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Abstract
The apoptotic effects of docosahexaenoic acid (DHA) and other ω-3 polyunsaturated fatty acids
(PUFAs) have been documented in cell and animal studies. The molecular mechanism by which
DHA induces apoptosis is unclear. Although there is no direct evidence, some studies have suggested
that DNA damage generated through lipid peroxidation may be involved. Our previous studies
showed that DHA, because it is high degree of unsaturation, can give rise to the acrolein-derived
1,N2-propanodeoxyguanosine (Acr-dG) as a major class of DNA adducts via lipid oxidation. As a
first step to investigate the possible role of oxidative DNA damage in apoptosis induced by DHA,
we examined the relationships between oxidative DNA damage and apoptosis caused by DHA in
human colon cancer HT-29 cells. The apoptosis and oxidative DNA damage, including Acr-dG and
8-oxo-deoxyguanosine (8-oxo-dG) formation, in cells treated with DHA and ω-6 PUFAs, including
arachidonic acid (AA) and linoleic acid (LA), were measured. DHA induced apoptosis in a dose-
and time-dependent manner with a concentration range from 0 to 300 µM as indicated by increased
caspase-3 activity and PARP cleavage. In contrast, AA and LA had little or no effect at these
concentrations. The Acr-dG levels were increased in HT-29 cells treated with DHA at 240 and
300µM, and the increases were correlated with the induction of apoptosis at these concentrations,
while no significant changes were observed for 8-oxo-dG. Because proteins may compete with DNA
to react with Acr, we then examined the effects of BSA on the DHA induced apoptosis and oxidative
DNA damage. The addition of BSA to HT-29 cell culture media significantly decreases Acr-dG
levels with a concomitant decrease in the apoptosis induced by DHA. The reduced Acr-dG formation
is attributed to the reaction of BSA with acrolein as indicated by increased levels of total protein
carbonyls. Similar correlations between Acr-dG formation and apoptosis were observed in HT-29
cells directly incubated with 0 to 200µM of acrolein. Additionally, DHA treatment increased level
of DNA strand breaks and caused cell cycle arrested at G1 phase. Taken together, these results
demonstrate the parallel relationships between the Acr-dG level and apoptosis in HT-29 cells,
suggesting that the formation of Acr-dG in cellular DNA may contribute to apoptosis induced by
DHA.
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Introduction
The opposite effects of ω-3 and ω-6 polyunsaturated fatty acids (PUFAs) on colon
carcinogenesis have been well-documented (1–5); ω-3 PUFAs, including docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), are protective against colon cancer, whereas
ω-6 PUFAs, such as linoleic acid (LA) and arachidonic acid (AA), promote it. DHA, abundant
in fish oil, is one of the ω-3 PUFAs which has been widely studied. Despite the collective
evidence has shown that DHA and other ω-3 PUFAs possess anti-carcinogenic activity,
implicating their roles in cancer prevention, the underlying molecular mechanisms and its
application in cancer prevention and therapy remain unclear and are under debate (6,7). The
key question is why relatively subtle structural variations between ω-3 and ω-6 fatty acids
result in such a dramatic difference in the modulation of carcinogenesis (Figure 1A). Here, we
report a study on the role of oxidative DNA damage in apoptosis caused by DHA in human
colon cancer cells. Our hypothesis is that the formation of specific oxidative DNA damage
induced by DHA and possibly other ω-3 PUFAs could trigger apoptotic response that may
underlie a mechanism by which ω-3 PUFAs protect against colon tumorigenesis.

