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Abstract

:

Tuberculosis (TB) remains one of the leading global causes of mortality. Several methods have been established to detect anti-TB agents in human plasma and serum. However, there is a notable absence of studies analyzing TB drugs in urine. Thus, our objective was to validate a method for quantifying first-line anti-TB agents: isoniazid (INH), pyrazinamide (PZA), ethambutol (ETH), and rifampicin (RIF), along with its metabolite 25-desacetylrifampicin, and degradation products: rifampicin quinone and 3-formyl-rifampicin in 10 µL of urine. Chromatographic separation was achieved using a Kinetex Polar C18 analytical column with gradient elution (5 mM ammonium acetate and acetonitrile with 0.1% formic acid). Mass spectrometry detection was carried out using a triple-quadrupole tandem mass spectrometer operating in positive ion mode. The lower limit of quantification (LLOQ) was 0.5 µg/mL for INH, PZA, ETH, and RIF, and 0.1 µg/mL for RIF’s metabolites and degradation products. The method was validated following FDA guidance criteria and successfully applied to the analysis of the studied compounds in urine of TB patients. Additionally, we conducted a stability study of the anti-TB agents under various pH and temperature conditions to mimic the urine collection process in different settings (peripheral clinics or central laboratories).
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1. Introduction


The WHO Global Tuberculosis Report has affirmed that tuberculosis (TB) is a major cause of illness and one of the leading causes of death worldwide. Prior to the coronavirus (COVID-19) pandemic, TB stood as the principal cause of death attributed to a singular infectious agent, surpassing even the impact of HIV/AIDS [1].



In 2021, global TB incidence experienced a significant increase, with an estimated 10.6 million individuals becoming ill, representing a 4.5% rise from the 10.1 million cases reported in 2020 [1]. Standard TB treatment recommendations involve a course lasting 4 to 6 months, utilizing anti-TB drugs and resulting in a cure rate of approximately 85%. For drug-susceptible TB, the most common treatment approach involves a 2-month intensive phase characterized by the administration of four key anti-TB drugs: rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA), and ethambutol (ETH). Subsequently, a 4-month continuation phase ensues, which includes the use of INH and RIF [2].



Several papers highlighted the importance of therapeutic drug monitoring (TDM) for TB drugs [3,4,5,6]. For instance, it was observed that the genetic polymorphism of SLCO1B1 [7], and NAT2 [8] may reduce RIF exposure and INH-induced liver injury, respectively [7,8]. Moreover, TDM is beneficial for ensuring the safety and effectiveness of TB treatment in patients with other health conditions like diabetes, malnourishment, HIV, or kidney and liver problems that are prone to malabsorption or alterations in drug metabolism or excretion [6,9,10,11]. Traditionally, serum or plasma are matrices of choice for TDM. However, blood collecting, processing (centrifuging and pipetting), and plasma/serum shipping may demand more laboratory use and are therefore challenging, especially in high-TB burdened countries [12].



Urine testing may allow a simpler sample collection and acceptability in supporting optimal drug pharmacokinetics, adherence, and use in understanding the performance of new drug regimens in diverse communities [12,13,14,15,16,17,18]. Although urine assays encounter greater challenges than plasma assays, largely owing to nonspecific binding and variations in urine pH and salt concentration [19], urine holds numerous advantages as a matrix for pharmacokinetics and TDM. These include noninvasiveness, convenient collection, the potential for ample quantities, straightforward storage, ease of handling (no need to centrifuge and pipet), and transportation, ultimately saving valuable time for medical personnel and enhancing the overall biomedical analysis process, especially in low-resourced countries [20]. Approximately 30% of RIF dose is excreted in the urine, of which approximately half is unchanged RIF [21] compared to only 7–29% of INH [22]; 3.2% of PZA is excreted in unchanged form in the urine [23]. ETH is mainly eliminated by renal excretion in unchanged form [24]. However, several procedures were reported to quantify anti-TB agents in human plasma and serum [25], while only a few authors analyzed these drugs in urine [26,27,28,29].



To optimize routine clinical protocols for TDM in urine, key knowledge gaps around the stability of anti-TB agents must be addressed. INH demonstrates ambient room temperature instability within whole blood, serum, and plasma [4]. Current protocols indicate that specimens should be promptly frozen after collection to avoid deterioration; however, in some settings, it is challenging to freeze specimens promptly and keep them frozen while transported [4]. Furthermore, it is worth noting that RIF undergoes nonenzymatic autooxidation, leading to the formation of rifampicin quinone (RIF-Q), such as in RIF tablets, indicating impurity [30,31,32]. In acidic pH, RIF is degraded to 3-formyl-rifampicin (3-F-RIF) [33,34], which becomes more conspicuous in the presence of INH [34]. Shifting the focus to alkaline pH conditions, RIF experiences deacetylation, resulting in the emergence of 25-desacetylrifampicin (25-D-RIF), a predominant metabolite within human systems. This compound retains approximately 20% of RIF’s antimicrobial potency [35,36]. It is noteworthy that mild alkaline environments also foster RIF-Q generation [36]. In plasma, INH, PZA, RIF, and 25-D-RIF stability were discussed earlier [37]. However, there is rare information about the stability in different pH ranges, particularly in urine.



Within the scope of this investigation, a robust UPLC-MS/MS methodology was developed and validated based on FDA guidelines to facilitate the TDM of primary first-line anti-TB agents, specifically INH, PZA, RIF, and ETH in urine. Notably, this method can thoroughly analyze RIF’s stability and metabolic pathways by measuring 25-D-RIF, 3-F-RIF, and RIF-Q. To our knowledge, this is the first study of anti-TB drugs analysis in urine that evaluated stability in urine under conditions that might be encountered in a warm climate. Furthermore, the preparatory phase is both rapid and uncomplicated.




