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Abstract 

The lipid peroxidation product 4-hydroxynon-2-enal (4-HNE) is cytotoxic and genotoxic 

at superphysiological concentrations. To characterize the mechanism of action of 4-HNE, 

we assessed genotoxic damage by 4-HNE and by 4-HNE triacetate (4-HNE(Ac)3) using 

the mouse lymphoma assay (MLA) that measures the mutant frequency in the Tk gene. 

As a strong electrophile, 4-HNE reacts readily with nucleophilic centers on cellular 

components. When added extracellularly, it may react preferentially with proteins in 

culture medium or on the cell surface, and not reach deeper cellular targets such as 

nuclear DNA. Therefore, 4-HNE(Ac)3, a protected form of 4-HNE that is metabolically 

converted to 4-HNE in cells (Neely, M.D., et al., Chem Res Toxicol 15: 40-47, 2002), 

was assayed in addition to 4-HNE. When added in serum-containing medium, 4-HNE 

was not mutagenic in the mouse lymphoma assay up to 38 µM (cytotoxicity = 13%). In 

contrast, exposure to 4-HNE(Ac)3, which mimics intracellular formation of 4-HNE, 

resulted in dose-dependent induction of mutations. At 17 µM 4-HNE(Ac)3 (cytotoxicity = 

33%), the mutant frequency was 719 × 10-6 (>7-fold higher than the spontaneous mutant 

frequency). Loss of heterozygosity analysis in the Tk mutants revealed that the majority 

of mutations induced by 4-HNE(Ac)3 resulted from clastogenic events affecting a large 

segment of the chromosome. The results indicate that, in the presence of serum that 

approximates physiological conditions, 4-HNE generated intracellularly but not 

extracellularly is a strong mutagen via a clastogenic action at concentrations that may 

occur during oxidative stress. 
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Introduction 

 

 The production of partially reduced forms of dioxygen such as superoxide, 

hydrogen peroxide, or the hydroxyl radical (reactive oxygen species or ROS) is an 

inevitable consequence of aerobic life. Because of their high reactivity, ROS and/or their 

downstream products such as peroxynitrite (Crow, 2000) can attack all cellular 

constituents. It is often tacitly assumed that functionally relevant effects of ROS are due 

to damage to proteins and nucleic acids because such damage results in immediate 

functional consequences or mutations. However, ROS also target lipids. The hydroxyl 

radical can initiate a chain reaction that produces multiple lipid hydroperoxide molecules 

from a single initial event (Gutteridge and Halliwell, 1990). Since lipid hydroperoxides 

are oxidants capable of damaging cellular constituents, the chain reaction is in effect 

amplifying the initial oxidative insult. Peroxidation of polyunsaturated fatty acids gives 

rise, in a reaction that has been partially defined (Schneider et al., 2001; Schneider et al., 

2004; Sun and Salomon, 2004), to highly electrophilic 4-hydroxyalkenals, of which 

4-hydroxynonenal (4-HNE; Fig. 1A) is the major example. 4-HNE is capable of 

modifying and/or crosslinking proteins (Cohn et al., 1996; Waeg et al., 1996; Morikawa 

et al., 1997; Sayre et al., 1997), thus altering or impairing protein function. The formation 

of adducts on proteins has wide-ranging and profound functional consequences not only 

in terms of damage to cellular macromolecules, but also in terms of regulatory effects 

(reviewed in Dianzani, 2003; Forman et al., 2003). In particular, early phases of stress 

signaling may be mediated by 4-HNE (Cheng et al., 2001). Because of the amplification 
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inherent in the lipid peroxidation chain reaction, cellular damage and modifications 

linked to 4-HNE may be quantitatively more important than a direct attack by ROS. 

 It has been recognized since 1993 (Esterbauer) that 4-HNE reacts with DNA, 

albeit less readily than with proteins, rendering the compound not only cytotoxic but also 

genotoxic. In endothelial cells and in primary rat hepatocytes, 4-HNE caused an increase 

in the frequency of sister chromatid exchange, micronuclei formation, and chromosomal 

aberrations at concentrations lower than those necessary for cytotoxicity (Eckl, 2003). All 

four bases are targets for 4-HNE adduct formation, and exposure of single-stranded 

phage DNA to 4-HNE led to an inhibition of DNA replication and an increased level of 

recombination (Kowalczyk et al., 2004). 

 The high chemical reactivity of 4-HNE, particularly toward nucleophiles (Schaur, 

2003), poses a problem in studying the biological properties of this compound. 

