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DNA Damage in Intact Cells Induced by Bacterial 
Metabolites of Chloramphenicol 
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Four chloramphenicol (CAP) metabolites known to be produced by intestinal bacteria 
were examined with respect to their capacity to induce DNA damage in intact cells. The 
induction of DNA single-strand breaks in Raji cells, activated human lymphocytes, and 
human marrow cells was assayed by the alkaline elution technique. One of the four 
compounds tested, dehydro-CAP, was capable of inducing DNA single-strand breaks in 
all three cell systems at concentrations of loT4 M. This effect is comparable to that 
observed previously with nitroso-CAP, the nitroreduction intermediate of CAP. The nitrore- 
duction of dehydro-CAP by human bone marrow cell homogenate was detected by the 
production of the corresponding amino derivative amounting to 5.6 x M from 2 x 

M substrate under aerobic conditions. In sharp contrast, nitroreduction of CAP by 
bone marrow could not be demonstrated. The genotoxicity of dehydro-CAP, its relative 
stability compared to the nitroso-CAP, and its nitroreducibility by bone marrow suggest 
that this bacterial metabolite of CAP may play a key role as a mediator of aplastic anemia 
in the predisposed host. 
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INTRODUCTION 

The molecular mechanisms underlying aplastic anemia onds in the blood, and no nitroso-CAP passed the liver 
from chloramphenicol (CAP) are not clearly understood. when concentrations of less than 1 mM and 0.5 mM were 
On the basis of detailed comparative studies with CAP, used, respectively [9,10]. 
thiamphenicol (TAP; in which the p-NO2 group is re- For a candidate CAP intermediate to mediate bone 
placed by a methylsulfonyl, S02-CH3, moiety) and ni- marrow damage it must either be produced in the marrow 
troso-CAP, a nitroreduction product of CAP, we have itself or must be transported in stable form to the bone 
postulated that aplastic anemia is mediated by nitrore- marrow. In man, metabolic transformation of CAP may 
duction metabolites of CAP via DNA damage to stem be effected in liver [ I l l  or by microorganisms in the 
cells [l-81. Thus nitroso-CAP, a presumed nitroreduc- intestinal lumen [12]. Accordingly, it is possible that one 
tion intermediate of CAP, was found to be much more or more bacterial metabolites of CAP could serve as 
toxic in vitro than CAP. In micromolar concentrations mediators of bone marrow damage from this drug. In the 
nitroso-CAP suppresses CFU-GM growth irreversibly present study we examined a series of compounds known 
IS], inhibits DNA synthesis in bone marrow [5,6], causes to be produced by intestinal bacteria with respect to their 
complete degradation of isolated DNA in vitro 171, and capacity to induce DNA damage in intact cells. One of 
induces DNA strand breaks in intact cells [S]. Whereas four compounds examined, dehydro-CAP (DHCAP), was 
these observations underline the toxic nature of nitrore- 
duction intermediates of CAP, they do not necessarily 
single out nitroso-CAP itself as the toxic intermediate. 

nitroso-CAP can reach its target organ, the bone marrow. 
Indeed, because of its unstable nature, it is unlikely that Received for publication October 23, 1987; accepted January 14, 

1988. 
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filters (25 mm, 2-pm pore size) was from Millipore 
Corp., Bedford, MA. 

Cell Preparation and Labelling 
PHA-stimulated lymphocytes. Blood was collected 

from normal human subjects in phenol-free heparin (10 
U/ml). After gravity sedimentation, the white-blood-cell- 
rich protein was harvested and the cells were washed 
once in Dulbecco's modified Eagle's medium with 10% 
fetal calf serum (DME-FCS) and resuspended in medium 
(2-3 x lo6 cells/ml); I4C-thymidine (0.5 pCilml) was 
added and incubation was continued for an additional 24 
hr. Cells were then washed once with medium and fur- 
ther incubated in fresh medium containing M unla- 
belled thymidine for 4 hours in order to chase the labelled 
thymidine into high-molecular-weight DNA. 

