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7.0, frozen in liquid N, and stored at —70°C until isolation of nucleic
acids.

Isolation and Hydrolysis of Liver DNA and RNA. Individual livers,
thawed in eight weight-volumes of ice-cold 0.15 M NaCl-0.015 m
trisodium citrate buffer, pH 7.0, were minced and then homogenized
with five 30-s bursts (control set to “4”) of a Polytron Model PCU-2
homogenizer (Brinkmann Instruments Inc., Westbury, NY), inter-
spersed with 30-s intervals of cooling to 0°C.

For the isolation of RNA, a 5-ml aliquot of the homogenate was
immediately mixed with an equal volume of a solution of 8 M guanidi-
nium thiocyanate, 1% N-lauroylsarcosine, 0.2 M 2-mercaptoethanol.
Extraction with phenol-chloroform-isoamyl alcohol, as well as the
ensuing steps in the RNA isolation procedure were then carried out
exactly as described by Chomczynski and Sacchi (28). After the second
isopropanol precipitation step, sedimented RNA was dissolved in 1 ml
of 0.02 m Tris-HCI, pH 7.0. Following the addition of 100 ul of 3 M
sodium acetate, pH 5.1, RNA was reprecipitated by the addition of 2.2
ml of ethanol. This preparation was stored at —20°C.*

For the isolation of DNA, a modified Marmur (29) procedure was
used. Aliquots (12 ml) of liver homogenates, prepared as above, were
centrifuged at 1500 X g for 15 min, the pellet containing nuclei was
dispersed in 8 volumes of 0.01 m Tris-HCl, 0.001 m EDTA, 1 m NaCl,
pH 7.0 buffer, and lysed at 0°C for 45 min by the addition of 10%
sodium dodecyl sulfate to a final concentration of 0.07%. The suspen-
sion was extracted twice with chloroform-isoamyl alcohol (10:2, v/v),
and DNA was precipitated from the aqueous phase by 2 volumes of 2-
ethoxyethanol at 0°C. Collected DNA was washed with ice-cold 70%
ethanol, and solubilized in 0.01 m Tris-HCI, 0.001 M EDTA, pH 7.0.
Contaminating RNA was removed by digesting with ribonuclease A
(final concentration, 50 ug/ml) and ribonuclease T, (final concentra-
tion, 45 units/ml) for 45 min at 37°C. An equal volume of 2 M NaCl
was then added, and the mixture was extracted with chloroform-isoamyl
alcohol. DNA was precipitated with 2-ethoxyethanol, rinsed with 70%
ethanol, and dried under a stream of 99.9% nitrogen. DNA or RNA
samples were solubilized in 10 mm Tris-HCl, pH 7.0, and concentra-
tions were determined spectrophotometrically. To a 200-xl aliquot
containing approximately 100 ug of DNA or RNA was added 10 gl of
0.5 M sodium acetate, pH 5.1, and 5 units of nuclease P1, and the
mixture was incubated at 37°C for 30 min in the dark. After the addition
80 ul of 0.4 M Tris-HCI, pH 7.5, the mixture was further digested with
3 units of alkaline phosphatase for 1 h at 37°C. The resulting hydroly-
sates were centrifuged and supernatants were stored on ice for periods
not exceeding 4-5 h prior to analysis by HPLC-EC.

HPLC-Electrochemical Analysis. Analysis of DNA hydrolysates was
performed with a Waters Model 510 HPLC pump fitted with a Model
U6K injector (Waters, Milford, MA) and a Model LP21 pulse dampe-
ner from Scientific Systems, Inc., State College, PA. The column used
was a 0.46- x 25-cm Altex Ultrasphere ODS column protected by a
0.46- x 4.6-cm Ultrasphere ODS guard column (Beckman Instruments,
Inc., Berkeley, CA). The eluant was 5% aqueous methanol containing
12.5 mm citric acid, 25 mm sodium acetate, 30 mm NaOH, 10 mm
acetic acid, pH 5.10, at a flow rate of 1 ml/min. This differs from the
eluant originally described by Floyd et al. (26) with respect to both
methanol concentration and flow rate. The effluent was routed through
a Waters Model 990+ photodiode array detector for the quantitation
of deoxyguanosine and guanosine, and a thermostatted (35°C) Bioan-
alytical Systems (BAS, West Lafayette, IN) Model LC-4B/CC-4 am-
perometric detector, set at the 0.5 nA range, for quantitation of electro-
chemically active species. The amperometric detector used two glassy
carbon electrodes in parallel at a potential of +600 mV measured
against an Ag/AgCl/3 M NaCl reference electrode. For quantitation,
standard curves were constructed relating the concentration of G and
dG to integrated UV absorbance, and of 8-OH-G and 8-OH-dG to
integrated electrochemical detector response. The location of peaks in
the HPLC-EC elution profiles due to 8-OH-dG and 8-OH-G was

