Biochemical Pharmacology, Vol. 31, No. 7, pp. 1425-1429, 1982.
Printed in Great Britain.

INHIBITION OF DNA SYNTHESIS AND ALTERATION TO
DNA STRUCTURE BY THE PHENACETIN ANALOG
p-AMINOPHENOL

NicHoLAS K. HAYWARD,* MARTIN F. LAvIN*} and PETER W. CRASWELLY}

*Department of Biochemistry, University of Queensland, Brisbane 4067, Australia; and
tDepartment of Nephrology, Royal Brisbane Hospital, Brisbane 4006, Australia

(Received 21 September 1981; accepted 13 November 1981)

Abstract—p-Aminophenol a structural analog and minor metabolite of phenacetin has previously been
shown to be a potent nephrotoxic agent. In this report we have shown that p-aminopheno! has a marked
effect on DNA function and structure. DNA synthesis was inhibited in a dose-dependent manner in
human lymphoblastoid cells after exposure to p-aminophenol. Results suggest that DNA synthesis is
inhibited by the action of p-aminophenol on DNA structure. At low concentrations of p-aminophenol
a reduction in the degree of supercoiling of cellular DNA is observed, as determined by sedimentation
under neutral conditions. However at higher concentrations an increase in sedimentation of nucleoids
(supercoiled molecules) is obtained which is indicative of an increased level of supercoiling or a more
compact structural form of DNA due to folding or aggregation.

The number of single strand breaks in DNA, when determined by sedimentation in alkaline sucrose
gradients, increases with increasing dose of p-aminophenol. The increase in strand breakage observed
at lower concentrations of p-aminophenol agrees with the reduced sedimentation rate obtained under
neutral conditions. At higher concentrations of p-aminophenol the extent of breakage of DNA increases
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under alkaline conditions but an increase in sedimentation occurs under neutral conditions.

Prolonged use of analgesics containing phenacetin
has been demonstrated to cause harmful side-effects
such as blood dyscrasias, methaemoglobinaemia,
gastro-duodenal ulceration, renal papillary necrosis
and non-obstructive pyelonephritis [1-3]. In addition
circumstantial evidence exists for an association
between abuse with phenacetin containing drugs and
transitional cell carcinoma of the renal pelvis and
bladder [4-6]. In a number of studies from Sweden,
75% or greater of the patients with transitional cell
carcinoma were found to be analgesic abusers
[4,7,8]. Evidence for the association between
analgesic abuse and renal cancer is also based on
observations that the normal ratios of renal paren-
chymal and pelvic carcinoma (4-8:1) and of bladder
and renal pelvic urothelial tumors (> 10:1) are
reversed in analgesic abusers [9, 10].

A number of compounds, chemically related to
phenacetin, have been shown to cause necrosis of
the proximal convoluted tubule of the kidney when
administered in a single intravenous dose [11, 12].
One of these nephrotoxic compounds, p-amino-
phenol, a minor metabolite of phenacetin {13, 14],
has been used as an experimental model for
analgesic-induced renal damage [15]. p-Amino-
phenol is a potent inhibitor of proximal tubular func-
tion, acting primarily on gluconeogenesis, ATP syn-
thesis, and energy production [13]. Mitochondria
isolated from kidneys of p-aminophenol treated rats
exhibit an inhibition of respiration, oxidative phos-
phorylation, and ATPase activity [15].

In view of the diversity of effects of p-aminophenol
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on cell function we have investigated its possible
interaction with nucleic acid, an approach which has
not been considered to date. We have examined the
effects of p-aminophenol on DNA synthesis and
DNA structure in human lymphoblastoid cells in
culture. Changes to DNA function and/or structure
induced by p-aminophenol may provide information
on the role of analgesic metabolites in nephrotoxicity
and also in the onset of transitional cell carcinoma.

MATERIALS AND METHODS

Cell culture. EBV-transformed lymphoblastoid
cells were used in this study and were obtained from
the Queensland Institute of Medical Research, Her-
ston, Queensland. The cells were diploid at the com-
mencement of this study and had a doubling time
of approximately 24 hr. The cells were always sub-
cultured the day before being used to ensure that
they were growing in log phase at the time of the
experiment. Suspension cultures of cells were grown
in RPMI 1640 medium (Gibco, Uxbridge, U.K.)
supplemented with streptomycin (60 ug/ml), peni-
cillin (100 I.U./ml) and 10% foetal calf serum (FCS)
in an atmosphere of 5% CO; in air at 37°.

