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In our effort to investigate further texaphyrin conjugation as a means of increasing delivery and accumu-
lation of known anticancer platinum agents in cancer cells, we have continued our studies on the mode of
action of a texaphyrin–platinum conjugate, particularly in cisplatin-resistant tumor cells that are charac-
terized by several mechanisms of resistance, including reduced drug accumulation. Our results provide
support for the proposal that intracellular platinum and Pt-DNA adduct levels were significantly
increased using our conjugate relative to corresponding Pt controls. Moreover, no differences were found
in cellular accumulation and Pt-DNA adduct formation between Pt sensitive and Pt resistant ovarian cells.
As a result, resistance to the conjugate was lower than cisplatin in resistant cells. Based on these results
we conclude that texaphyrin conjugation provides a promising strategy for overcoming biochemical
pharmacologic mechanisms of resistance.

� 2011 Elsevier Ltd. All rights reserved.
Cytotoxic platinum anticancer complexes, including the FDA-
approved Pt(II)-based drugs cisplatin, carboplatin, and oxaliplatin,
are thought to mediate their action through inducing persistent
DNA cross-link adducts.1–3 This mode of action has made them
mainstays in cancer chemotherapy, including the treatment of
ovarian cancer. However, reduction in drug uptake and the resul-
tant lowered levels of adduct formation accounts, in part, for the
resistance to Pt drugs seen after initial treatments.1 This biochem-
ical resistance mode limits the clinical utility of the platinum
drugs. In the case of ovarian cancer, the average 5-year survival
rate is 46%; however, most cases (67%) are detected at a late stage
and the 5-year survival rate for this population drops to 31%.4 The
resistance to Pt drugs seen in the clinic is also ascribed in part to
the fact that cell death machinery becomes tolerant to DNA dam-
age, and this can occur through several molecular mechanisms,
including mutations in p53, a transcriptional factor with tumor
suppressor function when present in its wild-type state. However,
the situation is clearly complicated in that resistance is also seen in
ovarian tumor cells due to a failure of cisplatin to activate wild-
type p53.1 Pt drug resistance is also correlated with upregulation
of multidrug resistance (MDR) transporters and increased produc-
tion of glutathione (which mitigates the effects of oxidative stress)
and other platinophiles.5,6
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Texaphyrins (e.g., motexafin gadolinium; MGd; Fig. 1) have a
clinically validated ability to localize well to many cancers.7 They
have been studied in recent years as potential anticancer agents
and appear to operate via a novel mechanism of action that in-
volves perturbations of redox balance and metal homeostasis.8,9

Texaphyrins do not induce MDR and are known to enhance the ef-
fects of oxidative stress.8 The fact that they also localize well to tu-
mors means that they could be used to deliver Pt-type drugs to
cancerous sites, thereby potentially increasing the local concentra-
tion and overcoming at least some of the pathways responsible for
Pt resistance.

Many strategies have been put forth in an effort to increase
the tumor specificity and accumulation of platinum drugs,
including conjugation to potentially site-directing molecules,
such as folate, polyethyleneglycol (PEG), porphyrins, and pep-
tides among others.10–14 While increased delivery of the Pt drug
can augment tumor cell killing effects, we believe that the Pt
drug delivered to resistant tumor cells should also have intrinsic
properties to overcome multifactorial mechanisms of resistance.
To this effect we have recently developed Texaphyrin–Pt conju-
gate 1 (Fig. 2) as a potential means of increased tumor uptake
versus conventional methods of lone platinum complexes.15 De-
scribed herein, is a comparison of its activity in the A2780 hu-
man ovarian cancer cell line and the ostensibly isogenic
cisplatin-resistant cell line (2780CP). As detailed below, the asso-
ciated analysis has allowed us to assess the potential utility of
this complex against resistant cells and elucidate which mecha-
nisms of resistance may be circumvented by this generalized
conjugation strategy.
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Figure 1. Various Pt(II) complexes and MGd.

