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4-hydroxynonenal (HNE)  is one of the major breakdown products of cellular lipid peroxidation. Its effects 
on proliferation, ornithine decarboxylase (ODC) activity and DNA synthesis have been investigated in 
leukemic cell lines. The cells were incubated for 1 hour with different aldehyde concentrations, then washed 
and resuspended in medium with fresh foetal calf serum. H N E  concentrations ranging from lo- '  to 10 ' M 
significantly inhibited ODC activity when induced by addition of fresh foetal calf serum both in K562 and 
HL-60 cells. 'H-Thymidine incorporation in K562 cells was also inhibited from 6 to 12 hours after the 
treatment. The same HNE concentrations did not inhibit ODC activity when added to cytosol, thus a direct 
action on the enzyme can be excluded. Moreover, HNE did not affect the half-life of ODC, so that a specific 
effect on ODC synthesis may be supposed. These data indicate a reduction of proliferative capacity of the 
cells and are consistent .with the possibility that HNE,  at concentrations close to those found in normal 
cells. plays a role in the control of cell proliferation. 
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INTRODUCTION 

4-Hydroxynonenal (HNE) is one of the major diffusible products formed during lipid 
peroxidation of cell membranes.' It reacts with thiol groups of low molecular weight 
compounds and proteins and affects, by this mechanism, several enzymatic activities.2 
It has been demonstrated that HNE inhibits cell proliferation and DNA synthesis of 
Ehrlich ascites tumour cells,' human lymphocytes4 and K562 cells.' Wawra et ~ 1 . ~  
suggested that HNE could affect DNA synthesis inhibiting of DNA polymerases, so 
blocking the cell cycle progression in the S phase. However, HNE exhibits this effect 
only at concentrations higher than 50pM, whereas the normal level of HNE is in the 
range of a few nanomoles per gram of tissue or body fluid.' Moreover DNA synthesis 
inhibition may result from a block of some signaling events that are necessary for 
progression through the GI phase. In fact recent data indicate that HNE, added to 
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82 G .  BARRERA ET A L .  

cultures of actively dividing cells, blocks proliferation and leads to an arrest of most 
cells in the GI phase.* 

Ornithine decarboxylase (ODC) is the first regulatory enzyme in the biosynthesis 
of polyamines; it plays a key role in proliferation both of normal and neoplastic cells' 
and its induction seems to be an universal mechanism of growth stimulation by 
hormones, drugs, and tumour promoters." Moreover it has been reported that the 
inhibition of ODC activity is associated with a block cell cycle progression in the GI 
phase." In the present study, we have examined the effect of HNE on ODC activity 
and on DNA synthesis in human leukemic cell lines K562 and HL-60 cells, in order 
to establish if, by this mecha.nism, HNE could affect cell proliferation. 

MATERIALS AND METHODS 

Cells and culture conditions 

K562 and HL-60 human leukemic cells (kindly provided by Prof. Santoni, Depart- 
ment of Experimental Medicine, Rome, Italy) were cultured at 37°C in a humidified 
atmosphere of 5% C02-air in RPMI 1640 medium supplemented with 2mM gluta- 
mine, antibiotics and 10% foetal calf serum (Flow Laboratories). Growth rate and 
cell viability, as determined by the trypan blue dye exclusion test, were monitored 
daily in all experiments. 

HNE treatment 

Cells were washed and resuspended at the concentration of 10hcells/ml in RPMI 
medium without foetal calf serum to avoid the binding between HNE and the thiol 
group of serum proteins. The incubation with HNE was performed for 1 hr. After this 
period, the cells were washed and resuspended in medium with 10% fresh foetal calf 
serum at the concentration of 500,000 cells per ml. 

j H Thjwidine incorporation 

Cells were taken from cell cultures at various time points, distributed into 96-well 
microtiter plates (2 x 105/sample point) and pulsed with 1 pCi 'H thymidine for 1 hr. 
The incorporation of the radioactive nucleotide was measured after harvesting the 
cells with a Flow cell harvester (Gelman Instruments, Gelaire). 

Cycloheximide treutment 

K562 cells were incubated with HNE M for 1 hr as previously described. Cyclo- 
heximide ( I  mg/l) was added to controls and HNE treated cells 6.30 hr after foetal 
serum supplementation. Samples of cells were harvested at time 0 and after 15 and 
30 min. 

Subcellular fractionation 

Aliquots of cells, ranging from 10 x lo6 to I5 x 106cells were washed twice by 
centrifugation (1000 RPM for 10 min) at 4°C in a medium containing 0.25 M sucrose, 
50 mM phosphate buffer, pH 7.2,40 pM pyridoxal phosphate. The final cell pellet was 
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EFFECT O F  HNE O N  ODC ACTIVITY 83 

resuspended in 1 ml of the same medium. Cells were lysed by 3 cycles of freeze-thaw- 
ing and centrifuged at 100,000 g for 60 min to obtain the cytosolic fraction. 

