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Abstract

:

Understanding antibiotic concentration-time profiles in the central nervous system (CNS) is crucial to treat severe life-threatening CNS infections, such as nosocomial ventriculitis or meningitis. Yet CNS distribution is likely to be altered in patients with brain damage and infection/inflammation. Our objective was to develop a physiologically based pharmacokinetic (PBPK) model to predict brain concentration-time profiles of antibiotics and to simulate the impact of pathophysiological changes on CNS profiles. A minimal PBPK model consisting of three physiological brain compartments was developed from metronidazole concentrations previously measured in plasma, brain extracellular fluid (ECF) and cerebrospinal fluid (CSF) of eight brain-injured patients. Volumes and blood flows were fixed to their physiological value obtained from the literature. Diffusion clearances characterizing transport across the blood–brain barrier and blood–CSF barrier were estimated from system- and drug-specific parameters and were confirmed from a Caco-2 model. The model described well unbound metronidazole pharmacokinetic profiles in plasma, ECF and CSF. Simulations showed that with metronidazole, an antibiotic with extensive CNS distribution simply governed by passive diffusion, pathophysiological alterations of membrane permeability, brain ECF volume or cerebral blood flow would have no effect on ECF or CSF pharmacokinetic profiles. This work will serve as a starting point for the development of a new PBPK model to describe the CNS distribution of antibiotics with more limited permeability for which pathophysiological conditions are expected to have a greater effect.






Keywords:


physiologically based pharmacokinetic (PBPK); central nervous system; blood–brain barrier (BBB); blood-cerebrospinal fluid barrier (BCSFB); modelling and simulation; neuro care ICU patients












1. Introduction


The central nervous system (CNS) is protected by physiological barriers controlling xenobiotic penetration. To act at the CNS level, drugs must have properties allowing them to cross the blood–brain barrier (BBB). Thus, compounds with limited CNS distribution are discarded during the development process. In vitro models of the BBB [1] have been designed to address this issue at the early development stage, as well as physiologically based pharmacokinetic (PBPK) models that allow the characterization in vivo of CNS distribution and interspecies extrapolations [2,3,4,5]. However, antibiotics are essentially used to treat infections localized in various organs or tissues, such as lung or peritoneal fluids, and CNS penetration is not considered a major decision criterion during antibiotic development. In fact, extensive diffusion in the CNS could rather be a problem for antibiotics such as fluoroquinolones, penicillins or carbapenems, which may induce undesirable CNS side effects [6,7,8]. Yet severe life-threatening CNS infections, such as nosocomial ventriculitis or meningitis, require rapid and aggressive antibiotic treatment that represents a real challenge [9]. These infections are increasingly caused by multidrug-resistant (MDR) bugs, and only a few antibiotics possess the appropriate microbiological spectrum to induce a rapid bactericidal effect [10,11,12]. Therapeutic options are then limited and may involve antibiotics with a priori limited CNS distribution, either because of their high hydrophilicity or/and affinity for active efflux pumps [13]. However, CNS distribution is likely to be modified in patients with brain damage and infection/inflammation due to alterations of physiological blood flows and volumes, as well as disruption of tight junctions and modifications of active transporter activity/expression. In patients with traumatic brain injury (TBI) or subarachnoid hemorrhage (SAH), an increase in intracranial pressure (ICP) due to a reduced cerebrospinal fluid (CSF) reabsorption [14] or/and a mechanisms leading to increased cerebral volumes, such as oedema or hematoma [15,16], is often observed. Moreover, in TBI and SAH patients, a decrease in cerebral blood flow [15,17,18] and an increase in permeability due to the breakdown of the BBB and the blood-cerebrospinal fluid barrier (BCSFB) have been reported [14,15]. Furthermore, patients are frequently equipped with external ventricular drains (EVD) that may also alter antibiotic exposure in CNS. Therefore, CNS distribution of antibiotics in brain-damaged patients is driven by multiple important factors that are difficult to predict. Yet CSF concentrations obtained from the EVD collection bag, close to concentrations at the infection site, are frequently used to adjust the dosing regimen for a particular patient. Traditional compartmental modeling has been frequently conducted to characterize the CNS distribution of antibiotics in brain-damaged patients [19,20,21,22,23,24]. However, PBPK modeling might be more appropriate to identify the parameters influencing antibiotic CNS distribution and to predict the impact of their pathophysiological alterations. However, any given pathophysiological alteration will not have the same impact on the CNS distribution of all antibiotics, depending on their physico-chemical characteristics. For example, increased membrane permeability due to the disruption of tight junctions is expected to have a greater effect on low- than high-permeability compounds. The same type of comment holds true for active efflux pumps. Yet among the various published brain PBPK models, some consider exclusively the BBB and not the BCSFB [2,25], which constitutes a reasonable simplification considering the authors’ objective. However, in order to attain the benefit of determining CSF concentrations in brain-damaged patients, it is necessary to develop a model including a BCSFB in addition to the BBB since exchanges exist between CSF and brain extracellular fluid (ECF). Three such PBPK models have been described in the literature [26,27,28] and were used to create the one proposed in this article, considering that our main objective was to set up a minimal PBPK including the main parameters governing antibiotics’ CNS distribution, which is likely to be altered in brain damaged patients. As a first step, we have chosen to develop this model using metronidazole, an antibiotic with extensive CNS distribution simply governed by passive diffusion, for which we had relatively rich clinical data available, including CSF concentrations in patients equipped with EVD [29] and brain ECF concentrations in patients monitored with brain microdialysis [30].




