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Abstract

:

Mitotane (DDD) is prescribed in adrenocortical renal carcinoma. Its principal metabolite, dichlorodiphenylethene (DDE), can accumulate in fat tissues and from a toxicological point of view, is probably more interesting than the other metabolite dichlorodiphenylacetate (DDA). Therapeutic Drug Monitoring (TDM) of DDD plasma concentrations is required to combine therapeutic efficacy with acceptable toxicity. Therefore, we developed a simple and fast HPLC-UV method to monitor plasma concentrations after a liquid–liquid extraction of plasma calibration samples, quality controls, and anonymous plasma samples with unknown DDD and DDE concentrations. Samples were injected into an HPLC instrument and peaks of mitotane (DDD), DDE and aldrin (internal standard, IS) were resolved by a stationary phase C18 column (250 mm × 4.6 mm, 5 μm), maintained at 35 °C. Mobile phase, made by water/acetonitrile (10/90, v/v), was pumped at a flow of 1.0 mL/min, and absorbance was monitored at a wavelength of 226 nm. Average recovery was 95% for all analytes, and the method was linear for both DDD (r2 = 0.9988, range 1–50 mg/L) and DDE (r2 = 0.9964, range 1–40 mg/L). The values of limit of detection and quantitation were 0.102 and 0.310 mg/L for DDD and 0.036 and 0.108 mg/L for DDE, respectively. The retention time values of DDD, DDE and IS were 7.06, 9.42 and 12.60 min, respectively. The method was successfully validated according to FDA guidelines and finally adopted for routine TDM.
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1. Introduction


Mitotane (1-chloro-2-[2,2-dichloro-1-(4-chlorophenyl)ethyl] benzene), also known as o,p′-DDD, was isolated in 1940 from the insecticide, dichlorodiphenyltrichloroethane (DDT), and finds its selective use in the treatment of adrenocortical carcinoma (AC), against which the drug is effective alone or in combination with other pharmacological agents [1]. Indeed, in the adjuvant setting, mitotane (DDD) significantly improves disease-free survival at the cost of moderate toxicities [2]. In advanced diseases, mitotane may control disease progression with a median overall survival of 12.0–14.8 months, depending on the combination regimen [3]. Even in that setting, the administration of mitotane may be associated with neurological and gastrointestinal toxicities that may require a decrease in daily dosage or the discontinuation of therapy [4]. In the latter case, the patient may lose the therapeutic benefit of the drug. Usually, in advanced adrenocortical carcinoma, there are two dose regimens: a low-dose starting regimen (a dose of 3 g daily is reached after 12 days), and a high-dose starting regimen (a dose of 6 g daily is reached after 4 days and kept until day 14). Further dose adjustments are guided by the results of mitotane monitoring [5].



Mitotane (DDD) metabolism involves two reactions via α- and β-hydroxylation. Alpha-hydroxylation forms the metabolite (1,1-(o,p′-dichlorodiphenyl)-2,2 dichloroethene, DDE), whereas β-hydroxylation forms the o,p′-dichlorodiphenyl acyl chloride (DDA) (Figure 1). DDA has a strong affinity for biological nucleophiles and can acylate different cellular molecules, but it may be rapidly converted to the metabolite o,p′(1,1-(o,p′-dichlorodiphenyl) acetic acid, DDA) in the presence of water. Indeed, DDA is less lipophilic than DDD and DDE, and its presence in urine suggests that it is a product of the DDD deactivation pathway. In contrast, it has been speculated that DDE could be an active metabolite, as it was not extensively found in plasma, urine, or feces, and exerted a cytotoxic effect against the H295R adrenocortical cell line [6], which has been used in many related studies on steroidogenesis [7]. However, further studies are needed to confirm this hypothesis.



Being a highly lipophilic drug, DDD has a wide tissue distribution and a long terminal half-life (18–159 days) [8], so a steady-state may be achieved after several weeks of therapy [9]. This is because the delay in every change in drug dosage modifies the plasma concentration. Furthermore, clinical studies have demonstrated that patients may achieve the best therapeutic benefit when minimum plasma concentrations (Cmin) of the drug are within the range of 14–20 mg/L [2,10]. Despite the long terminal plasma half-life, the timing of blood withdrawal should be carefully considered because plasma concentrations of mitotane (DDD) display a wide fluctuation after drug intake [10].



High-performance liquid chromatographic (HPLC) methods represent a valid alternative to gas chromatography [11,12] in monitoring plasma DDD levels, despite the fact that they do not always assess DDD, DDA, and DDE at the same time [13].



