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Abstract

:

Zaltoprofen is a drug used for various pain and inflammatory diseases. Scientific and quantitative dosage regimen studies regarding its clinical application are scarce. This study aimed to discover effective covariates related to interindividual pharmacokinetic variability through population pharmacokinetic modeling for zaltoprofen and to explore dosage regimens. The bioequivalence results of healthy Korean males, biochemical analysis, and CYP2C9 genotyping information were utilized in modeling. The established model has been sufficiently verified through a bootstrap, goodness-of-fit, visual predictive check, and normalized prediction distribution error. External data sets derived from the literature were used for further model validation. The final model could be used to verify the dosage regimen through multiple exposure simulations according to the numerical change of the selected covariates. Zaltoprofen pharmacokinetics could be explained by a two-compartment with a first-order absorption model. Creatinine clearance (CrCL) and albumin were identified as effective covariates related to interindividual zaltoprofen pharmacokinetic variability, and they had positive and negative correlations with clearance (CL/F), respectively. The differences in pharmacokinetics between individuals according to CYP2C9 genetic polymorphisms (*1/*1 and *1/*3) were not significant or valid covariates. The model simulation confirmed that zaltoprofen pharmacokinetics could significantly differ as the CrCL and albumin levels changed within the normal range. Steady-state plasma exposure to zaltoprofen was significantly reduced in the group with CrCL and albumin levels of 130 mL/min and 3.5 g/dL, respectively, suggesting that dose adjustment may be necessary. This study is useful to guide precision medicine of zaltoprofen and provides scientific quantitative judgment data for its clinical applications.
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1. Introduction


Zaltoprofen is a nonsteroidal anti-inflammatory drug widely used for various inflammatory and painful diseases such as rheumatoid arthritis, osteoarthritis, toothache, and complex regional pain syndrome [1,2,3]. Zaltoprofen reduces the production of prostaglandins, an inflammatory substance, through the inhibition of cyclooxygenase (COX) [4,5,6], and exerts analgesic action by strongly inhibiting bradykinin-induced nociceptive responses [4,7,8]. The general dose of zaltoprofen is 80–160 mg at a time, and it can be orally administered up to 240 mg per day depending on symptom severity [1,9]. The main clinical side effects of zaltoprofen include gastrointestinal bleeding and ulceration, irritability, and psychosomatic disorders, such as headache and dizziness [9,10]. Gastrointestinal bleeding and ulceration caused by excessive COX suppression are the most significant side effects in the clinical application of zaltoprofen [10,11] and require drug monitoring.



Although zaltoprofen was officially approved in 1993 [12], pharmacokinetic and pharmacodynamic information is lacking. The quantitative prediction of pharmacokinetics for zaltoprofen and studies on the variability of pharmacokinetics between individuals within a population are very scarce. Despite the active clinical application of zaltoprofen [13], the clinical dosage regimen depends on empirical knowledge and observed side effects. Scientific data on the management of side effects and risk and efficacy prediction of zaltoprofen is lacking.



Pharmacokinetic variability within a group and drug modeling studies are useful scientific approaches to reducing side effects and maximizing drug efficacy by finding effective dosages based on quantitative predictions [14,15,16]. The purpose of this study was to perform population pharmacokinetic (PPK) modeling of zaltoprofen and discover effective covariates affecting interindividual pharmacokinetic variability. Via model simulation, we attempted to predict the degree of pharmacokinetic change based on the changes in the covariates and set the dosage regimen. This study is important as it identified the PPK properties of zaltoprofen and provided useful quantitative information for clinical application.




2. Results


2.1. Population Pharmacokinetic Modeling


The basic structure of the zaltoprofen PPK model can be explained by two compartments with first-order absorption. In structures of three-compartment or higher, the decrease in the negative log-likelihood (-2LL) was not significant compared to the increase in the total number of parameters. Several structural multiple absorption compartment models, such as nonsequential two-absorption compartments (having two or more absorption points with bioavailability considerations) and sequential two-absorption compartments (two or more absorption rate constant parameters between successive absorption compartments), were tried with respect to the plasma concentration profile in the absorption phase. No significant model improvement was noted. The reflection of lag-time during absorption increased the value of -2LL along with the increased number of model parameters. Therefore, the zaltoprofen absorption process was described without adding a separate mechanistic structure or reflecting the lag time.



The proportional error model was most suitable as the residual error model. When applied, the reduction of -2LL was significantly greater while the total number of parameters compared to other error models was maintained. The IIVs in pharmacokinetic parameters of zaltoprofen were evaluated using an exponential error model, as shown in the following equation: Pi = Ptv · exp(ŋi), where ŋi is the random variable for the ith individual, which was normally distributed with a mean 0 and variance ω2; Pi is the parameter value of the ith individual; and Ptv is the typical value of the population parameter. After checking the necessity of considering IIV in each parameter step-wise for model improvement, only IIV was considered for V2/F, CL/F, and Ka. Here, V2 and CL are the mean volume and clearance in the peripheral and central compartments, respectively. Ka and F were the oral absorption rate constant and bioavailability (of oral administration), respectively. Table S1 summarizes the steps for establishing a basic model structure for zaltoprofen.