“In animals receiving the same treatment, HPLC-EC analyses showed no
significant differences between RNA isolated by this procedure and RNA isolated
exactly as described in Ref. 28 (i.e., homogenization of liver performed directly
in guanidinium thiocyanate-sarcosyl-mercaptoethanol-citrate).

verified by coinjection of DNA or RNA hydrolysates, respectively, with
standard compounds.

RESULTS

8-OH-dG in Liver DNA. Representative profiles obtained by
HPLC-EC analysis of hydrolysates of liver DNA isolated from
Sprague-Dawley rats treated with 100 mg/kg of 2-NP, with 100
mg/kg 1-NP or with Emulphor vehicle 6 h previous to sacrifice
are shown in Fig. 1. It is evident that 8-OH-dG, eluting at 29-
30 ml, is present in all three DNA hydrolysates, but the amounts
of this species detected in DNA hydrolysates from 2-NP-treated
rats was approximately 3.6 times (P < 0.01 by the Student’s ¢
test) that detected in DNA hydrolysates from Emulphor vehicle
treated rats, and approximately 2.3 times (P < 0.02) that
detected in DNA hydrolysates from 1-NP treated rats (Table
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Fig. 1. HPLC-EC profiles of deoxynucleosides obtained by enzymatic hydrol-
ysis of liver DNA from rats treated 6 h previously with 100 mg/kg 2-NP (4); 100
mg/kg 1-NP (B); or Emulphor-H,O (C) vehicle 6 h prior to sacrifice. Upper
tracings, electrochemical detector response in nA; lower tracings, UV absorption
at 253 nm. dC, deoxycytidine; dG, deoxyguanosine; d7, thymidine. Deoxy-
adenosine (not shown) eluted at approximately 55 ml. DX1 is unknown. For
clarity, the response of the electrochemical detector prior to 10-min elution
volume is not shown. For HPLC conditions, see “Materials and Methods.”
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1). While the 8-OH-dG content of DNA hydrolysates from 1-
NP treated rats appeared somewhat higher than that of analo-
gous preparations from Emulphor vehicle-treated rats, the dif-
ference was not statistically significant (P = 0.14). In some
instances of analysis (not shown), an additional electrochemical
species, evidenced by a peak of about the same height as 8-OH-
dG, was observed to elute approximately 1.8 ml before the
latter. On these occasions, occurring apparently at random
upon analysis of the three different hydrolysates, the elution
volume of the peak we identified and quantitated as 8-OH-dG
was verified by coinjection with 8-OH-dG standard.

In each of the seven liver DNA preparations from 2-NP-
treated rats examined, an additional electrochemically active
species was observed to elute at approximately 16 ml. As in the
case of 8-OH-dG, no corresponding UV peak could be detected
for this species even at the highest sensitivity of the photodiode
array detector. This species, designated as DX1 in Fig. 14, is
thus far unidentified, but presumably represents a modified
deoxynucleoside. DX1 was not observed in any of the liver
DNA preparations from Emulphor or 1-NP-treated rats, and
thus appears specific to 2-NP treatment.

8-OH-G in liver RNA. Representative profiles obtained upon
HPLC-EC analysis of liver RNA obtained from rats treated
with 100 mg/kg 2-NP, 100 mg/kg 1-NP, or with Emulphor
vehicle 6 h before sacrifice are shown in Fig. 2. In close analogy
to liver DNA, 8-OH-G was detectable in all samples of RNA
hydrolysates, but again, its level was highest in preparations
obtained from 2-NP-treated rats. In liver RNA hydrolysates
from 2-NP-treated rats, the amounts of this modified nucleoside
were about 11 times greater (P < 0.0001) than in RNA hydroly-
sates from Emulphor treated animals, and about 6.8 times
greater (P < 0.0001) than in RNA hydrolysates from 1-NP
treated rats (Table 1). The amounts of 8-OH-G in liver RNA
hydrolysates from 1-NP-treated rats appeared somewhat higher
than in the corresponding preparations from Emulphor-treated
animals, but the difference was not statistically significant (P =
0.13).