2. Results


2.1. Method Validation


2.1.1. Selectivity


In detecting RIF, RIF-Q, 3-F-RIF, 25-D-RIF, INH, PZA, and ETH using MRM mode, we ensured a high level of selectivity. There were no interferences from endogenous compounds observed at the expected retention times of the analytes in blank urine samples collected from six different individuals. However, when comparing the zero urine samples to the quality control (QC) at the lower limit of quantification (LLOQ) level for these analytes, we observed some contamination of PZA-IS with PZA.



Nevertheless, the signal intensity of the analyte in these zero samples was less than 20% of the signal intensity at the LLOQ level. To visually illustrate this, Figure 1 shows representative MRM chromatograms of a blank urine sample, a calibration standard containing analytes at LLOQ, and a patient sample.




2.1.2. Calibration Curves


The calibration curves for 3-F-RIF, 25-D-RIF, RIF-Q, INH, PZA, RIF, and ETH were constructed with eight-point levels. These concentration ranges for the TB drugs were determined based on the anticipated urine concentrations in patients following a standard dosage regimen. The linearity of the analytical response within these calibration ranges was verified for RIF, 3-F-RIF, 25-D-RIF, INH, PZA, and ETH. This verification was achieved by applying specific weighting factors, such as 1/x2 (INH) or 1/x (RIF, 3-F-RIF, 25-D-RIF, PZA, and ETH). Notably, a power function provided the best fit for RIF-Q. Moreover, it was possible to extend the range of the ETH calibration curve to include 500 and 1000 µg/mL due to the higher values of ETH found in patients’ urine samples, and the calibration curve remained linear with R2 = 0.994 and 0.98, respectively—the same weighting also was used (1/x). The process was crucial to ensure the sample could be processed directly without dilution.




2.1.3. LLOQ, Precision, and Accuracy


LLOQ intraday precision and accuracy were 6.0–19.4% and 94.3–115.7%, respectively. At the same time, the LLOQ inter-day precision and accuracy were 4.7–12.9% and 86.4–106.2%, respectively (Table 1).



For the analytes prepared at different QC levels, the intraday precision and accuracy in five replicates were 3.9–13.3% and 87.7–108.6%, respectively (Table 1), while their inter-day precision and accuracy from 5 consecutive days ranged from 1.4% to 14.3% and 90.0% to 114.0%, respectively (Table 1).




2.1.4. Carry-Over


There was a significant carry-over for INH and PZA (83% and 107% of the peak’s area for LLOQ level, respectively), which was reduced to 32% and 69% of the peak’s area for LLOQ level, respectively, by implementing the cleaning procedure (Section 4.2) and one injection of a mixture of isopropanol and water (50:50, v/v). Two injections of the mixture were allowed to eliminate carry-over.




2.1.5. Matrix Effect


The IS-normalized matrix factor (MF) for ETH was 0.85 and 0.83 for low and high concentrations, respectively (Table 2), indicating a minimal contribution of the matrix to ion suppression. However, the significant matrix effect was noticed for RIF-Q, INH, PZA, RIF, 3-F-RIF, and 25-D-RIF. Moreover, the analytical signal of RIF-Q, INH, and PZA varied depending on the matrix source as supported by the %RSD calculated at low and high concentrations for RIF-Q (45.2%, 51.9%), INH (12.6%, 18.3%), and PZA (16.1%, 21.7%) from six different urine sources. It is worth noting that the matrix effect assessment was repeated twice, yet similar results were obtained.




2.1.6. Stability


Table 3 presents the obtained results of the analytes’ stability in urine at various storage conditions. The studied compounds (except RIF-Q) remained unchanged in urine samples at room temperature up to 1 h (percentage of nominal concentration: 87.3–112.2%).



When stored at room temperature for 4 h, the RIF-Q accuracy reduced to 38.7% and 78.7% for low and high concentrations (LQC and HQC), respectively, and the accuracy of 3-F-RIF low concentrations decreased to 61%. The accuracy of 25-D-RIF low concentrations increased to 118.7%.



The autosampler stability test shows an increase in 25-D-RIF percentage of nominal concentration and a reduction in RIF-Q and 3-F-RIF (all in LQC only) after 12 h. More deterioration occurred in LQC than HQC of 3-F-RIF and RIF-Q (38.7% vs. 83.6%, and 29.7% vs. 63.1%, respectively). Both LQC and HQC levels of 25-D-RIF have increased to more than 122%.



All tested compounds and IS stock solutions were found to be stable for 1 month at −20 °C. We measured 8-month working solution stability and found that RIF-Q, 3-F-RIF, 25-D-RIF, and INH were unstable (Table 3).



Moreover, we evaluated stability for all compounds after 24 h and 30 days in different urine pH ranges from 4 to 8 at −20 °C. We observed that all components were stable at pH 6 during 24 h, and ETH was stable in all pH. However, after 30 days, RIF-Q and 3-F-RIF became significantly unstable in all pH. Other components remained stable at pH 6 to 8, except for 25-D-RIF, which was unstable in alkaline pH, and INH in acidic pH (Table 3).



Moreover, we extended stability tests for RIF, INH, PZA, and ETH to mimic the collection process at 37.5 °C and room temperature (20.5 °C) (Table 4, Figure 2 and Figure 3). At 37.5 °C, RIF was stable primarily in pH 6 and 7 up to 8 h, INH in pH 6 and 7 up to 24 h, PZA and ETH were stable in pH from 4 to 8 up to 24 h. The results remained almost the same at room temperature.



We also observed an increase in the RIF-Q area throughout stability studies while there was a reduction in RIF concentrations, the process that was much enhanced at 37.5 °C. Also, 25-D-RIF and 3-F-RIF concentrations had the same pattern of RIF (Figure 2).




