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SUMMARY

L-Histidine markedly increased the growth- and DNA synthesis-
inhibitory effects elicited by hydrogen peroxide in cultured
Chinese hamster ovary cells. DNA single-strand breakage was
also higher in the presence of the amino acid and, in addition,
these breaks were characterized by a slower rate of repair,
compared with that of the breaks generated by the oxidant
alone. In the presence of L-histidine, hydrogen peroxide also

DNA double-strand , a lesion that cannot be
detected in cells treated with even exceedingly high concentra-
tions of the oxidant alone. Data reported herein suggest that the
L-histidine-mediated increase of the cytotoxic response of cul-
tured Chinese hamster ovary cells to hydrogen peroxide may be
at least partially dependent on the formation of DNA double-
strand breaks.

Hydrogen peroxide is a cellular metabolite present in many
tissues, and its concentration can rise locally from physiological
levels to higher values in various pathological conditions, e.g.,
inflammation (1), or after exposure to an array of chemical or
physical agents (1-4). H,O, may, therefore, reach cytotoxic
levels, and cell injury seems to depend on the formation of
hydroxyl radicals (5-7). Several events occur under these con-
ditions, including DNA single-strand breakage (5-16), de-
creases in cellular ATP and NAD* levels (10, 16), oxidation of
acid-soluble and protein thiols (17), elevation of cytosolic free
calcium ion levels (9-11), and morphological alterations (9).
Recently, various authors have investigated the effect of spe-
cific components of the extracellular milieu on the toxicity of
hydrogen peroxide (18-24), because the composition of the
biological fluids with which target cells are bathed can be
markedly affected by various pathological conditions, and this
may significantly change the susceptibility of the cells to oxi-
dative attack. Interesting results have been obtained in these
studies, and a critical role has been suggested for glucose (18)
and, importantly, L-histidine, an amino acid that markedly
sensitizes cells to oxidative attack (18-24). It has been reported
that L-histidine increases the fragmentation of purified DNA
induced by hydrogen peroxide (19, 20, 24), as well as other
effects produced by the oxidant in cultured mammalian cells,
i.e., cytotoxicity (19, 20), chromosomal aberrations (21), sister
chromatid exchanges (19, 20, 22), and the formation of micron-
uclei (19, 20, 22). The mechanism involved in the enhancing

This study was supported by a grant from the Associazione Italiana per la
Ricerca sul Cancro (AIRC).

effect of L-histidine on the deleterious actions of hydrogen
peroxide is still controversial, although various hypotheses have
been proposed (18, 21, 22). The present study was undertaken
to investigate the effects of L-histidine on DNA damage pro-
duced by hydrogen peroxide in cultured mammalian cells.

Experimental Procedures

Materials. L-Histidine, sodium dodecyl sulfate, tetraethylammo-
nium hydroxide, and EDTA (free acid) were obtained from Sigma
Chemical Company (St. Louis, MO). Hydrogen peroxide was purchased
as a 30% stock solution from J. T. Baker Chemicals BV (Deventer,
Holland). [“C]- and [*H]thymidine were from NEN (Boston, MA).

Cell culture, radioactive labeling, and treatment conditions.
CHO cells were routinely grown in McCoy’s 5a medium supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin, in an
atmosphere of 5% CO; in air, at 37°. All experiments were performed
with logarithmic phase cells (5 X 10°/35-mm dish). Experimental
cultures for the filter elution assay were labeled overnight with [methyl-
1“C]thymidine (0.05 uCi/ml), plated in 35-mm tissue culture dishes,
and then grown for 6 hr in label-free medium. Treatments were per-
formed at either 37° or 4°, in 2 ml of saline A (0.14 M NaCl, 5 mMm KCl,
4 mM NaHCO;, 5 mM glucose).

Cell growth-inhibition studies. Exponentially growing CHO cells
were treated with increasing concentrations of H;0, for 30 min, in the
presence or absence of L-histidine. Monolayers were then rinsed with
saline A and allowed to grow in fresh culture medium and, at specific
time intervals, cells were harvested by trypsinization and counted with
a Coulter particle counter ZM.