Bone marrow cells. Bone marrow was obtained from 
normal human subjects, after informed consent, by needle 
aspiration from the posterior iliac crest. It was collected 
in phenol-free heparin and fractionated on Histopaque 
1077 (Sigma Diagnostics, St. Louis, MO) to eliminate 
most of the erythrocytes and mature granulocytes before 
use. Bone marrow cells were suspended in DME-FCS 
(2-3 X lo6 cells/ml) containing 0.5 pCi/ml 14C-thymi- 
dine and incubated for 24 hr at 37°C in a humidified 
atmosphere of 5% C02 in air. Chasing with cold thymi- 
dine was then done as for lymphocytes. 

Raji cells. A rapidly growing human lymphoblastoid 
cell line (Raji cells, CCL-86, ATCC, Rockville, MD) 
with a doubling time of 22 hr was maintained in DME- 
FCS. Exponentially growing Raji cells (5 X lo5 cells/ 
ml) were incubated for 22 hr in medium containing 0.5 
pCi/ml of I4C-thymidine, followed by chasing with cold 
thymidine as described above. 

C51 cells. A rapidly growing rat leukemic cell line 
[13] with a doubling time of 10 hr was maintained in 
DME-FCS medium. Exponentially growing C51 cells (3 
X lo5 cells/ml) were incubated 20 hr in medium contain- 
ing 1 pCi/ml of 3H-thymidine. Excess 3H-thymidine was 
removed, cells were washed, and 3H label was chased 
with cold thymidine for 2 hr; 3H-thymidine-labelled C51 
cells were used as an integral standard in alkaline elution 
assays for the determination of DNA single-strand breaks 
(vide infra). 

After DNA labelling was completed, cells were incu- 
bated with drug under aerobic conditions for 3 hr at 
37°C. The drug concentrations used and the time expo- 
sure (3 hr) were such that cell viability as determined by 
trypan blue exclusion exceeded 90 % and was comparable 
to controls. 
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Fig. 1. Chloramphenicol and its analogues. 

capable of inducing DNA single-strands breaks in Raji 
cells, activated human lymphocytes, and human bone 
marrow cells at concentrations comparable to those of 
nitroso-CAP. Evidence is presented that genotoxicity 
from DHCAP is related to its nitroreduction by the target 
cell. 

MATERIALS AND METHODS 
Drugs 

The analogues of CAP known to be produced by bac- 
teria [12] are of three types (see Fig. 1): (1) Aminochlor- 
amphenicol (H2N-CAP) is a final nitroreduction product 
of CAP. (2) p-nitrobenzaldehyde (PNBA) and p-nitro- 
phenyl-2-amino-3-hydroxy-propanone~HC1 (NPAP) are 
products of CAP via oxidation at C-1-hydroxyl and hy- 
drolysis. (3) 2-dichloroacetamido-3-hydroxypropio-p-ni- 
trophenone (DHCAP) possesses a structure very similar 
to that of CAP, except the C-1-hydroxyl group of CAP 
is oxidized to a ketone moiety. PNBA was obtained from 
Aldrich, Milwaukee, WI. All the other drugs, CAP, 
nitroso-CAP, NPAP, DHCAP, and H2N-CAP, were syn- 
thesized and kindly provided to us by Dr. Davide Della 
Bella, Zambon, S.p.A. Milan, Italy. 