Besides the greatly increased levels of 8-OH-G in liver RNA
hydrolysates from 2-NP-treated rats, another striking aspect of
the HPLC-EC profiles obtained from these preparations was
the presence of a very large peak due to an electrochemically
active component, designated as RX2 in Fig. 2, eluting at
approximately 21-22 ml, and a much smaller peak, designated
as RX1, eluting at approximately 12 ml. An electrochemically
active component, eluting at 21-22 ml, and presumably iden-
tical to RX2, was also noted in each of the RNA hydrolysates
from livers of rats treated with 1-NP (Fig. 2B), but its amount
was much less than in the liver RNA preparations from 2-NP-
treated rats. Neither RX2 nor RX1 were detectable in any of
the liver RNA hydrolysates from rats treated with Emulphor
vehicle only.

Table 1 8-Hydroxyguanine content of rat liver DNA and RNA 6 h after i.p.
treatment with 100 mg/kg of 2-NP or 1-NP

8-Hydroxyguanine/10° guanine
RNA

0.82 + 0.46 (3)
1.35 + 0.54 (3)
9.16 + 1.51° (5)

DNA
1.06 + 0.55 (5)°

Treatment

Emulphor vehicle
1-NP 1.67 = 0.97 (7)
2-NP 3.79 + 2.055" (7)

“ Number of replicate assays, each using one rat liver.

% P < 0.01 with respect to Emulphor vehicle; P < 0.02 with respect to 1-NP
treatment.

€ P < 0.0001 with respect to Emulphor vehicle or 1-NP treatment.
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Fig. 2. HPLC-EC profiles of nucleosides obtained by enzymatic hydrolysis of
liver RNA from rats treated 6 h previously with 100 mg/kg 2-NP (4); 100 mg/
kg 1-NP (B); or Emulphor-H,O (C) vehicle 6 h prior to sacrifice. Upper tracings,
electrochemical detector response in nA; lower tracings, UV absorption at 253
nm. C, cytidine; U, uridine; G, guanosine. Adenosine (not shown) eluted at
approximately 42 ml. RX1 and RX2 are unknown. RA1 is an artifactual peak
found sporadically in nucleic acid hydrolysates regardless of source, and is
tentatively attributed to electrochemically active impurities in the salts used for
preparing buffers. In B and C, sloping baselines due to electrochemical detector
drift were corrected by computer. Other conditions as in Fig. 1.

DISCUSSION

The formation of 8-OH-dG from dG involves attack by
reactive oxygen species, probably hydroxyl radicals (23, 26).
Thus, the increase in the levels of 8-OH-dG in liver DNA of
rats treated with 2-NP indicates that the treatment caused an
increase in the level of reactive forms of oxygen in the liver,
and that these were capable of producing DNA damage. 8-OH-
dG is misread during DNA replication, and it has been sug-
gested that the hydroxylation of dG at C-8 due to oxygen
radicals may be a likely cause of mutation or carcinogenesis
(30, 31). The generation of hydroxyl radicals in the vicinity of
DNA may be expected to result in additional types of base
modifications, such as the formation of thymine glycols and of
5-hydroxymethyluracil (17-19). In this work, we have focused
on the formation of 8-OH-dG because this modified deoxynu-
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cleoside is more easily quantitated than other forms of base
damage using the very sensitive and selective method of HPLC-
EC (23).

In addition to increased amounts of 8-OH-dG in DNA hy-
drolysates obtained from livers of 2-NP-treated animals, we
also detected an electrochemically active component DX1 (Fig.
1) in these preparations. Since DX1 was not present in any of
the liver DNA hydrolysates obtained from 1-NP-treated or
vehicle (Emulphor)-treated rats, we tentatively conclude that
this species represents a deoxynucleoside which was modified
as a result of 2-NP treatment. Tests of this conclusion as well
as attempts to determine the extent of additional DNA base
damage resulting from the administration of 2-NP are under-
way in this laboratory.