Extracellularly added 4-HNE may react preferentially with target protein or lipid 

molecules at the cell surface or a zone of cytoplasm immediately underneath the plasma 

membrane. In such cases, the concentration of 4-HNE reaching nuclear or mitochondrial 

DNA would be unknown and variable, but would probably constitute only a small 

fraction of the 4-HNE concentration in the medium. This problem has been elegantly 

albeit partially solved by Neely et al. (2002) through the synthesis of 4-HNE triacetate 

(4-HNE(Ac)3; Fig. 1B), a diffusible and biologically inert precursor from which 4-HNE 

is enzymatically liberated by intracellular hydrolases. While the protective acetyl groups 

are readily removed from the aldehyde function of 4-HNE, the hydroxyl group in position 

4 remains largely in the form of an acetyl ester (Fig. 1C) (Neely et al., 2002). This 

presents a limitation to the use of 4-HNE(Ac)3 as a 4-HNE precursor since the 4-acetoxy 
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group has weaker electron-withdrawing properties than the 4-hydroxyl group, rendering 

the acetylated 4-HNE a weaker electrophile than 4-HNE itself. Nevertheless, de-

protection of the carbonyl group restores the conjugated double bond system of 4-HNE 

that is responsible for its Michael acceptor character and its reactivity toward 

nucleophilic biological targets. 

 In the present work, we compared the mutagenic effects of 4-HNE and 

4-HNE(Ac)3 in the mouse lymphoma assay (MLA) and conducted an analysis of the 

types of induced mutations. We selected the MLA because of its ability to detect a broad 

spectrum of genetic damage including both point and chromosomal mutations (Hozier et 

al., 1981; Moore et al., 1985a; Moore et al., 1985b; Applegate et al., 1990; Chen et al., 

2002a; Chen et al., 2002b; Moore et al., 2002; Moore et al., 2003). 
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Materials and Methods 

 

 Chemicals. 4-HNE was synthesized according to Gree et al. (1986) and Chandra 

and Srivastava (1997), and 4-HNE(Ac)3 was prepared as described by Neely et al. (2002). 

The identity of both compounds was confirmed by proton NMR (data not shown). 

Trifluorothymidine (TFT), Tris, MgCl2, 4-nitroquinoline-1-oxide (NQO), Triton X-100 

and Tween 20 were obtained from Sigma (St. Louis, MO). Fischer’s Medium for 

Leukemic Cells of Mice, horse serum, Pluronic F68 (triblock copolymer: (ethylene 

oxide)75-(propylene oxide)30-(ethylene oxide)75, Ahmed et al., 2001), penicillin-

streptomycin, sodium bicarbonate, sodium pyruvate, phosphate-buffered saline (PBS, 

2.67 mM KCl, 1.47 mM KH2PO4, 137.93 mM NaCl, 8.06 mM Na2HPO4) and proteinase 

K were purchased from Invitrogen (Carlsbad, CA). 2,4-Dinitrophenylhydrazine (DPNH) 

was obtained from Sigma, recrystallized from acetonitrile, and stored under nitrogen gas 

at -20°C. 

 Cells and chemical treatment. The Tk+/--3.7.2 heterozygote of the L5178Y 

mouse lymphoma cell line was utilized for the mutation assay. Growth conditions, 

treatment and expression were performed according to the procedures described by Chen 

and Moore (2004). Cells were maintained in logarithmic growth in culture using 

Fischer’s Medium for Leukemic Cells of Mice supplemented with 10% horse serum, 100 

µg/ml sodium pyruvate, 0.05% (v/v) Pluronic F68, 100 U/ml penicillin, and 100 µg/ml 

streptomycin. In preparation for chemical treatment, cells were centrifuged, and 6 × 106 

cells were suspended in cell culture flasks in 10 ml medium including 5% horse serum 

and the other supplements listed above. The test compounds 4-HNE and 4-HNE(Ac)3 
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were dissolved in DMSO and were added to the suspended cells at concentrations 

ranging from 12.8 to 38.4 µM (2.0 to 6.0 µg/ml) for 4-HNE, and from 1.7 to 23.3 µM 

(0.5 to 7.0 µg/ml) for 4-HNE(Ac)3. NQO (the positive control) also was dissolved in 

DMSO and used at a final concentration of 0.53 µM (0.1 µg/ml). In all cases, including 

negative controls, the final concentration of DMSO in the medium was 1%. The cell 

culture flasks were placed in a humidified incubator gassed with 5% CO2 in air at 37°C 

for 4 hours. At the end of the treatment period, the cells were pelleted by centrifugation, 

washed twice, and resuspended in fresh medium. The cells then were placed in a 

humidified incubator at 37°C in the presence of 5% CO2 and maintained in log-phase 

growth for a 2-day expression period. 