Reagents 
Tetrapropyl ammonium hydroxide and NADPH were 

from Sigma, St. Louis, MO; Sarkosyl NL-30 was from 
Ciba-Geigy Corp. , Greenboro, NC; N-( I-naphthyl) ethy- 
lenediamine dihydrochloride was from Eastman Kodak 
Co., Rochester, NY; sodium nitrite and ammonium sul- 
famate were from Mallinckrodt Chemicals, St. Louis, 
MO; [2-I4C] thymidine (55 mCi/mmol), [methyb3H] 
thymidine (82 Ci/mmol) and Aquasol were obtained from 
New England Nuclear, Boston, MA; polyvinyl chloride 

Alkaline Elution Technique for DNA Single-Strand 
Breaks 

Following drug treatment, the cells were washed and 
alkaline elution was performed by using the method of 
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FRACTION NUMBER 

Fig. 2. Alkaline elution profiles of DNA of Raji cells after 
exposure to drug for 3 hr. x control (DMSO = 0.5%), 0 
CAP, 8 x M; 0 NPAP, M; 0 NPAP, 2 x M; 
n H,N-CAP, 2 x 10-4 M; A PNBA, 2 x 10-4 M; DHCAP, 

M; x Nitroso-CAP, M. 

Kohn and co-workers [14,15], which is modified to in- 
clude an internal standard [ 161 or irradiated 3H-thymidine 
labelled C51 cells (750 rads from %o gamma radiation 
source). The elution protocol is briefly described as fol- 
lows: At the end of the drug treatment, 1 X lo6 drug- 
treated I4C cells were mixed with 1 X lo6 irradiated 
internal standard 3H-labelled C51 cells and loaded onto 
polyvinyl chloride filters; the cell suspension was gravity 
filtered. Then the cells on the filters were washed with 5 
ml ice-cold PBS and lysed at room temperature with 5 
ml of 0.2% Sarkosyl NL-30, 2M NaCl, 0.04 M Na2 
EDTA, pH 10, for at least 15 min. Lysis solution was 
drained by gravity and the filters were washed with 3 ml 
of 0.02 M Na2 EDTA, pH 10. The DNA on the filters 
was eluted with 0.02 M H4 EDTA solution at pH 12.2 
which was adjusted with tetrapropyl ammonium hydrox- 
ide. About ten fractions, 3 4  ml each, were collected at 
90-min intervals from each filter at a constant flow rate, 
and I-ml aliquots of these radioactive fractions and the 
filters were counted in a scintillation counter. Early eluted 
radioactivity represents short single strands of DNA. 
Intact DNA and long strands are retained on the filters. 
Results of experiments with and without internal stan- 
dards showed qualitatively very similar elution profiles. 
Therefore, our data are presented here as present of 14C- 
DNA retained on the filters vs. the fraction numbers. 

Nitroreduction 
Reduction of nitro moieties of CAP and DHCAP by 

homogenized Raji cells and normal human bone marrow 
cells were investigated under aerobic conditions, and the 
quantity of nitroreduction products was determined as 

4 6 

FRACTION NUMBER FRACTION NUMBER 

Fig. 3. Alkaline elution profiles of Raji cells after treatment 
with increasing concentration of DHCAP and NPAP. A: x 
control (DMSO, 0.5%), 0 DHCAP, 2 x M; 0 DHCAP, 
5 x M. B: x control (DMSO, 0.5%); 
0 NPAP, 5 x 
M; x nitroso-CAP, M. 

M; 0 DHCAP, 
M; 0 NPAP, M; 0 NPAP, 2 x 

H2N-CAP and H2N-DH CAP, respectively, by Bratton- 
Marshall colorimetric assay as described previously 
[ 17,181. 

RESULTS 
Drug-Induced DNA Damage in Raji Cells 

The DNA alkaline elution profile of Raji cells after 
treatment with drugs listed in Figure 1 is shown in Figure 
2. In each case nitroso-CAP was used as a reference 
since it was shown previously to cause DNA single- 
strand breaks [8]. CAP (8 X M), H2N-CAP (2 X 

M), and PNBA (2 X M) had no significant 
effect on the rate of elution. In contrast, DHCAP at only 