The presence of very significantly increased amounts of 8-
hydroxyguanosine in hydrolysates of liver RNA from 2-NP-
treated rats (Fig. 2 and Table 1) lends further support for a
mechanism of 2-NP-induced liver toxicity and carcinogenicity
based on an increase of reactive oxygen species. As in the case
of 8-OH-dG in DNA (23), the formation of 8-OH-G in RNA
is likely to involve hydroxyl radical attack on guanine residues.
To our knowledge, the present report is the first in which the
amounts of 8-OH-G have been quantitated in RNA following
the administration of a toxic or carcinogenic agent.

It is apparent that the levels of hydroxylated guanine residues
in RNA are considerably greater than are those in DNA (Table
1). One reason for this might be the very rapid removal of 8-
hydroxyguanine from DNA (22), but not RNA, by enzymatic
or nonenzymatic processes. Probably a more important factor,
however, is the greater proximity of cytosolic RNA to the major
site of 2-NP metabolism, the endoplasmic reticulum (32-34).
If the species responsible for the oxidation of guanine residues
is indeed the hydroxyl radical (23), then, due to its extreme
reactivity (35), its site of reaction with cellular components will
be very close to that of its formation. In view of the facility with
which 8-OH-G can be quantitated by HPLC-EC, and because
of its relatively high amounts in liver RNA from 2-NP-treated
rats, it is possible that determination of 8-OH-G in RNA could
represent a useful ancillary method for evaluating cellular oxi-
dative damage induced by chemicals and other agents. The
validity of this proposal is being tested.

At the present time, there is no further information regarding
the nature of RX2 or RXI1, found in liver RNA hydrolysates
from 2-NP treated rats (Fig. 24). Based on HPLC-EC elution
volumes, RX2, but not RX1, also seems to be present in liver
RNA of rats treated with 1-NP (Fig. 2B). This suggests the
possibility that RX2 may be produced in RNA as a result of
some general toxic effect that is not specific to 2-NP. An
alternative possibility, that the 1-NP used for the dosing of the
animals was contaminated with small amounts of 2-NP, is
rejected: Analysis of the 1-NP used in these experiments by
capillary gas chromatography gave no evidence for such con-
tamination.

As discussed in more detail by Russell (36) and by Porter and
Bright (15), 2-NP in aqueous solutions exists in equilibrium
(pK, = 7.7) with its anion, the 2-NP nitronate, a resonance-
stabilized anion possessing a partial carbanion structure. Since
this equilibrium is established slowly under normal conditions,
it is possible to separately examine the neutral form of 2-NP
and the nitronate for biological activity. Thus, we previously
found 2-NP nitronate to be a much stronger mutagen than
neutral 2-NP in S. typhimurium strain TA102 (7), a tester
strain especially sensitive to agents causing oxidative DNA
damage (8, 9). In reactions initiated by enzyme systems such as

horseradish peroxidase-H,O, (15), the nitronate can be easily
oxidized to the 2-NP radical. The latter may combine with
oxygen to form peroxy radicals and ultimately gives rise to
nitrite, acetone, and superoxide (14, 15). Evidence for the
production of superoxide during the oxidation of 2-NP anion
by mammalian and bacterial enzymes has been presented by
Kido et al. (37, 38). More recently, Kuo and Fridovich have
reported that superoxide can also directly initiate the free
radical chain oxidation of 2-NP anion (16). Following dismu-
tation of superoxide to H,O, (39), hydroxyl radicals can be
produced by the metal-catalyzed Haber-Weiss reaction (re-
viewed in Ref. 40). It is likely that hydroxyl radicals are respon-
sible for the increased oxidation of guanine residues in RNA
and DNA as reported here. While increased oxidation of gua-
nine to 8-hydroxyguanine in RNA could, in part, be associated
with the liver toxicity of 2-NP, the analogous process in DNA,
together with the induction of other oxidative base damage as
well as, perhaps, the addition of 2-NP radicals to DNA bases
(compare with Ref. 41), may represent lesions resulting in
mutagenicity (4-7) and in the initiation of the hepatocellular
malignancy observed in bioassays (10, 11).
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