Inhibition of DNA synthesis. Aliquots (0.9 ml) of
cells (10%ml in medium without FCS) were added
to 2 ml plastic tissue culture plates. A 10 ml stock
of 20 mM p-aminophenol (Ajax Chemicals, Sydney,
Australia) in medium (without FCS) was prepared
by first dissolving 21.8 mg of p-aminophenol in 0.5 ml
dimethylsulfoxide (Ajax Chemicals). This stock sol-
ution was further diluted, with medium lacking FCS,
to the appropriate concentrations. Samples (0.1 ml)
of the various dilutions of p-aminophenol were added
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to the cells to give final concentrations in the range
of 0-2 mM. Cells were incubated for 60 min at 37°
in an atmosphere of 5% CO; in air, collected, cen-
trifuged and washed once with medium, and then
reincubated at 37° for 30 min. Aliquots (100 ul) of
the cell suspensions were dispensed into six wells of
a microtitre plate. [*H]Thymidine (100 ul) (5 #Ci/ml,
25 Ci/mmole, Amersham, Arlington Heights, IL)
was added to each microwell. Incubation was carried
out for 90 min at 37° and terminated by placing the
microtitre plates in a —~70° Revco. Samples were
subsequently thawed at room temperature and
acid-precipitable DNA was collected on GF/A glass
fibre filters (Whatman, Maidstone, U.K.) using a
multicell harvesting device. These GF/A strips were
then washed with water followed by ice-cold 5%
trichloroacetic acid (TCA). The strips were washed
in ethanol and dried before being counted in a Beck-
man LS-250 scintillation counter using toluene scin-
tillation fluid. Incorporation of [*H]thymidine into
acid-precipitable DNA in treated samples was
expressed as the percentage of that obtained in
untreated samples.

Nucleoid sedimentation. Cells were treated with
p-aminophenol as described above with the excep-
tion that after incubation they were washed once in
phosphate buffered saline (PBS) and resuspended
in PBS at 24 x 10%ml. A variation of the method
of Cook and Brazell [16] was used to study the
sedimentation of nucleoids from these cells [17].
Briefly, 100 ul aliquots of cell suspension were added
to 300 ul of a lysis solution. This mixture was layered
on top of 10-30% sucrose gradients. Lysis was
allowed to proceed for 10 min and the gradients were
centrifuged at 30,000-37,000 rpm for 15-30 min at
12° in a Beckman L2-65B ultracentrifuge using an
SW41 rotor. In some experiments ethidium bromide
was added to the gradients. Absorbance at 254 nm
was used to determine the position of the nucleoids
after pumping the gradient through an LKB Uvicord
S absorbance monitor. Triplicate or duplicate sets
of both untreated and treated cells were employed
in each centrifugation run.

Alkaline sucrose gradient analysis. Cells were
labelled with [*H]thymidine (1 uCi/ml, 25 Ci/mmole)
for 24 hr, then transferred to fresh unlabelled
medium for 2 hr to deplete labelled precursor pools.

Cells were treated with p-aminophenol as
described above with the exception that after incu-
bation the cells were washed once in saline-EDTA
and resuspended in saline-EDTA at 10%ml. Sedi-
mentation was carried out on 5-24% isokinetic
alkaline sucrose gradients as previously described
[18]. Briefly, 200 ul of a lysis solution was applied
to the top of each gradient and 100 ul of cells
(10%ml) was added to this layer. After a 90 min lysis
period, gradients were centrifuged at 27,000 rpm for
3 hr in an MSE superspeed 65 ultracentrifuge using
a swing-out rotor. Fractions were collected from
gradients by pumping onto strips of Whatman No.
1 chromatography paper. Strips were dipped in 5%
TCA then washed in ethanol. After drying, strips
were cut into fractions and counted in a Beckman
LS-250 scintillation counter using toluene scintilla-
tion fluid. The molecular weight of DNA was deter-
mined with the aid of a computer programme [18].
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RESULTS

A dose-dependent inhibition of DNA synthesis is
observed when lymphoblastoid cells are preincu-
bated for 1 hr with p-aminophenol (Fig. 1). A rapid
decline in synthesis occurs at doses up to 0.5 mM
p-aminophenol levelling off between 0.5mM and
2 mM. The extent of inhibition with p-aminophenol
was also found to be time-dependent over the first
hour of incubation (results not shown).