M caused a marked increase in the rate of elution 
comparable to that caused by nitroso-CAP at similar 
concentration. NPAP caused only a slight increase in the 
elution rate at M, but the effect was more evident 
at 2 x lop4 M. A dose-response pattern for DHCAP 
and NPAP in Raji cells is shown in Figure 3. Both drugs 
caused a dose-dependent increase in the DNA elution 
rate; however, DHCAP was considerably more potent 
exhibiting a significant effect at 5 X 

Pattern of DNA Elution in Drug-Treated 
Lymphocytes 

As observed in Raji cells, next to nitroso-CAP DHCAP 
was the most effective drug in increasing the rate of 
DNA elution (Fig. 3). However, the extent of the 
DHCAP effect in lymphocytes (Fig. 4) is significantly 
less than that noted in Raji cells; the reason for this 
difference is not apparent. Nitroso-CAP, on the other 
hand, was equally effective in lymphocytes and Raji 
cells. It can also be noted that the DNA elution rate of 

M. 
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FRACTION NUMBER 

Fig. 4. Alkaline elution profiles of DNA of PHA-stimulated 
normal human lymphocytes after exposure to drugs for 3 
hr. x control (DMSO, 0.15%), 0 CAP, 8 x M; 0 NPAP, 

M; 0 DHCAP, M; x nltroso-CAP, M. 

(8) 

0 2 4 6 
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Fig. 5. Alkaline elution profiles of DNA of PHA-stimulated 
normal human lymphocytes after treatment with increasing 
concentrations of DHCAP and NPAP. A: x control (DMSO, 

DHCAP, M; X nitroso-CAP, M. B: x control 
0.5%); o DHCAP, 2 x 10-5 M; 0 DHCAP, 5 x 10-5 M; o 
(DMSO, 0.50h); o NPAP, 10-4 M; 0 NPAP, 2 x 10-4 M. 

drugs. As in lymphocytes, only DHCAP and nitroso- 
CAP caused a clear-cut increase in the elution rate at the 
concentration of M. 

Nitroreduction of DHCAP by Raji Cells and Bone 
Marrow Cells 

Table I shows that the p-NO2 moiety of DHCAP was 
readily reduced by homogenates of Raji cells and normal 
human bone marrow cells under aerobic conditions. 
Thus, the concentration of reduction product, H2N- 
DHCAP derivative, formed in the reaction mixture in the 
4-hr period reached 2 X M DHCAP 
when 10' Raji cells/ml were used. A similar reduction 
was observed for human bone marrow cells, and the 
amount of reduction product formed was cell-concentra- 
tion dependent: 5 X M at 5 x lo7 cells/ml and 5.6 
x lop5 M at 2 x 10' cells/ml. In contrast, no detectable 
H2N-CAP was formed from CAP itself. 

M at 2 x 

Fig. 6. Alkaline solution profiles of DNA of normal human 
bone marrow cells after exposure to drugs for 3 hr. x D~SCU$S~ON 
control (DMSO, 0.5%), 0 CAP, 8 x 
M; 0 DHCAP, M; x nitroso-CAP, M. Our previous studies on CAP and TAP have served to 

reinforce the hypothesis that the p-N02 group of CAP 
control lymphocytes was relatively higher than that of may be the structural feature underlying aplastic anemia 
control Raji cells. A dose-response pattern for DHCAP from this drug [ 1-31. Subsequent investigation strongly 
and NPAP in lymphocytes is shown in Figure 5 .  A suggested that the p-NO2 group exerts its effect through 
detectable increase in the rate of DNA elution can be metabolic reduction and the formation of toxic interme- 
observed at 2 X lop5 M DHCAP, increasing further diates [4,5]. One such intermediate, nitroso-CAP, was 
with higher concentrations. Only a slight effect was noted shown to be much more toxic than CAP in vitro [5],  and 
from NPAP at 2 x in contrast to CAP, it inhibits DNA synthesis at low 

concentration [5] and causes damage to isolated DNA in 
Effect of Bone Marrow vitro [7] as well as to DNA in intact cells [8]. Both 

