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Abstract

N,N-Dimethylacetamide (DMA) is an excellent solvent that is highly used in the production of synthetic fibres as well as in
the pharmaceutical industry. It is present as a solvent in the intravenous formulation of busulphan, a drug used in high doses as
myeloablative treatment prior to hematopoietic stem cell transplantation (SCT). DMA was shown to cause hepatotoxicity as well as
neurotoxicity, as revealed throughout several studies including phase | study. In the present investigation we developed an LC-MS
based method to detect and quantify DMA and its primary metabolite N-monomethylacetamide (MMA) simultaneously in human
plasma, using a C-18 ODS-AQ/S-5 ym 12 nm separation column. The lower limits of quantification (LLOQs) for DMA and MMA
were 1.8 uM and 8.6 puM, respectively. The limit of detection (LOD) for DMA and MMA were 0.53 uM and 2.52 pyM, respectively. The
recovery of DMA from plasma ranged from 97-101% and for MMA from 76-100%. The stability for DMA and MMA was assessed
through freeze-thaw cycles and storage at different temperatures (RT, 4°C and -20°C for three days); the results have shown
<7.9% CV for DMA and <14.1% for MMA. The inter-day and intra-day variation assay accuracy and precision was <6.3% for DMA
and <8.6% for MMA. The calibration was linear within the ranges 1 to 4000 uM. The method was applied to follow the kinetics
and to quantify DMA and its metabolite MMA in 49 plasma samples from 2 patients undergoing SCT and treated with intravenous
busulphan that contain DMA. The present method is simple, robust and showed good selectivity with high accuracy, precision and
reproducibility. Moreover, it can be utilized to determine DMA and its metabolite in workers, patients and environment and hence

avoid toxic exposure.
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Introduction

Dimethylacetamide (DMA) is a polar solvent used in chemical and
pharmaceutical industries. DMA is used in the production of man-
made fibers, films and industrial coating (2-25% of tonnage). Even
though DMA is classified as a class 2 chemical, it is abundantly present
in pharmaceuticals and agrochemicals (65-70% of tonnage) [1]. In
pharmaceuticals, DMA is used during the manufacturing process of
some antibiotics (Cefadroxil, cefalexin, and cefradine); it is also used
as a solvent of highly lipophilic drugs such as busulphan (Bu). The
i.v. formulation of busulphan containing DMA is used in high doses
during the conditioning treatment prior to hematopoietic stem cell
transplantation (SCT) in order to avoid variability in bioavailability
and minimize the inter-individual variation, especially in pediatric
patients [2-4].

DMA is metabolized to its primary metabolite
N-monomethylacetamide (MMA) in the liver possibly through the
family of cytochromes P450 (Figure 1). DMA metabolism was studied
by microsomal incubations with purified liver microsomes from rats
pretreated with acetone and ethanol, as inducers of cytochrome P450
2E1 (CYP2E1l); the experiment proved that CYP2EI is involved in
DMA demethylation into MMA and acetamide [5].

DMA toxicity was studied in animals, for instance in rodents,
where hepatotoxicity started to occur at a dose of 300-350 mg/kg [6-
8]. Once more in rodents, studies on reproductive toxicity of DMA
and its primary metabolite MMA displayed embryotoxicity manifested
in teratogenicity [9,10]. A Phase I study of DMA was performed in
patients by intravenous administration at a dose range of 100-450
mg/kg/day for 4 to 5 days; hepatotoxicity and neurotoxicity were
revealed when the dose given to patients reached 400 mg/kg/day for
3 days [11]. Pediatric patients being administered i.v. busulphan as
part of their conditioning regimen receive an average of 249.6 mg/

kg of DMA, which presents more than 62% of the daily toxic dose
studied in humans; in view of that, DMA might be contributing
to the liver and central nervous system (CNS) toxicity seen in those
patients. Conversely, a pharmacokinetic study of DMA has shown
no accumulation of the solvent in the children receiving intravenous
busulphan. The pharmacokinetic analysis showed a clearance of 86.9
mL/h/kg that increased to 298 mL/h/kg on the fourth day and a volume
of distribution of 469 mL/kg, while the mean initial half-life was 3.74
hours, which decreased to 0.829 hours after 96 hours [11-13]. To our
knowledge, no pharmacokinetic parameters have been reported for
MMA as of today.

