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Abstract The emergence of drug resistance during tu-
mor chemotherapy is one of the main problems asso-
ciated with cancer treatment, particularly with cisplatin
(cis-DDP). In the hope of overcoming this problem,
various cis-DDP-derived compounds have been syn-
thesized, and their pharmacological activity was com-
pared with that of cis-DDP. In this paper we report on
studies on the cytotoxic activity induced by cis-dia-
mminechloro-[2-(diethylamino)ethyl-4-aminoben-
zoate, N*]-chlorideplatinum(I) monohydrochloride
monohydrate (DPR), a new complex of platinum con-
taining procaine. All experiments were carried out on
murine leukemic cells, which were either sensitive
(L1210) or resistant (L1210/DDP) to cis-DDP. A tet-
razolium dye (MTT) assay conducted 5 days after a 2-h
exposure of cells to both drugs was utilized to deter-
mine the resistance factor (RF) of L1210/DDP cells as
compared with the sensitive wild-type cells. Drug
accumulation and efflux, together with the amount of
platinum bound to DNA, were also investigated. The
activity of DPR on sensitive cells was not significantly
different from that of cis-DDP. Conversely, DPR was
4.3 times more effective than cis-DDP on resistant cells.
A decreased drug accumulation is one of the mechan-
isms of resistance to cis-DDP of L1210/DDP cells.
However, DPR accumulation was not significantly dif-
ferent in sensitive and resistant L1210 cells. Under
culture conditions that yielded similar intracellular
platinum concentrations, treatment
produced significantly greater DNA platination than
did treatment with cis-DDP in both cell lines. No
difference in efflux was observed between L1210 and
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with DPR.

L1i210/DDP cells exposed to either cis-DDP or DPR.
Our results show that in parental cells, DPR is as
potent as cis-DDP on a molar basis, and it is also
minimally cross-resistant with cis-DDP in L1210/DDP
cells. A direct implication of our results is that
DPR could be useful in those human tumors showing
a mechanism of resistance similar to that of L1210/
DDP cells.

Key words: Cisplatin-procaine complex - Cisplatin res-
istance - Cytotoxic activity

Introduction

Cisplatin (cis-DDP) is one of the most active and useful
chemotherapeutic agents used alone or in combination
for the treatment of various neoplasms, particularly
ovarian and testicular carcinomas. In ovarian carci-
noma, cis-DDP induces a 50%-65% rate of response in
previously untreated patients [29], whereas in patients
with advanced testicular carcinoma a cure rate of about
80% has been observed following the administration of
cis-DDP-based combination regimens [12]. However,
the emergence of drug resistance, a fairly common
feature of cis-DDP therapy [25], is one of the main
problems associated with the failure of treatment. In
this context, multifactorial mechanisms have been con-
sidered to explain the acquired resistance of tumor
cells. Reduced drug accumulation and drug retention,
enhanced inactivation of the drug by thiol compounds,
and differential DNA damage have been cited as pos-
sible causes of cis-DDP resistance [8, 24].

In an attempt to reduce the toxicity of cis-DDP and
to overcome the complication of drug resistance, many
analogues of cis-DDP have been developed, some of
which have been shown to possess a low degree of
toxicity, a good antitumor effectiveness, a broad spec-
trum of activity, and a low degree of cross-resistance to
cis-DDP [1, 3, 17, 18].
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DPR is a new platinum(II) complex in which the
aromatic amino group of procaine is involved in the
coordination with platinum [4]. This new molecule has
shown good solubility and stability in water, together
with significant in vitro cytotoxicity and in vivo anti-
tumor activity. In this paper we report data concerning
the activity of DPR in comparison with cis-DDP on
11210 cells both sensitive and resistant to cis-DDP.

Materials and methods

Chemicals

Cis-DDP was purchased from Sigma (St. Louis, Mo., USA). DPR
was synthesized as previously described [4], and its structure is
shown in Fig. 1. Platinum agents were dissolved immediately before
use in 0.9% saline (for cis-DDP) or water (for DPR) at the oppor-
tune concentrations. DPR is highly stable in water [4].

Leukemic cell lines

The murine leukemia cell line L1210 and the cis-DDP-resistant
subline L1210/DDP (a kind gift of Dr. F. Zunino, Istituto Nazionale
Tumori, Milano, Italy; initially selected at the NCI, Bethesda, Md.,
USA) were maintained in cuiture in RPMI 1640 medium containing
glutamine (2 mmol/l), gentamycin (100 pg/ml), nonessential amino
acids (2%, v/v), 10% fetal calf serum, and 0.003% 2-mercap-
toethanol (complete medium). For the resistant L1210/DDP cells,
cis-DDP was added to the culture medium at the final concentration
of 5 uM. Under these culture conditions, L1210 and L1210/DDP
cells had a doubling time of 12.7 and 13.5 h, respectively. To ensure
that cells for experimental use were drug-free, resistant cells were
cultured without cis-DDP for 4~6 days before experiments.