Figure 6 shows the alkaline elution profiles of DNA of animal and human liver tissue can reduce the p-NO2 
bone marrow cells which have been treated with the group of CAP to the amino form, presumably producing 

M; 0 NPAP, 

M. 
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the toxic intermediates [ 111. Intestinal bacteria are also 
known to produce H2N-CAP from CAP [ 121. Whereas it 
appears from these observations that nitroso-CAP is pro- 
duced in humans and is cytotoxic, it is unlikely that it 
can serve as the mediator of marrow damage since it is 
extremely unstable and will likely be eliminated before 
reaching its target [9, lo]. The possibility that the p-N02 
group can undergo reduction in the target organ has been 
considered, but no reduction of CAP could be demon- 
strated in human marrow [ 191. 

In addition to H2N-CAP, other metabolic products of 
the drug are produced by intestinal bacteria [12] and 
possibly in the liver. It was therefore reasoned that one 
or more bacterial metabolites of CAP may serve as me- 
diators of bone marrow damage. 

The bacterial metabolite may itself be toxic and stable 
enough to reach the marrow. Alternatively, the metabo- 
lite may, in contrast to CAP, serve as a better substrate 
for nitroreduction by bone marrow and therefore gener- 
ate the toxic intermediate in situ. Both of these possibili- 
ties are supported by the data described herein. Among 
the metabolites examined, DHCAP was, next to nitroso 
CAP, the most potent in causing DNA single-strand 
breaks in all three systems. The relatively smaller effect 
observed in bone marrow (as compared for Raji cells, 
for example) could probably be explained by a smaller 
fraction of cells in DNA synthesis in marrow. NPAP also 
induced DNA single-strand breaks in a concentration- 
dependent manner but was much less effective. None of 
the others showed an effect, and CAP itself was without 
effect at concentrations eightfold higher. The ability of 
DHCAP to produce DNA damage is consistent with its 
inhibitory effect on DNA synthesis reported previously 
P O I .  

Although the alkaline elution technique is among one 
of the best methods that are used in studying DNA 
damage induced by genotoxic agents, this technique pro- 
vides end-point responses. Therefore, from our present 
results, the exact molecular mechanism for the initiation 
of DNA strand breakage cannot be ascertained. This is 
true, especially in our systems where the cells were 
exposed to the drugs at 37°C for a duration of 3 hr. 
Contrary to radiation investigations in which studies are 
carried out at 0°C and the exposure is virtually instanta- 
neous [16,21], our systems do not permit us to distin- 
guish easily between strand breaks formed from direct- 
hit of the DNA by the reactive intermediates and those 
caused by enzymatic repair of the damaged DNA. Per- 
haps, this distinction can be achieved by using cell sys- 
tems which are deficient in excision repair and under 
conditions in which excision DNA repair is inhibited 
[21]. Whatever the mechanism, it is clear that DHCAP 
causes detectable DNA damage in intact cells at concen- 
trations equivalent to or lower than those considered 
therapeutic for CAP (5 X IOp5-l X M). Perhaps 
more important is that at these concentrations DHCAP, 
in contrast to nitroso-CAP, is relatively stable when in- 
cubated with fresh human blood or liver tissue in vitro. 
Thus at 30 min 35 and 65 % of DHCAP can be recovered 
from blood and liver, respectively, as determined by 
HPLC analysis [22]. Accordingly, any DHCAP formed 
elsewhere should find its way to the bone marrow before 
inactivation. 