Genetic polymorphisms of CYP2C9 and several biochemical factors were considered as candidate covariates to explain the interindividual pharmacokinetic variability of zaltoprofen. The covariates were screened based on non-compartment analysis (NCA) results before model reflection. Figure S1 shows the results of comparing T1/2, Tmax, Cmax, AUC, V/F, and CL/F according to the CYP2C9 genotype. It was confirmed that 22 individuals had the CYP2C9*1/*1 genotype and four had the CYP2C9*1/*3 genotype. No significant difference was found between CYP2C9*1/*1 and *1/*3 in any of the parameters except Tmax. As shown in Figure S2, no significant differences were found between groups in the plasma concentration profiles observed between CYP2C9*1/*1 and *1/*3. Correlation analysis between biochemical factors and pharmacokinetic parameters revealed that CrCL-CL/F showed a high positive correlation with R2 0.245, while albumin-CL/F showed a high negative correlation with R2 0.158. Correlation graphs between biochemical factors and pharmacokinetic parameters, which had a correlation of more than approximately 30%, are presented in Figure S3. Results confirmed to have a relatively low correlation of 30% or less during the screening process are presented in Figure S4. These were primarily excluded from the model covariate application process.



Finally, to explain the interindividual pharmacokinetic variability of zaltoprofen, CrCL and albumin levels were considered effective covariates with respect to CL/F. This model reflection significantly (based on p < 0.05 and p < 0.01 for forward selection and backward elimination, respectively) improved the model. The reflection of covariates in CYP2C9 genotypes did not significantly improve the model. The covariate reflection results of the CYP2C9 genotypes for CL/F met the forward selection criteria but were not significant in the backward elimination process. Moreover, no significant model visual improvement was found in the goodness-of-fit (GOF) plot results. Table S2 summarizes the model reflection steps and results of the CYP2C9 genetic polymorphism and biochemical factors considered as potential covariates in the established basic PPK model parameters for zaltoprofen. The formulas for the finally established PPK model parameters of zaltoprofen were as follows:


    V F    = tv    V F    



(1)






     CL  F    = tv     CL  F    ·   ( CrCL / m   CrCL ) ^ dCL / FdCrCL   ·   ( Albumin / m   Albumin ) ^ dCL / FdAlbumin   ·   exp ( η  CL / F  )     



(2)






      V 2   F    = tv      V 2   F    ·   exp ( η   V 2  / F  )     



(3)






      CL 2   F    = tv      CL 2   F    



(4)






Ka = tv Ka · exp(ŋKa)



(5)




where tv and m are the typical and median values, respectively, V and CL2 indicate volume and clearance in the central and peripheral compartments, respectively, dCL/FdCrCL is the degree of correlation between CL/F and CrCL, and dCL/FdAlbumin indicates the degree of correlation between CL/F and albumin. The parameters of the finally established PPK model of zaltoprofen and their related values are presented in Table S3. The relative standard errors (RSEs) of typical values of the pharmacokinetic parameters Ka, V/F, CL/F, V2/F, and CL2/F were within 30%, demonstrating sufficient reasonable agreement (Table S3).




2.2. Model Qualification


The GOF plot results of the zaltoprofen PPK model established in this study are presented in Figure S5. Zaltoprofen concentration values predicted by the PPK model at the population or individual levels showed relatively good agreement with the experimentally obtained observations. The conditional weighted residuals (CWRES) were well distributed symmetrically with respect to zero. That is, CWRES were well distributed at random without any remarkably specific bias. The CWRES values at all points of predicted concentrations or time in the population did not deviate from ± 4. Quantile–quantile (QQ) plots of CWRES and individual weighted residuals (IWRES) were close to a straight line, where the X- and Y-axes were symmetrical (within ± 6 ranges). Consequently, the GOF plot results (Figure S5) suggest that the final established PPK model had no graphically significant problems. Bootstrapping results for the established zaltoprofen PPK model are presented in Table S4. All of the parameter values estimated in zaltoprofen’s final model were within the 95% confidence interval of the bootstrap analysis results (1000 replicates). The estimates of the model parameters were close to the median estimated by bootstrapping, with differences within 20%.



Bootstrapping analysis confirmed the robustness and reproducibility of the final established PPK model of zaltoprofen. The normalized prediction distribution error (NPDE) analysis results are presented in Figure S6. The assumption of a normal distribution for the differences between predictions and observations of zaltoprofen pharmacokinetics was acceptable. The QQ plots and histogram also confirmed the normality of the NPDE. Moreover, the NPDE results over time and predicted values were relatively symmetric with respect to zero (within ± 4 ranges). The visual predictive check (VPC) result of the zaltoprofen PPK model is presented in Figure S7. Most of the observation values (>90% of all data) of zaltoprofen pharmacokinetics were well distributed within the 95% confidence intervals of the prediction values. The VPC results suggest that zaltoprofen’s PPK model described the overall experimental data relatively well. The final established PPK model of zaltoprofen was at an acceptable level in the overall evaluation results with no major problems.




2.3. External Model Validation


We externally validated the model to confirm that it can be reasonably applied to external data sets obtained after various dosage regimens. The structure and parameters of the zaltoprofen PPK model established in the previous process were maintained, and the dose and dosing interval were changed to fit the external validation data set. The VPC results of the model simulation are presented in Figure 1. Most of the reported observations (>90% of all data) related to the zaltoprofen pharmacokinetics were well distributed within the 95% confidence interval of the prediction values. This suggests that the PPK model of zaltoprofen established in this study could reasonably explain other data at the same dose (80 mg) and data in the groups with doses increased to 160 and 240 mg. Moreover, considering that steady-state observations according to the change in zaltoprofen dosing interval (8 h) are well predicted by the model, the model was reasonably accessible to the pharmacokinetic predictions according to multiple exposure simulations.




2.4. Exploring the Simulation-Based Dosage Regimen


Model simulations were performed according to the numerical changes in effective covariates selected from the final established zaltoprofen PPK model. That is, model simulations were performed assuming the maximum or minimum values of CrCL (80–130 mL/min) [17] or albumin (3.5–5.5 g/dL) [18] in the normal range for CrCL and albumin determined as effective covariates of CL/F. The zaltoprofen PPK model in this study was established based on the pharmacokinetic data of normal healthy adults [19]. In the simulation of single oral administration of zaltoprofen, the plasma concentration of the drug was higher and longer lasting in the group with CrCL levels of 80 mL/min compared to 130 mL/min and albumin levels of 5.5 g/dL compared to 3.5 g/dL. Moreover, plasma concentrations of zaltoprofen in the groups with CrCL and albumin levels of 80 mL/min and 5.5 g/dL, respectively, were higher and persisted for longer than those in the CrCL 80 mL/min or albumin 5.5 g/dL groups.