Lipid peroxidation is an important endogenous source for the formation of a variety of DNA
adducts (8–12). PUFAs can be oxidized by reactive oxygen species with the generation of
electrophilic compounds, such as α,β-unsaturated aldehydes (enals), capable of forming DNA
or protein adducts both of which could trigger apoptotic responses from cells. The cyclic
1,N2 -propanodeoxyguanosine (PdG) adducts are reaction products of enals with
deoxyguanosine (dG). Our previous studies showed a distinct pattern of the cyclic adduct
formation from ω-3 vs. ω-6 PUFAs under oxidative conditions (13). The shorter chain acrolein
(Acr)-, crotonaldehyde- and pentenal-dG adducts are the major products from oxidized ω-3
PUFAs, whereas the longer chain heptenal- and 4-hydroxy-2-nonenal (HNE)-dG adducts are
exclusively formed by ω-6 PUFAs. We found that the formation of Acr adducts is correlated
with the number of double bonds in PUFAs, thus DHA and EPA are the main sources of their
formation and the order of the Acr adduct formation is DHA>EPA>AA>LA. Among the cyclic
dG adducts identified in vitro, so far only Acr and HNE adducts are ubiquitously detected in
tissues of rodents and humans (8,14,15). Crotonaldehyde-dG adducts are also present in DNA,
however, the in vivo levels are often too low to be consistently detected. For reasons still
unclear, among the Acr-dG stereoisomers (α-OH- and γ-OH-PdG, originally designated as
Acr-dG 1, 2 and 3, respectively, see reference 8), γ-OH-PdG (Acr-dG 3) has been detected as
the major isomer in vivo (Figure 1B) by an HPLC-based 32P-postlabeling assay (8,10).
However, a recent study using LC-mass spectrometry showed that both α- and γ-OH-Acr-dG
are present almost in equal amount in DNA from human lung cells (15). The reason for the
differences in these studies is unclear at present. The basal levels of Acr adducts in tissues
usually are in the range of adducts per 107 bases, whereas HNE adducts are in adducts per
109 bases (16). The nearly two orders of magnitude higher levels of Acr adducts than HNE
adducts could be attributed to either the greater reactivity and more abundance of Acr than
HNE or more efficient repair of HNE than Acr adducts or both. As a major lipid peroxdation-
derived DNA adduct in vivo, Acr-dG adducts have been extensively studied for their roles in
mutagenicity in vitro, but the results are mixed depending on the assay conditions (17–21).

As a defense mechanism, cells respond to various forms of DNA damage by undergoing
apoptosis through different sensing and signaling pathways. One of the most studied DNA
damages is the radiation induced DNA strand breaks which cause replication stress which could
initiate the apoptotic pathways (22–23). DNA damage can also cause transcriptional stress
generating the transcription-coupled DNA strand breaks that have also been shown to activate
apoptosis responses (24). In addition, DNA repair systems can also be engaged and play
important roles in cell cycle checkpoint recognition and apoptosis initiation (25–27). Except
for DNA strand breaks, relatively few DNA adducts have been shown to trigger apoptosis

Pan et al. Page 2

Chem Res Toxicol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(25,28,29). In this study, we examined, as a first step to investigate the roles of the Acr-derived
cyclic dG adduct and 8-oxo-dG in apoptosis, the relationships between the oxidative DNA
damages and apoptosis induced by DHA in human colon HT-29 cells.

Materials and methods
Chemicals

Acr, calf thymus DNA and micrococcal nuclease were obtained from Sigma-Aldrich Co. (St.
Louis, MO). Spleen phosphodiesterase was purchased from Worthington Biochemical
(Lakewood, NJ), and [γ-32P]-ATP and T4 polynucleotide kinase were from Amersham
(Piscataway, NJ). Nuclease P1 was obtained from Yamasa Shoyu Co. (Choshi, Japan). All
other reagents, unless otherwise stated, were from Sigma-Aldrich Co. and Fisher Chemical
(Fair Lawn, NJ). The 3’-monophosphate of Acr-dG was prepared as previously described
(30). DHA, LA and AA were purchased from Cayman Chemical Company (Ann Arbor, MI).

Cell culture and PUFA treatments
The human colonic carcinoma HT-29 cells were routinely cultured at 37°C with 5% carbon
dioxide in the DMEM medium with 10% FBS, 50 I.U./ml penicillin and 50 µg/ml streptomycin
(all from Mediatech Inc, Herndon, VA). DHA, AA and LA were freshly prepared from the
stock solutions before each treatment. All the treatments were applied to cells when they
reached ~40% confluence. Cells were treated with different PUFAs in the concentration range
from 0 to 300 µM and with indicated concentrations for 0, 4, 8, 12, and 24 h. Unless otherwise
indicated, the fatty acids were dissolved in small volume of ethanol (<0.5% of total medium
volume) as a vehicle and cells treated with vehicle alone were used as controls. In experiments
where the effects of BSA on apoptosis were examined, a routinely used method was used to
deliver the PUFAs in the form of BSA-PUFA complex (31,32). Briefly, media containing
certain concentrations of PUFAs and BSA were first incubated in a 37°C shaker for 1 h before
being added to the cells. After each treatment, cells were collected from the dishes and
processed for assays described below.

