-treated with both PUFAs, which was
probably reflected by increased S phase values in these
cells. It was reported that growth arrest and cell diffe-
rentiation were associated with the induction of both
p27XiPl and p21CPVWAFL regulators, but with markedly
different kinetics. The role of p27XiP! in the apoptosis of
colon adenocarcinoma CaCo-2 cells was suggested [35].
However, our results showed that in spite of a potentia-
tion of apoptosis the expression of p27XiP! in cells pre-
treated with both AA and DHA and then incubated with
NaBt is lower than in non-pre-treated cells. We suggest
that the ability of NaBt to increase p27XiP! expression
may be due to its effects on proteolysis of the key regu-
lators [6,36], and this effect may interfere with some yet
unknown effects of PUFAs.

The most important result of the present paper is the
potentiation of NaBt induced apoptosis in PUFA-pre-
treated cells. We detected primarily the increased per-
centage of floating cells, which were primed for apopto-
sis as demonstrated by potentiation of caspase-3 and
caspase-9 activity, cleavage of PARP, and increased
amount of cells in subGy/G; population. This mecha-

nism may be analogous to “anoikis” (induction of apop-
tosis in response to loss of cell contact), typical of exfo-
liating epithelial cells. The results obtained by others
with renal epithelial cells showed that caspase-mediated
loss of adhesion caused by cleavage of focal adhesion ki-
nase may be an early stage in the apoptosis of adherent
cells committed to suicide [37]. All apoptotic parameters
tested in our experiments after 24 h were parameters re-
flecting earlier stages of apoptosis while cells were still
viable. Shedding of cells, caspase-3 activation, PARP
cleavage with subsequent appearance of subGy/G, pop-
ulation (decrease of DNA content) preceded morpho-
logically detectable apoptosis (chromatin condensation
and fragmentation), which was relatively low in this in-
terval. Final stages of membrane disintegration and de-
crease of viability observable after a longer time period
could not be detected in our experimental design.

Our important findings include those documenting
interaction of PUFAs and NaBt on the level of mito-
chondria. Heerdt etal. [38] reported that intact MMP is
required for the initiation and maintenance of the early
p-53 independent p21©P1/WAF! jnduction and growth ar-
rest in Gy/Gj, while dissipation of the MMP is essential
for the initiation and activation of downstream events
that culminate in apoptosis of colon cancer cells after
NaBt treatment. We showed that in HT-29 cells NaBt ini-
tiated processes whereby the MMP is markedly dissi-
pated and associated with increased caspase-3 activity
and subsequent cleavage of PARP similar to that re-
ported in other human colon SW620 [38] and CaCo-2
cells [39]. Caspase-3 proteolysis is a critical element of
the apoptotic process. In different cell lines it was
demonstrated that caspase-3 proenzyme has a mito-
chondrial and cytosolic distribution in non-apoptotic
cells [40]. After various apoptotic stimuli mitochondrial
caspase-3 precursor staining is lost and caspase-3 prote-
olytic activity appears showing a temporal link between
these processes. Participation of mitochondrial death
pathway in the effects observed in our experiments is
supported by enhanced activity of caspase-9 after PUFA
pre-treatment. Caspase-9 is a part of multiprotein com-
plex (cytochrome c, pro-caspase-3, Apaf-1, caspase-9)
through which apoptotic Bcl-2 sensitive signal is trans-
duced and that participate in cytochrome c-mediated
processing of caspase-3. The relative values (compared
to control) were similar to those of caspase-3, but due to
higher deviation the significance was confirmed only af-
ter pre-treatment with AA. The non-significant effects of
DHA can be associated with its lower concentration, cul-
tivation of cells in PUFA-free medium, and different and
more complex mechanisms of DHA action as discussed
later.

Promotion of all the described NaBt effects by pre-
treatment of cells with both AA and DHA in our exper-
iments implies that modification of cellular and mito-
chondrial membrane composition associated with
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increased ROS production and lipid peroxidation
caused by PUFAs together with those caused subse-
quently by NaBt [41] contributes to the resulting more
intensive response of HT-29 cells.

Recently, the role of fatty acid oxidation and sig-
nalling in apoptosis was well documented. It was re-
ported that aldehydes derived from lipid peroxidation
cause cell cycle arrest and alter apoptosis-associated sig-
nalling pathways including changes of cell adhesion
[42]. Thus, we can speculate that changes of the cell cy-
cle caused by lipid peroxides generated after PUFA treat-
ment can contribute to shedding of the cells and apop-
totic response. Increased production of ROS by NaBt
was reported to contribute to the sensitisation of HT-29
cells to apoptosis induced by TNF-o. or Fas [7]. Most of
the colon cancer cells including HT-29 have mutated
non-functional p53, which normally activates the ex-
pression of ROS-generating proteins. Thus increased
ROS generation could compensate for their lower levels
in this type of cells [38].

The results of in vivo experiments published by Hong
etal. [43] supported our findings. They have shown that
colonocytes from rats fed with fish oil or n-3 FAEE are
primed for elevated butyrate-induced apoptosis by
changes in mitochondrial phospholipids, increasing
ROS production and initiating the apoptotic cascade.
However, in contrast to other authors, who observed sig-
nificant apoptotic effects in vitro or in vivo only with the
n-3 type of PUFAs or fish oil [27, 29], we demonstrated
similar significant potentiating effects also with n-6 AA.
This is reasonable with regard to evidence that AA can
cause cell death through mitochondrial permeability
transition [44]. However, diverse mechanisms of action
of AA and DHA can be supposed. Reported different in-
corporation of these PUFAs within the cell (cell vs. mi-
tochondrial membranes, various types of PL) and pro-
duction of different types of ROS (peroxide, superoxide,
hydroxyl) as well as nitric radicals [45, 46] may be the
reason for different level of lipid peroxidation, cell cycle
changes and efficiency of Trolox in our experiments.
While for AA more direct oxidative effects may be sup-
posed [45], after DHA treatment other more complex
mechanisms should be considered. This includes activa-
tion of specific intracellular receptors [47], altered ex-
pression of transcription factors, cell cycle and apopto-
sis regulating proteins as well as inactivation of
prostaglandin family genes and lipoxygenases [34].

Since the inhibition of protein synthesis by CHX
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