The plasma concentrations of zaltoprofen in the group with CrCL and albumin levels of 130 mL/min and 3.5 g/dL, respectively, were lower and more quickly eliminated than those in the group with CrCL and albumin levels of 80 mL/min and 5.5 g/dL, respectively. Here, the numerical combinations of CrCL and albumin were randomly selected to show the differences between groups according to the model simulation. Figure 2 shows the simulation results of a single oral administration of zaltoprofen according to changes in CrCL and/or albumin levels.



Multiple exposure simulations were performed for the usual dosing regimen of zaltoprofen, 80 mg once daily or three times a day [1,9]. As a result of multiple oral administration simulations, the pharmacokinetic profile and steady-state mean plasma concentrations of zaltoprofen differed according to the changes in CrCL and albumin levels. Steady-state mean plasma concentrations in the CrCL 130 and 80 mL/min groups were 0.87 and 1.30 times that of the normal group, respectively. Here, the normal group had CrCL and albumin levels of 104.38 mL/min and 4.90 g/dL, respectively, meaning the group with median values of CrCL and albumin in the healthy adult group was used in this study. Steady-state mean plasma concentrations in the group with albumin levels of 5.5 and 3.5 g/dL were 1.28 and 0.48 times that of the normal group, respectively. The mean plasma concentrations in the groups with CrCL and albumin levels of 130 mL/min and 3.5 g/dL and 80 mL/min and 5.5 g/dL were 0.43 and 1.49 times those of the normal group, respectively. Quantitative comparative results of simulations of oral exposure to zaltoprofen at 8 h dosing intervals were also equivalent. As a result, it was suggested that the mean plasma exposure to zaltoprofen at steady-state could be significantly increased as the levels of CrCL decreased and the albumin levels increased. Figure 3 shows the comparison of pharmacokinetic profiles and steady-state predicted plasma concentration values for multiple exposures of zaltoprofen at 80 mg at 24 h and 8 h intervals according to changes in CrCL and albumin levels. A significant difference was confirmed between the normal group and the groups with albumin levels of 3.5 g/dL or CrCL levels of 130 mL/min in steady-state predicted plasma concentration values. A significant difference was also confirmed between the group with CrCL levels of 130 mL/min and albumin levels of 3.5 g/dL and those with CrCL levels of 80 mL/min and albumin levels of 5.5 g/dL. Zaltoprofen dose adjustment simulations were performed for the group with the highest and lowest zaltoprofen steady-state mean plasma concentrations of CrCL (80 mL/min) and albumin (5.5 g/dL) and CrCL (130 mL/min) and albumin (3.5 g/dL) (Figure 3).



A dosage adjustment was performed randomly through model simulation to approximate normal steady-state mean plasma concentrations (zaltoprofen at 80 mg in multiple doses at 24 h and 8 h intervals). Figure 4 shows the comparison of pharmacokinetic profiles and steady-state predicted values in the normal group after changing the zaltoprofen multiple-exposure dose from 80 to 60 mg in the group with CrCL levels of 80 mL/min and albumin levels of 5.5 g/dL. Reducing the dose to 60 mg in this group confirmed that the difference in the average concentration from the normal group at steady-state was reduced from 1.49 times (0.43 to 0.65 μg/mL) to 1.12 times (0.43 to 0.48 μg/mL). Figure 5 shows the comparison of pharmacokinetic profiles and steady-state predicted values in the normal group after changing the zaltoprofen multiple exposure dose from 80 to 160 mg in the group with CrCL levels of 130 mL/min and albumin levels of 3.5 g/dL. By increasing the zaltoprofen dose to 160 mg in this group, confirmed that the difference in the average concentration from the normal group at steady-state was reduced from 0.43 times (0.43 to 0.19 μg/mL) to 0.86 times (0.43 to 0.37 μg/mL). Simulated quantitative comparative results at the 8 h dosing interval of zaltoprofen were also identical to those at the 24 h dosing interval (Figure 4 and Figure 5).





3. Discussion


In this study, the genetic polymorphism information of CYP2C9 was prioritized as a reflection of covariates concerning the interindividual zaltoprofen pharmacokinetic variability. This was because CYP2C9 was confirmed to be involved in the zaltoprofen metabolism in a previous in vitro report [20], although information on genetic polymorphisms had not been reported. The clinical pharmacokinetics and CYP2C9 genotyping of the 26 subjects obtained in this study showed no significant differences in zaltoprofen pharmacokinetics according to genotype. By reflecting the genetic polymorphisms of CYP2C9 as covariates of CL/F (based on Table S2), model reconfirmation was performed with the following formula:


    CL  F   = tv     CL  F    ·   [ 1 + dCL / FdCYP 2 C 9 * 1 / * 3   ·   ( CYP 2 C 9 * 1 / * 3 = 1 ) ]   ·   [ ( CrCL / m   CrCL ) ^ dCL / FdCrCL   ( optional   according   to    CrCL   covariate   reflection ) ]   ·   [ ( Albumin / m   Albumin ) ^ dCL / FdAlbumin   ( optional   according   to   albumin   covariate    reflection ) ]   ·   exp ( η CL / F )     



(6)




where dCL/FdCYP2C9*1/*3 indicates the degree of correlation of CL/F according to CYP2C9*1/*3.