The lowest concentration of DHCAP which induces 
detectable DNA damage under the conditions described 
herein as determined by alkaline elution is 5 X M. 
In a previous study [20], DHCAP was found to inhibit 
CFU-GM growth by 72% at a concentration 100-fold 

TABLE 1. Nitroreduction of DHCAP by Raji Cells and Normal Human Bone Marrow Cells' 

Tissue 
homogenate Drugs 

Raji cells Control, EtOH 
CAP 
DHCAP 

Bone marrow Control, EtOH 
DHCAP 
Control, EtOH 
CAP 
DHCAP 

marrow DHCAP 
Boiled bone 

No. of cells 
in homogenate 

10' celIs/ml 
10' cells/mI 
10' ceIIs/rnI 
5 x 107 ceIIs/mI 
5 x 107 ceIIs/mI 
2 x ~~'celIs/rnI 
2 x 107 ceIls/mI 
2 x lo7 ceIIs/mI 

2 x lo7 ceIIs/d 

Product concentration 
as amino derivative 

- 
Ua 

U 
5 X 10-6M 

U 

2 x 10-5 M 

- 

5.6 x 1 0 - 5 ~  

U 

*The reaction mixtures contained 2 ml of tissue homogenate 40 pl drug solution in ethanol and 50 pl of 
NADPH solution. Results shown were obtained with drug and NADPH concentrations of 2 X M. 
The reaction mixtures were incubated with continuous shaking under aerobic conditions for 4 hr at 
37°C. The lower limit of detectability of nitroreduction products was M using the Bratton-Marshall 
assay. 
"Undetectable. 
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row stem cell damage ultimately leading to aplastic 
anemia and/or leukemia. 

lower (5 X M). The apparent difference in the drug 
concentrations required to induce DNA damage (5 X 
10-5-10-4 M) vs. those required to inhibit CFU-GM 
growth (5 x 10-7-10-6 M) may be related to differences 
in experimental conditions-for example, higher cell 
concentrations (2-3 x lo6 cell/ml) and shorter drug 
exposure (3 hr) for the DNA damage experiments. It 
should be noted here that currently nothing is known 
about the actual or potential serum concentrations of any 
of the CAP metabolites. 

Our data also suggest that the ability of DHCAP to 
cause DNA damage is related to its nitroreduction by the 
target cell although they do not rule out a direct toxic 
effect from DHCAP itself, a question currently under 
investigation. Both Raji cells and normal human bone 
marrow cells were capable of reducing DHCAP but not 
CAP under aerobic conditions. That the induction of 
DNA damage is related to nitroreduction is also sug- 
gested by other investigations. For example, CAP, which 
is readily reduced by bacteria, is mutagenic in the Ames 
salmonella/microsome bioassay system [23], which is an 
indicator of DNA damage. CAP also induces DNA strand 
breaks in E. coli and S. typhimurium under aerobic con- 
ditions [23]. Furthermore, CAP produced damage in 
isolated DNA during its electrochemical reduction [24- 
261. Olive and McCalla [27], Olive and Durand [28], 
and Olive [29,30] reported a correlation between DNA 
damage, cytotoxicity, and mutagenicity from nitrocom- 
pounds with their reduction potentials and/or electron 
affinity. It would therefore appear that DNA damage 
induced by DHCAP and other nitrocornpounds is me- 
diated by reactive nitroreduction intermediates. In our 
system the ready induction of DNA damage by DHCAP 
compared to CAP is believed to be due to ease of redu- 
cibility of the nitrogroup by the target cells because of 
the introduction of a conjugate side chain as a result of 
the presence of a carbonyl group adjacent to the benzene 
ring. 

Nitroreduction is thought to be an important step in the 
activation of some procarcinogens such as 5-nitrofurans 
and 5-nitrothiophenes [31-351. The mutagenic activity of 
metronidazole (Flagyl) has been attributed to its nitrore- 
duction product [36]. Furthermore, it is known that en- 
zymes which activate procarcinogens are present in hu- 
man tissues such as liver and that the level of these 
enzymes can vary by as much as tenfold among individ- 
uals, possibly on a genetic basis [37]. Accordingly, the 
novel findings reported herein-that DHCAP known to 
be produced by intestinal bacteria and possibly in liver 
causes DNA damage and is reduced by bone marrow 
cells-open new avenues of investigations on the problem 
of CAP-induced aplastic anemia. The predisposed host 
could produce more toxic metabolites such as DHCAP, 
or his marrow may be capable of more extensive nitro- 
reduction of these metabolites, thereby resulting in mar- 

ACKNOWLEDGMENTS 

and AM 07 114. 
This work was supported by USPHS grants AM 26218 

REFERENCES 

1. 