DNA synthesis assay. Cells were treated for 30 min with various
concentrations of H;0,, in the presence or absence of L-histidine. Cells

ABBREVIATION: CHO, Chinese hamster ovary.
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were rinsed with saline A and incubated for 15 min in complete culture
medium containing 1 4Ci/ml [*H]thymidine. Monolayers were then
rinsed twice with ice-cold saline A and incubated with 10% trichloro-
acetic acid on ice for 15 min. This step was repeated twice. The
trichloroacetic acid-precipitable fraction was then dissolved in 1 ml of
0.4 N NaOH and, after addition of 0.4 ml of 1 N HCI, the solution was
collected in counting vials, containing 8 ml of Lumagel, and processed
for scintillation counting.

Alkaline elution assay. Cells containing “C-DNA were exposed
to H,0,, in the presence or absence of L-histidine, and then analyzed
for DNA damage either immediately or after various time intervals.
Cells were removed from the dishes by trypsinization (1% trypsin for
§ min on ice). The filter elution assay was carried out by a procedure
virtually identical to that described by Kohn et al. (25), with minor
modifications (12). Briefly, 5 X 10° cells were gently loaded onto 25-
mm, 2-um-pore size polycarbonate filters and then rinsed twice with
10 ml of ice-cold saline A containing 5 mM EDTA (disodium salt).
Cells were then lysed with 5§ ml of 2% sodium dodecy! sulfate, 0.025 M
EDTA (tetrasodium salt), pH 10.1. Lysates were rinsed with 7 ml of
0.02 M EDTA (tetrasodium salt), and the DNA was eluted overnight
in the dark with 1.6% tetraethylammonium hydroxide, 0.02 M EDTA
(free acid), 0.1% sodium dodecyl sulfate (pH 12.1), at a flow rate of
~30 ul/min. Fractions of approximately 3 ml were collected and counted
in 7 ml of Lumagel containing 0.7% glacial acetic acid. DNA remaining
on the filters was recovered by heating for 1 hr at 60° in 0.4 mlof 1 N
HCI, followed by the addition of 0.4 N NaOH (2.5 ml), and was, again,
determined by scintillation counting. DNA was also recovered from the
interior of the membrane holders after vigorous flushing with 3 ml of
0.4 N NaOH. This solution was processed for scintillation counting as
described above.

Strand scission factors were calculated from the resulting elution
profiles by determining the absolute logarithm of the ratio of the
percentage of DNA retained in the filters of the drug-treated sample
to that retained from the untreated control sample (both after 8 hr of
elution).

Neutral elution assay. DNA double-strand breaks were estimated
by neutral elution, as described by Kohn et al. (25); the procedure was
similar to that described above, except that a pH 9.6 eluting solution,
which does not denature the DNA, was used.