Therefore, the present study reports the elaboration and validation, according to FDA guidelines, of a rapid HPLC method for DDD and DDE Therapeutic Drug Monitoring (TDM). The method was then applied to human anonymized plasma samples, and it is currently used for drug monitoring at the Pisa University Hospital, which is a regional reference center for the therapy and management of AC patients in both adjuvant and palliative settings, with the aim of implementing the precision medicine concept, already practiced in other diseases [14,15].



Indeed, the final method resulted reliable and precise, with a short run time that allowed a minimum turnaround time [16]. Future perspectives could include a comparison with reference analytical methods or with SPE extractions, as performed for mitotane (DDD) [17] and other analytes [18,19,20].




2. Materials and Methods


2.1. Chemicals


HPLC-grade acetonitrile (ACN), water, absolute ethanol, DDD (99% purity, powder), DDE (99% purity, 0.1 mg/mL solution) and aldrin (powder) used as internal standard (IS), were purchased from Merck (Merck, Darmstadt, Germany).




2.2. Instrumentation


The HPLC-UV method was developed using a Waters 2695 Separations Module equipped with a Waters 2487 Dual λ Absorbance Detector (Waters Corporation, Milford, CT, USA), and controlled by the Empower software version Pro (Waters Corporation, Milford, CT, USA). HPLC separation was accomplished on a HAISIL HL C18 250 mm × 4.6 mm, 5 μm (Higgins Analytical Inc., Mountain View, CA, USA).




2.3. Methods


2.3.1. Calibration and Quality Control Samples


Stock solutions of DDD and aldrin were prepared by dissolving 10 mg of the analyte in 10 mL of ethanol (final concentration, 1000 μg/mL). DDE commercial solution has a concentration of 100 μg/mL in methanol. Calibration and quality control samples were obtained by serial dilution of drugs (from stock solution aliquots) in blank human plasma for laboratory use, obtained by the Pisa Hospital Transfusion Unit. We diluted 100 μL of DDD and aldrin stock solutions with 900 μL of blank human plasma, obtaining working solutions of 100 μg/mL. The DDE solution was diluted to obtain a working solution of 10 μg/mL. Serial dilutions of DDD and DDE for calibration standards were made in blank human plasma up to final concentrations of 0.5, 1.0, 5.0, 25.0 and 50.0 mg/L. For method validation and intra- and inter-day variability tests, the following concentrations of DDD in quality controls (QC) were used: 0.5, 5.0, 50.0 mg/L. IS validation was performed on aldrin-spiked plasma samples.



DDD and aldrin solutions (in ethanol) were stored at −20 °C, while DDE was stored at 4 °C. Spiked plasma samples were kept at −20 °C for 3 consecutive days for intra- and inter-day validation, since the stability of polychlorinated compounds is known in the literature [21].




2.3.2. Sample Preparation


Calibration standards, quality controls, and anonymized samples (200 μL) were added with 20 μL of IS working solution (1000 μg/mL), then samples were vortexed for 30 s. Samples were deproteinized by adding 200 μL of ACN, vortexed for 30 s and centrifuged at 12,000 rpm for 10 min. The clear supernatant was transferred into HPLC autosampler vials for HPLC-UV analysis.




2.3.3. HPLC-UV Conditions and Detection


The HPLC mobile phase consisted of ACN and water at different percentages of volumes (Figure 1) to obtain the optimal identification and separation of analyte peaks. Moreover, to expedite the chromatographic runs, an isocratic elution of the mobile phase was chosen with a chromatographic column maintained at a controlled temperature (35 °C). Finally, the volume of injection was fixed at 50 μL, based on the chromatographic column size (250 mm × 4.6, 5 μm particle size).




2.3.4. Validation Studies


The method validation was made according to FDA guidelines, through the evaluation of precision and accuracy. In particular, a limit for intra-day precision was defined as 2(1−0.5logConc) × 2/3, while a limit for inter-day precision was calculated as 2(1−0.5logConc) [22].



