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Abstract

This rapid report focuses on the pharmacodynamic mechanism of the carboplatin/paclitaxel 

combination and correlates it with its cytotoxicity. Consistent with the synergistic to additive 

antitumor activity (the combination index ranging from 0.53 to 0.94), cells exposed to this 

combination had significantly increased carboplatin-DNA adduct formation when compared to 

that of carboplatin alone (450 ± 30 versus 320 ± 120 adducts per 108 nucleotides at 2 h, p = 

0.004). Removal of paclitaxel increased the repair of carboplatin-DNA adducts: 39.4 versus 33.1 

adducts per 108 nucleotides per hour in carboplatin alone (p = 0.021). This rapid report provides 

the first pharmacodynamics data to support the use of carboplatin/paclitaxel combination in the 

clinic.
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The platinum/taxane combination is one of the most commonly prescribed regimens in the 

clinic to treat lung, ovarian, bladder, and many other cancer types, and forms the backbone 

of combination therapy in clinical practice and clinical trials. However, preclinical studies 

show a wide range of drug–drug interactions and antitumor activities of this combination, 

ranging from synergism1 and additivity2 to antagonism.3-5 This regimen was designed based 

on the different antineoplasm mechanisms in which carboplatin exerts cytotoxicity mainly 

through the induction of carboplatin-DNA adducts while paclitaxel relies on the 

antidepolymerization of microtubules and cell cycle arrest at the G2/M phase irrespective of 

p53 status.6-8 It has been proposed that cell cycle arrest induced by paclitaxel hinders the 

repair of carboplatin-DNA adducts and enhances the antitumor activity. However, this 

hypothesis has yet to be validated.

Our group has reported the use of accelerator mass spectrometry (AMS) to detect cellular 

carboplatin-DNA monoadducts, the precursors of all forms of carboplatin-DNA damage. 

AMS measures 14C at the attomole (10−18-21) level or less in milligram-sized specimens 

with a few percent precision during repeated measurements.9 This is equivalent to less than 

one 14C-labeled drug molecule per cell in 105 cells. After treatment with 14C-labeled 

carboplatin, AMS can measure 14C bound to genomic DNA and allow the calculation of 

carboplatin-DNA adducts.10 Therefore, the AMS-based ap-proach allows precise 

measurement of carboplatin-DNA adduct formation and repair to study drug activity and 

mechanisms.

In this study, we aimed to determine the feasibility of using the pharmacodynamic end point 

of carboplatin-DNA adduct level modulation by paclitaxel to justify the use of this regimen 

in the clinic. Furthermore, the compatibility of AMS with translational research (low drug 

doses, low radiation exposures, and ease of use) can be applied to study many other 

chemotherapeutic agents or combinations and can have broad clinical applications.

We used a p53 mutant human bladder urothelial carcinoma cell line 5637 (ATCC, Manassas, 

VA, USA) to show the proof of principle. These cells were maintained with the recom-
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mended medium. The MTS assay was performed to determine the growth inhibition IC50 

(the concentration required for 50%inhibition of cell growth) as described in the 

manufacturer's instructions (Promega, Madison, WI, USA). In brief, after overnight culture, 

5637cells were treated with carboplatin and/or paclitaxel for 4 h to mimic the in vivo half-

life of carboplatin and paclitaxel of 1.3–6h.11-13 After treatment, the cells were washed and 

cultured with medium at 37 °C for 68 h. After treatment with MTS, the absorption was 

measured at 490 nm using a SpectraMax M3 microplate reader (Molecular Devices, 

Sunnyvale, CA, USA). The median effect method, proposed by Chou and Talalay, was used 

to determine the nature (synergism, additivity, and antagonism) of drug and drug 

interaction.14,15 This method, using the combination index (CI) equation, allowed 

quantitative determination of drug interactions at increasing levels of cytotoxicity: CI < 0.9 

indicates synergism; CI 0.9-1.1 indicates additivity; and CI > 1.1 indicates antagonism. Dm 

is the antilog of the x-axis intercept, meaning the concentration of carboplatin, paclitaxel, or 

combination needed to induce 50% of cell killing. Fa is the fraction of cell death induced by 

drug treatment and ranges from 0 to 1, with 0 meaning no cell killing, and 1 representing 

100% of cell killing. The r values of 0.95 or above indicate good conformity of the dose–

effect data with respect to the median-effect principle.

The cytotoxic activities of carboplatin and paclitaxel were first determined individually on 

5637 cells. There was a dose– dependent reduction in cell viability with increasing dose for 

both drugs. IC50 values were 290 μM for carboplatin and 0.08 μM for paclitaxel. The 

cytotoxicity of carboplatin/paclitaxel combination on 5637 cells was then evaluated.15 With 

the carboplatin/paclitaxel combination, the Dm value was 130 μM (Table 1), less than the 

calculated IC50 of the combination at 150 μM [(290 + 0.08) ÷ 2]. This corresponds to the CI 

value of 0.71, indicating moderate synergism (Figure 1). A similar synergistic effect was 

observed at IC25 and IC30.AtIC75, the CI value was 0.94, falling into the additivity 

category. The r values for all these experiments were 0.95 or higher, indicating outstanding 

conformity of the dose–effect data.

We next determined whether the additive to synergistic effect of this combination was 

associated with paclitaxel-mediated changes in the formation of carboplatin-DNA adducts. 