Results

Growth-inhibition studies. The effect of L-histidine on
the growth-inhibitory action of hydrogen peroxide has been
investigated. Note that the amino acid, at the concentrations
and under all the experimental conditions described below, did
not produce any detectable effect on cell replication. We found
that L-histidine greatly enhanced the sensitivity of cultured
CHO cells to hydrogen peroxide. Indeed, data displayed in Fig.
1 indicate that the growth rate of cells treated for 30 min at
37° with 10, 25, or 37.5 uM H;0, and 1 mM L-histidine was
markedly slower, compared with that of cells exposed to the
oxidant alone. Note that the proliferation of cells that had been
treated with 37.5 uM H,0, and 1 mM L-histidine was totally
suppressed, because no increase in cell number was detected
after 48 hr of post-challenge growth. The effect of the amino
acid became apparent at concentrations as low as 10-30 uM
and remained linear for up to 1 mM (Fig. 2). At higher concen-
trations, no further increase in the activity was detectable (data
not shown). Fig. 2 also shows that the slopes of the three curves,
which display the growth-inhibitory effect of 10, 25, and 37.5
uM H;0, at increasing concentrations of L-histidine, were a
function of the concentration of hydrogen peroxide. The steep-
ness of the curves was progressively higher at increasing con-
centrations of hydrogen peroxide (slope = —3.93 at 10 uM, slope
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Fig. 1. Effect of L-histidine on the growth inhibition of CHO cells by H,0..
Exponentially growing CHO cells were exposed for 30 min at 37° to
increasing concentrations of H.O,, in the absence (O) or presence (@) of
1 mum L-histidine. Cells were then allowed to grow in fresh culture medium,
and after 48 hr the cell number was estimated with a Coulter counter.
The growth rate of cells receiving L-histidine alone was not different from
that of untreated cells. Data represent the mean + standard error
cdujatedfromttreeseparateexpeﬂnems each performed in duplicate.
. ggemntfromedlsnotrecewmg L-histidine, by Student’s t test (p <
1)
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Fig. 2. Effect of various concentrations of L-histidine on the proliferation
of CHO cells treated with H,0,. CHO cells were exposed to 10 (O), 25
(@), or 37.5 ([O) um H;0,, in the absence or presence of 30 um, 100 um,
300 um, or 1 mm L-histidine. Cells were then allowed to grow in fresh,
drug-free, culture medium, and after 48 hr cell number was determined
with a Coulter counter. The data are expressed on the abscissa as log
[L-histidine] (in um) and, therefore, 7, 2, and 3 correspond to 10, 100,
and 1000 um, respectively. Data represent the mean + standard error of
three separate experiments, each performed in duplicate.

= —13.57 at 37.5 uM, and slope = —17.71 at 37.5 uM). In marked
contrast to the results obtained at 37°, the toxicity elicited by
the oxidant at 4° was not increased further by L-histidine (data
not shown).

DNA synthesis-inhibition studies. The effect of L-histi-
dine on the DNA synthesis-inhibitory action of hydrogen per-
oxide was also tested. It was found that the amino acid, at a 1
mM concentration, resulted in an approximately 2-fold increase
in the sensitivity of the cells to DNA synthesis inhibition
induced by the oxidant (Fig. 3). In these experiments, treat-
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Fig. 3. Effect of L-histidine on DNA synthesis inhibition by hydrogen
peroxide. Cells were exposed for 30 min to increasing concentrations of
H,0,, in the absence (O) or presence (@) of 1 mm L-histidine. The DNA
synthesis rate was assayed as detailed in Experimental Procedures.
Data represent the mean of two separate experiments, each performed
in duplicate.

ments were performed at 37° and the amino acid alone did not
affect CHO cell DNA synthesis.

Studies on the formation and repair of DNA single-
strand breaks. Fig. 4 shows the effect of 1 mM L-histidine on
DNA single-strand breakage induced by increasing concentra-
tions of H;0,. The incubation was for 30 min at physiological
temperature. Cells were about 2 times more sensitive to the
DNA-damaging effect of H;O, in the presence of the amino
acid. Experiments were designed to investigate the effect of L-
histidine on the rate of formation (over a 30-min period) of
H,0,-induced DNA single-strand breaks, and it was found that
the kinetics were similar under conditions of exposure to the
oxidant alone or in the presence of the amino acid (data not
shown). Thus, L-histidine increased the net amount of DNA
single-strand breaks produced by H,0, without affecting the
rate at which these lesions were induced. Data illustrated in
Fig. 4, inset, were obtained from experiments similar to the
ones discussed above, and displayed in Fig. 4, with the exception

1,517

SSF
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that the temperature of cell exposure was 4°. Under these
experimental conditions, L-histidine also increased the suscep-
tibility of the cells to the DNA-damaging effect of hydrogen
peroxide, and the degree of potentiation was actually higher
(about 3-fold), compared with that observed with treatments
at physiological temperature (2-fold).

The effect of increasing concentrations of L-histidine on
DNA single-strand breakage produced by 30 um H.0, at 37°
was also investigated. Data shown in Fig. 5 indicate that the
effect of the amino acid was apparent at concentrations as low
as 30 uM and was concentration dependent up to 300 uM. At 1
mM, or higher levels (data not shown), no further increase was
detectable. A similar L-histidine concentration dependence for
DNA single-strand break induction by hydrogen peroxide was
obtained in experiments where treatments were performed on
ice (Fig. 5, inset).