Chemosensitivity assay

Cells at a density of 10%/ml were exposed to equimolar concentra-
tions of cis-DDP and DPR for 2h (final concentration range,
1-256 uM) at 37°C. After 2h of exposure, cells were washed twice
with complete medium, counted, and seeded at 20 cells/well in
round-bottomed 96-well microtiter plates in a final volume of 200 pl
of complete medium. The low number of cells plated per well was
chosen to avoid overgrowth of controls. After 5 days an aliquot of
30 ul of tetrazolium dye (MTT; Sigma, St. Louis, Mo, USA) solution
(2mg/ml in PBS) was added to each well and the plates were
incubated for 4 h at 37°C. At the end of the culture period, plates
were centrifuged at 275 g for 5min. Then, culture medium was
carefully aspirated and 150 pl of 100% dimethylsulfoxide was added.

+CF
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-

Fig. 1 Scheme representing the chemical structure of DPR

Complete and homogeneous solubilization of formazan crystals was
achieved after 10 min of incubation and vigorous shaking of well
contents with a multichannel pipette. The absorbance was measured
on a microculture plate reader (400 ATC; SLT Labinstruments,
Austria) at 540 nm [13]. A 5-day period of culture was chosen
because it has been demonstrated that L1210 cells undergo growth
arrest in the G2 phase of the cell cycle and that there is a definite loss
of viability only after 4 days of incubation with high cis-DDP
concentrations [27]. The resistance factors (RFs) were calculated
from the ratio between the 50% growth-inhibitory concentrations
(IC,, values) recorded for L1210/DDP and L1210 cells, respectively.

Measurement of cell volume

Owing to the differences in size between wild-type and resistant cells,
we normalized the platinum content by referring it to the cell
volume, arbitrarily considering cells as fluid-filled sacs. This was
done on the basis of cell diameters calculated by an Epics Elite
cytofluorimeter (Coulter Electronics, Hialeah, Fla., USA).

Measurement of cellular drug accumulation

Cell lines were treated with cis-DDP and DPR at equimolar concen-
trations of 0, 8, 16, 32, and 64 uM for 30, 60, and 120 min at 37°C.
Cells were exposed to drugs. at a density of 4.5 x 10 cells/ml and
were maintained in suspension by continuous agitation for the
whole period of drug exposure. Under these culture conditions, no
significant loss of viability was observed after exposure of both cell
lines to cis-DDP or DPR (0-2.8% loss of viability as determined by
the trypan blue dye—exclusion assay). Cells were then collected by
centrifugation and rapidly washed twice with cold normal saline to
remove extracellular drug. Collected cells were then treated with
1 ml of HNOQj; (65%) at 120°C. The mixture was digested until the
HNO; evaporated, and the digested cells were dissolved with
10 mM HNO; (0.2 ml). Platinum concentrations were determined
by flameless atomic absorption spectroscopy (AAS; Atomic Absorp-
tion Spectrophotometer, Hitachi Model Z-9000 simultaneous spec-
trophotometer, W. Pabisch Instrument, Milano, Italy) using drying
conditions as described elsewhere [4]. Under these conditions the
detection limit was 30-50 ng of platinum/ml, and the rate of plati-
num recovery was about 84%. Intracellular platinum levels were
expressed times 107 ¢ ng Pt/um? cellular volume.

Measurement of cellular drug efflux

For drug efflux, cis-DDP was used at a concentration of 32 uM in all
cell lines. On the basis of specific drug uptake after 2 h of exposure,
DPR was used at a concentration that gave the same platinum
uptake per cubic micrometer as 32 pM cis-DDP (24 and 12 uM for
L1210 and L1210/DDP cells, respectively). Cells were exposed to
drugs at 4.5x 10° cells/ml for 2h. After incubation, cells were
washed twice with cold normal saline and resuspended in complete
medium at a concentration of 2 x 10° cells/ml. Cells were rapidly
washed with cold normal saline and harvested at the following time
points: 0, 30, 60, 120, and 240 min. Collected cells were then treated
as described above. The total cellular efflux of the two drugs was
compared by assigning the value of 100% to the drug level achieved
after 2 h of exposure and assigning all other values in relation to the
100% value.