 Identification and quantitation of products of 4-HNE(Ac)3 hydrolysis by 

mouse lymphoma cells. L5178/Tk+/- mouse lymphoma cells (6 × 106 cells per flask in 10 

ml medium) were treated with 16.6 µM 4-HNE(Ac)3 as described above. After different 

incubation times (0 to 4 hours), cells were pelleted, washed with PBS, and sonicated in 

0.5 ml of PBS. The resulting cell lysate was treated with 0.5 ml of 1.8 mM DNPH in 1 N 

HCl for 2 hours at room temperature followed by 1 hour at 4°C according to Esterbauer 

and Cheeseman (1990). The reaction mixture was extracted 3× with 0.5 ml 

dichloromethane. Combined organic phases were evaporated to dryness in a Speedvac. 

Residual solids were dissolved in 60 µl acetonitrile. Fifty µl of this solution were injected 

on a Supelcosil LC-318 C18 reverse phase column (25 cm × 4.6 mm, 5 µm particle size, 

Supelco, Sigma) for HPLC analysis at a flow rate of 1 ml/min of solvent A (5% 

acetonitrile in water + 0.1% trifluoroacetic acid) for 2 min, followed by a linear gradient 

from 0% to 100% solvent B (acetonitrile + 0.1% trifluoroacetic acid) between 2 min and 
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30 min. Peaks eluting at 23.7 min and 26.4 min were quantified on the basis of peak area 

assuming an extinction coefficient ε340 = 25 mM-1·cm-1 for 2,4-dinitrophenylhydrazones 

(Esterbauer and Cheeseman, 1990). For identification, collected peak fractions (yellow in 

color) were infused at a rate of 10 µl/min into the unheated Turboionspray source of an 

API3000 triple-quadrupole mass spectrometer (MDS/Sciex, Applied Biosystems, Foster 

City, CA) operating with an ion-source potential of -3700 V and with nitrogen nebulizer- 

and curtain-gas flow at instrument settings of ‘3’ and ‘8’. For tandem mass spectrometry, 

the collision gas also was nitrogen, at an instrument setting of 6. Declustering, focusing 

and entrance potentials were set to -50, -200 and -10 volts, respectively, for mass and 

tandem mass spectrometry of the 23.7-min HPLC fraction, and were set to -25, -85 

and -5.7 V for analysis of the 26.4-min fraction. For in vitro hydrolysis of 4-HNE(Ac)3, 

the compound was dissolved in a small amount of DMSO, and the solution was diluted 

with PBS to yield final concentrations of 23 µM 4-HNE(Ac)3 and 5% (v/v) DMSO. 

Aspergillus oryzae lipase (Fluka, Sigma) was added to 4 mg/ml (192 units/ml), and the 

reaction mixture was incubated for 30 min at room temperature. 

 Tk microtiter mutation assay. Mutant selection was performed as described by 

Chen and Moore (2004). Briefly, following the 2-day expression, the cells were counted 

and the densities adjusted using fresh medium. For mutant enumeration, TFT (3 µg/ml) 

was added to the cell culture and cells were seeded into four 96-well flat-bottom 

microtiter plates using 200 µl per well and a density of 2000 cells/well. For the 

determination of plating efficiency, approximately 1.6 cells were aliquoted at 200 µl per 

well into two 96-well flat-bottom microtiter plates. All plates were incubated at 37°C in a 

humidified incubator with 5% CO2 in air. After 11 days incubation, colonies were 
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counted and categorized as small or large. Small colonies were defined as those smaller 

than 25% of the well. Mutant frequencies (MF) were calculated using the Poisson 

distribution. Cytotoxicity was measured using relative total growth (RTG) which includes 

a measure of growth during treatment, expression and cloning (Chen and Moore, 2004). 