2.1.7. Dilution Integrity


Dilution integrity was evaluated by analysing spiked urine at analyte concentrations above HQC, and the patient samples. At the dilution factor 10, 25-D-RIF, INH, and ETH in the spiked samples had good results in terms of precision and accuracy with values of 11.4% and 85.4%, 4.3% and 107.6%, and 14.7% and 90.5%, respectively. RIF-Q, 3-F-RIF, and PZA showed lower accuracy with 33.2%, 54.9%, and 66.4%, respectively. It is worth mentioning that ETH also showed good integrity at dilution factor 100. When we compared the concentrations determined in the patient’s urine samples before and after dilution, the results were accurate for all compounds except RIF and RIF-Q. This suggests that RIF and its degradation products should be determined in undiluted urine samples.




2.1.8. Application to Clinical Samples


The established UPLC-MS/MS method was applied to measure urine concentrations of RIF, INH, PZA, ETH, and RIF metabolites in the samples taken from five patients undergoing anti-TB treatment. The determined concentrations of the tested compounds except ETH were within the analytical ranges of the method (Table 5). Hence, for ETH we extended the calibration curve as discussed in Section 2.1.2.






3. Discussion


MS conditions have been adjusted to obtain a high sensitivity for the anti-TB drugs and rifampicin degradation products. All of the analytes investigated in this study generated the prominent protonated molecular ions [M + H]+ in positive ion mode and these ions were selected as precursor ions for the MS/MS fragmentation analysis of the compounds. The precursor ion of RIF with m/z 824.3 yielded the most intense product ion of m/z 792.2 due to loss of CH3OH. The second product ion with 398.7 was formed as a result of ring cleavage and separation of aromatic and aliphatic sides of the RIF structure. As RIF-Q is an oxidized form of RIF, its precursor ion and product ions had m/z similar to RIF, 822.2 and 790.2 and 397.6, respectively (Table 6). To increase the selectivity of the method and avoid interferences, the product ions with m/z 398.7 for RIF and 790.2 for RIF-Q were chosen for quantitative analysis. The parent ion of 3-F-RIF with m/z 727.2 undergoes fragmentation primarily by loss of water and -CH2CO moieties, resulting in a product ion of 667.1. The mass fragmentation pattern of 25-D-RIF was analogous to that of RIF and RIF-Q. For PZA, the fragmentation m/z 124.0 to 81.0 was selected, which was the result of the separation of the aromatic ring from the amide group. The precursor ion of INH with m/z 138.0 yielded the most intense product of 121.0 due to loss of ammonia, while ETH precursor ion of 205.1 forms the fragment with m/z of 116.1 due to cleavage of ethylenediamine structure (Table 6).



We successfully validated a method according to FDA guidance [38] for urine quantification of INH, PZA, RIF, ETH, 25-D-RIF, 3-F-RIF, and RIF-Q regarding selectivity, linearity and LLOQ, precision and accuracy, matrix effect, carry-over, and stability under different host sample and environmental conditions. Such a method carries the potential application for expanded access to pharmacokinetic testing and TDM in TB endemic settings for clinical trials or operational research.



The sample volume required for analysis (10 µL) and LLOQ values for RIF, 25-D-RIF, and INH are lower than previously reported [27,39]. Panchagnula et al. used the HPLC-UV method with a quantification range of 20–200 μg/mL for RIF and 10–50 μg/mL for 25-D-RIF. However, the method utilized a larger volume of sample (50–300 µL) and involved a multi-step sample preparation before analysis [27]. Similarly, using HPLC-UV, Kumar et al. analyzed INH in the quantification range of 1.25 to 40.0 µg/mL. The authors had to filter the urine before processing and used a 100 µL injection volume [39]. Breda et al. successfully reported an HPLC-FLD analysis of ETH in the quantification range of 10–500 µg/mL in urine; however, its method was based on precolumn derivatization. Also, they used 100 µL of urine with a 200 µL injection volume [26]. Other methods reported lower LLOQ values than ours [29,40]. Hashiguchi et al. reported 0.3 μg/mL of INH LLOQ, but their method was focused on INH and its acetyl metabolite to detect INH adherence for analysis using thin-layer chromatography [40]. Additionally, Mishra et al. reported a quantification range of INH was 0.03–10.0 μg/mL [29]; however, our extended calibration range of 0.5–100 μg/mL allowed us to quantify higher concentrations of INH in patients (average measured concentration was 48.7 ± 22.7 μg/mL) (Table 5). Thus, the current multi-drug process may represent the ideal balance of testing the most commonly prescribed TB drugs over a range of clinically observed quantification.



A recent systematic review by Rao et al. [12] reported on 43 articles on different TB drugs and observed that visual inspection of urine using the Arkansas method was the most common method of testing adherence among patients taking INH. The Arkansas test is a reliable method for monitoring morning INH doses in children 4 h after ingestion. While it is more affordable than HPLC-MS/MS, its sensitivity decreases as INH metabolite concentrations reduce over time. The test is not useful for monitoring INH ingestion 24 h after the dose [41]. While urine colorimetric testing is promising for the measurement of drug exposure and dose adjustment at the point of care [13,14,15] comparatively, LC-MS/MS methods offer simultaneous analysis of multiple TB drugs with high sensitivity and selectivity conducive to pharmacokinetic/pharmacodynamics study for clinical trials among more representative populations, or for testing drug exposure in operational research settings as new drug regimens are rolled out to diverse (nonclinical trial) populations. Additionally, LC-MS/MS requires relatively low sample volumes and involves simple nonselective sample preparation techniques [25]. Hence, it is suitable for analyzing TB drugs in urine.