Determination of platinum binding to DNA

L1210 cells sensitive and resistant to cis-DDP were exposed to
cis-DDP or DPR for 2 h and then washed twice with cold normal



saline. High-molecular-weight DNA was then isolated by means of
a DNA-extraction kit (Oncor Inc., Gaithersburg, Md., USA) [9, 26],
which utilizes two serial steps of lysis of the cellular and nuclear
membranes followed by isolation of DNA by repeated extraction
with phenol and chloroform. The DNA content was measured by
absorbance at 260 nm (A260). The mean A260/A280 ratio was
2.16 + 0.29 (SD). DNA was then digested in HNO; at 120°C (see
above), and the amount of platinum bound to DNA was determined
by AAS as previously described and was expressed in picograms of
Pt per microgram of DNA.

Statistical analysis

The significance of differences found between cis-DDP and DPR
was assessed according to the Mann—Whitney test.

Resuits
Chemosensitivity assay

The RF of L1210/DDP treated with cis-DDP was 17.7
as evaluated by the MTT assay. On exposure to DPR,
the RF shown by L1210/DDP cells was noticeably
lower than that observed for cis-DDP, that is, 2.9
(Table 1). Aithough DPR was 1.4 times less active than
cis-DDP on sensitive cells, the difference was not stat-
istically significant. It is noteworthy that in resistant
cells our compound was 4.3 times more cytotoxic than
cis-DDP (Table 1).

Determination of cell volume

Since the cell volume of resistant cells was slightly
different from that of their sensitive counterparts, cellu-
lar platinum accumulation was normalized on the basis
of cell volume and evaluated as nanograms of Pt per
cubic micrometer so as to obtain a more accurate
comparison between the drug accumulation of sensitive
cells and that of resistant cells. The mean diameters

Table 1. Chemosensitivity of parental and cis~-DDP-resistant L1210
cells to DPR and cis-DDP. Data express the mean values for groups
of 5-8 data; standard errors are shown in parentheses (NS, Not
significant)

MTT assay, ICso (UM)

L1210 L1210/DDP P value® RF

cis-DDP 2.3 40.6 < 0.001 17.1
(0.3) (2.5)

DPR 32 94 = 0.001 29
(0.6) 0.8)

P value® NS 0.001

* P values refer to the comparison between L1210 and L1210/DDP
cells exposed to the same Pt compound
® P values refer to the comparison between cis-DDP and DPR on

the same cell line
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{£ SD)of L1210 and L1210/DDP cells were 14.5 + 1.9
(n=235) and 16 + 1.6 um (n = 6), respectively. Conse-
quently, the volume of L1210/DDP cells was on aver-
age 1.34 times higher than that of L1210 cells.

Assessment of total cellular accumulation of platinum
compounds

Platinum accumulation was assessed by AAS after in-
cubation of cells with cis-DDP or DPR for 30, 60, and
120 min. The relationship between the drug concentra-
tions used and the cellular drug accumulation of L1210
and L1210/DDP cells was linear for both cis-DDP and
DPR at concentrations of up to 64 uM and for each
exposure period considered. When L1210/DDP cells
were incubated with cis-DDP, they accumulated a sig-
nificantly lower amount of platinum than did L1210
cells at any drug concentration used (P < 0.05; Fig. 2).
Conversely, no significant difference in DPR accumula-
tion was seen between L1210 and L1210/DDP cells
(P > 0.10). With regard to each cell line tested, DPR
accumulated significantly better than cis-DDP in
L1210/DDP cells (3 times better on average; P-value
range, 0.014-0.05), whereas no statistically significant
difference in platinum accumulation was observed be-
tween L1210 cells exposed to DPR versus cis-DDP
(Fig. 2).

Measurement of cellular drug efflux

Drug efflux was evaluated after a 2h of incubation of
cells with drugs. On the basis of uptake data at ob-
tained 2 h, we used a concentration of DPR that in-
duced the same platinum uptake per cubic micrometer
as 32 pM cis-DDP. For L1210 and L1210/DDP cells
these concentrations were 24 and 12 uM, respectively.
Cells were then harvested at 0, 30, 60, 120, and 240 min
after drug removal.

No great difference in drug efflux was observed be-
tween L1210 and L1210/DDP cells incubated with
cis-DDP (Fig. 3). Indeed, after 4 h of incubation, 36.7%
and 45.9% of the platinum was removed from L1210
and L1210/DDP cells, respectively. Similarly, no differ-
ence in drug efflux was found between L1210 and
L1210/DDP cells after incubation with DPR; at 4 h
after incubation, 51.5% and 57.9% of the platinum was
removed from L1210 and L1210/DDP cells, respective-

ly (Fig. 3).