 Detection of LOH at the Thymidine kinase (Tk1) locus and the microsatellite 

D11Mit42, D11Mit29 and D11Mit74 loci. TFT-resistant clones were directly taken from 

the microtiter plates. Only mutants obtained following treatment with 16.6 µM 

4-HNE(Ac)3 were isolated and further analyzed. The mutants from the 4-HNE exposure 

were not analyzed for LOH because 4-HNE was not mutagenic under the conditions used 

(see Results). Cells were washed once with PBS by centrifugation, and cell pellets were 

quickly frozen and stored at –80°C. Genomic DNA was extracted by digesting the cells 

in lysis buffer (10 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1% (v/v) Triton X-100, 1% (v/v) 

Tween 20) with 200 µg/ml of proteinase K at 60°C for 90 min, followed by inactivation 

of proteinase K at 95°C for 10 min. The procedure for the PCR analysis of LOH at the Tk 

locus was previously described (Chen et al., 2002a). For PCR analysis of LOH at other 

loci, the amplification reactions were carried out in a total volume of 30 µl by using 2 × 

PCR master Mix (Promega, Madison, WI) and a pair of primers for a specific locus 

obtained from The Jackson Laboratory, http://www.informatics.jax.org. Primer sequences 

are listed in Table 1. The thermal cycling conditions were as follows: initial incubation at 

94°C for 3 min, 40 cycles of 94°C denaturation for 30 s, 55°C annealing for 30 s, and 

72°C extension for 30 s, and a final extension at 72°C for 7 min. The amplification 

products were analyzed by gel electrophoresis and scored for the presence of one band 

(indicating LOH) or two bands (retention of heterozygosity at the given locus). 
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 Data Analysis. The data evaluation criteria developed by the MLA Expert 

Workgroup of the International Workgroup for Genotoxicity Tests (IWGT) were used for 

data analysis (Moore et al., 2003). For the microwell version of the MLA, a chemical is 

judged to be positive if there is a dose related increase in MF and if one or more cultures 

show an induced mutant frequency that exceeds the global evaluation factor (GEF) of 

126×10-6. For instance, if the background mutant frequency is 81×10-6 (an average of the 

duplicate negative control cultures) then at least one of the treated cultures must have a 

total mutant frequency of 81×10-6 + 126×10-6 = 207×10-6 to be determined to be positive. 

If that total mutant frequency is not attained, the response is negative. 
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Results 

 

 Previous work by others (Neely et al., 2002) has shown that 4-HNE(Ac)3 can be 

converted to 4-HNE (Fig. 1A) and 4-HNE monoacetate (4-acetyloxynon-2-enal, Fig. 1C) 

by neuroblastoma cells. We confirmed the ability of mouse lymphoma cells used in the 

present work to hydrolyze 4-HNE(Ac)3. The cells were treated with  4-HNE(Ac)3, lysed, 

and the lysate was derivatized with DPNH and analyzed by HPLC as described in 

Materials and Methods. Peaks eluting at 23.7 min and 26.4 min were identified as the 

2,4-dinitrophenylhydrazones of 4-HNE and 4-HNE monoacetate, respectively, by mass 

spectrometry. The 23.7-min mass spectrum exhibited its second-strongest signal at m/z 

335, nominally correct as the [M-H]- molecular anion of the 2,4-dinitrophenylhydrazone 

of 4-HNE. In tandem mass spectrometry (collision energy = -23 V), the pattern of m/z 

335 fragments was highly consistent with that produced by an authentic sample of the 

2,4-dinitrophenylhydrazone of 4-HNE. For the 26.4-min fraction, the dominant spectral 

signal was m/z 377, as predicted for 2,4-dinitrophenylhydrazone of the monoacetate of 4-

HNE (m.w. 378). When exposed to a collision energy of -28 V, the m/z 377 ion generated 

two products attributable to deacetylation, [M-CH3COOH]– (m/z 317) and CH3COO- (m/z 

59), and minor products at m/z 181, 163, 109 and 152. In vitro hydrolysis of 4-HNE(Ac)3 

with lipase followed by HPLC analysis of DPNH derivatives also yielded peaks eluting at 

23.7 and 26.4 min which gave mass spectra consistent with those of samples derived 

from mouse lymphoma cells. This result further confirms the identity of 4-HNE(Ac)3 

hydrolysis products. 
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 In agreement with previous data (Neely et al., 2002), the monoacetyl ester of 

4-HNE formed more rapidly than 4-HNE itself (Fig. 2). Upon exposure of 6 × 106 cells to 

170 nmol 4-HNE(Ac)3 for 1 hour, approximately 1 nmol of hydrolysis products, or 0.5% 

of the available 4-HNE(Ac)3, was associated with cells (Fig. 2). This is in qualitative 

agreement with the previously reported 1.7% at a significantly higher concentration of 

4-HNE(Ac)3 (250 µM, Neely et al., 2002, vs 17 µM in the present work). After 4 hours of 

incubation, approx. 3 nmol 4-HNE monoacetate and 0.4 nmol 4-HNE were associated 

with the cells (Fig. 2). Formally, this results in a calculated intracellular concentration of 

approx. 5 mM for 4-HNE(Ac)3 hydrolysis products, given a mean diameter of 6 µm for 

mouse lymphoma cells (measured microscopically) and thus an approximate volume of 

1.1 × 10-7 µl/cell or 0.66 µl total internal volume in 6 × 106 cells. 