Apoptosis Assays
For caspase-3 activities, the harvested cells were washed once with ice-cold PBS. The cell
pellets were then suspended in assay buffer (50 mM HEPES pH7.4, 100 mM NaCl, 10 mM
DTT, 1 mM EDTA, 0.1% CHAPS) and lysed by freezing and thawing three times. The lysates
were centrifuged at 10000×g for 15 min, and the supernatants, postnuclear cell lysates, were
collected. To measure caspase-3 activity in the supernatants, the Ac-DEVD-R110 (Roche
Applied Science, Indianapolis, IN), the rhodamine 110-labeled peptide, was added as substrate,
and the release of rhodamine 110 from the substrate was monitored by measuring the
fluorescent every 10 min for 1 h with a 485±20 nm excitation filter and a 528±20 nm emission
filter on a spectrophotometer microplate reader. The amount of R110 released per min was
determined, and then normalized with protein amount, so the final caspase-3 activities were
expressed as nmol R110/min/mg cellular protein.

The standard procedure to measure the PARP cleavage was used. Briefly, the cells will be
harvested, washed and lysed. Proteins were separated by SDS-PAGE gel electrophoresis and
then transferred to a nitrocellulose membrane. The blot was blocked with 5% milk in 1×TBST
solution and incubated with the anti-PARP antibody (BD Biosciences, Franklin Lakes, NJ)
overnight. After incubating with secondary antibody, the blot was developed in SuperSignal
West Chemiluminescent Substrate (Pierce Biotechnology, Inc, Rockford, IL) for 5min and
visualized on a Syngene Bio Imaging System.
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For Annexin V-FITC staining, cells treated with Acr were washed twice with PBS and
resuspended in binding buffer (10 mM Hepes/NaOH, pH 7.5, 140 mM NaCl, and 2.5 mM
CaCl2). Cell suspension was then incubated with annexin V–FITC and propidium iodide (PI)
for 10 min at room temperature in the dark. The population of annexin V-positive cells was
evaluated by flow cytometry.

Detection of Acr-dG and 8-oxo-dG adducts in DNA
DNA was isolated from PBS washed cells by a previously reported method (33), quantified
by absorbance at 260 nm, and its purity was checked with A260/A230 (>1.8) and A260/A280
(>1.8). About 20~50µg of DNA were obtained from approximately 106 cells and used for the
assays.

The Acr-dG levels in DNA were determined by an improved 32P-Postlabeling/Solid Phase
Extraction (SPE)/HPLC method (34). Briefly, DNA was first digested with micrococcal
nuclease and spleen phosphodiesterase, then applied to a preconditioned SPE column (C18,
200 mg, 1 ml volume; Varian, Harrbor City, CA). The column was then washed with 1.7 ml
of 5 mM ammonium formate pH 3.5 containing 2% methanol to remove most of the unmodified
nucleotides, the eluted solution was collected, dried and analyzed on HPLC system-1 to
quantify the amount of dG 3’-monophosphate (3’-mP) in the DNA sample. The Acr-dG 3’-
mP was then eluted with 0.7 ml of 30% methanol in water and collected in tubes with 0.05
mM of GSH, which has been shown to prevent artificial adduct formation. The eluted adduct
fraction was dried, incubated with nuclease P1 to further hydrolyze residual unmodified
nucleotides, and then labeled and converted to 32P labeled Acr-dG 5’-monophosphate (5’-mP)
by T4 polynucleotide kinase in the presence of [γ- 32P]ATP. After labeling, the 32P-labeled
Acr-dG 5’-mP was separated with a second SPE, spiked with the Acr-dG 5’-mP as UV marker
and purified with reverse-phase HPLC System 2 followed by ion-pairing HPLC System 3.
Finally, the collected Acr-dG 5’-mP fraction was converted into ring-opened Acr-dG 5’-mP
and analyzed on a reverse phase HPLC System 4. The amount of the Acr-dG adducts was
quantified by comparing its radioactivity with that of the Acr-dG standard that was gone
through the same analysis procedure. The adduct level was obtained by normalizing the adduct
amount with the amount of the normal dG in that same sample.