Determination of platinum binding to DNA

Since decreased accumulation of cis-DDP has been
reported in cis-DDP-resistant L1210 cells [24] and
because the primary lesion responsible for the
cytotoxicity of cis-DDP is probably a result of the
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Fig. 2 Relationship between drug concentrations and Pt uptake/
pm? after 30, 60, and 120 min of incubation with cis-DDP (@) or
DPR (O) in L1210 ( ) or L1210/DDP (----) cells. Each point
represents the means value + SE for 3 or 4 determinations

interaction of cis-DDP with DNA [5, 7, 21], we studied
platinum binding to DNA after exposure of sensitive
and resistant cells to equimolar concentrations (32 uM)
of cis-DDP and DPR.

As expected, the DNA of L1210/DDP cells bound
a significantly lower amount of cis-DDP-derived plati-
num than did the DNA of L1210 cells. Conversely, no
difference in the platination of DNA was found be-
tween sensitive and resistant cells after exposure to
DPR (Table 2). It is also noteworthy that in both cell
lines the amount of platinum bound to DNA after
DPR exposure was significantly greater than that
found after cis-DDP treatment, being 3.6 and 5.2 times
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Fig. 3 Relationship between the percentage of Pt content of L1210
( )and L1210/DDP (- ---) cells and the time after cis-DDP (@) or
DPR (O) removal. Each point represents the mean value + SE for
at least 3 experiments

Table 2 Platinum binding to DNA after exposure of cells to 32 pM
DPR or cis-DDP (NS, Not significant)

32uM 32uM P value
cis-DDP DPR
L1210 23.5 +2.6° 75.8 + 144 0.005
Ratio = 3.6
L1210/DDP 142 + 0.3 73.5+ 155 0.028
Ratio = 5.2
P value 0.028 NS

* Each value is the mean + SE for 3-6 experiments and is expressed
in pg Pt/ug DNA

Table 3. Platinum binding to DNA after exposure of cells to con-
centrations of cis-DDP and DPR giving the same Pt uptake/um? as
32 pM cis-DDP in L1210 cells® (NS, Not significant)

cis-DDP DPR P value
(32 pM): (24 uM):
L1210 23.5 +2.6° 46.9 + 34 0.028
Ratio =2
cis-DDP DPR
(89.8 uM) (35.6 uM):
L1210/DDP 344+73 99.2 +11.1 0.014
Ratio = 2.9
P value NS 0.028

*The Pt uptake at 32 pM cis-DDP observed in L1210 cells was
8.97 x 10~ ° ng Pt/um?. The concentrations of drugs giving the same
Pt uptake/um? as 32uM cis-DDP in L1210 cells are reported in
parentheses

®Each value is the mean + SE for 3—6 experiments and is expressed
in pg Pt/ug DNA

greater in L1210 and L1210/DDP cells, respectively
(Table 2).

Since the higher accumulation of DPR-derived plati-
num at the DNA level could depend on differences in
cellular platinum uptake between cis-DDP and DPR,
we assessed platinum binding to DNA using cis-DDP



and DPR concentrations inducing the same platinum
uptake as 32 uM cis-DDP in L1210 cells (ie., about
8.97 x 10~°ng Pt/um?®). Under these conditions, the
DNA of L1210 cells bound twice as much DPR-derived
platinum as cis-DDP-derived platinum. Similarly,
when we considered the DNA of L1210/DDP cells, the
amount of platinum linked to DNA was 2.9 times
higher in DPR-treated cells than in cis-DDP-treated
cells (Table 3).

In a previous paper, we reported on the properties of
a cationic platinum complex containing procaine as
a ligand. As compared with cis-DDP, this complex
showed similar or even stronger cytotoxic activity on
lenkemic cells and a lower degree of in vivo neph-
rotoxicity [4]. The '°5Pt chemical-shift value obtained
for DPR was comparable with those presented by Hol-
lis et al. [10] for a series of Pt-triamine complexes, thus
suggesting that the ligand has good donor strength
despite the low basicity of the aromatic amino group of
procaine. Moreover, we showed that procaine could be
regarded as a ligand of moderate (normal saline, fetal
calf serum) or quite low lability (water, phosphate buf-
fer solution), suggesting that tumor cells are exposed to
intact DPR and that DPR has a pharmacological
activity of its own [4]. Many derivatives of cis-DDP
with antineoplastic activity have been synthesized, and
some also seem to be active against mouse leukemias
resistant to cis-DDP [14, 28]. Differences in the struc-
ture of the carrier ligand and/or leaving groups could
be related to the properties of platinum complexes with
respect to resistance and accumulation in cis-DDP-
resistant murine leukemic cells [14-16, 19, 20].