Up to now, no LC-MS/MS method has been reported for simultaneous analysis of RIF-Q, 3-F-RIF, or PZA in urine. Our method enabled an excellent chromatographic separation of RIF from its degradation products (Figure 1), which may be particularly important given the numerous clinical trials underway for higher-dose rifamycins in different forms of TB disease [42,43,44]. The method accurately quantified all the analytes, including RIF-Q, which other authors observed in clinical samples in plasma [45,46]. However, it is still unclear if RIF-Q plays a role in RIF-induced adverse reactions [47]. Even though we could determine its concentration, 1.9 ± 0.8 µg/mL, it is essential to highlight that the matrix highly influences the concentration (Table 2). Differences in pH of urine samples taken from six subjects likely contributed to the observed variability in matrix effect for RIF-Q, INH, and PZA. As shown in Table 3, the pH of the sample significantly affected the stability of the analytes, with the greatest stability for RIF, PZA, INH, and ETH at pH 5–7.



While working solutions were stable for 1 month at −20 °C [37], an 8-month assessment revealed RIF-Q, 3-F-RIF, 25-D-RIF, and INH instability. Short-term stability data indicated metabolite stability within 24 h when frozen, but 30 days showed significant decomposition of RIF-Q and 3-F-RIF. Most metabolites remained stable at pH 6 to 8, except for 25-D-RIF in alkaline pH and INH in acidic conditions (Table 3).



Our stability assessment at elevated temperature (simulating potential clinical environment during the urine collection process in warmer ambient temperatures) showed that RIF was more stable (up to 8 h) at a pH ranging from 6 to 7. INH was stable in pH 6 and pH 7 up to 24 h. PZA and ETH were stable in pH from 4 to pH 8 up to 24 h. These data suggest that maintaining the pH of collected urine in the range of 6 to 7 during drug monitoring studies for up to 8 h should provide a reliable sample (Table 4). Hence, adding a buffer to maintain a desired pH during urine collection in clinical settings should be further evaluated.



Analysis of the tested compounds using a validated UPLC-MS/MS method in urine samples from five patients showed that the samples contained RIF-Q and 3-F-RIF (Table 5), suggesting that RIF may be degraded during sample preparation or storage. The concentration of RIF-Q was in the range of 0.71–2.62 µg/mL (average 1.9 ± 0.8 µg/mL), and comprised 3.6–13.2% of the sum of RIF and RIF-Q (almost twice than reported in plasma [37]). Similarly, 3-F-RIF peak was detected in all samples (Figure 1), and the concentration of the compound was an average of 1.3 ± 1.3 µg/mL (Table 5), while it was previously below LLOQ in plasma [37]. Given the potential conversion between RIF and RIF-Q and the variations in pH during urine storage, additional research is needed to explore the degradation pathway of RIF.




4. Materials and Methods


4.1. Standards and Reagents


High-quality reference standards were sourced to ensure the precision and accuracy of our analytical methodology. PZA as a certified reference material, INH (≥99% purity), and RIF (>97% purity) were procured from Sigma-Aldrich (St. Louis, MO, USA). In addition, the following reference standards and internal standards were obtained from Toronto Research Chemicals (North York, ON, Canada): ETH (98% purity), 25-D-RIF (95.06% purity), RIF-Q (95.19% purity), and 3-F-RIF (96.42% purity); ethambutol-D4 (ETH-IS; 98% purity), rifampicin-D3 (RIF-IS; 98.15% purity), pyrazinamide-15N,D3 (PZA-IS; 99.5% purity). Acetonitrile, water, and methanol were procured from Sigma-Aldrich (St. Louis, MO, USA), while isopropanol was sourced from Fisher Chemical (Fair Lawn, NJ, USA). All solvents met LCMS grade specifications. Formic acid (FA) (>99.0% purity) was supplied by Fisher Chemical. Ammonium formate (≥99% purity) was obtained from Honeywell (Morristown, NJ, USA). Blank urine of individual donors for method validation was received from BioIVT (Westbury, NY, USA).




4.2. Instrumentation and Chromatographic Conditions


An ExionLC AD system (AB Sciex, Framingham, MA, USA) featuring a Kinetex Polar C18 column (2.6 µm; 150 × 3 mm), safeguarded by a UHPLC C18 (3.0 mm ID) guard column (Phenomenex, Torrance, CA, USA) was used for chromatographic separation. The column oven and the autosampler were maintained to ensure optimal performance at 40 °C and 15 °C, respectively. The volume of injection was 4 µL.



The mobile phase was a mixture of two components: Mobile Phase A (MPA) contained 5 mM ammonium formate in water with 0.1% FA, and Mobile Phase B (MPB) consisted of acetonitrile with 0.1% FA. The mobile phase was delivered at a flow rate of 0.35 mL/min and followed this gradient profile: initially, at 0 min, it was 99% MPA and 1% MPB (v/v). After 8 min, it shifted to 1% MPA and 99% MPB and remained so until the 10-min mark. At 10.5 min, it returned to 99% MPA, at which it stayed until the end of the run at 12 min.



For rinsing, a mixture of deionized MilliQ water (Millipore, Billerica, MA, USA) and acetonitrile in a 50:50 (v/v) ratio, with 0.1% FA, was used both externally and internally to clean the needle. To prevent mass spectrometer contamination, the mobile phase was directed to waste from 0.1 to 1.0 min and again after 9.5 min into the run.



To address the significant carry-over of INH and PZA, an additional cleaning method was implemented for both the autosampler and column. We injected a mixture of isopropanol and water (50:50, v/v; 4 µL) twice after 4–5 samples. The composition of MPA and MPB remained the same but was delivered using a W-shaped gradient profile at a constant flow rate of 0.35 mL/min. The gradient profile was as follows: 0 min—99:1 (MPA: MPB, v/v), 1 min—99:1, 2 min—1:99, 3 min—1:99, 4 min—99:1, 5 min—1:99, 6 min—1:99, 7 min—99:1, 8 min—1:99, 9 min—1:99, 10 min—99:1, 12 min—99:1.