Determination of ornitltine decarboxylase activity 

Ornithine decarboxylase activity was determined by measuring the liberation of I4CO, 
developed from 0.2 pCi of L-( l-I4C) ornithine (Amersham International plc) Incu- 
bations were for 30 min at 37°C in 8 ml tubes equipped with rubber stoppers and 
polypropylene center wells (Kontes, Vineland, N.J.) The assay reaction (200 PI) 
contained 170p1 of cytosol (0.5-1 mg of protein), lop1 of dithiothreitol (final con- 
centration 1 mM) and 20p1 of labeled plus unlabeled L-ornithine (final concentration 
0.5 mM). The center wells contained 0.2 ml of tissue solubilizer (BTS-450, Beckman), 
adsorbed on a small role of filter paper (1.5 x 1.5 cm) as CO, trapping agent. After 
incubation, the reaction was stopped by addition of 0.25 ml of 10% trichloroacetic 
acid injected through the rubber stopper. The rolls of paper were then transferred to 
liquid scintillation vials together with 5 ml of counting cocktail (Ready organic, 
Beckman); radioactivity was determined after 12 hr. 
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FIGURE 1 Growth of K562 cells. Cells were treated for I hour with different HNE concentrations in 
medium without foetal calf serum, then washed and resuspended in fresh medium with 10% foetal calf 
serum. Symbols: 0 control, A M HNE. The values are means + S.D. 
of at least three separate experiments. 
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84 G. BARRERA ET A L  

FIGURE 2 Kinetics of ODC activity in K562 cells at various time points. Treatments are performed as  
reported in Figure I .  Symbols: 0 control. A lO-‘M HNE, 5.10-’M HNE. 0 lO-’M HNE. The values 
are means + S.D. of four separate experiments. Significance by the analysis of variance: * P < 0.05, * t  
P < 0.01. 

Protein determination 

Protein was determined in cytosolic fractions as described by Hartree,” by using 
crystalline bovine serum albumin as a standard. 

RESULTS 

The HNE effect on K562 cell growth is shown in Figure 1 .  After incubation with 
lo-’ M and lo-‘ M HNE, cell growth was similar to the control growth, whereas it was 
strongly inhibited by M HNE. This HNE concentration in our system was toxic 
to the cells and gave 30% loss of cell viability, thus it has been excluded from 
following experiments. 

ODC activity in K562 cells is shown in Figure 2. Incubation for 1 hr without foetal 
calf serum reduced ODC activity to 10% of the activity value found in the initial cell 
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FIGURE 3 Kinetics of ['HI thymidine incorporation into K562 cells treated with HNE as reported in 
Figure 1. Symbols: 0 control. 0 10-6M HNE, A 5.10-6M HNE, IO-'M HNE. The values are means 
+S.D. of four separate experiments. Analysis of variance * P < 0.05. ** P < 0.01. Arrow indicates the 
value observed in the initial cell suspension. 

suspension, both in control and in treated cells. Resuspension of the control cells in 
medium with fresh foetal calf serum, resulted in an induction of ODC activity that 
peaked six hours later. 

In cells treated with lop5 M HNE ODC activity peaked at 12 hr; at 4 and 7 hr ODC 
activity was reduced by 57% and 71%, respectively as compared with control cells. 
With lower HNE concentrations the inhibition of ODC induction was less marked, 
i.e. at 4 and 7 hr, inhibitions by 42% and 40% after incubation with 5.10-6M HNE 
and by 35% and 25% after lO-'M HNE were observed. After 24hr the values of 
ODC activity in all treated cells reached values similar to control. Since the inhibition 
of ODC induction seems to indicate that some cells could have been blocked in the 
G1 phase, a decrease in thymidine incorporation may be expected at time points 
subsequently to the treatment. Thymidine incorporation into K562 cells was studied 
1, 4, 6, 8, 10, 12 and 30hr after preincubation with HNE. The absence of foetal calf 
serum for 1 hr induced a decrease of thymidine incorporation 4 hrs later both in the 
control and in the treated cells. Then, DNA synthesis increased and peaked at 10 hr 
(Figure 3). lo-' M HNE significantly inhibited thymidine incorporation, even though 
only 20-30%, at 8, 10 and 12hr. Higher HNE concentration inhibited thymidine 
incorporation even at 6 hr. After 24 hr this effect disappeared. Its reversibility may 
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86 G .  BARRERA ET AL.  

T 

FIGURE 4 Kinetics of ODC activity in HL-60 cells at various time points after HNE treatments. The 
experiments were carried out as described in Figure 1. Symbols: 0 control, A 10-bM HNE, 10-5M 
HNE. Values are means + S.D. of three separate experiments. 

justify the poor inhibitory action on cell growth observed at the days following the 
treatment. 

In order to see if the decrease of ODC activity, induced by HNE, was due to enzyme 
inactivation the aldehyde has been added to cytosol of K562 cells just before ODC 
determination. HNE at concentrations previously reported to inhibit ODC activity 
when added to the cultured cells did not inactivate the enzyme. A higher aldehyde 
concentration ( M) inhibited ODC activity by 40% only when tested without 
dithiothreitol (data now shown). 