All HPLC systems consist of Shimadzu or Waters solvent delivering components with
photodiode array or UV/VIS detector. The columns used in each system is a Prodigy ODS 3
C18 reverse-phase column (5 µm, 250 mm × 4.6 mm) from Phenomenex (Torrance, CA). The
solvents and gradient program used in each system are: System 1, A: 50 mM NaH2PO4 (pH
5.8), B: 50% methanol with 0~30% A in 15 min 0.7 ml/min; System 2, A: 5mM sodium citrate
(pH 8.1), B: methanol/water 50:50 with 0→30% B in 40 min at 0.6 ml/min; Systems 3, A:
50mM triethylamine phosphate (pH 6.4), B: methanol/water 50:50 with 0→40% B in 40 min
at 0.6 ml/min; Systems 4 uses a β-Ram radio-flow detector (IN/US systems, Inc., Fairfield, NJ,
USA) to measure radioactivity, with A: 5 mM sodium citrate (pH 5), B: methanol/water 50:50
with 0→50% B in 50 min at 0.6 ml/min.

The 8-oxo-dG was analyzed with an HPLC-Electrochemical assay described before (35).

Protein carbonyl formation assay
To measure the protein oxidation level in the cell culture media and in cells, the traditional 2,4-
dinitrophenylhydrazine (DNPH) assay was used (36). Briefly, 200µl of cell culture medium
or cell lysate was reacted with 800µl DNPH dissolved in 2.5M HCl by incubating at room
temperature at dark for 1 h. At the end of the reaction, 1ml 20% TCA was added to precipitate
the proteins, the sample was vortexed and put on ice for 5 min. After centrifugation, the protein
pellet was first washed by vortexing with 1ml ethanol/ethyl acetate (1:1) for two to three times,
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then resuspended into 500ul guanidine hydrochloride by vortexing. After removing any debris
by centrifugation, absorbance at 370nm was measured.

Cell cycle analysis
About 1~2×106 cells were trypsinized and washed with PBS. Then 0.5ml cold PBS was added
and the cells were gently suspended by pipetting to obtain single cell suspension. To fix the
cells, 0.5ml ice-cold absolute ethanol was added three times followed by mixing and
suspending cells well after each addition of ethanol. The final suspension, 1~2×106 cells in
2.0ml 75% ethanol, was kept on ice for at least 20min, then stained with 50 µg/ml PI, 50 µg/
ml RNase A, and 0.1% Triton X-100 by incubating at room temperature for 30min followed
by at least 30min on ice. The FACS assay was done on a Becton Dickinson FACSort system
and the data was analyzed with MODFIT.

Determination of DNA strand breaks with single-cell gel electrophoresis comet assay
The alkaline comet assay was done as general guidance that previously described (37) with
minor modifications. Briefly, HT-29 cells treated with different concentrations of DHA for
24hr were washed with and suspended in PBS buffer before they were embedded in 0.75%
low-melting point agarose on the top of the three layer comet slide. Cells treated with 9 Gy of
gamma radiation after embedding were used as positive controls (38). The cells on the slides
were lysed for three hours in lysis buffer (pH 10) and then were transferred to ice-cold
electrophoresis buffer (pH 13; 300 mM NaOH, 1mM EDTA) for 40 min. The single cell DNA
was separated with electrophoresis at the current of 300 mA, 1.3V/cm for 45 min. After
electrophoresis, the slides were neutralized by 0.4 M Tris buffer (pH 7.4) and fixed by methanol
for 10 min and washed twice by water. The slides were stained with ethidium bromide and
analyzed using an Olympus BX-51 fluorescence microscope equipped with ND50 and ND25
neutral density filters and a cooled QImaging Micropublisher 5.0 RTV 5-megapixel digital
video camera. Fifty comets on each slide, duplicate slides for each dose, coded and blindly
scored, were acquired using the LAI HCSA (v. 2.3.5) automatic image analysis system (Loats
Associates, Inc.). Percentage of DNA in tail was used as the measure of DNA damage (38).