4.3. Mass Spectrometer Settings


Detection was carried out using an AB Sciex QTRAP 6500+ mass spectrometer (Framingham, MA, USA) equipped with an IonDrive Turbo V Source. It operated in positive ionization mode (ESI+) employing multiple reaction monitoring modes (MRMs). The specific ion source parameters utilized were as follows: the source temperature was set at 400 °C, the ion spray voltage was maintained at 5 kV, and the collision gas, nitrogen, was set to a medium-level setting. The pressures for ion source gas 1 and 2 (zero air) were 60 psi and 40 psi, respectively, while the curtain gas, also nitrogen, was set at 30 psi. The nitrogen and zero air necessary for these operations were supplied by a Genius 1024 generator from Peak Scientific (Billerica, MA, USA). For each transition being monitored, a dwell time of 150 ms was employed to ensure accurate and precise detection. Details regarding the monitored transitions and compound-specific parameters can be found in Table 6.




4.4. Stock and Standard Solutions


Stock solutions of 25-D-RIF, RIF-Q, ETH-IS, and PZA-IS were prepared with concentrations of 1 mg/mL. ETH, INH, RIF, and PZA stock solutions were prepared at 10 mg/mL. Additionally, 3-F-RIF was prepared at a concentration of 2.5 mg/mL, and RIF-IS was prepared at 0.5 mg/mL. These stock solutions were created by dissolving the appropriate amount of each compound in methanol, except for INH, which was dissolved in water.



To prepare the standard solutions, the stock solutions were diluted with methanol to achieve the desired concentrations as follows:




	
RIF, ETH, INH, and PZA: 5.0, 10.0, 25.0, 50.0, 100.0, 250.0, 500.0, and 1000.0 µg/mL.



	
25-D-RIF, RIF-Q, and 3-F-RIF: 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, 100.0, and 200.0 µg/mL.



	
ETH-IS and RIF-IS: 0.5 µg/mL.



	
PZA-IS: 5 µg/mL.








All of these solutions were prepared in amber glass vials and stored at a temperature of −20 °C to maintain their stability and prevent degradation. ETH, INH, and PZA were prepared as a mixture (MIX I), 25-D-RIF, RIF-Q, and 3-F-RIF as MIX II, and RIF solution was prepared separately.




4.5. Preparation of Calibrators, Quality Control Samples and Biological Samples


The standard solutions of RIF, and compounds in MIX I and MIX II were further diluted 10-fold (5 µL standard solution MIX I + 5 µL standard solution MIX II + 40 µL blank urine; for RIF: 5 µL standard solution RIF + 45 µL blank urine). Final calibrators were at the following concentrations:




	
RIF, ETH, INH, and PZA: 0.5, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, and 100.0 µg/mL.



	
25-D-RIF, RIF-Q, and 3-F-RIF: 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, and 20.0 µg/mL.








It is worth noting that two distinct calibration samples were prepared as we observed that RIF-Q was present in small concentrations in the RIF standard solutions (freshly prepared). Hence, the first calibration sample exclusively contained RIF, while the second included a blend of all the other analytes. This approach ensured the accuracy and precision of the calibration.



In addition, QC samples were prepared at various concentration levels, including the LLOQ, low, medium, and high concentrations, as outlined in Table 1. These QC samples served for evaluating the performance and reliability of the analytical method.



At the next stage, a 10 µL aliquot of urine calibrators and QC samples were combined with 100 µL of a freshly prepared internal standards (ETH-IS, RIF-IS, and PZA-IS) solution in cold methanol (5 °C). A similar procedure was implemented for biological samples (10 µL urine + 100 µL of internal standards). Next, this mixture was vigorously shaken for 10 min and subsequently subjected to centrifugation at 15,700× g for 10 min, maintaining a temperature of 5 °C.



Following centrifugation, a 20 µL portion of the supernatant was carefully transferred to a glass vial, where it was then mixed with 100 µL of cold acetonitrile containing 0.1% FA at 5 °C. This mixture was vortexed to ensure thorough mixing.



To enhance sample stability, the samples were kept at a temperature of 5 °C until they were ready to be transferred to the autosampler for analysis.




4.6. Validation


The method was validated according to the U.S. Food and Drug Administration (FDA) guidance [38].



4.6.1. Selectivity


The chromatograms of blank urine samples were carefully examined from six individuals to assess method selectivity. These blank urine samples were spiked with IS and analytes at an LLOQ concentration. This analysis aimed to identify any potential interferences that might occur at specific retention times during the chromatographic process.




4.6.2. Calibration Curves


Calibration curves were constructed by plotting the ratio of the peak area of the analyte to that of IS against the analyte concentration. These curves covered a concentration range of 0.5 to 100.0 µg/mL for ETH, INH, RIF, and PZA, and from 0.1 to 20.0 µg/mL for 25-D-RIF, RIF-Q, and 3-F-RIF. The selection of internal standards was as follows: RIF-IS served as the internal standard for RIF and its metabolites: 25-D-RIF, RIF-Q, 3-F-RIF; PZA-IS was used for INH and PZA, and ETH-IS was employed for ETH. For each calibration curve, both linear (with weighting factors of 1/x or 1/x2) and nonlinear regression methods (using a power model with no specific weighting) were applied. These approaches allowed for a comprehensive evaluation of the calibration data to ensure accuracy and reliability in the quantification of the analytes.




4.6.3. LLOQ, Precision, and Accuracy


LLOQ was the lowest concentration of the analytes measured by the method with relative error (RE) and relative standard deviation (RSD) ≤ 20%. RIF-Q, 3-F-RIF, and 25-D-RIF had LLOQ of 0.1 µg/mL in urine, and RIF, INH, PZA, and ETH—0.5 µg/mL (Table 1).



Intra- and inter-day accuracy and precision were assessed in five replicates by determining QCs on the same day and over 5 consecutive days (Table 1). The RSD between the nominal and the measured concentrations should be within ±15% for QCs and ±20% for the LLOQ.