Accuracy was defined as the percentage of results within the ±15% range of nominal concentrations and within the ±20% range at Limit of Quantitation (LOQ). QC samples were analyzed in triplicate at each of the three concentration levels. Samples were quantified in a single batch, considering mean concentration, standard deviation, and percentage coefficient of variation. Inter-day precision and accuracy values were calculated with the same parameters on QCs in triplicate at three different concentrations, for three consecutive days, for three weeks. To evaluate specificity, blank samples of human plasma were analyzed to check for the presence of interfering peaks at the retention time (RT) points of DDD, DDE and aldrin. To evaluate robustness, the Fisher test was carried out at three different concentration values of intra- and inter-day for both analytes (DDD and DDE). Potential interferences, caused by endogenous and chemically related compounds, were studied to evaluate the selectivity of the method. The signal-to-noise ratio of a possible interfering peak in a blank plasma sample should be below the signal-to-noise ratio of DDD, DDE, and aldrin in the same elution sector at the LOD level. The LOD was evaluated as a signal-to-noise ratio ≥ 3, while the LOQ value was calculated as 3.04 × LOD. Finally, the IS response was measured as a percentage difference between AC plasma samples and spiked plasma. The various parameters tested were: linearity, which is the method’s ability to obtain test results that are directly proportional to the concentration of analyte in the sample; accuracy, which is defined as the closeness of a result to the true value; and precision, which is defined as the extent to which results agree with one another. Limit of determination (LOD) is the smallest amount or concentration of analyte in the test sample that can be reliably distinguished from zero, and limit of quantitation (LOQ) is used to describe the smallest concentration of analyte that can be reliably measured by an analytical procedure.




2.3.5. Application of the Methods


From January 2020 to February 2021, the validated method was adopted for the routine TDM of AC patients. To protect patients’ privacy, each sample is registered on the sample list of the Empower software by an 8-digit number, assigned consecutively by the laboratory information system. No further information regarding patients and the prescribing physicians are recorded. Chromatograms were extracted from the DDD folder of the computer and reviewed by two technicians in a blinded fashion, together with the corresponding calibrator samples and quality controls used in every analytical session.




2.3.6. Statistical Calculations


Statistical calculations were performed with GraphPad Prism version 5.0a (GraphPad Software®, San Diego, CA, USA), and the level of significance was set at p = 0.05.






3. Results


3.1. Sample Extraction and HPLC-UV Analysis


The sample preparation included a liquid–liquid extraction step, performed by adding ACN 200 μL to the plasma sample in a 1:1 volume ratio to precipitate plasma proteins. The choice of ACN, instead of using other solvents (i.e., methanol), was dependent on both the better deproteinization obtained with ACN and its presence in the mobile phase.



The optimal percentage of water and ACN constituting the mobile phase was chosen based on the RT values of analytes, until an excellent separation of peaks was obtained in the shortest chromatographic run (15 min). Indeed, the initial percentage of ACN (60%) was increased up to 90% (Figure 2), when peaks of interest were approximately 2 min apart from each other. The RT values were 7.0, 9.4 and 12.7 min for DDD, DDE and aldrin, respectively. Moreover, an ACN percentage of 90% ensured a faster elution of analytes than other mobile phases evaluated, so that the total run length was 15 min. These characteristics allowed a good separation of peaks among themselves from the wavefront, while ensuring an optimum turnaround time (TAT) [16].



Representative sample chromatograms extracted from human plasma samples are shown in Figure 3. Of note, the analysis of blank samples showed no interfering peaks at RT values of the analytes. Moreover, the average recovery from plasma samples was >95% for all analytes.




3.2. Carryover


The carryover effects of mitotane (DDD) and DDE were tested by analyzing the chromatograms of extracted blank plasma samples, injected after quality control samples containing mitotane at 20 mg/L and DDE at 1.00 mg/L of DDE. No carryover effects were detected.




3.3. Validation Studies


Validation parameters are reported in Table 1, Table 2 and Table 3. Analysis of the present findings demonstrated that the method completely fulfilled the requirements of the FDA 2018 analytical parameters guideline [23,24].



In particular, the method was proven to be linear in the full range of expected concentrations for DDD (0.5, 1.0, 5.0, 25.0, 50.0 mg/L, r2 = 0.9988) and DDE (0.10, 0.20, 0.40, 1.00, 5.00 mg/L, r2 = 0.9964) in plasma samples. For aldrin, the linearity was obtained in the range of 5.0–100.0 mg/L (5.0, 10.0, 25.0, 50.0, 100.0 mg/L, r2 = 0.9956), ensuring a wide range of choices for the final concentration of IS in samples. The intra- and inter-day variability values were <12% and <15%, respectively, for the three analytes at three different concentrations: 0.5, 5.0 and 50.0 mg/L for DDD, 0.10, 0.40 and 1.00 mg/L for DDE and 50.00, 100.00, 200.00 for aldrin. The LOQ and LOD values were 0.310 and 0.102 mg/L for mitotane (DDD), 0.036 and 0.108 mg/L for DDE, respectively. The average IS response in samples was +2.27%, compared to the average IS response of calibrators.