Results
Apoptosis induced in HT-29 cells treated with DHA, AA and LA

To study the apoptosis induction by PUFAs, HT-29 cells were treated with different
concentrations (0, 60, 120, 180, 240 and 300µM) of DHA, AA and LA for 24 h. The apoptosis
was measured by caspase-3 activity and PARP cleavage using western blot. As shown in Figure
2A, the caspase-3 activities remained at the basal level with concentrations of DHA up to
200µM. A slight, but significant, increase was observed at 240µM (p=0.0004 DHA vs AA and
p=0.04 DHA vs LA) and the increase became highly significant at 300µM (p=0.0004 DHA vs
AA and p=0.00005 DHA vs LA). The induction of apoptosis was confirmed by PARP cleavage
assay (Figure 2B). Similar but a lesser degree effects were observed with AA at 300µM
(p=0.001 AA vs. LA). Neither caspase-3 activity nor PARP cleavage were increased in cells
treated with LA up to 300µM (Figure 2A and 2B). LA did not induce apoptosis until its
concentration reached 600µM (data not shown).

A time-dependent study was carried out to investigate the apoptosis response in HT-29 cells
treated with DHA, AA and LA (Figure 2C and 2D). At 300 µM DHA induced caspase-3 activity
by three-fold at 8h (p=0.015 for DHA vs. AA and p=0.004 DHA vs. LA) and six-fold at 12h
(p=0.004 for DHA vs. AA and p=0.003 DHA vs. LA) after incubation. The activity decreased
at 24h because of considerable cell death. At 240µM DHA induced caspase-3 activity up to
24h without significant cell death. Because AA and LA were weaker inducers of apoptosis
than DHA, higher concentrations were used. At 500µM AA induced caspase-3 activity at 8h
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and 12h, followed by a decrease at 24h. LA had no significant effect on caspase-3 activities
throughout the 24h incubation even at 500µM. The PARP cleavage assay shown in Figure 2D
also demonstrated similar kinetics in the apoptotic responses of HT-29 cells treated with DHA,
AA and LA. These results clearly demonstrated that the induction of apoptosis follows an order
of DHA>AA>LA in HT-29 cells.

Formation of Acr-dG and 8-oxo-dG in cells treated DHA, AA and LA
To see whether Acr-dG adducts formation in DNA is correlated with apoptosis, we analyzed
Acr-dG in HT-29 cells treated with PUFAs. DNA isolated from the cells treated with DHA,
AA or LA from 0 to 300µM was analyzed by the previously described SPE/HPLC-based 32P-
postlabeling method (34). The results (Figure 3A) showed that although Acr-dG levels were
increased from ~20 to 45.3nmol/mol dG by the treatment with DHA at 240µM for 24h, the
increase was not statistically significant due to the large assay variability (p=0.15 for DHA vs
AA and p=0.13 DHA vs LA). Remarkably, treatment with DHA at 300µM sharply raised the
levels of Acr-dG to 220 nmol/mol dG, a more than ten-fold increase from the untreated controls.
Treatment with AA and LA at the same concentration did not lead to significant Acr-dG level
changes (p=0.01 for both DHA vs. AA and DHA vs. LA). Contrary to the results of DHA
treatment, no significant differences were observed in Acr-dG formation in DNA of cells
treated with up to 300µM AA or LA for 24h with Acr-dG levels to be 27.3 or 24.2 nmol/mol
dG, respectively. These results showed an excellent agreement between Acr-dG formation and
apoptosis induction in cells treated with these PUFAs.

We also measured 8-oxo-dG, another important oxidative DNA damage marker, in the same
DNA. The results (Figure 3B) showed that, unlike Acr-dG, 8-oxo-dG levels were not
significantly changed in cells treated with DHA, AA or LA in the same concentrations.

BSA decreased apoptosis and Acr-dG formation in HT-29 cells treated with DHA
Because proteins, like DNA, can also be modified by enals (36,39), therefore, they may
compete with DNA toward reactions with enals. We examined whether the addition of BSA
to the cell culture media will change the levels of Acr-dG adduct formation in the DNA of cells
treated with PUFAs and how the level changes will affect apoptosis. The cell culture media
containing DHA-BSA complex were prepared by adding different amounts of DHA to the
DMEM media containing 100µM BSA with the final concentrations of DHA 0, 50, 100, 150,
200 and 250µM. As controls, the same amounts of DHA were dissolved in ethanol and added
into the DMEM media without BSA. Cells were harvested after 24h incubations for caspase-3
activity and PARP cleavage assays (Figure 4A and B). When HT-29 cells were treated with
DHA in the presence of ethanol, both caspase-3 activity and PARP cleavage were increased
in a dose-dependent manner up to 250µM. In contrast, there were little or no significant changes
in apoptotic activities in cells treated with the same concentrations of DHA delivered as the
DHA-BSA complex up to 250µM. To determine whether these changes are indeed related to
BSA, in a separate experiment we treated the HT-29 cells with 200µM DHA complexed with
different amounts of BSA (0, 5, 10, 25, 50 and 100µM). As shown in Figure 4C and 4D, as the
concentrations of BSA increased, the caspase-3 activities and the PARP cleavage both
decreased in a dose-dependent manner. These results indicate that the addition of BSA can
dampen the apoptosis response in cells treated with DHA.