 Mutagenicity of 4-HNE was tested across a concentration range of 12.8 - 38.4 µM 

(Table 2, Fig. 3A and 3B). The highest concentration resulted in an RTG of 13%. While 

the MF at this concentration was slightly higher than the negative control, this small 

increase was insufficient to result in a positive determination. In contrast, 4-HNE(Ac)3 

was clearly mutagenic (Table 3, Fig. 3C and 3D). The MF increased in a dose-dependent 

manner between 1.7 µM and 16.6 µM 4-HNE(Ac)3, and subsequently decreased at higher 

4-HNE(Ac)3 concentrations. In fact, the MF at every 4-HNE(Ac)3 concentration, except 

for 1.7 µM and 2.5 µM, was positive. At 16.6 µM, 4-HNE(Ac)3 induced a MF of 719 × 

10-6 at an RTG of 33% in one experiment (see Table 3), and a MF of 761 × 10-6 at 26% 

RTG (see Table 2) in the 4-HNE experiment in which it was used for comparative 

purposes. 
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 DNA samples isolated from 70 large and 69 small Tk mutant colonies from 

cultures treated with 16.6 µM 4-HNE(Ac)3 were analyzed for LOH at the Tk1 locus using 

allele-specific PCR with primers listed in Table 1. This analysis revealed that all of the 

small colony mutants had lost the Tk allele (Table 4). This can be compared to 

spontaneous mutants arising in control cultures where 91% had lost the Tk allele 

(Harrington-Brock et al., 2003). In contrast, the percentage of LOH in 4-HNE(Ac)3-

induced large colonies (93%) was distinctly different from that of the control (68%). The 

total percentage of LOH in mutants from 4-HNE(Ac)3-treated and control groups were 

96% and 79%, respectively. 

 To estimate the range of chromosomal damage by 4-HNE(Ac)3, LOH at Tk1 and 

three other loci along chromosome 11 was examined in DNA isolated from 20 large and 

20 small mutant colonies (Table 5). Among the 40 mutants analyzed, 98% had an 

alteration of DNA at the Tk locus, and 85% of the mutants showed damage that reached 

to 6 cM in chromosome length. Twenty-three % of the mutants had an alteration of DNA 

larger than half of chromosome 11 (Fig. 4). None of the mutants had an LOH involving 

the entire chromosome 11. The range of DNA damage induced by 4-HNE(Ac)3 in small 

colonies appeared more extensive than that in large mutant colonies (Table 5). 
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Discussion 

 

 The ability of the MLA to detect a broad spectrum of genetic events was essential 

for the present work because 4-HNE is capable of generating both point mutations and 

major DNA rearrangements (Eckl, 2003; Kowalczyk et al., 2004). The capability to 

detect a broad spectrum of mutational events is also the primary reason for the adoption 

of MLA as the preferred mammalian cell gene mutation assay for regulatory decision-

making (Dearfield et al., 1991; International Conference on Harmonisation, 1995; 

Department of Health and Human Services, 1997). L5178Y/Tk+/- -3.7.2C cells used in the 

MLA have only one functional copy of the Tk1 gene. Cells are exposed to potential 

mutagens and any resulting thymidine kinase-deficient mutants are selected using the 

pyrimidine analog trifluorothymidine (TFT). Tk mutant clones fall into two basic size 

categories. Large colony mutants grow at the same rate as the Tk+/- cells and small colony 

mutants grow slowly. The relative frequency of the two size classes of mutant colonies is 

mutagen-dependent. Chemicals whose major mechanism of action is to break 

chromosomes (clastogens) generally induce a higher proportion of small colonies, while 

chemicals that cause point mutations induce large colony mutants (Moore et al., 1985a; 

Moore et al., 1985b). Tk mutants can be further characterized using a combination of 

molecular and cytogenetic analysis to determine the types of mutations induced by 

specific mutagenic agents, thus providing additional insight into their mechanisms of 

action (Chen et al., 2002a; Chen et al., 2002b). 