2. 

3 

4 

5 

6 

7 

8 

9.  

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Yunis AA, Manyan DR, Arimura GK: Comparative effect of 
chloramphenicol and thiamphenicol on DNA and mitochondria1 
protein synthesis in mammalian cells. J Lab Clin Med 81:713, 
1973. 
Yunis AA: Mechanisms underlying marrow toxicity from chlor- 
amphenicol and thiamphenicol. In Silber R, Lo Bue J, Gordon 
AS (eds): “The Year in Hematology.” New York: Plenum Pub- 
lishing Co., 1978, p. 143. 
Yunis AA: Chloramphenicol toxicity and the role of the p-NOz 
in aplastic anemia. In Najean Y ( 4 ) :  “Safety Problems Related 
to Chloramphenicol and Thiamphenicol Therapy.” New York: 
Raven Press, 1981, p. 17. 
Yunis AA, Miller AM, Salem Z, Arimura GK: Chloramphenicol 
toxicity: Pathogenetic mechanisms and the role of the p-NOz in 
aplastic anemia. Clin Toxicol 17:359, 1980. 
Yunis AA, Miller AM, Salem Z, Corbett MD, Arimura GK: 
Nitroso-chloramphenicol: Possible mediator in chloramphenicol- 
induced aplastic anemia. J Lab Clin Med 96:36, 1980. 
Yunis AA: Differential in vitro toxicity of chloramphenicol, ni- 
troso-chloramphenicol and thiamphenicol. Sex Transm Dis 
[Suppl]ll:340, 1984. 
Murray T, Downey KM, Yunis AA: Degradation of isolated 
DNA mediated by nitroso-chloramphenicol: Possible role in 
chloramphenicol-induced aplastic anemia. Biochem Pharmacol 
31:2291, 1982. 
Yunis AA, Arimura GK, Isildar M: DNA damage induced by 
chloramphenicol and its nitroso derivative: Damage in intact 
cells. Am J Hematol24:77, 1987. 
Eyer P, Lierheimer E, Schneller M: Reactions of nitrosochlor- 
amphenicol in blood. Biochem Pharmacol 33:2299, 1984. 
Ascherl M, Eyer P, Kampffmeyer H: Formation and disposition 
of nitrosochloramphenicol in rat liver. Biochem Pharmacol 
34:3755, 1985. 
Salem Z, Murray T, Yunis AA: The nitroreduction of chloram- 
phenicol by human liver tissue. J Lab Clin Med 97:881, 1981. 
Smith GN, Worrell CS: The decomposition of chloromycetin 
(CAP) by microorganisms. Arch Biochem 128:232, 1950. 
Yunis AA, Arimura GK, Haines HG, Ratzan JR, Gross MA: 
Characteristics of rat chloroma in culture. Cancer Res 35:337, 
1975. 
Kohn KW, Ewing RAG, Erickson LC, Zwelling LA: In Fried- 
berg E, Hanawalt P (eds): “A Laboratory Manual of Research 
Procedures.” New York: Dekker, 1981, Vol 1, p 339. 
Kohn KW, Erickson LC, Ewing RAG, Friedman CA: Fractiona- 
tion of DNA from mammalian cells by alkaline elution. Biochem- 
istry 15:4629, 1976. 
Blakely WF, Ward JF, Joner EI: A quantitative assay of DNA 
breaks and their repair in mammalian cells. Anal Biochem 
124:125, 1982. 
Maze1 P: Experiments illustrating drug metabolism in vitro. In 
La Du BN, Mandel HG, Wany EL (eds): “Fundamentals of Drug 
Metabolism and Drug Disposition.” Baltimore: Williams and 
Williams 1981, p 578. 
Lim L-0, Yunis AA: Enzymatic reduction of chloramphenicol 



46 lsildar et al 

and nitroso chloramphenicol by rat liver microsomal prepara- 
tions. Pharmacology 27:58, 1983. 