As is known, multifactorial processes may play a role
in resistance to cis-DDP in cancer cell lines [24]; such
resistance might result as a combined function of de-
creased intracellular drug accumulation [2, 22], differ-
ential DNA damage [8, 23], and enhanced inactivation
by intracellular detoxication systems [6, 24]. In our
system no statistically significant difference in activity
was observed between cis-DDP and DPR in L1210
cells (Table 1). Conversely, DPR was 4.3 times more
cytotoxic than cis-DDP in resistant L1210/DDP cells:
An increase in Pt-DNA binding was observed in sen-
sitive and resistant cells exposed to 32uM DPR.
Moreover, after exposure to drug concentrations that
induced the same Pt uptake per cubic micrometer as
32 uM cis-DDP in L1210 cells (i.e., the cellular condi-
tion under which it is possible to evaluate the intrinsic
ability of a compound to target a specific intracellular
component), both sensitive and resistant cells showed
higher amounts of Pt-DNA adducts after exposure to
DPR than after exposure to cis-DDP, thus suggesting
that DPR has a greater intrinsic ability to bind DNA
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than does cis-DDP. This behavior could be related to
the structure of the carrier ligand. Finally, no signifi-
cant difference in efflux was observed between L1210
and L1210/DDP cells exposed to either cis-DDP or
DPR.

At the same molar concentration of DPR and cis-
DDP, 5.2 times more DPR than cis-DDP was seen to
bind to DNA in resistant L1210/DDP cells. Unlike
cis-DDP, DPR showed no difference either in accumu-
lation or in DNA platination between L1210 and
L1210/DDP cells. This different pattern of cellular
platinum accumulation seems to suggest that the trans-
port mechanism for DPR may differ from that of cis-
DDP and indicates a way of overcoming one of the
mechanisms of resistance of L1210/DDP cells. More-
over, the differences observed in DNA platination sug-
gest that the cytotoxic activity of DPR in L1210/DDP
cells might be related at least in part to its ability to
induce a greater amount of Pt-DNA adducts than
cis-DDP can. Interestingly, these results seem to be
very similar to those reported for new platinum(IV)
ammine/amine complexes, particularly the platinum
compound JM 216 [bis-acetatoammine dichloro (cyc-
lohexylamine) platinum(IV)], which is capable of par-
tially circumventing cell resistance as a result of its
enhanced accumulation [20]. We have previously
shown that tumor cells are exposed to intact DPR and
that this compound is transformed into uncharac-
terized Pt complexes, without any relevant loss of
procaine ligand, in phosphate buffer medium at a con-
centration similar to that found inside the cell [4].

As has been suggested for other cationic Pt com-
plexes that possess only one leaving group [10, 11],
DPR should not form bifunctional cross-links with
DNA as classic cis-DDP analogues do. Without loss of
NH; or procaine, such a molecule would produce only
monofunctional lesions on DNA. Experiments to in-
vestigate this aspect are in progress. Preliminary find-
ings seem to suggest the capability of DPR to form
interstrand cross-links on calf-thymus DNA in a dose-
dependent manner and to a greater extent than cis-
DDP (unpublished data). As has been suggested for the
novel platinum(IV) amine/amine complex JM 221 in
both sensitive and resistant cell lines and for tetraplatin
in one resistant cell line [22], the lack of cross-resist-
ance of DPR in L1210/DDP cells might depend on two
factors: the greater intracellular accumulation of DPR
as compared with cis-DDP and the inability of
L1210/DDP cells either to repair efficiently the high
numbers of DNA adducts or to tolerate the high levels
of platinum species present after DPR exposure. How-
ever, although L1210 and L1210/DDP cells exposed to
32 uM DPR showed virtually identical DNA-Pt levels,
L1210/DDP cells were nonetheless about 3 times more
resistant to DPR. Hence, although the high DNA
platination observed in DPR-treated L1210/DDP cells
may contribute to overcoming the drug resistance, the
DPR sensitivitv/resistance of this cell line should also
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be determined by additional mechanism(s) involving
DNA repair and/or intracellular thiol content. Further
information about the fine mechanism of action of
DPR is needed.

In summary, DPR shows evident activity on resis-
tant L1210/DDP cells. Whereas the fine mechanism(s)
of its effectiveness remain unresolved, it is likely that
better cellular accumulation and DNA platination are
critical. Our results also suggest that DPR might be
useful in those human tumors that show a mechanism
of resistance to cis-DDP similar to that displayed by
the L1210/DDP cell line.
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