4.6.4. Carry-Over and Dilution Integrity


To evaluate carry-over, a blank sample was injected just after HQC. It was considered acceptable if the blank sample’s signal was ≤20% of the LLOQ’s sample signal.



The dilution integrity was analyzed in urine samples containing the tested compounds at concentrations above the calibration curve (RIF-Q, 3-F-RIF, and 25-D-RIF—30 µg/mL; RIF—300 µg/mL; INH, PZA, and ETH—200 µg/mL). The samples were prepared in five replicates and diluted ten times to be measured within the calibration curve range (RIF-Q, 3-F-RIF, and 25-D-RIF—3 µg/mL; RIF—30 µg/mL; INH, PZA, and ETH—20 µg/mL). For ETH, a 100 times dilution was also evaluated. Additionally, the effect of dilution was tested on patient urine samples. The dilution of the samples should not affect the accuracy and precision (RSD ≤ 15%, accuracy 85–115%).




4.6.5. Matrix Effect


We prepared two series to investigate the matrix effect. The first series (series I) was the matrix (urine from 6 different people) spiked with QCs at low and high concentrations of the analytes and processed using the protocol described in Section 4.5. The second series (series II) was prepared using water spiked with analytes at equivalent concentrations. For each equivalent concentration, MF was determined by dividing the peak area from Series I by the peak area in Series II. To obtain the IS normalized MF, the MF for the analyte was divided by the MF for the IS, and its RSD should be ≤15%.




4.6.6. Stability


We assessed the stability of the tested compounds in urine samples under various storage conditions, including short- and long-term stability at −20 °C, short-term stability at room temperature, stability in urine samples with different pH levels from 4 to 8, and stability in processed samples in an autosampler (15 °C). The samples were prepared at low and high QC concentration levels of the analytes in three replicates. Additionally, the stability of stock and working solutions was investigated under specific temperature conditions. The stability of specific substances (RIF, INH, PZA, and ETH) in urine was also examined under different pH levels and at room temperature (20.5 °C) and 37.5 °C settings for varying time intervals (1 h, 8 h, and 24 h). Before spiking with analytes, urine pH was adjusted by adding 1M HCl or 1M NaOH.




4.6.7. Application to Clinical Samples


The validated analytical method was employed for the quantification of RIF, RIF-Q, 25-D-RIF, INH, PZA, and ETH in urine specimens obtained from a cohort of five adult individuals receiving treatment for active TB disease through a first-line regimen containing RIF, INH, PZA, and ETH. These study participants were recruited from a range of healthcare institutions, encompassing those in New Jersey, such as the Rutgers Global TB Institute’s Lattimore Practice, and clinics in Middlesex, Hudson, and Patterson County. Additionally, participants were recruited from healthcare facilities in Virginia, including the University of Virginia and adjacent Virginia Department of Health clinics. The eligibility criteria for participation in the study stipulated the exclusion of individuals with conditions such as incontinence, anuria, pregnancy, or breastfeeding. Notably, all study participants provided informed consent prior to their inclusion in the research endeavor. Urine samples were collected continuously over 4 h following administration of the drugs [18]. Samples were prepared as described in Section 4.5. Human subjects’ approval was obtained through Rutgers Health Sciences IRB Pro2018001857 and University of Virginia Health Sciences IRB HSR #20944.






5. Conclusions


We have successfully developed and validated the first LC-MS/MS method for simultaneous analysis of INH, PZA, RIF, and ETH in urine samples to facilitate TDM of primary first-line anti-TB agents. Additionally, we performed the extended stability quantification for study in clinical trials, operational research, or moving closer to the point of care for TDM and dose adjustment in patients treated for TB in a diversity of settings, including the quantification of RIF’s metabolites/degradation products, 25-D-RIF, 3-F-RIF, and RIF-Q. The study proved that pH of urine samples and temperature significantly affected the analyte stability. Further recommendations are needed regarding processing the urine sample pH after collection. In particular, maintaining the pH of collected urine in the range of 6 to 7 during drug monitoring studies for up to 8 h will increase the stability of RIF.
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Figure 1. MRM chromatograms of anti-TB drugs in human urine: (A) unspiked blank human urine; (B) blank human urine spiked at the LLOQ level (0.1 mg/L for RIF, RIF-Q, 3-F-RIF, and 25-D-RIF; 0.5 mg/L for INH, PZA, RIF, and ETH), internal standards at levels 0.05 mg/L for RIF-IS, 0.5 mg/L for PZA-IS and ETH-IS; (C) human urine from the patient undergoing treatment for active TB disease with first-line RIF-containing regimen (measured concentrations: 18.5 mg/L for RIF, 2.4 mg/mL for RIF-Q, 0.5 mg/mL for 3-F-RIF, 3.1 mg/L for 25-D-RIF, 36.5 mg/L for INH, 79.5 mg/L for PZA, and 235.6 mg/L for ETH). Abbreviations: 25-D-RIF—25-desacetylrifampicin; 3-F-RIF—3-formylrifampicin; ETH—ethambutol; ETH-IS—ethambutol-D4; INH—isoniazid; PZA—pyrazinamide; PZA-IS—pyrazinamide-15N,D3; RIF-Q—rifampicin quinone; RIF—rifampicin; RIF-IS—rifampicin-D3. 
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Figure 2. Changes in RIF and its metabolites (RIF-Q, 3-F-RIF, and 25-D-RIF) areas after 1 h, 8 h, and 24 h at 37.5 °C in pH 4 to pH 8. Abbreviations: 25-D-RIF—25-desacetylrifampicin; 3-F-RIF—3-formylrifampicin; RIF-Q—rifampicin quinone; RIF—rifampicin. 
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Figure 3. Changes in RIF and its metabolites (RIF-Q, 3-F-RIF, and 25-D-RIF) areas after 1 h, 8 h, and 24 h at 20.5 °C in pH 4 to pH 8. Abbreviations: 25-D-RIF—25-desacetylrifampicin; 3-F-RIF—3-formylrifampicin; RIF-Q—rifampicin quinone; RIF—rifampicin. 
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Table 1. Intra- and inter-day precision and accuracy for anti-TB drugs and RIF metabolism/degradation products in urine.
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Compound