Cells were dosed and incubated with 290 μM carboplatin or 290 μM carboplatin combined 

with 0.08 μM paclitaxel for 4 h, each including 0.43 μM[14C]carboplatin (106 dpm/ml). 

After washing, cells were maintained with 14C carboplatin-free culture media. DNA was 

extracted from cells and converted to graphite and measured by AMS for 14C quantification 

as previously described.16

Compared to cells treated with carboplatin alone, cells treated with the carboplatin/paclitaxel 

combination had consistently higher carboplatin-DNA adducts: the carboplatin-DNA adduct 

levels were 320 ± 120 and 780 ± 80 adducts per 108 nucleotides for carboplatin alone at 2 

and 4 h, respectively, compared to 450 ± 30 (p = 0.004) and 1130 ± 80 (p = 0.002) in the 

combination. To mimic the in vivo drug metabolism and clearance, carboplatin and 

carboplatin/paclitaxel were removed from the culture medium by washing 4 h after 

incubation. After the removal, cells treated with carboplatin alone continued to form DNA 

adducts during the next 4 h, from 780 ± 80 at 4 h (when carboplatin was washed) to 960 

± 60 adducts/108 nucleotides at 8 h (p = 0.068). However, in cells treated with the 
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carboplatin/paclitaxel combination the DNA adduct levels slightly decrease from 1130 ± 80 

to 1120 ± 60 (p = 0.79). At 8 h, the DNA adduct levels were slightly higher and nearly 

statistically significant in the combination group than the carboplatin alone group (1120 ± 60 

versus 960 ± 60, p = 0.054). From 8 to 24 h, the carboplatin-DNA adducts in the 

combination group decreased from 1120 ± 60 to 490 ± 40 adducts per 108 nucleotides or 

39.4 adducts per 108 nucleotides per hour, while the adduct levels in the carboplatin group 

decreased from 960 ± 60 to 430 ± 40 or 33.1 adducts per 108 nucleotides per hour (p = 

0.021). Because of this increased DNA repair in the combination arm after the removal of 

drugs, the DNA adduct levels between these two groups were not statistically significant at 

24 h: 490 ± 40 for the combination versus 430 ± 40 in the carboplatin group (p = 0.21).

This is the first mechanistic study to determine how paclitaxel affects the formation and 

repair of carboplatin-DNA adducts. Our findings suggest that the addition of paclitaxel 

increased carboplatin-DNA adduct levels possibly through interference of DNA repair from 

cell cycle arrest at the G2/M phase by paclitaxel. Our findings support the synergistic effect 

of carboplatin and paclitaxel. Here, we used ultrasensitive AMS that is able to quantify one 

carboplatin-DNA adduct per 100 million nucleotides or less from a small plate of cells. 

Hence, this technology allowed the measurement of DNA adducts under physiologically 

relevant drug concentrations. As shown in Figure 2, addition of paclitaxel in culture 

significantly increased the carboplatin-DNA adduct levels at both 2 and 4 h after incubation. 

One plausible explanation is that G2/M arrest decreases nucleotide excision repair of 

carboplatin-DNA damage since this repair activity is greatest during G1 of the cell cycle.17 

Although this hypothesis requires additional experiments for validation and correlation with 

in vivo studies, it is supported by the observed increase in DNA repair of carboplatin-DNA 

monoadducts after the cells were washed and allowed to recover in drug-free cell culture 

medium. Our results are contradictory to another report showing that paclitaxel and 

docetaxel decreased cisplatin-DNA adduct formation.18 In that report, white blood cells 

were collected 3 h after taxane infusion and incubated with cisplatin continuously in vitro. 

This is not clinically and physiologically relevant as clinically there is no waiting period 

between infusions of two drugs. Infusion of taxane followed by a 3 h waiting period could 

possibly induce cell cycle arrest and decrease adduct formation. In our case, cells were 

treated with carboplatin/paclitaxel concurrently followed by washing. This mimics the 

clinical situation, in which these two drugs are administered together with similar plasma 

half-lives of ~4h.11,12

In conclusion, carboplatin and paclitaxel achieved synergistic antitumor activity, possibly 

through the inhibition of DNA repair and accumulation of carboplatin-DNA adducts. 

Furthermore, the AMS method described in this study can be used for other mechanistic 

studies involving DNA damage.
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Abbreviations

AMS accelerator mass spectrometry

MTS 3-(4,5-dimethylth-iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 

sulfophenyl)-2H-tetrazolium
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Figure 1. 
Median effect method to determine the antitumor activity of carboplatin/paclitaxel 

combination. At the IC50 concentration, the CI value was 0.71, indicating moderate 

synergism. At the IC75 concentration, the CI value was 0.94, indicating additivity. Each 

experiment was repeated at least three times.
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Figure 2. 
Paclitaxel increased carboplatin-DNA adduct formation. **, p = 0.068; ***, p = 0.004; ****, 

p = 0.0015. Each experiment was repeated at least three times.
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Table 1

CI Values and Anti-tumor Activity
*

Carboplatin/PTX IC25 IC30 IC50 IC75

CI Value 0.62 0.53 0.71 0.94

Drug activity Syn Syn Syn Add

*Abbreviations: PTX, paclitaxel; Syn, synergism; Ant, antagonism; Add, additivity.
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