Figure 2. Texaphyrin–platinum conjugate 1.
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With such considerations in mind, tests were carried out using
the MTT cytotoxic assay following exposure of cells to the Pt
agents, and the effect of conjugate 1 on cell proliferation was com-
pared to that of methylmalonatoplatinum (MMPt), carboplatin,
and cisplatin (Table 1).15 Conjugate 1 (IC50 = 1.4 ± 0.3 lM) provided
a dose potency in the A2780 cell line similar to that of carboplatin
(IC50 = 1.6 ± 0.3 lM).16 This similarity in activity is encouraging
considering many known platinum conjugates display reduced
activity.17,18 MMPt,19 a Pt complex similar to that present in conju-
gate 1, provided similar antiproliferative activity relative to both 1
and carboplatin. Cisplatin displayed the greatest cytotoxicity to-
wards this cell line with an IC50 of 0.31 ± 0.06 lM.20
Table 1
IC50 Values of platinum complexes with cisplatin sensitive ovarian (A2780) and its
isogenic cisplatin resistant (2780CP) cell line.

Complex IC50 (lM) A2780 IC50 (lM) 2780CP Resistance factor

1 (MGd-Pt) 1.4 ± 0.3 14.4 ± 1.7 10.3 ± 1.3
MMPt 1.4 ± 0.2 21.3 ± 2.2 15.2 ± 3.7a

Carboplatin 1.6 ± 0.3 26.3 ± 4.1 16.4 ± 5.2a

Cisplatin 0.31 ± 0.06 7.1 ± 0.9 22.9 ± 5.3a

a p <0.05 by Student’s t-test versus resistance factor for conjugate 1.
Cell proliferation studies were also performed with platinum
resistant ovarian cancer cells (2780CP). In this instance, cells incu-
bated in the presence of conjugate 1, MMPt, carboplatin, and cis-
platin were inhibited, providing IC50 values of 14.4 ± 1.7,
21.3 ± 2.2, 26.3 ± 4.1, and 7.1 ± 0.9 lM, respectively. Notably, the
activities of carboplatin and MMPt proved lower (i.e., higher IC50)
than that of conjugate 1, and the differences were significant
(p <0.05).

To gain a better understanding of relative activity of complexes
against resistant cells, the resistance factor was calculated (Ta-
ble 1). Cisplatin, while potent against sensitive cells (i.e., A2780)
demonstrated a significantly reduced activity (by almost 23-fold)
against resistant cells (i.e., 2780CP). The resulting resistance factor
(ca. 23) is attributed to both biochemical pharmacologic and
molecular mechanisms of resistance. Both carboplatin and MMPt
provided similar resistance factors, which were about 25% less
than cisplatin, but this was not statistically significant. Conjugate
1 provided the lowest resistance factor and about 32–55% lower
resistance relative to other platinum complexes involved in the
study. This improvement was significant (p <0.05; Table 1) and
strongly indicative of partial circumvention of cisplatin resistance.

Relative potencies of Pt complexes in the A2780 cell line, as
shown in Table 1, may in part be due to differences in activation
of the agents and/or cellular levels of Pt and DNA adducts. To deter-
mine whether relative activation rates could be involved, samples
of fetal bovine serum (FBS) were incubated with various Pt based
agents and the amount of free (unbound) Pt was determined over
time, with the half-life (t1/2) in question being derived from linear
regression analyses (Fig. 3).

As expected, the activation of cisplatin by aquation proved ra-
pid, and correlated with fast protein platination and a correspond-
ing accelerated decrease in free Pt (t1/2 = 4 h). Conjugate 1 was
expected to provide a much more stable platinum species. How-
ever, it still gave rise to a reasonably rapid activation and protein
platination (t1/2 = 16 h). The longer half-life (t1/2 P 36 h) of the
platinum control MMPt and carboplatin is taken as evidence of
their relatively greater stability under these experimental condi-
tions. The difference in activation rate between 1, MMPt, and car-
boplatin is interpreted in terms of either (a) the texaphyrin core or
(b) the linkage between the texaphyrin and the Pt moiety resulting