 While both 4-HNE and 4-HNE(Ac)3 were cytotoxic in the MLA system, at equal 

concentrations 4-HNE(Ac)3 was more cytotoxic than 4-HNE. In addition, only 
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4-HNE(Ac)3 was significantly mutagenic. Given the relatively low chemical reactivity of 

4-HNE(Ac)3 and its intracellular conversion to 4-HNE and 4-HNE monoacetate both in 

mouse lymphoma cells (Fig. 2) and in other cell types (Neely et al., 2002), it is unlikely 

that the dissimilar cytotoxicity of the two compounds is due to an intrinsically different 

mode of action. Rather, it appears probable that the ultimate toxicant is 4-HNE (and/or 

4-HNE monoacetate), and that the difference in potency between externally added 

4-HNE and 4-HNE(Ac)3 is due to the concentration and site of action of this ultimate 

toxicant. 4-HNE is fairly reactive and preferentially partitions into the lipid (membrane) 

phase (Schaur, 2003). Thus, externally added 4-HNE may react predominantly with 

nucleophilic sites at the plasma membrane of cells. Any remaining 4-HNE that diffuses 

across the plasma membrane would face the cytoplasm which can be viewed as an 

extremely concentrated protein solution (approx. 200 mg/ml, or 4 mM assuming a 

molecular weight of 50 kDa for an average protein; the concentration of nucleophilic 

sites is still higher because multiple such sites are present on most proteins). The 

micromolar concentrations of added 4-HNE are approximately three orders of magnitude 

lower than the concentration of potentially reactive nucleophilic sites in the cytoplasm. A 

relatively thin layer of cytoplasm may thus effectively shield deeper intracellular targets 

such as the nucleus from micromolar concentrations of exogenous 4-HNE. In addition, 

most cells contain glutathione transferases (mGSTA4-4 in the mouse) capable of 

conjugating 4-HNE to glutathione with high catalytic efficiency (Zimniak et al., 1994). 

This, together with a millimolar concentration of glutathione in the cytoplasm, creates 

another effective barrier against the penetration of external 4-HNE into deeper structures 

of cells. Indeed, it has been previously reported (Neely et al., 2002) that 4-HNE-protein 
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adducts are present largely in outer layers of the cytoplasm in cells exposed to 4-HNE, 

while in cells treated with 4-HNE(Ac)3 deeper structures are also affected. In contrast to 

4-HNE, the non-reactive 4-HNE(Ac)3 readily diffuses across the plasma membrane, and 

can become distributed throughout the cell because it is hydrolyzed by intracellular 

enzymes at a rate much slower than the rate of diffusion (Neely et al., 2002). Therefore, 

the intracellular and especially nuclear level of α,β-unsaturated carbonyl products is 

likely to be higher upon exposure of cells to 4-HNE(Ac)3 than upon exposure to an equal 

concentration of 4-HNE. In fact, from the amount of cell-associated products of 

4-HNE(Ac)3 hydrolysis, it can be calculated that the intracellular concentration of these 

products could formally become millimolar (see Results) even though the extracellular 

concentration was 17 µM. The apparent accumulation of 4-HNE(Ac)3 hydrolysis 

products in cells is consistent with diffusion of 4-HNE(Ac)3 across the plasma membrane 

followed by its hydrolysis and thus entrapment, and subsequent reaction with 

nucleophilic targets. This accumulation could account for the greater cytotoxicity of 

4-HNE(Ac)3 as compared with 4-HNE. The ability to generate the ultimate toxicant in 

close proximity to nuclear DNA is consistent with the mutagenic properties of 

4-HNE(Ac)3. 

 An additional factor differentiating the potencies of 4-HNE and 4-HNE(Ac)3 is 

the fact that test compounds in MLA are added to cells in serum-containing medium (see 

Materials and Methods). Although the exposure time of 4-HNE to such medium prior to 

its addition into the cell cultures was limited to less than 3 min in the present work, a 

certain loss of 4-HNE but not 4-HNE(Ac)3 can be expected due to reaction with serum 

proteins (Barrera et al., 1991). More importantly, 4-HNE will continue to react with 
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medium components during the treatment, thus limiting the effective exposure time of 

cells. Although this difficulty can be circumvented by the use of serum-free medium 

and/or by repeated additions of small amounts of 4-HNE (Barrera et al., 1991), serum 

deprivation may affect the cellular response to 4-HNE. This problem was avoided by 

using 4-HNE(Ac)3 in the present study. Thus, the lack of a consistent mutagenic effect of 

4-HNE in our present work does not contradict previous literature, but may reflect a 

choice of assay conditions which are closer to a normal physiological situation. 