Considering the CYP2C9 genetic polymorphism as a CL/F covariate, the estimated dCL/FdCYP2C9*1/*3 values were −0.09 to −0.07, and the median values according to bootstrapping also corresponded to −0.10 to −0.08. Therefore, the effect of the genetic polymorphism of CYP2C9*1/*3 on zaltoprofen pharmacokinetics would not be large (with CL/F differences within approximately 10%). Figure S8 shows VPC graphs for CYP2C9*1/*1 and *1/*3 obtained after reflecting the CYP2C9 genetic polymorphism as a covariate of CL/F. Between CYP2C9*1/*1 and *1/*3, the group mean predicted values corresponding to 50% were not significantly different visually.



Data limitations may be related to the failure of CYP2C9′s genetic polymorphism to be selected as an effective covariate for zaltoprofen’s CL/F in this study. That is, pharmacokinetic and genotype information must be obtained for a larger population in the future, and the pharmacokinetic results for CYP2C9*3/*3 will be particularly important because zaltoprofen pharmacokinetic differences that were not evident in the heterogenic trait of CYP2C9*1/*3 may be very large in the homogenic CYP2C9*3/*3. This study was significant in that it scientifically suggested that zaltoprofen pharmacokinetic differences between CYP2C9*1/*1 and *1/*3 were small and that it is not essential to consider the genotype of CYP2C9 for clinical applications. This was predicted when considering the proportion of *3/*3 in the total population, which is approximately 1–2% [21], and the differences in pharmacokinetics in *1/*3 are proportional (although the pharmacokinetics of zaltoprofen for CYP2C9*3/*3 have not been confirmed experimentally).



Interestingly, CrCL and albumin were explored as effective covariates of CL/F, although the values of the biochemical parameters applied in this study were derived from a healthy adult population and were within the normal range. Table S5 presents the demographic information of the study subjects. Even though the CrCL and albumin levels had relatively narrow values of 107.53 ± 17.28 mL/min and 4.92 ± 0.18 g/dL, respectively, they were identified as CL/F covariates, suggesting that a large CL/F difference could occur in the patient group with abnormal values of CrCL and/or albumin. Patients with very low CrCL or very high albumin levels would have a significantly lower CL/F of zaltoprofen, which could cause the drug to accumulate in the body, possibly causing serious side effects. Therefore, the CrCL and albumin covariates discovered in this study will be useful as indirect data for setting the zaltoprofen dose in healthy adults and patients with specific conditions, such as kidney or liver disease. However, since this study is based on clinical data-based pharmacokinetic modeling and interpretation of results for a healthy adult population, direct application to actual patient groups will be limited. Therefore, it will be necessary to additionally secure clinical data for actual patient groups and verify models based on them in the future.



In the zaltoprofen PPK model established in this study, IIVs of Ka and V2/F were 40.63 and 48.55%, respectively (Table S3). This suggested that the variability in the absorption and distribution of zaltoprofen in the body is unaccounted for, with additional latent covariates. In particular, the function of transporters in drug absorption and distribution will be important, and polymorphisms of organic anion-transporting polypeptides (OATPs) may be involved [22]. In the future, in vitro testing of zaltoprofen substrates for several transporters and further analysis of pharmacokinetic correlations according to genetic polymorphisms will be required.



In the simulation of a single oral administration of zaltoprofen using the model established in this study, the plasma concentration rapidly decreased as CrCL levels increased or albumin levels decreased. Moreover, in the simulation of multiple oral administrations of zaltoprofen, the steady-state mean plasma concentration was lower as CrCL increased or albumin decreased. This is likely because CrCL and albumin levels had positive and negative correlations in zaltoprofen CL/F variability between individuals, respectively, and were reflected in dCL/FdCrCL and dCL/FdAlbumin in the model. The positive dCL/FdCrCL result was sufficiently convincing as a covariate correlation that renal excretion is one of the major factors in the clearance of zaltoprofen [20,23], and therefore CL/F increases as CrCL increases. For negative dCL/FdAlbumin, as the plasma protein binding rate of zaltoprofen was as high as 99.6% [20,24], an increase in albumin, a major plasma protein, is related to a decrease in the CL/F of zaltoprofen. That is, an increase in albumin may lead to a decrease in the concentration of unbound zaltoprofen, which may decrease CL/F and, consequently, an increase in the plasma concentration of zaltoprofen.



Model simulations in this study were performed only for the maximum or minimum change in covariates in healthy adults. In the future, the model can be expanded by obtaining clinical data of zaltoprofen in patients with abnormal covariate levels (such as renal or hepatic impairment). As implied in Figure 4 and Figure 5, the dose of zaltoprofen was adjusted according to the degree of variation in the effective covariates, CrCL and albumin. That is, when CrCL and albumin levels were 80 mL/min and 5.5 g/dL, respectively, the mean plasma concentration of zaltoprofen in the steady-state was increased by approximately 1.49 times compared to the normal group, and the continuation of this state was expected to be associated with increased side effects. When CrCL and albumin levels were 130 mL/min and 3.5 g/dL, respectively, the mean plasma concentration of zaltoprofen in the steady-state was approximately 0.43 times lower than that of the normal group, and the persistence of this state was expected to be associated with treatment failure. Therefore, the appropriate increase or decrease of zaltoprofen dose according to CrCL and albumin levels is important when maintaining optimal drug concentrations and reducing side effects. Reducing (when CrCL and albumin levels are 80 mL/min and 5.5 g/dL, respectively) or increasing (when CrCL and albumin levels are 130 mL/min and 3.5 g/dL, respectively) the drug in each patient group may achieve the same level of zaltoprofen plasma concentration as patients with general stable biochemical markers while maintaining a dosing interval of 24 h or 8 h.