To our knowledge, there is no method for the simultaneous
determination of DMA and its metabolite. However, two methods were
reported for quantification of DMA in plasma; the first quantification
was carried out using gas chromatography - mass spectrometry (GC-
MS) while the second method was based on LC-MS [14,15]. The
determination of MMA was previously monitored only in the urine
of 27 industrial workers exposed to DMA using gas chromatography
[16]. In the present method, we used liquid chromatography-mass
spectrometry (LC-MS/MS) for the detection and the quantification of
DMA and MMA in human plasma. Compared to the published methods
using LC-MS or GC-MS, the present method offers higher sensitivity,
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Figure 1: Chemical tructures of N,N-Dimethylacetamide and it primary metabolite N-Monomethylacetamide with CYP 450 possibly involved in the metabolism.

lower limit of detection for DMA and MMA, one calibration curve,
and quantification of both DMA and MMA simultaneously in the same
sample. The present method may be utilized for pharmacokinetic and/
or metabolic studies as well as for studies to protect environment and
public health from exposure to DMA.

Materials and Methods

Chemicals and reagents

N,N-Dimethylacetamide (99.9%) and N-Methylacetamide (99%)
were purchased from Sigma-Aldrich CHEMIE GmbH (Steinheim,
Germany); the internal standard used for this study, 2[H]9-N,N-
dimethylacetamide (DMA-d9) (99%), was obtained from Deutero
GmbH (Kastellaun, Germany). Formic acid and acetonitrile
(hypergrade for LC-MS) used in the mobile phases were from Merck
KGaA (Darmstadt, Germany). The water (18 MQ) used in the
preparation of different solutions during the analysis was purified using
a water purification system (PURLAB Ultra, ELGA, High Wycombe,
UK). Pooled human plasma from healthy individuals was provided by
the blood and transfusion center at Karolinska University Hospital-
Huddinge, and then stored immediately at -20°C until needed for
experiments.

Instrumentation

The analysis was performed on a Finnigan TSQ Quantum Ultra
triple quadrupole mass spectrometer with electrospray ionization
(ESI) (Thermo Finnigan San Jose, CA, USA), coupled to a high
performance liquid chromatography (HPLC) system consisting of a
1100 thermostated autosampler (Agilent, Waldbronn, Germany), a
1100 binary pump (Hewlett Packard, Waldbronn, Germany), and a
1100 degasser (Agilent, Tokyo, Japan). The mass spectrum was tuned
to the following operating conditions: a positive ion mode with an
ion spray voltage of 5000 V, sheath and auxiliary gas pressure of 20
and 5 arbitrary units, respectively. The capillary temperature of the
ion source was set at 237°C. The column used for the separation was
YMC Pack ODS-AQ/S-5 um, 12 nm maintained at 21°C preceded by a
guard-column ODS-AQ /S-5 um with a pore size of 12 nm from YMC
(Kyoto, Japan). Data analysis and instrument control were carried
through Xcalibur™ software from Thermo Scientific (21 CFR Part 11,
1997).

The mobile phases used for sample separation in the LC-MS were
acetonitrile (Phase A) and water (phase B). Both solutions contain 0.1%
formic acid.

Sample preparation

All the stock solutions of the DMA, MMA, and DMA-d9 and the
initial concentrations used for the experiments were prepared fresh daily
in water and acetonitrile (1:1, v/v). The stock solution concentrations
were 400 mM for DMA and MMA, and 300 uM for DMA-d9. A volume
of 100 pL of human plasma spiked with DMA and MMA was added
to a 1.5 mL tube followed by 200 pL of the internal standard. Protein
precipitation was performed by adding 100 uL acetonitrile; the samples
were vortexed for 30 seconds, and then centrifuged at 22136xg for 10
minutes. The organic phase was transferred to the LC-MS vials to be
further analyzed.

For patient samples; the blood samples were collected at 5, 15 and
30 minutes and 1, 2, 4, 6, and 8 hours after the end of 2-hours infusion.
Samples were centrifuged at 200 g, plasma was separated and stored at
-20°C until assay. The samples were prepared as described above and
DMA and MMA were quantified in 49 samples after the administration
of dose number 1, 4, and 8 of the drug.