Finally, we investigated the kinetics of repair of DNA single-
strand breaks generated by the oxidant in the presence or
absence of the amino acid. In those experiments where treat-
ments were performed at 37°, HO, was used at 37.5 uM when
added to the cultures alone and at 15 uM when used in con-
junction with L-histidine (1 mM). Under these experimental
conditions, similar levels of initial damage to the DNA, as
measured by the filter elution assay, could be produced (see
data shown in Fig. 4). After treatments, cells were allowed to
repair in fresh prewarmed medium for various time intervals
and were assayed for the residual DNA damage. The rate of
removal of DNA lesions generated by H;O. plus L-histidine was
much slower than that of breaks produced by H,0, alone, with
t,/2 values of 40 and 15 min, respectively (Fig. 6). It should be
noted that L-histidine itself does not delay the repair of hydro-
gen peroxide-induced DNA single-strand breakage, because
similar repair kinetics were observed in cells treated with
hydrogen peroxide and then allowed to repair the damage in
the presence or absence of 1 mM L-histidine (data not shown).
In contrast to the results indicating different rates of removal
of DNA lesions produced at 37°, superimposable kinetics of
DNA single-strand break repair were obtained in cells treated
at 4° (Fig. 6, inset). It should be noted that, in the latter set of
experiments, the initial damage was obtained by treating the
cells at 4° for 30 min with either 100 uM H,0; alone or 37.5 uM
H0, plus 1 mM L-histidine. Under these experimental condi-

Fig. 4. Effect of L-histidine on H,Oz-induced DNA single-
strand breakage. Cells were exposed for 30 min at 37° to
various concentrations of H.O., in the absence (O) or
presence (@) of 1 mm L-Histidine, and were then analyzed
for DNA damage by the filter elution assay. Strand scission
factor (SSF) values were caiculated from the alkaline elution
profiles, as detailed in Experimental Procedures. Inset,
results from similar experiments, except that the treat-
ments were performed at 4°. Values represent the mean
of three or four independent experiments, each performed
in duplicate.
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00 Fig. 5. Effect of increasing concentrations of L-histidine on
0.8+ H20induced DNA single-strand breaks. CHO cells were
w treated for 30 min in saline A either at 37° with 15 um H,0,
g or at 4° with 30 um H,O, (inset), in the presence of
increasing concentrations of L-histidine (0—1 mm). The DNA
from these cells was analyzed as described in the legend
0.61 to Fig. 4 and in Experimental Procedures. Values represent
the mean of three separate experiments, each performed
in duphicate.
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Fig. 6. Kinetics of removal of DNA single-strand breaks (SSB) produced
by H,O. alone or with L-histidine. Cells were exposed for 30 min at 37°
to 37.5 um H0, (O) or 15 um H.0, plus 1 mm L-histidine (@). After
treatments, celis were rinsed and allowed to repair in a complete culture
medium. At specific time intervals, cells were analyzed for DNA damage.
Also shown (inset) are the results from experiments where the initial
damage was obtained by the celis at 4° for 30 min with 100 um
H20. (O) or 37.5 um H,0. plus 1 mm L-histidine (@). Values represent the
mean + standard error of three to five separate experiments, each
performed in dupilicate.

tions, similar levels of DNA single-strand breakage were ob-
tained.