Considering pharmacokinetics, dose adjustment was suggested based on the general assumption that drug efficacy and side effects would be proportional to the degree of plasma exposure. In the future, it may be necessary to further adjust doses considering the pharmacodynamics of zaltoprofen. To this end, clinical pharmacodynamic studies of zaltoprofen are warranted, along with finding useful biomarkers (such as the degree of COX inhibition). This model simulation of zaltoprofen was a novel scientific quantitative approach to reasonably predict pharmacokinetic profiles when it is difficult to do so for a large number of subjects with various CYP2C9 genetic polymorphisms and biochemical values. Here, we provide useful scientific data for the efficient and precise clinical application of zaltoprofen.




4. Materials and Methods


4.1. Study Workflow


This study was conducted in three steps. First, we performed population modeling and validation based on zaltoprofen pharmacokinetic data [19]. The pharmacokinetic data used for modeling were derived from previously reported bioequivalence results [19]. Second, we externally validated the developed model using previously reported pharmacokinetic results [25,26,27] according to zaltoprofen exposure. The graphical data used for external validation was semi-automatically read and digitized using WebPlotDigitizer software (4.5 version). Third, we predicted the pharmacokinetics according to random numerical fluctuations of effective covariates in the established model and adjusted the dosage accordingly through model simulation.




4.2. Population Pharmacokinetic Modeling


Pharmacokinetic results obtained from a bioequivalence study of 80 mg of zaltoprofen in 26 healthy Korean males were used to develop this PPK model. As suggested in a previous report [19], the clinical trial was thoroughly reviewed and officially approved (by the Institutional Review Board of the Institute of Bioequivalence and Bridging Study, Chonnam National University, Gwangju, Republic of Korea; Approval No. 060118; 11.25.2005). Model construction and analysis were performed with a nonlinear mixed effects approach using Phoenix NLME (8.3 version, Pharsight, Certara Inc., NJ, USA) software. The PPK parameters were estimated via the first-order conditional estimates method with extended least squares estimation (with ŋ–ε interaction). Model development involved two major steps, the first of which was establishing a basic structural model to explain the plasma concentration of zaltoprofen following oral administration. This included determining the number of compartments, whether the lag time was reflected in zaltoprofen oral absorption or the mechanistic structuring of the absorption process, and error models to account for residual and interindividual variabilities (IIVs). The second step involved the search for effective covariates in explaining the individual pharmacokinetic variability of zaltoprofen. Biochemical factors and genetic polymorphisms of CYP2C9 were considered as potential effective covariates. Analyses of biochemical factors and CYP2C9 genotypes were performed on subjects participating in the bioequivalence test. The methods are presented in the Supplementary Materials (SM; Subsections 1 and 2). Suitable models for each step were selected using various statistical significance tools derived via the Phoenix NLME. These included Akaike’s information criterion (AIC), -2LL, and GOF plots, and the significance levels according to the total number of parameters applied to the model (increasing or decreasing degrees of freedom). Significance was determined based on a p-value of 0.05 in chi-square distribution.



The potential covariates, CYP2C9 genetic polymorphism information and biochemical parameters, were sequentially applied to the IIV model of the pharmacokinetic parameters used in the model as categorical and continuous data, respectively. In the case of biochemical parameters, pharmacokinetic parameters for each individual were calculated by NCA beforehand, and correlations between the values and biochemical factors were screened through linear regression analysis. Methods for calculating pharmacokinetic parameters via NCA are presented in SM (Subsection 3). As a result of screening, biochemical covariates with correlations of about 30% or more were selected as possible candidate covariates for the final application and reflected in the IIV model factor. Both forward addition and backward elimination were considered in the application of the covariates, and p-values of 0.05 and 0.01 in chi-square distribution were set as the significance criterion, respectively.




4.3. Model Validation


A PPK model of zaltoprofen was fully evaluated and validated visually or numerically using Phoenix NLME and R-software (4.2.2 version, R-Core Team). The model evaluation was performed using widely used population-scale model validation tools. These included GOF (including distribution of residuals), VPC, bootstrapping, and NPDE. The approaches to each model validation tool are presented in SM (Subsection 4).




4.4. External Model Validation


Previous clinical pharmacokinetic results for zaltoprofen [25,26,27] were applied to externally validate the zaltoprofen PPK model. All were population mean plasma concentration profiles performed on healthy adults. Doses of 80, 160, and 240 mg were used for the single exposures while 80 mg was used for multiple exposures. Information on past clinical studies applied to external validation is presented in Table S6. The VPC approach was mainly applied to check whether past reported results for each dose group were well-included in the predicted areas of the zaltoprofen PPK model established in this study (according to the dose change). We confirmed through the VPC approach whether the results of multiple-dose observations were also well-included in the prediction ranges of the model.




4.5. Model Simulation


To proceed with the simulation based on the zaltoprofen PPK model, the final established and validated zaltoprofen PPK model structure was fixed. The parameter values were fixed as the common mean values of the group, except where covariate reflection was considered. Model simulations were performed by predicting and comparing the changes in the pharmacokinetic parameter values according to the numerical changes of the covariates reflected in the final model. Model simulations were possible for different exposure scenarios, such as single and multiple exposures with varying doses of zaltoprofen or varying dose intervals. Model simulations were performed using the Simulation and Prediction engines of Phoenix NLME. The predictive profiles of pharmacokinetics between groups at multiple zaltoprofen exposures according to the covariate changes were compared with the 50% equivalent, or the approximate mean of each group. Differences were quantitatively confirmed by comparing the steady-state plasma zaltoprofen concentrations between the groups, with dose adjustments and model simulation based on these results.