The validation procedure was carried out according to the FDA
guideline for bioanalytical method validation “Guidance for Industry-
Bioanalytical Method Validation, US Department of Health and
Human Services, Food and Drug Administration, Center for Drug
Evaluation and Research (CDER) and Center for Veterinary Medicine
(CVM), May 2001, http://www.fda.gov/cder.guidance.index.htm
[17,18].

Results

Instrumental optimization

In order to establish optimal chromatography parameters for
detection of DMA, MMA and DMA-d9, we performed a total ion
chromatogram (TIC) to generally identify our compounds after a
constant infusion of the three analytes to the mass spectrometer.
Selected ion monitoring (SIM) was used next to monitor the ions of
interest using the selected m/z values for each compound. Calibration
of the LC-MS was finally defined to be conducted on a SIM and
in positive ionization mode with a flow rate of 0.7 mL-min" and a
changing gradient from 25% to 5% for phase A and from 75% to 95%
for phase B; the gradient was returned back to the starting conditions
by the end of each run for 5 minutes for the column re-equilibration.
The molecular ions for the three compounds were m/z 74.15, 88.06
and 97.10 with retention times of 2.69 min, 3.11 min, and 3.07 min for
MMA, DMA, and DMA-d9, respectively (Figure 2).
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Figure 2: LC-MS analysis of spiked human plasma with DMA, MMA and DMA-d9 [M*H*] in a selected ion monitoring mode (SIM). (a) Spectrum of MMA m/z=74.15,
(b) DMA m/z=88.06, (c) internal standard DMA-d9 m/z=97.10; (d) Total ion current chromatogram (TIC), (e) MMA chromatogram with a retention times (RT) of 2.69
min, (f) DMA chromatogram with an RT=3.11 min, (g) DMA-d9 chromatogram with an RT=3.07 min.

Method validation

Selectivity: The selectivity was assured by running spiked plasma
with DMA, MMA, and DMA-d9 as well as blank plasma prepared by
following all the steps of sample preparation. The three compounds
were successfully selected by their molecular ions and there was no
interference detected between the plasma with the analytes and the
drug free plasma.

Calibration curve, LOD, and LLOQ: The final concentrations
used in the standard curve for DMA and MMA ranged between 1 pM
and 4000 uM (Figure 3); the calibration curve linearity was assessed
by analyzing 12 points (1, 2.5, 5, 10, 25, 50, 100, 250, 500, 1000, 2000,
and 4000 uM) for both DMA (Figure 3a) and MMA (Figure 3b) along
with 150 uM as a final concentration used for DMA-d9. The limit of
detection (LOD) for DMA and MMA were 0.53 uM and 2.52 pM,
respectively (3 times signal/noise); the lower limit of quantification
(LLOQ) for both compounds was calculated as 10 times signal to noise
ratio, and were 1.8 pM for DMA and 8.6 uM for MMA.

Accuracy and reproducibility: The accuracy of the method was
assessed by running quality control (QCs) plasma samples (n=6, for
each level) at low, medium and high concentrations (10, 100 and
1000 puM), the variation for the accuracy test was <3% for DMA and
<8.2% for MMA. We have similarly evaluated the reproducibility of
the method by running spiked plasma with DMA and MMA at three
different known concentrations (10 uM, 250 uM and 1000 pM) and
analyzing the samples (n= 6 for each concentration) within the period
of the study. The deviation between samples was identified to be < 5.5%
for DMA and <7%for MMA (Table 1).