Studies on the formation of DNA double-strand
breaks. Various studies have previously demonstrated that
hydrogen peroxide does not induce DNA double-strand break-
age in cultured mammalian cells (12-14). We have obtained
similar results in this investigation, and DNA double-strand
breaks were not detectable even after treatment with millimolar
levels of the oxidant (data not shown). In the presence of L-
histidine, however, H;0O, was capable of inducing this type of
lesion. Indeed, data shown in Fig. 7 indicate that the elutability
of DNA, under neutral conditions, was progressively higher
when cells were exposed to L-histidine and concentrations of

H202 (M)

Fig. 7. Induction of DNA double-strand breaks by the cocktail HO,/L-
histidine. Cells were exposed to ing concentrations of H.O, in the
presence of 1 mm L-histidine, and after treatments the DNA from these
cells was analyzed by the neutral elution assay, as detailed in Experi-
mental Procedures. Values represent the fraction of DNA retained on the
filter after 12 hr of elution and are the mean + standard error of three
separate experiments, each performed in duplicate.

hydrogen peroxide in the range of 100-300 uM. No DNA double-
strand breaks could be detected in cells treated with the oxidant
(at concentrations up to 1 mM) and 1 mM L-histidine at 4°
(data not shown).

Discussion

In the present study, we have investigated the effect of L-
histidine on DNA damage and growth inhibition caused by
hydrogen peroxide in cultured CHO cells. Previous studies had
examined the effects of L-histidine on a number of biological
end-points in oxidatively injured cultured mammalian cells. It
was shown that the amino acid markedly increased cytotoxicity
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(19, 20), chromosomal aberrations (21), sister chromatid ex-
changes (19, 20, 22), and the formation of micronuclei (19, 20,
22) elicited by hydrogen peroxide. In addition, L-histidine also
increased the fragmentation of purified DNA induced by the
oxidant (19, 20, 24). We now demonstrate that L-histidine
increases DNA single-strand breakage (Figs. 4 and 5) in H,0,-
treated CHO cells and that this effect is associated with greater
DNA synthesis-inhibitory (Fig. 3) and cell growth-inhibitory
(Figs. 1 and 2) responses. Whether the higher level of DNA
single-strand breakage is the cause of the increased lethality
elicited by H,O; in the presence of L-histidine remains to be
established. It should be noted, however, that various reports
have suggested that DNA single-strand breaks do not represent
a lethal lesion in oxidatively injured cells. Ward et al. (13, 14)
calculated that 0.4 X 10° DNA single-strand breaks are required
to kill a cell after challenge with hydrogen peroxide and that
DNA double-strand breaks cannot be detected under these
conditions. We also showed that a very high number of DNA
single-strand breaks were generated by hydrogen peroxide,
compared with X-rays, under equitoxic conditions (15), and
that the susceptibility of CHO cells to killing by H,O, was only
slightly augmented when the repair of DNA single-strand
breaks was slowed by incubation of the cells in the presence of
3-aminobenzamide, an inhibitor of the enzyme poly(ADP-ri-
bose) polymerase (16). Finally, in this study we have demon-
strated that the level of DNA single-strand breakage produced
by H,0, (Figs. 4 and 5, insets), but not its lethality (data not
shown), is increased by L-histidine, when cells are treated at
4°. These observations are in keeping with recently published
data from Coleman et al. (26), indicating a dissociation of the
accumulation of DNA single-strand breakage from the killing
of hepatocytes treated with various agents that produce an
oxidative stress and, therefore, suggesting that DNA single-
strand breaks caused by oxygen-derived radicals do not repre-
sent a lethal lesion. Thus, it is unlikely that the higher level of
DNA single-strand breakage detected in cells exposed to L-
histidine and H,0; is responsible for the increased cytotoxic
response. Further experimental evidence supporting this infer-
ence will be discussed below. It is possible, however, that the

amino acid, besides increasing the net amount of DNA single-

strand breaks generated by the oxidant, also promotes the
formation of different types of DNA single-strand breaks. One
could, therefore, speculate that, although DNA single-strand
breaks produced by H;O, are not lethal, those, or at least some
of those, produced by the oxidant in the presence of the amino
acid may be capable of eliciting cellular death. Experimental
data presented in this report apparently support this hypothe-
sis, because we have found that the repair of the DNA strand
breaks produced (at 37°) by the oxidant alone is significantly
faster, compared with the repair of those breaks generated by
the cocktail H,O,/L-histidine (Fig. 6). On the basis of these
data, it may be suggested that qualitatively different lesions are
generated by the oxidant in the presence of the amino acid,
compared with the situation of exposure to H;O. alone. It
should be noted, however, that the alkaline elution technique
does not allow the distinction of specific types of DNA lesions
but only permits the detection of frank DNA single-strand
breaks or alkali-labile sites (such as apurinic sites, which are
converted to chain scission under conditions of alkaline pH,
ie., pH > 12) (25). In addition, DNA double-strand breaks
would also be detected as single-strand breaks via this proce-