	
QC Level

	
Conc. (µg/mL)

	
Precision (%RSD)

	
Accuracy (%)




	
Intra-Day

	
Inter-Day

	
Intra-Day

	
Inter-Day




	
n = 5

	
n = 5

	
n = 5

	
n = 5






	
RIF

	
LLOQ

	
0.5

	
19.4

	
4.7

	
105.9

	
97.3




	

	
Low

	
1

	
11.3

	
8.7

	
108.0

	
91.8




	

	
Medium

	
10

	
13.2

	
7.2

	
98.5

	
93.0




	

	
High

	
100

	
10.0

	
11.9

	
99.3

	
111.7




	
RIF-Q

	
LLOQ

	
0.1

	
15.5

	
12.9

	
115.7

	
99.4




	

	
Low

	
0.25

	
4.2

	
9.4

	
104.9

	
91.0




	

	
Medium

	
2.5

	
9.2

	
9.2

	
93.2

	
94.5




	

	
High

	
20

	
6.9

	
4.3

	
107.4

	
114.0




	
3-F-RIF

	
LLOQ

	
0.1

	
8.9

	
10.5

	
110.5

	
102.2




	

	
Low

	
0.25

	
7.2

	
11.1

	
108.6

	
102.0




	

	
Medium

	
2.5

	
13.3

	
8.8

	
87.7

	
90.0




	

	
High

	
20

	
8.3

	
8.9

	
108.6

	
95.8




	
25-D-RIF

	
LLOQ

	
0.1

	
6.2

	
5.0

	
94.3

	
106.2




	

	
Low

	
0.25

	
12.3

	
6.7

	
101.7

	
99.9




	

	
Medium

	
2.5

	
9.7

	
6.0

	
101.9

	
104.3




	

	
High

	
20

	
7.4

	
4.2

	
99.6

	
107.8




	
INH

	
LLOQ

	
0.5

	
8.2

	
6.7

	
98.1

	
86.4




	

	
Low

	
1

	
10.0

	
8.8

	
104.3

	
97.0




	

	
Medium

	
10

	
5.5

	
4.5

	
98.8

	
93.8




	

	
High

	
100

	
3.9

	
2.5

	
107.8

	
100.1




	
PZA

	
LLOQ

	
0.5

	
18.1

	
8.3

	
95.7

	
87.4




	

	
Low

	
1

	
6.0

	
8.5

	
101.5

	
103.3




	

	
Medium

	
10

	
6.5

	
1.4

	
97.6

	
104.2




	

	
High

	
100

	
4.3

	
4.5

	
101.7

	
109.0




	
ETH

	
LLOQ

	
0.5

	
16.3

	
11.3

	
98.6

	
96.2




	

	
Low

	
1

	
7.2

	
8.8

	
107.9

	
108.9




	

	
Medium

	
10

	
9.4

	
14.3

	
91.2

	
106.2




	

	
High

	
100

	
3.9

	
7.1

	
104.7

	
109.1








Abbreviations: 25-D-RIF—25-desacetylrifampicin; 3-F-RIF—3-formylrifampicin; ETH—ethambutol; INH—isoniazid; PZA—pyrazinamide; RIF-Q—rifampicin quinone; RIF—rifampicin.













 





Table 2. IS-normalized matrix factor for the analytes at the low and high QC levels.






Table 2. IS-normalized matrix factor for the analytes at the low and high QC levels.





	
Compound

	
QC Level

	
Conc. [mg/L]

	
IS-Normalized MF (n = 6)

	
%RSD




	
Mean

	
SD






	
RIF

	
Low

	
1

	
1.27

	
0.06

	
5.0




	

	
High

	
100

	
1.06

	
0.14

	
13.1




	
RIF-Q

	
Low

	
0.25

	
0.43

	
0.19

	
45.2




	

	
High

	
20

	
0.62

	
0.32

	
51.9




	
3-F-RIF

	
Low

	
0.25

	
0.51

	
0.06

	
11.1




	

	
High

	
20

	
0.66

	
0.10

	
14.5




	
25-D-RIF

	
Low

	
0.25

	
1.74

	
0.16

	
9.2




	

	
High

	
20

	
1.55

	
0.20

	
12.6




	
INH

	
Low

	
1

	
0.37

	
0.05

	
12.6




	

	
High

	
100

	
0.45

	
0.08

	
18.3




	
PZA

	
Low

	
1

	
1.16

	
0.19

	
16.1




	

	
High

	
100

	
0.70

	
0.15

	
21.7




	
ETH

	
Low

	
1

	
0.85

	
0.11

	
12.8




	

	
High

	
100

	
0.83

	
0.06

	
7.2








Abbreviations: 25-D-RIF—25-desacetylrifampicin; 3-F-RIF—3-formylrifampicin; ETH—ethambutol; INH—isoniazid; PZA—pyrazinamide; RIF-Q—rifampicin quinone; RIF—rifampicin.













 





Table 3. Stability of the analytes in urine samples (expressed by percentage of nominal concentration, %).






Table 3. Stability of the analytes in urine samples (expressed by percentage of nominal concentration, %).