Precision, stability and recovery: In order to evaluate the inter-
and intra-day variation, we quantified both compounds in multiple

aliquots prepared from a freshly taken patient plasma sample used for
therapeutic drug monitoring (TDM) for Busilvex (i.v. formulation of
busulphan containing DMA). The results have shown <6.3% for DMA
and <8.6% for MMA % coefficient of variation. In order to mimic the
conditions that a biological sample goes through, we have investigated
the stability of DMA and MMA in actual freshly taken patient samples
used for TDM for busilvex. The quantification of both analytes was
performed after cycle 1, cycle 2, and cycle 3 of freeze-thaw; the results
have shown <7.9% variation between the three cycles for DMA and
<4.8% for MMA MMA. Further experiments were performed to
study the temperature effect on the stability of both compounds using
spiked plasma with DMA and MMA at three different concentrations
(10 uM, 250 pM and 1000 uM; n=6 for each concentration). The
plasma was stored immediately at 4 and -20°C, and later extracted
and analyzed after 24 hours. Post-preparation stability was considered
by re-quantifying extracted samples after they had been left in room
temperature for more than 24 hours. The stability results have shown a
variation that is <6.8% for DMA and<14.1% for MMA (Table 2).

The extraction recovery was studied in spiked human plasma with
DMA and MMA at low, medium and high concentrations (10 pM,
250 uM, and 1000 uM) (n=6). The recovery of DMA ranged between
97-101%, while for the MMA the recovery was between 76 - 100%
(Table 3). The variability observed for MMA recovery We agree most
probably is due to the matrix effect since the extractions from plasma
(calculated peak area MMA/peak are IS) were 0.11, 3.84 and 14.87 at
the levels measured 10, 500 and 2000 pM, respectively; compared to
that extracted from aqueous solutions (0.20, 5.20 and 17.08) at the
same concentration levels (n=3 each). The results have shown less than
10% variation between the three cycles for both DMA and MMA.
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Concentration Mean (uM) STDV CV% Mean STDV CV%

(M) (M) (M) (M)
Accuracy 10 10.71 0.31 2.92 11.98 0.8 6.69
100 106.25 0.78 0.74 111.27 9.08 8.16
1000 1004.19 23.23 2.31 1174.9 78.31 6.67
Reproducibility 10 11.15 0.17 1.51 10.79 0.23 2.14
250 271.79 14.74 5.42 238.47 16.47 6.9
1000 1041.14 38.68 3.72 1070.56 49.16 4.59

*STDV: Standard deviation. CV: Coefficient of Variation.
*Spiked Plasma with low, medium and high DMA and MMA concentrations to study the accuracy and the reproducibility of the method. The results for accuracy are
showing <3% CV for DMA and <8.2% for MMA while for reproducibility the variation is <5.5% for DMA and <7% for MMA.

Table 1: Results of Accuracy and Reproducibility of DMA and MMA in Human Plasma (n=6).

DMA MMA
Mean STDV (uM) V% Mean STDV V%
(uM) (uM) (uM)
Inter-day Variation 417.42 19.1 4.58 23.71 0.81 3.41
Intra-day Variation 94.9 5.92 6.24 29.63 2.53 8.53
Freeze-Thaw Cycles 371.86 29.33 7.89 23.27 1.11 477
DMA MMA
Stability Concentration Mean (uM) STDV CV% Mean STDV cV%
(uM) (uM) (uM) (uM)
4°C 10 11.21 0.39 3.52 11.69 0.23 2.01
250 247.89 8.7 3.51 231.35 12.13 5.24
1000 954.32 11.83 1.24 993.71 24.95 2.51
-20°C 10 10.38 0.2 1.94 11.81 0.41 3.43
250 239.33 16.15 6.75 237.34 9.18 3.87
1000 989.65 37.07 3.75 972.77 4373 45
Post-Preparation (RT) 25 27.01 0.24 0.89 26.61 373 14.03
500 517.96 9.7 1.87 585.47 36.84 6.29
2000 1937.01 5817 3 2044.33 87.83 4.3

*RT: Room temperature.

*Inter- and intra-day variations along with the stability through freeze-thaw cycles (3 cycles) were studied in fresh unknown plasma sample from unknown patient
receiving the i.v. busulphan containing DMA. Results are showing CV <7.9% for DMA and <8.6 for MMA.

*Stability of DMA and MMA in different temperatures using spiked plasma with low, medium and high concentrations; CV <6.8% for DMA and <14.1% for MMA.

Table 2: Results of Precision (n=6) and Stability (n=6) of DMA and MMA in Human Plasma.