Since BSA can also serve as a target for oxidation metabolites of DHA, next we examined the
total protein carbonyls in the culture media from control and 250µM DHA treatment using the
DNPH assay (36). As shown in Figure 4E, the presence of 100µM BSA in the media increased
the total carbonyls by about three times in both control and DHA treatment media. These results
showed that the significantly higher carbonyls in the DHA-BSA system than the corresponding
DHA-ethanol system can be attributed to trapping of DHA aldehyde metabolites by BSA in
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the cell culture media. The Acr-dG levels in the DNA of cells treated with under these
conditions were also measured. As expected, the increase in protein carbonyls in the incubation
mixture was accompanied by a concomitant decrease of Acr-dG formation in the cells treated
with DHA/BSA. Taken together, these results showed that the decrease in the DHA induced
apoptosis in HT-29 cells after adding BSA to the cultural media that correlated well with Acr-
dG formation is likely due to the reaction of BSA toward the DHA oxidation generated enals.

Acr-dG formation and apoptosis in HT-29 cells treated with Acr
PUFA induced Acr-dG adducts is the major focus of this study, so although Acr is highly
reactive towards proteins, DNA and therefore can affect or initiate various signal transduction
pathways, it is still interesting to investigate the apoptosis and Acr-dG formation in HT-29
cells treated with Acr and compare the results with those from DHA study. Cells treated with
different concentrations (0, 50, 100, 150, and 200µM) of Acr were used to measure apoptosis
with Annexin V staining assay, the Acr-dG levels were also measured. As shown in Figure
5A, apoptotic cells population significantly increased when Acr concentrations reached 100µM
and maintained at about the same levels when Acr concentrations were 150µM and 200µM.
For Acr-dG formation (Figure 5B), Acr-dG levels increased steadily in a dose-dependent
manner.

DHA caused DNA strand breaks
DNA strand breaks have been shown to be involved in initiation of apoptosis (23,24). The
strand breaks in DNA can be generated by at least two mechanisms; either direct attack by
ROS or repair of DNA lesions, such as Acr-dG. To determine whether DNA strand-breakage
is formed by DHA treatment, we used the single-cell electrophoresis based comet assay to
measure DNA strand breaks in HT-29 cells treated with different concentrations of DHA
(Figure 6). The results indicate that DHA treated cells have higher percentage of DNA in tails
(p<0.01 for all concentrations) compared with the control. The relatively large increase of DNA
strand breaks at 300µM (p<0.002) coincided with the apoptosis induced by DHA at this
concentration.

DHA induced cell cycle arrest at G1 phase
Previous study reported that DHA can inhibit cell growth progression and arrest cells at G1
phase in colon cancer cells (40). Although it is not the focus of this study, cell cycle analysis
was performed to provide information about the possible checkpoints and pathways that are
activated by DHA. The PI stain-based cell cycle analysis showed that cells were arrested at G1
phase when treated with 180µM DHA and the percentage of G1 cell population increased in
a dose-dependent manner. Similar results can be observed in cells treated with AA and LA,
but the cell cycle arrest was observed only at higher concentrations of more than 300µM (Figure
7). The induction of G1 arrest follows the same order: DHA>AA>LA.