dure. The filter elution assay, however, can be slightly modified
(see Experimental Procedures) and, by adjusting the pH to
values lower than 10, the DNA can be eluted in a double-
stranded form, thus allowing the detection of DNA double-
strand breaks (25). We have found that, in the presence of L-
histidine, this type of DNA lesion was detectable in cells
challenged with hydrogen peroxide (Fig. 7). This was surprising
to us, because DNA double-strand breakage was not found in
cells treated with millimolar concentrations of the oxidant
(data from this paper and Refs. 12-14 and 16). Thus, it is
possible that the delayed removal of DNA breaks shown in Fig.
6 was a consequence of a combination of the kinetics of repair
of DNA single-strand (fast) and double-strand (slow) breaks.
We have shown that the relative potency of L-histidine in
increasing the toxicity of hydrogen peroxide is a direct function
of the concentration of the oxidant (Fig. 2). This could be due
to the recruitment of a specific type of damage that is poten-
tially lethal, such as DNA double-strand breakage. Indeed, this
lesion is thought to be more toxic than DNA single-strand
breakage (27), and it can be speculated that the mechanism, or
at least one of the mechanisms, whereby L-histidine augments
the toxicity of hydrogen peroxide is dependent on the formation
of this lesion. Experiments in progress in our laboratory seem
to support this hypothesis, because, under various experimental
conditions, the L-histidine-mediated enhancement of hydrogen
peroxide-induced cytotoxicity was always associated with the
appearance of DNA double-strand breakage. We found this
association when cells were pretreated with the amino acid and
then exposed to the oxidant.! It is worth noting that, under
these conditions, no enhancing effect was noticed for DNA
single-strand breakage. An association was also found when
cells were exposed to the cocktail H;O./L-histidine in the
presence of L-glutamine, an amino acid that is taken up by the
cells via the same transport system as is L-histidine and,
therefore, inhibits L-histidine uptake (28). Under these condi-
tions, the enhancing effect was apparent only for DNA single-
strand breakage; cytotoxicity was not increased and no DNA
double-strand breaks could be detected. Finally, we found an
association when treatments were performed at 4°. Again,
under these experimental conditions the enhancing effect of L-
histidine was apparent for only DNA single-strand breakage
(Figs. 4 and 5, insets), whereas cytotoxicity was not increased
(data reported in the text) and no DNA double-strand breaks
could be detected (data reported in the text). It is also worth
noting that DNA single-strand breaks produced by the oxidant,
alone or combined with L-histidine, at 4°, were repaired with
superimposable rates (Fig. 6, inset).

In conclusion, the data presented in this paper strongly
suggest that the L-histidine-mediated increase in the cytotoxic
response of cultured mammalian cells to hydrogen peroxide is
caused by the appearance of DNA double-strand breakage,
whereas the higher level of DNA single-strand breaks appears
totally unrelated to this phenomenon. Further studies are nec-
essary to understand the mechanism whereby L-histidine in-
duces the formation of DNA double-strand breaks in oxida-
tively injured cells. In principle, the amino acid may affect the
relative rates of reaction (either chemical or enzymatic) that
result in the generation or destruction of the various oxygen
species. Experimental data reported in this paper indicate that

! Manuscript in preparation.
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the formation of DNA double-strand breaks occurs only at
physiological temperature, suggesting the involvement of en-
ergy-dependent events. Because the results obtained by expos-
ing the cells to hydrogen peroxide at ice-bath temperature
should reflect the exclusive action of chemical/free radical
processes, it may also be concluded that L-histidine somehow
increases the level of reactive oxygen species producing DNA
single-strand breakage.
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