Since p-aminophenol had a marked effect on DNA
synthesis we have determined its ability to cause
structural alterations in DNA. We have used the
method of Cook and Brazell [16] to examine the
integrity of DNA structure. This approach allows
separation of DNA from most of the chromatin
proteins while maintaining a high molecular weight
supercoiled form (nucleoid). Figure 2 depicts the
relative sedimentation positions of nucleoids from
untreated and p-aminophenol treated cells. At the
lower concentration of p-aminophenol (0.25 mM) a
marked reduction in sedimentation, compared to the
untreated value, is obtained. Surprisingly, as the
concentration is increased to 2 mM, a sedimentation
value greater than that for untreated cells is
observed. More detailed studies, using a number of
different concentrations of p-aminophenol, dem-
onstrate that nucleoid sedimentation decreases over
the range 0.05 mM-0.25 mM but increases at con-
centrations up to 2mM (Fig. 3). The increased
nucleoid sedimentation observed at higher-concen-
trations of p-aminophenol was found to depend on
incubation time. The results in Fig. 4 (2 mM p-ami-
nophenol) show an initial decrease in nucleoid sedi-
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Fig. 1. Inhibition of DNA synthesis in human lympho-
blastoid cells by p-aminophenol. Incubation of cells was
carried out for 60 min in the presence of various concen-
trations of p-aminophenol. DNA synthesis was subse-
quently determined by incorporation of [°H]thymidine over
a 90 min period. Error bars represent * the standard error
of the mean (S.E.M.); at the highest concentrations errors
are included within the symbol.
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Fig. 2. Sedimentation of nucleoids from cells treated with

p-aminophenol. (a) Untreated cells, (b) 0.25 mM p-ami-

nophenol, and (c) 2 mM p-aminophenol. Peak positions on
gradients were determined by absorbance at 254 nm.
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Fig. 3. Effect of p-aminophenol concentration on sedi-
mentation of nucleoids. Incubation conditions were as
described in Materials and Methods. The ratio refers to
the distance sedimented by treated nucleoids divided by
that of untreated nucleoids. Error bars represent S.E.M.
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Fig. 4. The effect of incubation time with 2 mM p-ami-
nophenol on sedimentation of nucleoids. Ratio is as in
legend to Fig. 3. Error bars represent S.E.M.

mentation up to 30 min incubation time. Further
incubation gives rise to a time-dependent increase
in sedimentation reaching a value approximately
three times that of the untreated cells after 90 min
incubation. The increased sedimentation rate
observed could be due to an increased degree of
supercoiling of DNA in the treated cells. Sedimen-
tation in sucrose gradients in the presence of ethid-
ium bromide has been used to determine the degree
of supercoiling of nucleoid DNA [19)]. The concen-
tration of ethidium used to give a minimum in the
sedimentation rate provides a measure of the degree
of supercoiling. The results in Fig. 5 compare the
sedimentation of nucleoids in the presence of ethid-
ium for untreated and 2 mM p-aminophenol treated
cells. A characteristic biphasic response with increas-
ing ethidium concentration is obtained for untreated
cells reaching a minimum at a concentration of
approximately 2 ug/ml ethidium. At this concentra-
tion of ethidium little or no effect on the sedimen-
tation of treated nucleoids is observed. A minimum
in sedimentation rate is achieved for treated
nucleoids at 5 ug/ml ethidium and an increase in
sedimentation rate is not observed up to 16 ug/ml
ethidium. Furthermore the minimum reached at
approximately 5 pug/ml is significantly higher than
that obtained with untreated cells at 2 pg/ml (P <
0.05).
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Fig. 5. Effect of ethidium bromide concentration on

nucleoid sedimentation from (M) untreated cells, (@) cells

treated with 2mM p-aminophenol. Incubation with p-

aminophenol was for 60 min followed by sedimentation

analysis on gradients containing different concentrations

of ethidium bromide. Ratio is as in legend to Fig. 3. Error
bars represent S.E.M.
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Fig. 6. Alkaline sucrose gradient profiles of DNA from
cells treated with p-aminophenol. (a) Untreated cells, (b)
0.25 mM p-aminophenol, and (c) 2 mM p-aminophenol.

The effect of p-aminophenol on DNA structure
was further investigated by determining the appear-
ance of single strand breaks in DNA using alkaline
sucrose gradient analysis. A typical set of gradient
data appears in Fig. 6 showing a concentration-
dependent decrease in DNA sedimentation com-

Table 1. Weight average molecular weight and number of
breaks in DNA from untreated and p-aminophenol treated
cells

p-Aminophenol Molecular weight

(mM) (MW x 107%) Breaks/10%*
0 2.28 = 0.25¢
0.25 1.20+0.27 0.39
2.0 0.60 =0.23 1.23

Molecular weight was determined by sedimentation in
alkaline sucrose gradients.
* Number of breaks is determined according to:

n (number of breaks) = ( MWl - MWI ) x 108,
treated untreated

t Represents one standard deviation.
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pared to that from untreated cells. When single
strand breakage is determined it is clear that a
dose-dependent reduction in molecular weight of
DNA occurs. The number of single strand breaks
in DNA with increasing p-aminophenol concentra-
tion is presented in Table 1. A time course for
production of breaks in DNA by p-aminophenol
reveals that the majority of breakage has occurred
after 30 min incubation (data not shown). The great
majority of the cells were found to be intact and
viable for the duration of the experiments. Trypan
blue exclusion demonstrated that 95 + 1% of cells
were viable after incubation for 60 min with 2 mM
p-aminophenol.