Discussion
Evidence from animal as well as epidemiological studies has shown that DHA and other ω-3
PUFAs possess cancer chemopreventive effects, yet earlier studies have shown that ω-3 PUFAs
generate more DNA damage, such as Acr-dG, than ω-6 PUFAs or saturated fatty acids (13).
A possible explanation that we propose and study here is that specific DNA damage may
contribute to the initiation of DHA induced apoptosis and cell cycle arrest, and thus protect the
cells against carcinogenesis. Several other possible mechanisms have been suggested for the
apoptotic effects of DHA and other ω-3 PUFAs, including prostaglandin metabolism by
cyclooxgenase and lipooxygenase, nuclear receptors such as peroxisome prolifirator-activated
receptors and PUFAs’ membrane altering effects (6,41). Protein modification by enals and
other PUFA oxidative products has also been shown to play a role in ω-3 PUFAs induced
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apoptosis (42,43). It is conceivable that more than one mechanisms are likely involved in ω-3
PUFAs induced apoptosis.

Although extensively studied, the mutagenic potential of Acr-dG is uncertain due to conflicting
results (17–21,44–46). Other related cyclic DNA adducts from ω-6 PUFAs, specifically HNE-
dG and the etheno adducts, have been shown to be mutagenic (47–51). Because of its relatively
high levels of modification induced by ω-3 PUFAs, Acr-dG formation in cellular DNA could
be one of the triggers in apoptosis. Here we investigated whether Acr-dG and 8-oxo-dG, two
major in vivo DNA lesions induced by DHA and other ω-3 PUFAs, play a role in this process.
This study showed that DHA is a potent inducer of apoptosis in HT-29 cells compared with
AA and LA. We also found that the apoptotic responses in cells treated with various
concentrations of DHA, AA or LA are in parallel with Acr-dG formation, but not with 8-oxo-
dG, in DNA. Furthermore, we demonstrated that BSA can block the apoptosis in cells treated
with DHA with simultaneous decrease in Acr-dG formation, by trapping Acr to form protein
carbonyls before it reacts with nuclear DNA. Additionally, our results showed that incubation
of Acr induced apoptosis and Acr-dG formation in HT-29 cells. Together, the results
established a close correlation between apoptosis and Acr-dG formation in HT-29 cells,
suggesting a potential role of Acr-dG in the apoptosis induced by DHA.

Our data showed the same patterns of dose-response in apoptosis induction and Acr-dG
formation in cells treated with DHA, suggesting that the apoptotic response could be initiated
only when Acr-dG adduct levels in cells reach a threshold of around 300nmol Acr-dG/mol dG,
which coincide with the data from the Acr treatment experiments where the apoptosis was
initiated when Acr-dG levels reached and passed around 500nmol Acr-dG/mol dG. The lack
of dose-response in Acr-dG formation with the lower concentrations of DHA (Figure 3A) may
be explained by efficient repair of Acr-dG. Acr-dG can be readily removed through the
nucleotide excision repair (NER)-mediated pathway similar to that for HNE-dG (52,53). DNA
repair can act as genome ‘caretakers’ to repair and remove DNA damages, thus maintain the
genomic integrity. However, new evidence shows that they can also act as ‘gatekeepers’
reacting to DNA damage by themselves or through interacting with other molecules to initiate
cell cycle arrest and apoptosis pathways when certain DNA damage reaches a threshold level
(26,27,54). NER has been shown to be involved in transcription-coupled DNA damage sensing
and signaling, whereas mismatch repair in DNA replication-related signaling recognition
(24,25,54,55).

Our data suggest that when the Acr-dG and perhaps DNA strand breaks induced by DHA
reached a certain threshold level beyond the capability of the NER and other pathways, cells
may undergo cell cycle arrest or initiate the apoptosis signaling pathways. More studies are
needed in order to determine the roles of the NER repair in DHA induced apoptosis.
Nevertheless, our results suggest that NER repair and NER engaged transcription-coupled
DNA damage signaling pathway may be involved in the apoptotic response to the Acr-dG
formation and other possible oxidative DNA damage caused by DHA. In addition, the apoptosis
induced by DHA is likely via a p53-independent pathway because HT-29 cells express mutant
p53. Our preliminary experiments with HCT116 and p53 knocked out HCT116 cells also
showed that there is no difference in apoptosis responses from these two cell lines treated with
DHA (data not shown).