DMA MMA
Concentration STDV Recovery Mean STDV Recovery
Mean (pM) CV% o CV% o
(HM) (M) % (uM) (uM) %
Recovery 10 9.56 0.22 2.28 100.81 10.17 1.53 15.01 100
250 253.15 16.15 6.38 99.89 197.26 7.16 3.63 76.49
1000 1000.09 17.75 1.77 97.21 804.87 42.66 5.3 83.54

*Spiked plasma at low, medium, and high concentrations of DMA and MMA for the recovery study; DMA recovery was, 101%, 99.9%, and 97.2% at low, medium, and high
concentrations, respectively; MMA recovery was 100%, 76.5%, and 83.5 % at low, medium, and high concentrations, respectively.

Table 3: Results of Recovery of DMA and MMA in Human Plasma (n=6).

Clinical application pattern; in other words, DMA has shown no accumulation throughout
the period of treatment, which is in agreement with a previous
study mentioned earlier [13]; MMA on the other hand showed clear
accumulation during the 4 days treatment period.

The samples used for the clinical application study were taken
from the same samples used for the TDM of busilvex. Patients were
administered a dose of busulphan of 1.8 mg/kg twice daily for four
days. Blood samples were taken 5, 15 and 30 minutes and 1, 2, 4, 6, Discussion
and 8 hours after the end of drug administration (2 hours infusion). ) ) ]
We quantified both DMA and MMA in a total number of 49 samples Methods have previously been developed for DMA quantification
after the administration of dose number 1, 4, and 8 of the drug (Figure in biological matrices, with the first assay based on GC-MS for detection
4). We were able to follow simultaneously the kinetics, elimination and of DMA in whole blogd in 1988 [14]. More Fecenﬂy’ LC-MS for
accumulation of DMA and MMA in all samples. The concentrations determination of DMA in plasma and GC with Nitrogen Phosphorous

of the two compounds measured in these patients follow the same Detector for MMA in urine were established independently with
respective LLOQ of 0.25 mg-L! and 1 mg- L' [15,19]. There is an
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Figure 3: Calibration curves of DMA and MMA. The constructed calibration curve of spiked plasma using 12 concentrations was linear for both DMA (a) and MMA
at concentration range between 1 uM-4000 uM. The analysis carried out utilizing LC-MS of DMA and MMA (b) using DMA-d9 as an internal standard (150 pM). The
figure represents the mean value of six values at each concentration + SD. For DMA: Y=0.006918 + 4.608e-005; Intercept: -0.03427 + 0.05901; r% 0.9966 While for

MMA: Y=0.003329 + 3.623e-005; Intercept: 0.1550 + 0.04640; r?: 0.9911.

obvious exposure risk for workers in factories using DMA; accordingly,
many studies have tried to correlate DMA exposure to the urine levels
of its metabolite MMA [16,20]. In the present study, we observed that
MMA is accumulated during the 4 days treatment to reach a maximum
after three days, which indicates that the correlation between urine
levels of MMA and plasma levels of DMA after single exposure time
is not accurate enough to explore DMA toxicity. Moreover, in patients
the high concentration of DMA in certain drug formulations (e.g.,
busulphan) could promote possible toxicities when the treatment is
extended over several days, which in turn causes an accumulation of
MMA. On the other hand, the accumulation of MMA may lead to an
induction/inhibition of enzymes involved in drug/DMA metabolism
and hence alert treatment efficacy and/or cause drug interactions.

Conclusions

This is the first study for the determination and quantification of
both DMA and MMA simultaneously in human plasma.

The described method is simple, robust and showed high sensitivity,
accuracy and reproducibility.

The calibration curves for DMA and MMA are linear and covering
wide range of concentrations for both the parent compound and its
metabolite.

The present method will easily allow pharmacokinetic, toxicological
and metabolic studies as well as other investigations in order to protect
environment and public health from exposure to DMA.
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Figure 4: LC-MS detection and quantification of DMA and MMA in 49 plasma samples from two pediatric patients during treatment with busilvex prior to SCT. Blood
samples were taken 5, 15 and 30 minutes and 1, 2, 4, 6 and 8 hours after the end of 2 hr-infusion. Samples were harvested after Dose number 1, 4, and 8 from day

1, 2, and 3 of conditioning start.
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