5. Conclusions


In this study, a clinically applicable PPK model of zaltoprofen was reported considering CrCL and albumin levels. The established PPK model quantified the difference in pharmacokinetics according to changes in CrCL and albumin levels and zaltoprofen dosage using a simulation tool. This study confirms that CrCL and albumin variability are the most important factors in individual zaltoprofen pharmacokinetic variability, which must be considered in a dosage regimen. Increases and decreases in CrCL and albumin levels cause significant changes in plasma exposure to zaltoprofen, and pharmacokinetic-based dose adjustments are needed for effective drug therapy, assuming a proportional relationship between plasma exposure and efficacy. Although the variability of zaltoprofen pharmacokinetics according to CYP2C9 genetic polymorphisms requires further study, this study shows that the pharmacokinetic fluctuations caused by *3 allele heterozygotes were not significant and did require consideration for dose adjustment in clinical practice. This study presents a very important starting point for individualized zaltoprofen drug therapy and precision medicine.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph16020161/s1, Figure S1: Comparison graphs of zaltoprofen pharmacokinetic parameters between CYP2C9*1/*1 and *1/*3; Figure S2: Pharmacokinetic profiles according to CYP2C9 genotypes (CYP2C9*1/*1 and *1/*3) and means in 26 Korean males following single oral administration of 80 mg zaltoprofen; Figure S3: Relationship between subjects’ physicochemical parameters and individual predicted pharmacokinetic parameters; Figure S4: Relationship between subjects’ physicochemical parameters and individual predicted pharmacokinetic parameters; Figure S5: Goodness-of-fit plots of final pharmacokinetic model for zaltoprofen; Figure S6: Normalized prediction distribution error plots for the population pharmacokinetic model of zaltoprofen; Figure S7: VPC of the final pharmacokinetics model for zaltoprofen; Figure S8: VPC of pharmacokinetics of the final model for zaltoprofen with stratification according to CYP2C9 genotypes; Table S1: The basic pharmacokinetic structural model of zaltoprofen; Table S2: Stepwise selection of potential covariates in the population pharmacokinetic model of zaltoprofen; Table S3: Parameter values of the final population pharmacokinetic model for zaltoprofen; Table S4: Bootstrap results of the final population pharmacokinetic model for zaltoprofen; Table S5: Demographic information of the healthy Korean males on single oral administration of 80 mg zaltoprofen (n = 26); Table S6: Past clinical studies applied to the external validation.





Author Contributions


Conceptualization, S.-H.J., J.-H.J. and Y.-B.L.; Methodology, S.-H.J., J.-H.J. and Y.-B.L.; Software, S.-H.J. and J.-H.J.; Validation, S.-H.J. and J.-H.J.; Formal analysis, S.-H.J. and J.-H.J.; Investigation, S.-H.J. and J.-H.J.; Resources, Y.-B.L.; Data curation, S.-H.J., J.-H.J. and Y.-B.L.; Writing—original draft preparation, S.-H.J. and J.-H.J.; Writing—review and editing, S.-H.J., J.-H.J. and Y.-B.L.; Visualization, S.-H.J. and J.-H.J.; Supervision, Y.-B.L.; Project administration, S.-H.J., J.-H.J. and Y.-B.L.; Funding acquisition, S.-H.J. and Y.-B.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a research promotion program of SCNU.




Institutional Review Board Statement


This clinical trial was thoroughly reviewed and officially approved (by the Institutional Review Board of the Institute of Bioequivalence and Bridging Study, Chonnam National University, Gwangju, Republic of Korea; Approval No. 060118; 11.25.2005).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All data and related materials are accessible in this manuscript and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hatori, M.; Kokubun, S. The long-term efficacy and tolerability of the new anti-inflammatory agent zaltoprofen in rheumatoid arthritis. Curr. Med. Res. Opin. 1998, 14, 79–87. [Google Scholar] [CrossRef] [PubMed]

	



Komiya, A.; Endo, T.; Kobayashi, M.; Kim, W.; Araki, K.; Naya, Y.; Suzuki, H.; Tobe, T.; Ichikawa, T.; Fuse, H. Oral analgesia by non-steroidal anti-inflammatory drug zaltoprofen to manage cystoscopy-related pain: A prospective study. Int. J. Urol. 2009, 16, 874–880. [Google Scholar] [CrossRef]

	



Gong, H.M.; Jun, S.; Chung, Y.-J.; Kim, J.-R.; Lee, J.H.; Lee, H.-J.; Park, C.A.; Kim, J.S. Efficacy and Safety of Miniscalpel Acupuncture, Non-Steroidal Anti-Inflammatory Drugs or Combined Treatment for Chronic Neck Pain: An Assessor-Blinded Randomized Controlled Pilot Study. Korean J. Acupunct. 2020, 37, 14–23. [Google Scholar] [CrossRef]

	



Santenna, C.; Kumar, S.; Balakrishnan, S.; Jhaj, R.; Ahmed, S.N. A comparative experimental study of analgesic activity of a novel non-steroidal anti-inflammatory molecule–zaltoprofen, and a standard drug–piroxicam, using murine models. J. Exp. Pharmacol. 2019, 11, 85–91. [Google Scholar] [CrossRef]

	



Yuvaraj, S.; Kumar, B.P. Peroxisome Proliferator-activated Receptor-γ as A Novel and Promising Target For Treating Cancer via Regulation of Inflammation: A Brief Review. Mini Rev. Med. Chem. 2022, 22, 3–14. [Google Scholar] [CrossRef] [PubMed]

	



Goto, K.; Hiramoto, K.; Maruyama, K.; Ooi, K. Relationships of pain-causing substances with dry skin and effects of zaltoprofen on alleviation of symptoms in arthritis model mice. Cutan. Ocul. Toxicol. 2022, 41, 296–303. [Google Scholar] [CrossRef]

	



Shah, H.A.; Patel, R.P. Statistical modeling of zaltoprofen loaded biopolymeric nanoparticles: Characterization and anti-inflammatory activity of nanoparticles loaded gel. Int. J. Pharm. Investig. 2015, 5, 20–27. [Google Scholar] [CrossRef]

	



Cui, H.; Quan, P.; Zhou, Z.; Fang, L. Development of a drug-in-adhesive patch combining ion pair and chemical enhancer strategy for transdermal delivery of zaltoprofen: Pharmacokinetic, pharmacodynamic and in vitro/in vivo correlation evaluation. Drug Deliv. 2016, 23, 3461–3470. [Google Scholar] [CrossRef] [PubMed]

	



Zaltoprofen-Drug-Details. Database(Zaltoprofen). Available online: http://www.health.kr/searchDrug/result_drug.asp (accessed on 18 October 2022).