It should be noted that the concentrations of fatty acids used in this study are considerably
higher than the in vivo intracellular free fatty acid concentration generally reported (<10µM)
(56). However, the concentrations may still be relevant with the consideration of the following
factors: 1) once in the cell, most fatty acids non-covalently bind to various fatty acid binding
proteins, they are enzymatically converted into fatty acyl-CoA-thioesters (FA-CoA). FA-CoA
level is highly variable and dependent on the cell examined. For example, in liver FA-CoA can
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range from 110~152µM (56); 2) the serum lipid level is relatively high as the average free fatty
acids concentration in the post-absorptive stage is reported to be 0.7mM, and this level can be
much higher during the absorptive phase following ingestion of a meal rich in fat. Other factors
including age, gender, diet and genetic background can also affect the expression and regulation
of genes involved in fatty acid metabolism and, therefore, its concentrations (57); and 3) DHA
in the culture media may be oxidized and its oxidative products can readily react with proteins
in the media resulting in the reduced effective intracellular DHA concentration.

It was interesting to observe that the addition of BSA to the cell culture media led to decrease
of DNA adduct formation and apoptosis, since BSA and other fatty acid binding proteins have
been widely used to facilitate fatty acid absorption and transportation by cells. Our results
suggest that because BSA and other fatty acid binding proteins can readily react with certain
reactive oxidative species, the oxidative effects of PUFAs on DNA and other proteins in cells
may be altered. Caution needs to be exercised to interpret the data on oxidation when BSA and
other fatty acid binding proteins were used.

A recent study showed that the accumulation of 8-oxo-dG in nuclear and mitochondrial DNAs
can lead to a buildup of the mismatch repair mediated DNA single strand breaks, that trigger
two distinctive apoptotic pathways (58). While our study showed that Acr-dG may play an
important role in apoptosis induced by DHA, it is possible that 8-oxo-dG and maybe other
types of DNA damage including the etheno adducts in cells treated with DHA could contribute
to DNA strand breakage due to effective repair. It is therefore reasonable to assume that a
variety of DNA damage could collectively be responsible for DHA-induced apoptosis.
Nonetheless, our studies demonstrated a clear correlation between Acr-dG formation and
apoptotic response in human colon HT-29 cells, and thus shed light on a potential role of Acr-
dG adduct formation in the protective effect of DHA against tumorigenesis.
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Fig. 1.
Structures of PUFAs (A) and Acr-dG (B).
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Fig. 2.
Apoptosis induction in HT-29 cells by DHA, AA or LA. In A and B, HT-29 cells were treated
with different concentrations of PUFAs for 24h. The apoptotic responses were measured using
caspase-3 activities (A) and PARP cleavage (B). In C and D, cells were treated with indicated
concentrations of DHA, AA or LA for 0,4,8,12 and 24h and the apoptotic responses were
measured by caspase-3 activities (C) and PARP cleavage (D).
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Fig. 3.
Acr-dG and 8-oxo-dG levels in HT-29 cells treated with different concentrations of PUFAs.
Acr-dG adduct levels were measured with the 32P/SPE/HPLC-based postlabeling assay (A)
and 8-oxo-dG levels were measured with an HPLC/electrochemical assay (B).
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Fig. 4.
Comparison of apoptotic responses of HT-29 cells treated with DHA delivered with ethanol
or BSA. HT-29 cells were treated with different concentrations of DHA delivered with and
without BSA for 24h, then caspase-3 activities (A) and PARP cleavage (B) were measured. In
another experiment, cells were treated with 200µM DHA in the presence of different
concentrations of BSA for 24h, the dose-dependent effect of BSA on caspase-3 activities (C)
and PARP cleavage (D) were examined. To investigate the oxidative effects of DHA on protein
and DNA in the presence of BSA, the cells were treated with 0 or 250µM of DHA with and
without 100µM BSA. The total protein carbonyl formation in media (E) and Acr-dG in DNA
were measured (F).
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Fig. 5.
Comparison of apoptosis and Acr-dG formation of HT-29 cells treated with Acr. Cells were
incubated with from 0 to 200µM of Acr for 24h. Then, the Annexin V-FITC / PI assay were
used to measure apoptosis (A), and Acr-dG adduct levels were measured (B).
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Fig. 6.
DNA strand breaks in HT-29 cells treated with DHA. Cells were treated with different
concentrations of DHA and DNA strand breaks were measured with an electrophoresis-based
comet assay. Irradiation of 9Gy was to treated cells as positive control.
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Fig. 7.
Cell cycle arrest analysis of HT-29 cells treated with PUFAs. Cells treated with different
concentrations of DHA, AA, or LA were harvested and stained with propidium iodide for flow-
cytometry-based FACT analysis.
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