Figure 3. Platination of FBS proteins with various platinum agents. Platinum
concentrations were measured to 5 lg/mL and incubated at 37 �C. Aliquots of the
samples subject to incubation were diluted with 4� the original volume of cold
methanol so as to precipitate proteins, which were removed by centrifugation. The
supernatant was then subjected to flameless atomic absorption spectrometry
(FAAS), which allowed for the determination of free platinum.
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in a greater reactivity with protein. In clinical practice, the low
reactivity of carboplatin is compensated for by use of higher drug
concentrations (relative to cisplatin).21 An increase in reactivity
of 1 relative to carboplatin could account for its greater potency.
To the extent this is true, it may prove possible to use lower con-
centrations of 1 in vivo than would be expected based on simple
Pt(II) dosage considerations. Thus, conjugate 1 would have advan-
tages from both the presence of a tumor-localizing carrier (i.e., a
texaphyrin core) and reduced risks of Pt-based toxicity. In due
course, this could translate to improved clinical outcomes.

The origins of cisplatin resistance are multifactorial and reflect a
variety of biochemical pharmacologic mechanisms, including
reductions in cellular uptake and retention, decreased DNA adduct
formation and a greater tolerance for DNA damage.22–25 The im-
proved resistance factor obtained for conjugate 1 presumably re-
flects an ability to overcome some, perhaps, many of these forms
of resistance. To gain insights into which, if any, of these putative
determinants was most important, the intracellular uptake of 1
was analyzed, along with that of the control complexes MMPt, car-
boplatin, and cisplatin (Fig. 4).26 These latter agents demonstrated
a 50% or greater reduction in intracellular uptake in resistant
2780CP cells as compared to sensitive A2780 cells. Such findings
are consistent with the reported two-fold reduction in uptake seen
in resistant cells exposed to platinum anticancer agents.22 In strik-
ing contrast to this, no difference in uptake was observed for con-
jugate 1 between A2780 and 2780CP. This is a highly encouraging
Figure 4. Intracellular platinum concentration of sensitive (A2780) and resistant
(2780CP) ovarian cancer cells after a 4-h incubation with 200 lM of each complex.
result in that resistance due to reduced platinum uptake has been
overcome in resistant cells. Conjugate 1 provided an 8- and 12-fold
increase in uptake over the most similar control (MMPt) for A2780
and 2780CP, respectively. Additionally, it should be noted that con-
jugate 1 provided greater uptake than cisplatin for 2780CP over the
allotted 4-h incubation period.

One tell-tale sign of platinum resistance is a significant decrease
in Pt adducts formed with DNA as a result of reduced drug accumu-
lation. Pt-DNA adducts formed by conjugate 1, as well as the Pt
control complexes MMPt, carboplatin, and cisplatin, were quanti-
fied (Fig. 5).27 Here, both the A2780 and 2780CP cell lines were
incubated with 200 lM of the respective drug for a 4-h period.
The DNA was then isolated and subjected to FAAS for quantitation
of the Pt adducts. Cisplatin provided a control against which efforts
to overcome resistance due to reduced adducts could be calibrated.
Indeed, using cisplatin, a 50% reduction in Pt-DNA adducts was
seen in 2780CP cells. Reduction in adducts were also observed
for MMPt and carboplatin, although data for MMPt and carboplatin
adducts with DNA in 2780CP cells fell below detection limits. The
generally reduced Pt-DNA adducts of Pt complexes containing
bidentate ligands in both cell lines relative to cisplatin is thought
to reflect a decrease in the rate of adduct formation resulting from
a reduction in reactivity.21 In the case of conjugate 1 such a reduc-
tion was not seen; indeed, in contrast to what is normally seen, the
number of Pt-DNA adducts formed by conjugate 1 proved to be
high in both the cisplatin sensitive and resistant cell line. This re-
sult, which is consistent with the conjugation strategy providing
a benefit, is ascribed to the greater reactivity of the conjugate (Ta-
ble 1), as well as to enhanced cellular uptake (Fig. 4). Also notewor-
thy is the fact that there was at least a four-fold increase in Pt
adducts induced by 1 as compared to MMPt; this was true in both
the sensitive and resistant cell lines. These are key findings that we
interpret as full circumvention of platinum resistance at the level
of adduct formation.