DISCUSSION

A rapid and marked inhibition of DNA synthesis
was observed in human lymphoblastoid cells after
incubation with p-aminophenol. This compound has
previously been shown to be a potent nephrotoxin
[11]. It appears that damage to mitochondria plays
an important part in renal tubular necrosis induced
by p-aminophenol [15]. Failure to observe the same
effects in isolated mitochondria suggests that p-
aminophenol must be metabolized before it becomes
effective. It is possible that a derivative may play a
role in the nephrotoxicity. Indeed some evidence
exists which demonstrates that p-aminophenol is
metabolized in rats [12]. The effect on DNA syn-
thesis obtained in this study would suggest that p-
aminophenol or a metabolic derivative may be effec-
tive in inducing renal damage through such an inter-
action, in addition to its observed effects on energy
metabolism. Such a dramatic effect on DNA syn-
thesis would be expected to give rise to a cytotoxic
response in lymphoblastoid cells. In this respect it
is somewhat surprising that p-aminophenol has been
reported to be organ-specific [13]. While p-amino-
phenol inhibited gluconeogenesis and reduced ATP
content in renal cells it left these processes
unchanged in liver cells isolated from intravenously
injected rats [13].

It seems likely that the inhibition of DNA synthesis
observed after treatment of cells with p-aminophenol
is due, at least in part, to alterations in chromatin
structure. In this study we have demonstrated
time-dependent and dose-dependent changes in the
sedimentation characteristics of nucleoids from
treated cells. The decrease in sedimentation at doses
of p-aminophenol over the range of 0.05-0.5 mM is
compatible with damage to DNA as observed with
other chemicals {20], u.v. damage [20], and ionizing
radiation damage [17]. However at higher concen-
trations of p-aminophenol an increase in sedimen-
tation of nucleoids is observed (Fig. 3). Results with
ethidium bromide would indicate that this increased
sedimentation rate is due to an increased degree of
negative supercoiling of the DNA [21]. A higher
concentration of ethidium bromide, than that used
in untreated cells is required to bring the DNA to
the most relaxed state. However the extent of relax-
ation is significantly less that that observed in
untreated cells. The latter observation could mean
that the degree of supercoiling has not in fact
increased but that other alterations to chromatin
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structure, induced by p-aminophenol interfere with
the binding of ethidium and contribute to the changes
in sedimentation observed. The appearance of single
strand breaks in DNA as determined by alkaline
sucrose gradient analysis agrees with decreased sedi-
mentation of nucleoids obtained after treatment with
0.25 mM p-aminophenol. As single strand breaks are
introduced into DNA a decrease in the level of
supercoiling would be expected [17]. The results
using 2 mM p-aminophenol indicate a greater degree
of breakage of DNA (Fig. 6). This finding appears
to be contrary to that observed using nucleoid sedi-
mentation analysis in which treated nucleoids (2 mM
p-aminophenol) sediment more rapidly than
untreated (Fig. 2). Increased sedimentation could
arise due to direct interaction of p-aminophenol or
a derivative with DNA or indirectly through inter-
action with chromatin proteins. These sites in turn
may give rise to single strand breaks under alkaline
conditions. Alternatively, single strand breaks may
arise at alkali labile sites that play no role in the
conformational changes that lead to an increase in
sedimentation under neutral conditions.

The results reported here provide additional evi-
dence for the toxicity of a compound which is chem-
ically related to phenacetin, and which has been
shown to occur in significant amounts as a metabolite
of both phenacetin and paracetamol in different
organisms [13,14,22,23]. Previous results have
demonstrated that similar concentrations of p-ami-
nophenol interfere with energy metabolism in kidney
mitochondria [13,15]. While these results can
explain the nephrotoxicity caused by analgesic abuse
it is possible that the concentrations used are higher
than those obtained in the renal tubule or the blad-
der. However repeated exposure to lower concen-
trations of p-aminophenol may have the same overall
effect. In view of the effects of p-aminophenol on
DNA synthesis and structure it is conceivable that
this compound or a structural analog may also play
a role in the development of transitionai celil carci-
noma which is reportedly high in analgesic abusers
[7, 8].
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