Accuracy and precision values were within the acceptable range of variability (±15%) for nominal concentrations at 0.5, 5.0, 50.0 mg/L for DDD and 0.10, 0.40, 1.00 for DDE, and within ±20% at LOQ, as per FDA guidelines. The Robustness test (F Fisher test) on robustness did not report differences between inter- and intra-day measured three level concentrations, with p-value >>> 0.05 for DDE and mitotane (DDD).



Finally, the LOD value and calibration range were acceptable based on the TDM routine and therapeutic range.




3.4. Analysis of Anonymous Samples


The review of 30 chromatograms obtained during the routine TDM protocol for DDD, and the corresponding calibration standards and QC, resulted in an easy identification of peaks of interest, without interfering peaks. Figure 4 shows the waterfall plot of DDD plasma concentrations. Notably, many samples had DDD plasma concentrations below the therapeutic range.



Most importantly, when the DDD concentration values were plotted against DDE values, a significant correlation was observed (p < 0.0001, r2 = 0.4712; Figure 5).



Moreover, the review of calibration standards for each of the nine (three a week, for three weeks consecutively) analytical sessions resulted in r2 values of 0.9986 ± 0.0010 and 0.9845 ± 0.0056 for DDD and DDE, respectively.





4. Discussion


The presented manuscript describes the development and validation of a simple, reliable HPLC-UV method for DDD and DDE measurement of plasma concentrations by rapid sample preparation and using an isocratic chromatographic run. These characteristics led to the successful adoption of the method to routinely monitor DDD and DDE plasma concentrations in AC patients.



The importance of DDD monitoring depends on several pharmacokinetic and pharmacodynamic aspects. First, among antineoplastic drugs, DDD has a recognized therapeutic range for its plasma concentrations. Therefore, the oncologist may adapt individual doses until the plasma concentrations are within the therapeutic range. However, the drug has a long terminal half-life (approximately 18–159 days) that significantly influences the time needed to achieve therapeutic plasma concentrations. This means that every change will generate steady-state plasma concentrations after weeks. It is worth noting that the earlier the patient obtains the therapeutic plasma concentrations, the better the therapeutic outcome will be. Indeed, a recent study has demonstrated increased survival among AC patients who achieved therapeutic plasma concentrations in the first 17 months of treatment [24]. Third, standard doses may expose the patients to the risk of toxicities, which will require an adjustment of the daily dose [25]. The toxicities may depend on the individual variability of DDD pharmacokinetics; concomitant therapies, changes in body weight, and alterations of liver and kidney functions raise the risk of a reduced benefit from DDD and possibly increase the risk of toxicities. Whatever the reason could be, a TDM protocol can help to define the most appropriate dose for a single patient.



In this context, the present chromatographic method appears to be suitable to monitor DDD plasma concentrations, as demonstrated by the revised anonymous chromatograms.



DDD metabolites are an interesting point of discussion because DDE has a residual anticancer activity [26]. On the contrary, DDA has a faster clearance and excretion rate than DDE, which suggests that DDA has lower toxic potential than DDE [27]. Therefore, DDE was a possible determinant of DDD activity, despite a therapeutic range for the DDE not being available (as with many active metabolites). Moreover, the review of chromatograms showed a significant linear correlation between DDD and DDE, and this fact suggested that the evaluation of DDD plasma concentrations could be enough to guide eventual dose adjustment. Further studies are needed to confirm or exclude the measurement of DDE from TDM protocols. In some cases, the therapeutic range is the sum of plasma concentrations of drugs and their corresponding metabolites [28].



From a technical view, the development of an isocratic HPLC method with UV detection for DDD TDM has some advantages, among which is the lower cost of the instrument and reagents than those of the mass spectrometry platform. Finally, the successful validation according to FDA guidelines confirms the reliability and robustness of the method.




5. Conclusions


In conclusion, we developed and validated a reliable and rapid HPLC-UV method to measure DDD and DDE in plasma samples over the range of drug concentrations expected at standard doses. The method includes aldrin as the internal standard for better accuracy and precision. Moreover, the simple preanalytical preparation of samples and the reduced costs of the HPLC platform may ensure a wide diffusion of the present method.
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Figure 1. Mitotane metabolism. 
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Figure 2. Analytes retention times. Changes in retention time of analytes (mitotane or DDD, DDE and aldrin) at different percentages of ACN and water HPLC grade. Flow of 1 mL/min. The temperature of column oven was set at 35 °C. 
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Figure 3. Representative chromatograms. Peaks of DDD (20 mg/L; 7.055 min), DDE (1 mg/L; 9.420 min) and aldrin (100 mg/L; 12.676 min) are identified in a plasma sample spiked with the analytes (panels A and B). Blank plasma sample (panel C), chromatogram of a plasma sample spiked with IS (100 mg/L) (panel D). Retention Time in minutes. 
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Figure 4. Mitotane (DDD) plasma concentrations. Therapeutic range of DDD (14–20 mg/L) was reached in 4 out of 30 samples. 
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Figure 5. Linear correlation between mitotane (DDD) and DDE plasma levels in 30 anonymous samples (r2 = 0.4712 e p < 0.0001). Parameters of the regression line: slope 0.04516, X-intercept 2.534, Y-intercept 0.1145. Continuous and dashed lines are regression line and 95% confidence intervals, respectively. 
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Table 1. Inter-day parameters. Theoretical and measured concentration of mitotane (DDD) in optimized conditions.