DNA-platinum adduct repair has been observed within many
resistant cancers and is a biochemical pharmacologic form of resis-
tance that reduces adduct persistence.23,24 We hypothesized that
adducts formed by conjugate 1 are similar to those formed by cis-
platin and carboplatin. If this is the case, it is expected that the Pt-
DNA lesions formed as the result of treating with conjugate 1 will
be subject to the same lesion repair mechanisms as operative in
the case of cisplatin and carboplatin. To test this hypothesis,
A2780 and 2780CP cells were exposed to conjugate 1 for a 4-h per-
iod followed by re-incubation by drug-free media for an additional
8-h. The Pt-DNA levels were quantified by FAAS before and after
the 8-h repair period, and the results are shown in Figure 6.28 As
mentioned previously, no difference in adduct levels between
A2780 and 2780CP were observed after exposure to the drug,
Figure 5. Pt-DNA adducts formed in vitro upon a 4-h incubation period with the
representative drug. Platinum concentration was determined by FAAS.



Figure 6. Levels of Pt-DNA adducts formed in each ovarian cell line due to exposure
of 200 lM conjugate 1 for 4 h followed by removal of 1 and 8-h repair.
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indicating no resistance at the level of Pt adduct formation. After
the 8-h repair period, similar Pt-DNA adduct levels were observed
in sensitive A2780 cells; however, reduced levels were observed in
platinum resistant 2780CP cells. This result, which we interpret in
terms of repair of the Pt-DNA adducts in platinum resistant cell
lines during the 8-h repair period, is in accordance with the Pt-
DNA adduct repair known to occur after exposure to cisplatin.29

On this basis, we conclude that the increased cytotoxicity of conju-
gate 1 relative to carboplatin and MMPt in 2780CP is not due to re-
duced repair of the resulting Pt-DNA adducts, rather it is ascribed
to increases in uptake and/or reactivity, as noted above.

As indicated earlier, the origin of cisplatin resistance is multi-
factorial. However, increased tolerance to cisplatin-induced DNA
adducts appears to suggest that cumulative resistance from molec-
ular mechanisms predominates.25 The ability of a cell to tolerate
DNA damage caused by conjugate 1 and cisplatin is provided in
Figure 7. The bars in the graph represent adduct levels normalized
to the number of adducts needed to kill 50% of cells (i.e., the data is
adjusted to reflect the relative IC50 values). A 10-fold increase in
adducts, formed by cisplatin, between A2780 and 2780CP is indic-
ative that molecular mechanisms of resistance (such as failure to
activate p53)29 are not overcome. The data for conjugate 1 in this
specific regard is similar to that of cisplatin. We thus appreciate
that molecular-based mechanisms of Pt resistance represent a
challenge that is not yet met by conjugate 1.

In summary, with a human ovarian cancer cell model, conju-
gate 1 was shown to provide an increase in intracellular plati-
num as well as a greater number of Pt-DNA adducts relative to
similar controls (i.e., MMPt, carboplatin). No difference in the
biochemical pharmacology of conjugate 1 was observed between
Figure 7. DNA damage tolerance seen in A2780 and 2780CP cells upon exposure to
conjugate 1 and cisplatin.
the A2780 and 2780CP cell lines, which is consistent with the
underlying design hypothesis, namely that certain pharmacologic
mechanisms of resistance, including specifically uptake, can be
overcome successfully through conjugation of a platinum(II) cen-
ter to a texaphyrin core. As expected, the DNA damage tolerance
of conjugate 1 proved similar to that of cisplatin, leading us to
suggest that other molecular mechanisms of resistance persist
and are yet to be overcome. Current work in our lab involves
addressing this limitation.
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