19. Yunis AA: Unpublished results. 
20. Jimenez JJ, Arimura GK, Abou-Khalil WH, Isildar M, Yunis 

AA: Chloramphenicol-induced bone marrow injury: Possible role 
of bacterial metabolites of chloramphenicol. Blood (in press). 

21. Fornace AJ, Seres DS: Detection of DNA single strand breaks 
during repair of UV damage in XP cells. Radiat Res 93:107, 
1983. 

22. Abou-Khalil WH, Abou-Khalil S, Yunis AA: Stability of chlor- 
amphenicol metabolites in human blood and liver as determined 
by high performance liquid chromatography. Pharmacology (in 
press). 

23. Jackson SF, Wentzell BR, McCalla DR, Freeman KB: Chloram- 
phenicol damages bacterial DNA. Biochem Biophys Res Com- 
mun 78: 151, 1977. 

24. Skolimowski IM, Rowley DA, Knight RC, Edward DI: Reduced 
chloramphenicol-induced damage to DNA. J Antimicrob Chem- 
other 7593,  1981. 

25. Skolimowski IM, Knight RC, Edward DI: Molecular basis of 
chloramphenicol and thiamphenicol toxicity to DNA in vitro. J 
Antimicrob Chemother 12535, 1983. 

26. LaRusso NF, Thomas ZM, Muller M, Lipman R: Interaction of 
metronidazole with nucleic acids in vitro. Mol Pharmacol 13:872, 
1977. 

27. Olive PL, McCalla DR: Cytotoxicity and DNA damage to mam- 
malian cells by nitrofurans. Chem Biol Interact 16:223, 1977. 

28. Olive PL, Durand RE: Activation of radiosensitizers by hypoxic 
cells. Br J Cancer 37(Suppl 111):124, 1978. 

29. Olive PL: Mechanisms of the in vitro toxicity of nitrohetero- 
cycles, including Flagyl and Misonidazole. In Bradley LW (eds): 
“Radiation Sensitizers: Their Use in the Clinical Management of 
Cancer.” New York: Mason, 1980, p 39. 

30. Olive PL: Correlation between the half-wave reduction potential 
of nitroheterocycles and their mutagenicity in Chinese Hamster 
V79 spheroids. Mutat Res 82: 137, 1981. 

31. Wang CY, Chin CW, Bryan GT: Nitroreduction of carcinogenic 
5-nitrothiophenes by rat tissues. Biochem Pharmacol 24: 1463, 
1969. 

32. Miller JA, Miller EC: Perspectives on the metabolism of chemi- 
cal carcinogens. In Emmelot P, Kriek E (eds): “Environmental 
Carcinogenesis. ” Amsterdam: Elsevier, 1981, p 25. 

33. Miller EC, Miller JA: Mechanism of chemical carcinogenesis. 
Cancer 47:1055, 1981. 

34. Edwards DI: Reduction of nitroimidazoles in vitro and DNA 
damage. Biochem Pharmacol 3533, 1986. 

35. McCalla DR, Olive PL, Tu Y, Fan M: Nitrofurazone reducing 
enzymes in E. coli and their role in drug activation in vitro. Can 
J Microbiol 21:1484, 1975. 

36. Speck WT, Stein AB, Rozenkranz HS: Mutagenicity of metroni- 
dazole: Presence of several active metabolites in human urine. J 
Natl Cancer Inst 563283, 1976. 

37. Dulbecco R: Report on a discussion meeting on the biology of 
clinical carcinogens. Proc R SOC Lond 196: 117, 1977. 