Table 1. Inter-day parameters. Theoretical and measured concentration of mitotane (DDD) in optimized conditions.





	
DAY

	
Mitotane (DDD) Concentration (mg/L)

	
Accuracy

(%)

	
Precision

(%)

	
CV

(%)




	
Theoretical

	
Measured






	
1

	
0.50

	
0.49 ± 0.02

	
−2.04

	
4.08

	
6.01




	
5.0

	
4.78 ± 0.19

	
−4.40

	
3.97

	
2.86




	
50.0

	
50.25 ± 1.86

	
0.50

	
6.38

	
2.45




	
2

	
0.50

	
0.53 ± 0.03

	
6.00

	
6.38

	
6.57




	
5.0

	
4.83 ± 0.14

	
−3.40

	
2.89

	
3.23




	
50.0

	
49.56 ± 2.01

	
−0.88

	
4.05

	
2.35




	
3

	
0.50

	
0.52 ± 0.03

	
4.00

	
6.52

	
5.67




	
5.0

	
4.89 ± 0.19

	
−2.20

	
3.88

	
3.44




	
50.0

	
48.88 ± 2.33

	
−2.24

	
4.76

	
2.77








Abbreviation: CV, coefficient of variation.
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Table 2. Inter-day parameters. Theoretical and measured concentration of DDE in optimized conditions.






Table 2. Inter-day parameters. Theoretical and measured concentration of DDE in optimized conditions.





	
DAY

	
DDE Concentration (mg/L)

	
Accuracy

(%)

	
Precision

(%)

	
CV

(%)




	
Theoretical

	
Measured






	
1

	
0.10

	
0.11 ± 0.01

	
10.00

	
8.33

	
9.61




	
0.40

	
0.38 ± 0.03

	
−5.00

	
9.37

	
4.50




	
1.00

	
0.94 ± 0.04

	
−6.00

	
4.25

	
2.83




	
2

	
0.10

	
0.11 ± 0.01

	
10.00

	
7.69

	
10.89




	
0.40

	
0.37 ± 0.03

	
−7.50

	
9.67

	
4.64




	
1.00

	
0.94 ± 0.05

	
−6.00

	
5.31

	
2.08




	
3

	
0.10

	
0.08 ± 0.01

	
10.00

	
7.14

	
9.05




	
0.40

	
0.37 ± 0.02

	
−7.50

	
6.06

	
5.22




	
1.00

	
0.94 ± 0.05

	
−6.00

	
5.37

	
1.77








Abbreviation: CV, coefficient of variation.
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Table 3. Intra-day parameters. Theoretical and measured concentration of DDD and DDE in optimized conditions.






Table 3. Intra-day parameters. Theoretical and measured concentration of DDD and DDE in optimized conditions.





	

	
Concentration (mg/L)

	
Acc.

(%)

	
Prec.

(%)

	
CV

(%)

	
LOD

(mg/L)

	
LOQ

(mg/L)

	
r2




	

	
Theoretical

	
Measured






	
DDD

	
0.50

	
0.49 ± 0.02

	
3.87

	
2.63

	
6.38

	
0.102

	
0.310

	
0.9988




	
5.0

	
4.78 ± 1.39

	
2.58

	
0.46

	
3.56




	
50.0

	
49.15 ± 1.86

	
1.16

	
0.11

	
2.20




	
DDE

	
0.10

	
0.12 ± 0.03

	
3.87

	
2.63

	
6.38

	
0.036

	
0.108

	
0.9964




	
0.40

	
0.38 ± 0.10

	
2.58

	
0.46

	
3.56




	
1.00

	
0.98 ± 0.27

	
1.16

	
0.11

	
2.20








Abbreviation: Acc., accuracy; Prec., precision; CV, coefficient of variation; LOD, limit of detection; LOQ, limit of quantitation.
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