	



Pareek, A.; Gupta, A.K.; Chandurkar, N.B.; Sirsikar, A.D.; Ambade, R.E.; Jesalpura, B.H.; Swamy, A.P. Zaltoprofen, a noninferior alternative to diclofenac for the treatment of primary knee osteoarthritis–a comparative evaluation of efficacy and safety in a 4-week, multicentric, randomized, double-blind, double-dummy trial. Expert Opin. Pharmacother. 2011, 12, 1007–1015. [Google Scholar] [CrossRef]

	



Mishra, R.; Prabhavalkar, K.S.; Bhatt, L.K. Preparation, optimization, and evaluation of Zaltoprofen-loaded microemulsion and microemulsion-based gel for transdermal delivery. J. Liposome Res. 2016, 26, 297–306. [Google Scholar] [CrossRef]

	



Cheng, X.-M. To market, to market-1993. In Annual Reports in Medicinal Chemistry; Elsevier: Amsterdam, The Netherlands, 1994; Volume 29, pp. 331–354. [Google Scholar]

	



Park, H.-Y.; Seo, K.-H.; Lee, S.-H.; Kim, Y.-M. Evaluation of NSAIDs Prescription for the Prevention of Gastrointestinal and Cardiovascular Risk in Geriatric Patients. J. Korean Soc. Health Syst. Pharm. 2017, 34, 54–63. [Google Scholar]

	



Wicha, S.G.; Märtson, A.G.; Nielsen, E.I.; Koch, B.C.; Friberg, L.E.; Alffenaar, J.W.; Minichmayr, I.K.; International Society of Anti-Infective Pharmacology; The PK/PD Study Group of the European Society of Clinical Microbiology, Infectious Diseases. From therapeutic drug monitoring to model-informed precision dosing for antibiotics. Clin. Pharm. Ther. 2021, 109, 928–941. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, A.; Lapa, R.; Vale, N. PBPK modeling and simulation and therapeutic drug monitoring: Possible ways for antibiotic dose adjustment. Processes 2021, 9, 2087. [Google Scholar] [CrossRef]

	



Perry, C.; Davis, G.; Conner, T.M.; Zhang, T. Utilization of physiologically based pharmacokinetic modeling in clinical pharmacology and therapeutics: An overview. Curr. Pharmacol. Rep. 2020, 6, 71–84. [Google Scholar] [CrossRef] [PubMed]

	



Shorr, A.F.; Bruno, C.J.; Zhang, Z.; Jensen, E.; Gao, W.; Feng, H.-P.; Huntington, J.A.; Yu, B.; Rhee, E.G.; De Anda, C. Ceftolozane/tazobactam probability of target attainment and outcomes in participants with augmented renal clearance from the randomized phase 3 ASPECT-NP trial. Crit. Care 2021, 25, 354. [Google Scholar] [CrossRef] [PubMed]

	



Santos, N.S.J.D.; Draibe, S.A.; Kamimura, M.A.; Canziani, M.E.F.; Cendoroglo, M.; Júnior, A.G.; Cuppari, L. Is serum albumin a marker of nutritional status in hemodialysis patients without evidence of inflammation? Artif. Organs 2003, 27, 681–686. [Google Scholar] [CrossRef] [PubMed]

	



Jang, J.-H.; Jeong, S.-H.; Cho, H.-Y.; Lee, Y.-B. Comparison of UPLC-MS/MS and HPLC-UV methods for the determination of zaltoprofen in human plasma. J. Pharm. Investig. 2019, 49, 613–624. [Google Scholar] [CrossRef]

	



Furuta, S.; Akagawa, N.; Kamada, E.; Hiyama, A.; Kawabata, Y.; Kowata, N.; Inaba, A.; Matthews, A.; Hall, M.; Kurimoto, T. Involvement of CYP2C9 and UGT2B7 in the metabolism of zaltoprofen, a nonsteroidal anti-inflammatory drug, and its lack of clinically significant CYP inhibition potential. Br. J. Clin. Pharmacol. 2002, 54, 295–303. [Google Scholar] [CrossRef]

	



Lim, Y.-J.; Cha, E.-Y.; Jung, H.-E.; Ghim, J.-L.; Lee, S.-J.; Kim, E.-Y.; Shin, J.-G. Genetic polymorphisms of CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5 in Vietnamese-Koreans. Transl. Clin. Pharmacol. 2014, 22, 70–77. [Google Scholar] [CrossRef]

	



Kindla, J.; Müller, F.; Mieth, M.; Fromm, M.F.; König, J. Influence of non-steroidal anti-inflammatory drugs on organic anion transporting polypeptide (OATP) 1B1-and OATP1B3-mediated drug transport. Drug Metab. Dispos. 2011, 39, 1047–1053. [Google Scholar] [CrossRef]

	



Sasaki, K.; Iizuka, K.; Sano, H.; Miwa, M.; Harnki, S. Pharmacokinetics of CN-100 for 80 mg tablet of final preparation in healthy volunteers. Jpn. Pharmacol. Ther. 1992, 20, 2167–2174. [Google Scholar]