	
Compound

	
QC Level

	
Bench-Top

Stability at RT

	
Autosampler (12 h, 15 °C)

	
Autosampler (24 h, 15 °C)

	
Working Solution Stability

(−20 °C)

	
Short-Term Stability

(24 h, −20 °C)

	
Long-Term Stability

(30 Days, −20 °C)




	
1 h

	
4 h

	
1 Month

	
8 Months

	
pH 4

	
pH 5

	
pH 6

	
pH 7

	
pH 8

	
pH 4

	
pH 5

	
pH 6

	
pH 7

	
pH 8






	
RIF

	
Low

	
98

	
90

	
90

	
92

	
103

	
95

	
74

	
81

	
87

	
86

	
90

	
83

	
105

	
115

	
110

	
101




	
High

	
101

	
96

	
99

	
100

	
101

	
94

	
85

	
87

	
90

	
88

	
89

	
96

	
103

	
100

	
95

	
100




	
RIF-Q

	
Low

	
69

	
39

	
84

	
39

	
101

	
127

	
80

	
81

	
92

	
76

	
90

	
55

	
55

	
64

	
54

	
46




	
High

	
87

	
79

	
92

	
96

	
98

	
88

	
119

	
97

	
98

	
119

	
126

	
55

	
27

	
29

	
50

	
80




	
3-F-RIF

	
Low

	
97

	
61

	
63

	
30

	
97

	
61

	
60

	
58

	
54

	
50

	
64

	
24

	
39

	
70

	
83

	
77




	
High

	
91

	
88

	
97

	
92

	
100

	
78

	
119

	
97

	
98

	
119

	
126

	
11

	
20

	
84

	
116

	
104




	
25-D-RIF

	
Low

	
111

	
119

	
120

	
123

	
104

	
182

	
102

	
112

	
120

	
117

	
114

	
92

	
90

	
87

	
101

	
98




	
High

	
95

	
111

	
106

	
123

	
102

	
168

	
103

	
112

	
108

	
115

	
107

	
90

	
110

	
110

	
142

	
137




	
INH

	
Low

	
99

	
99

	
98

	
91

	
110

	
124

	
75

	
92

	
96

	
97

	
85

	
44

	
47

	
85

	
86

	
77




	
High

	
94

	
94

	
102

	
100

	
109

	
115

	
93

	
103

	
107

	
114

	
105

	
88

	
96

	
98

	
114

	
95




	
PZA

	
Low

	
111

	
104

	
105

	
98

	
105

	
107

	
98

	
90

	
94

	
100

	
79

	
102

	
95

	
102

	
110

	
91




	
High

	
102

	
106

	
109

	
109

	
99

	
112

	
106

	
103

	
112

	
110

	
133

	
88

	
78

	
87

	
94

	
111




	
ETH

	
Low

	
112

	
108

	
115

	
114

	
104

	
-

	
111

	
108

	
113

	
114

	
102

	
105

	
107

	
105

	
104

	
101




	
High

	
112

	
114

	
111

	
105

	
98

	
-

	
110

	
104

	
108

	
97

	
104

	
99

	
111

	
101

	
114

	
103








Abbreviations: 25-D-RIF—25-desacetylrifampicin; 3-F-RIF—3-formylrifampicin; ETH—ethambutol; INH—isoniazid; PZA—pyrazinamide; RIF-Q—rifampicin quinone; RIF—rifampicin.













 





Table 4. Stability of TB drugs in urine stored at 37.5 °C and at 20.5 °C for 1–24 h to mimic the urine collection process in working conditions in various TB endemic settings. Values were expressed by percentage of nominal concentration (%).






Table 4. Stability of TB drugs in urine stored at 37.5 °C and at 20.5 °C for 1–24 h to mimic the urine collection process in working conditions in various TB endemic settings. Values were expressed by percentage of nominal concentration (%).





	
Compound

	
Initial Conc.

[mg/L]

	
1 h

	
8 h

	
24 h




	
pH 4

	
pH 5

	
pH 6

	
pH 7

	
pH 8

	
pH 4

	
pH 5

	
pH 6

	
pH 7

	
pH 8

	
pH 4

	
pH 5

	
pH 6

	
pH 7

	
pH 8






	
After incubation at 37.5 °C




	
RIF

	
25

	
82

	
94

	
96

	
88

	
88

	
57

	
75

	
82

	
86

	
80

	
30

	
55

	
66

	
67

	
68




	
INH

	
50

	
88

	
89

	
92

	
90

	
87

	
79

	
84

	
92

	
94

	
81

	
79

	
78

	
86

	
86

	
76




	
PZA

	
50

	
86

	
90

	
93

	
90

	
88

	
92

	
92

	
93

	
94

	
86

	
92

	
90

	
91

	
89

	
86




	
ETH

	
50

	
88

	
85

	
92

	
100

	
90

	
89

	
93

	
94

	
87

	
99

	
89

	
97

	
98

	
92

	
92




	
After incubation at 20.5 °C




	
RIF

	
25

	
79

	
87

	
99

	
89

	
87

	
76

	
82

	
86

	
81

	
81

	
58

	
71

	
78

	
77

	
71




	
INH

	
50

	
86

	
86

	
90

	
91

	
87

	
79

	
77

	
92

	
88

	
91

	
79

	
74

	
87

	
90

	
79




	
PZA

	
50

	
95

	
101

	
99

	
103

	
103

	
90

	
85

	
88

	
87

	
85

	
92

	
87

	
85

	
93

	
85




	
ETH

	
50

	
86

	
98

	
87

	
98

	
99

	
97

	
87

	
87

	
92

	
94

	
91

	
88

	
96

	
104

	
91








Abbreviations: RIF—rifampicin; INH—isoniazid; PZA—pyrazinamide; ETH—ethambutol.













 





Table 5. Mean urine concentrations of anti-TB drugs and RIF metabolites in patients’ samples collected over 4 h after administration (n = 5).






Table 5. Mean urine concentrations of anti-TB drugs and RIF metabolites in patients’ samples collected over 4 h after administration (n = 5).





	Compound
	Conc. (µg/mL)