 In the MLA, compounds which induce point mutations tend to result in a high 

proportion of large mutant colonies with little LOH of the Tk allele, while clastogens 

result in a high proportion of small colony mutants, and a high proportion of LOH at the 

Tk locus in the large-colony mutants (Harrington-Brock et al., 2003). Depending on the 

severity of DNA damage, LOH will also occur at other loci along chromosome 11, at a 

progressively decreasing frequency as the distance from the Tk allele increases. 

(Obviously, DNA damage occurs equally elsewhere on chromosome 11 and on other 

chromosomes, but only mutations that affect the Tk locus are detectable in the MLA.) 

The observation that LOH occurred in 93% of large colonies from 4-HNE(Ac)3-treated 

cultures, versus 68% in spontaneous mutants, and that small colonies formed more 

frequently after 4-HNE(Ac)3 treatment than in control cells, indicate that 4-HNE 

generated intracellularly from 4-HNE(Ac)3 is a potent clastogenic mutagen. By extension, 

4-HNE that forms endogenously as a consequence of lipid peroxidation in resting but 

especially in stressed cells should have the same effect. 

 In summary, we demonstrated that 4-HNE(Ac)3, which mimics intracellular 

generation of α,β-unsaturated aldehydes including 4-HNE, is a potent mutagen in mouse 
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lymphoma cells at concentrations at which externally added 4-HNE is not significantly 

mutagenic. In addition to highlighting the experimental limitations inherent to treating 

cells with reactive compounds such as 4-HNE, this result indicates that 4-HNE generated 

by lipid peroxidation within a cell may have different biological properties than 4-HNE 

formed externally. For example, 4-HNE formed at the site of an inflammation and 

diffusing into neighboring cells may not produce the same genotoxicity as 4-HNE 

generated intracellularly. Under our experimental conditions, both internal and external 

4-HNE was cytotoxic, but only internal 4-HNE was mutagenic. Unexpectedly, a major 

type of mutations induced by α,β-unsaturated carbonyl compounds generated 

intracellularly from 4-HNE triacetate were large-scale DNA changes encompassing 

approximately half of the length of a chromosome. Elucidation of the mechanism of the 

clastogenic action of 4-HNE will require further studies. 
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Figure legends 

 

Fig 1. Structures of 4-HNE (panel A), its protected form, 4-HNE(Ac)3 (panel B), and of 

4-HNE monoacetate (panel C), a major product derived from 4-HNE(Ac)3 by the action 

of intracellular lipases (Neely et al., 2002, and present work). 

 

Fig 2. Hydrolysis of 4-HNE(Ac)3 by mouse lymphoma cells. L5178/Tk+/- mouse 

lymphoma cells (6 × 106 cells in 10 ml medium) were exposed to 17 µM 4-HNE(Ac)3 

(total amount of 4-HNE(Ac)3 in the incubation was 170 nmol) for different lengths of 

time, washed, lysed, and the levels of 4-HNE (circles) and 4-HNE monoacetate 

(triangles) were determined by HPLC after derivatization with DPNH as described in 

Materials and Methods. 

 

Fig 3. Cytotoxicity and mutagenicity of 4-HNE (panels A and B) and 4-HNE(Ac)3 

(panels C and D) in L5178/Tk+/- mouse lymphoma cells. Panels A and C: cytotoxicity, 

defined as relative total growth or RTG; open circles denote cells treated with vehicle 

only (1% DMSO, in duplicate). Panels B and D: total Tk mutant frequency (circles), 

frequency of small colonies (squares), and frequency of large colonies (triangles). The 

corresponding open symbols denote cells treated with vehicle only (1% v/v DMSO; in 

duplicate). 

 

Fig. 4. LOH in mutants induced by exposure to 16.6 µM 4-HNE(Ac)3 Left panel: 

ideogram of mouse chromosome 11 (adapted from the NCBI Map Viewer, 
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www.ncbi.nlm.nih.gov). The loci that were used for determination of LOH (Tk1, 

D11Mit74, D11Mit29, and D11Mit42) are marked. Right panel: histogram showing, at 

the same scale as used in the ideogram, the range of LOH (ordinate, in cM) versus the 

lower limit of the frequency of LOH within these ranges (abscissa, in % of colonies 

screened by PCR). 
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TABLE 1 

Primer pairs used for PCR amplification to determine loss of heterozygosity (LOH) at 

four loci on chromosome 11 upon exposure to 4-HNE(Ac)3 

 