	



Sano, H.; Segawa, Y.; Furuta, S.; Yoshino, Y.; Kamishiro, T.; Esumi, Y. Drug interaction of zaltoprofen, a novel anti-inflammatory drug, and its effect on hepatic drug metabolizing enzyme. Jpn. Pharmacol. Ther. 1995, 23, 1477–1487. [Google Scholar]

	



Kang, H.-A.; Park, S.; Kim, D.-H.; Kim, H.-H.; Yun, H.; Kim, K.-R.; Yoo, H.-D.; Park, E.-J.; Cho, H.-Y.; Lee, Y.-B. Bioequivalence of SCD Zaltoprofen Tablet to Soleton® Tablet (Zaltoprofen 80 mg). J. Pharm. Investig. 2006, 36, 209–215. [Google Scholar]

	



Li, L.; Ma, P.; Cao, Y.; Tao, L.; Tao, Y. Single-dose and multiple-dose pharmacokinetics of zaltoprofen after oral administration in healthy Chinese volunteers. J. Biomed. Res. 2011, 25, 56–62. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.W.; Seo, J.H.; Kim, Y.W.; Jeong, S.Y.; Lee, K.T. Determination of zaltoprofen in human plasma by liquid chromatography with electrospray tandem mass spectrometry: Application to a pharmacokinetic study. Rapid Commun. Mass Spectrom. 2006, 20, 2675–2680. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 16 00161 g001 550] 





Figure 1. Simulation graphs of the pharmacokinetics of the final model for zaltoprofen according to single dose change ((A) 80 mg, (B) 160 mg, and (C) 240 mg) or multiple doses ((D) 80 mg). Observed concentrations after oral administration of 80–240 mg are depicted by the colored dots. The presented multiple exposure graph (D) is the simulation result for the observation area (120–192 h). The 95th, 50th, and 5th percentiles of the predicted concentrations are represented by black dashed lines. The 95% confidence intervals (CI) for the predicted 5th and 95th percentiles are represented by the blue-shaded regions. The 95% CI for the predicted 50th percentiles is represented by the red-shaded regions. The X-axis represents the time after oral zaltoprofen administration and the Y-axis is the observed and predicted zaltoprofen concentrations in the plasma. The red (A), blue (A–D), and green (B) dots represent mean data from Kang et al., (2006), Li et al., (2011), and Lee et al., (2006), respectively. 
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Figure 2. Pharmacokinetic prediction profiles after single oral administration of zaltoprofen (80 mg) according to the change in CrCL and albumin levels ((A) CrCL 130 mL/min, (B) CrCL 80 mL/min, (C) Albumin 5.5 g/dL, (D) Albumin 3.5 g/dL, (E) CrCL 130 mL/min and albumin 3.5 g/dL, and (F) CrCL 80 mL/min and albumin 5.5 g/dL). CrCL 130 and 80 mL/min and albumin 5.5 and 3.5 g/dL were randomly assigned to the upper and lower limits of the general range of healthy adults, respectively. The 95th, 50th, and 5th percentiles of the predicted concentrations are represented by black dashed lines. The 95% confidence intervals (CI) for the predicted 5th and 95th percentiles are represented by the blue-shaded regions. The 95% CI for the predicted 50th percentile is represented by the red-shaded regions. The X-axis indicates the time after oral zaltoprofen administration and the Y-axis is the predicted concentrations of zaltoprofen in the plasma. 
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Figure 3. Simulation of pharmacokinetic prediction profiles after multiple (24 h (A,B) and 8 h intervals (C,D)) oral administrations of zaltoprofen (80 mg) according to the change in CrCL and albumin levels. The lines in the graph (A,C) indicate the mean values corresponding to 50% of each group. Normal in the graph is the 50% average predicted by the model established in this study (based on the group with median values of CrCL and albumin of 104.38 mL/min and 4.90 g/dL, respectively). A comparison (B,D) of predicted intergroup plasma concentrations at steady-state (168–192 h (B) and 184–192 h (C)) following changes in CrCL and albumin levels. * indicates a statistically significant difference between groups with p < 0.05. 
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Figure 4. Simulation of the pharmacokinetic prediction profile after multiple (24 h (A,B) and 8 h intervals (C,D)) oral administrations of zaltoprofen predicted by arbitrarily adjusting the dose to 60 mg for the group with CrCL and albumin levels of 80 mL/min and 5.5 g/dL, respectively. The lines in the graph (A,C) indicate the mean values corresponding to 50% of each group. Normal in the graph indicates the 50% average predicted by the model established in this study (based on the group with median values of CrCL and albumin of 104.38 mL/min and 4.90 g/dL, respectively). Comparison (B,D) of predicted intergroup plasma concentrations at steady-state (168–192 h (B) and 184–192 h (C)) following a dose change of zaltoprofen to 60 mg for a group with CrCL and albumin levels of 80 mL/min and 5.5 g/dL, respectively. 
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Figure 5. Simulation of the pharmacokinetic prediction profile after multiple (24 h (A,B) and 8 h intervals (C,D)) oral administrations of zaltoprofen predicted by arbitrarily adjusting the dose to 160 mg for the group with CrCL and albumin levels of 130 mL/min and 3.5 g/dL, respectively. The lines in the graph (A,C) indicate the mean values corresponding to 50% of each group. Normal in the graph indicates the 50% average predicted by the model established in this study (based on the group with median values of CrCL and albumin of 104.38 mL/min and 4.90 g/dL, respectively). Comparison (B,D) of predicted intergroup plasma concentrations at steady-state (168–192 h (B) and 184–192 h (C)) following a dose change of zaltoprofen to 160 mg for a group with CrCL and albumin levels of 130 mL/min and 3.5 g/dL, respectively. 
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