The effect of HNE on ODC activity was also evaluated in another human leukemic 
cell line (HL-60). The experimental conditions used in the case of K562 cells were 
maintained also in these experiments. Figure 4 shows that both M and lo-’ M 
HNE inhibited the increase of ODC activity in HL-60 cells when induced by re- 
suspension of the cells in medium with fresh foetal calf serum. The percent inhibition 
values at 4 to 7 hr were 34% and 35% after incubation with M HNE and 78% 
and 81 % after lo-’ M HNE. Finally, some experiments have been performed to test 
if inhibition of ODC activity observed in HNE-treated cells could depend on re- 
duction of the enzyme half life. New synthesis of ODC was blocked with cyclohexim- 
ide in control and HNE-treated K562 cells, 6.30 h after enzyme induction through 
serum supplementation. 

Studies on ODC activity decay reported in Figure 5 showed that apparent active 
life spans were similar in control and HNE-treated cells. 
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FIGURE 5 Decay of ODC activity in K562 cells after cycloheximide administration. ODC activity has 
been determined in the presence of I mM DTT: each point is mean of 3 experiments. Symbols: 0 control, 

IO-’M HNE. 

DISCUSSION 

HNE is a highly reactive electrophilic reagent which easily combines with -SH groups 
of low molecular weight thiols and proteins.’ The binding of HNE to proteins occurs 
predominantly through attack on the thiol groups in cysteine residues of the poly- 
peptide chain.” I t  has been shown that the loss of SH groups is correlated with the 
number of aldehyde molecules covalently bound to the protein.” ODC is a thiol- 
dependent enzyme and its aminoacid sequence contains I2 cysteine  residue^;'^ thus, 
it is a potential target for HNE. This enzyme, however, is a very minor component 
of the total soluble cell  protein^.'^,'^ Thus, we can hypothesize that the high concen- 
trations of thiol reducing agents in the cytosol combined with the low number of ODC 
molecules with respect to the total cytosol proteins may explain the poor inhibitory 
effect of HNE on cytosolic ODC. On the other hand, low HNE concentrations 
strongly reduced the ODC activity stimulation occurring in K562 and HL-60 cells 
after fresh serum supplementation. In many cell types a good correlation has been 
found between amount of ODC protein and enzyme activity and the regulation is 
chiefly exercized through changes in the rate of synthesis or degradation of this 
protein.” In the present work the possibility that HNE affects ODC protein degra- 
dation in K562 cells has been excluded. The second possibility is that HNE prevented 
the increase in ODC activity by blocking ODC synthesis. From this point of view, 
since a major part of the increase rate of synthesis occurs by virtue of a large rise in 
the amount of ODC mRNA,I8 HNE may act by reducing ODC mRNA transcription. 
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88 G. BARRERA ET AL. 

It has been recently demonstrated that HNE, at concentrations used in this work, 
does not inhibit RNA or protein synthesis” but specifically blocks transcription of 
mRNA for the c-myc gene in K562 cells (Fazio et ul. submitted). The possibility exists, 
however, that the inhibition of c-myc expression may condition the expression of 
ODC gene. In fact a close correlation between the two gene transcriptions occurs 
when stimulated by TPA.” However, a direct action of HNE on the ODC gene 
expression cannot be excluded. Our results point to ODC synthesis as a specific target 
for HNE. In fact, other cellular activities involved in the control of cell proliferation, 
such as DNA polymerases‘ and microtubule assembly,” are inhibited by HNE 
concentrations higher than 10- M. 

The inhibition of DNA synthesis observed between 6 and 12 hr points out the 
antiproliferative effect that low HNE concentrations exert on the cells. The fact that 
both the inhibitions of ODC activity induction and DNA synthesis exhaust them- 
selves within few hours, may justify the poor or no effect on cell growth in the days 
following the experiments. The reversibility of the effect may be due to HNE 
metabolization in K562 or  HL-60 cells. In fact, when M was added to each of 
the two cell lines ( lo6 cell/ml), the aldehyde, as measured by HPLC, disappears from 
culture media within 1 hr (Barrera et ul. submitted). Its influence on some cellular 
processes leading to cell proliferation is, however, not rapidly cancelled by this 
disappearance. So HNE behaves like a messenger or signal and its effects are pro- 
duced by a short-time contact. Moreover, in normal cells, HNE is continuously 
produced during the peroxidative degradation of cell membrane phospholipids and 
catabolized by some aldehyde-inactivating systems, so its concentrations represent a 
steady-state amount.” The fact that tumour cells exhibit quite low levels of lipid 
peroxidation23 and the effects described are obtained by utilizing HNE concentrations 
similar to those measured in normal  cell^'^,^^ are consistent with the hypothesis that 
lipid peroxidation plays a role in the control of normal and neoplastic cell prolifer- 
ation,” through the formation of HNE. 
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