Locus Position a Sequences of forward and reverse primers 

D11Mit74 0.0 5’-AAAACCTGAGTTCGACCCCT 

5’-ATAAAGCCTCATCTACATGGGC 

D11Mit29 40.0 5’-TTGAGGCATGAGGGGATTAG 

5’-TTTCCGTCATTGCTAAAGGG 

D11Mit42 72.0 5’-ACTAGCCATATGGTTTCTGATGG 

5’-GTAGCAGGGCTGTGAGCTTT 

Tk 78.0 5’-AGGGAGGTGCCTGGCTAACTGACCGCA 

5’-GCGGGACACGGAGTGATACTTGTCGGC 

a Locus positions on chromosome 11 in cM 
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TABLE 2 

Toxicity and mutagenicity of 4-HNE in L5178Y/Tk+/- mouse lymphoma cells 

 

Test compound a Mutant frequency 

(× 106) d 

Relative total growth 

(RTG) 

None b   

0 76 (30/46) 98 

0 86 (37/49) 102 

   

4-HNE   

12.8 108 (64/44) 80 

19.2 123 (81/42) 65 

25.6 159 (110/49) 36 

32.0 137 (96/41) 22 

38.4 151 (89/62) 13 

   

4-HNE(Ac)3   

16.6 761 (429/332) 26 

   

NQO c   

0.53 750 (351/399) 67 

0.53 724 (341/383) 64 

  
a Concentrations given as µM. The single concentration of 4-HNE(Ac)3 used in this 

experiment was included for comparative purposes and is consistent with values obtained 

for this concentration in the full mutagenicity experiment for this compound (Table 3). 
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b For negative controls (in duplicate), cells were treated with vehicle alone (final 

concentration of 1% v/v DMSO). 

c NQO was used as a positive control (in duplicate). 

d The numbers in parentheses denote the mutant frequencies for small/large colonies. 
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TABLE 3 

Toxicity and mutagenicity of 4-HNE(Ac)3 in L5178Y/Tk+/- mouse lymphoma cells 

 

Test compound a Mutant frequency 

(× 106) d  

Relative total growth 

(RTG) 

None b   

0 105 (47/58) 103 

0 113 (53/60) 97 

   

4-HNE(Ac)3   

1.7 140 (56/84) 103 

2.5 201 (97/104) 120 

3.3 343 (161/182) 83 

6.7 470 (230/240) 63 

10.0 637 (338/299) 54 

13.3 709 (383/326) 41 

16.6 719 (396/323) 33 

20.0 402 (237/165) 20 

23.3 334 (207/127) 14 

   

NQO c   

0.53 647 (311/336) 76 

0.53 598 (293/305) 69 

  
a Concentrations given as µM. 

b For negative controls (in duplicate), cells were treated with vehicle alone (final 

concentration of 1% v/v DMSO). 
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c NQO was used as a positive control (in duplicate). 

d The numbers in parentheses denote the mutant frequencies for small/large colonies. 
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TABLE 4. Percentage of mutants showing loss of heterozygosity (LOH) in the Tk1 locus 

in untreated cells and cells exposed to 4-HNE(Ac)3  

 

 Untreated cells a 
Cells treated with 

4-HNE(Ac)3 
b 

Large colonies   

Mutants screened 96 70 

Mutants with LOH 65 65 

Percentage of LOH 68% 93% 

Small colonies   

Mutants screened 96 69 

Mutants with LOH 87 69 

Percentage of LOH 91% 100% 

Total colonies   

Percentage of LOH mutants 79% 96% 

 
a Control data from literature (Harrington-Brock et al., 2003). 
 
b 16.6 µM 4-HNE(Ac)3 
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TABLE 5. Loss of heterozygosity (LOH) at different loci along chromosome 11 in 20 

large and 20 small colony Tk mutants from cells treated with 16.6 µM 4-HNE(Ac)3 

 

Mutant colonies with LOH Locus a 

Large colonies b 
count (%) 

Small colonies b 
count (%) 

All colonies 
count (%) 

D11Mit74 0 (0) 0 (0) 0 (0) 

D11Mit29 0 (0) 9 (45) 9 (23) 

D11Mit42 14 (70) 20 (100) 34 (85) 

Tk 19 (95) 20 (100) 39 (98) 

 
a The distance from D11Mit74, D11Mit29, D11Mit42 and Tk to the top of chromosome is 

0.0 cM, 40 cM, 72 cM and 78 cM, respectively. 

b LOH at each of the four loci was examined in a total of 20 large and 20 small colonies. 
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