2. Results


2.1. PBPK Analysis


The minimal PBPK model described unbound metronidazole PK profiles in plasma, brain dialysate after correction by in vivo probe recovery and an EVD collection bag well as can be observed from the individual plots (Figure S1) and the visual predictive checks (VPCs) (Figure 1). The parameter estimates were obtained with good precision and are summarized in Table 1. The diffusion of metronidazole across the BBB and the BCSFB, calculated from physiological and physicochemical data, was predicted to be rapid and passive (6.4 L/h and 3.2 L/h, respectively). The model fit was not improved when non-equal rate constants were used across both the BBB and BCSFB. Mean fold errors between predicted and observed AUCΔt were close to 1 for the three compartments (Table S1). Figure 2 shows the predicted concentration profiles in plasma and cerebral compartments obtained in a typical patient. Profiles in ECF and CSF predicted by the model were similar.




2.2. Sensitivity Analysis


2.2.1. Impact of Brain Pathophysiological Changes


The metronidazole concentration profiles obtained after varying PSECF/CSF, VECF and Qbrain were almost identical, as shown in Figure 3.




2.2.2. Impact of EVD


The impact on model predictions after changing the values of QEVD within a range of 0.001–0.04 L/h is shown in Figure 4. PK profiles of metronidazole in CSF were not sensitive to the changes in QEVD.





2.3. Evaluation of Drug Permeability across the BBB and BCSFB


The PSECF value calculated from system and drug-specific parameters using Simcyp® (PScalculated) was quite similar to the in vitro-scaled PSECF value (PSin vitro) but somewhat higher than the value estimated by the model (7.1-fold) (Table 2). Similarly, PSCSF,calculated was 8-fold higher than PSCSF,estimated. A ratio close to 2 (2.3) between PSECF and PSCSF was predicted by the model. All other parameters of the model were almost identical (Table S2). This resulted in similar predicted ECF and CSF concentration profiles regardless of the values used for the passive diffusion clearances (Figure S2).





3. Discussion


Metronidazole was selected as an appropriate compound to develop a minimal PBPK model, not only because data were available both in human brain ECF and CSF, which, as far as we know, is unique, but also because we previously showed that its distribution within brain ECF [30] and CSF [29] is extensive, in agreement with its lack of affinity for efflux transport systems at BBB and BCSFB, making this initial PBPK model relatively simple. In fact, metronidazole was shown to be an inhibitor but not a substrate of P-gp [31].



Metronidazole permeability across the BBB (PSECF) was predicted from drug-specific parameters (MW and log P) and the BBB surface area. By comparison, the value given by Simcyp and used in the PBPK model (6.4 L/h) was similar to the value calculated using previously reported equations from the literature (6.3 L/h) [32] but slightly higher than the value obtained from PK-Sim, another PBPK platform (2.4 L/h). To validate the BBB permeability of metronidazole, the bidirectional passive permeability value used in the PBPK model was compared to the value determined from an in vitro Caco-2 model. The in vitro-scaled PSECF value (8.0 L/h) was quite close to the Simcyp prediction, indicating a good correlation between these two approaches. Moreover, the determination of an in vitro efflux ratio lower than 2 (Table 1A) confirmed that metronidazole was not a substrate of efflux transporters and that its brain distribution was exclusively passive. In the present study, the Caco-2 model was used as a surrogate BBB penetration model (Appendix A). Although this is a simple epithelial cell model routinely used in drug development for the prediction of intestinal absorption, it is also commonly used to evaluate the BBB permeability of drugs [33,34]. The use of a more laborious and expensive brain endothelial cell-based model that more closely reproduces the main BBB features and the expression of specific transporters did not seem essential in the case of metronidazole [35]. On the other hand, PSCSF was assumed to be half of PSECF, consistent with previous PBPK models [4,27]. To validate this hypothesis, PSECF and PSCSF were estimated by the model, and although much lower values were obtained (Table 2), a ratio close to 2 was still observed, and similar CNS PK profiles were obtained (Figure S2).



Patients in both groups were suffering from neuro-trauma and CNS drug distribution characteristics observed in these patients could be altered. Thus, the impact of pathophysiological changes on PK profiles in brain ECF and CSF was explored by replacing PSECF/CSF, VECF and Qbrain with values that can be found in patients suffering neurovascular diseases such as TBI and SAH. First, an a priori 2- to 5-fold increase in PSECF/CSF corresponding to the increase in the ratio between CSF and plasma albumin, reflecting a pathological increase in permeability of endothelial cells, was evaluated [36]. Since PSECF/CSF values were initially high, the increased permeability under pathological conditions had no impact on the metronidazole profiles in ECF and CSF (Figure 3a).



Previous studies showed that the swelling process accompanying acute brain injury was mainly due to an increase in brain tissue water responsible for an increase in VECF, whereas a reduction in VCSF could be observed to compensate for the increase in brain-tissue water [37,38]. Therefore, an increase in VECF comparable to the percentage of swelling previously observed in head-injured patients with edema was tested (average 9% increase in brain volume up to 35%) [37]. VECF was allowed to vary within a narrow range of values from 5%, corresponding approximately to the threshold value (4.3%) associated with an increase in intracranial pressure [39], to 40%. Although this small increase in VECF may have important consequences from a pathophysiological point of view, it had no impact on metronidazole concentrations in ECF (Figure 3b).



Finally, the effect of several thresholds values of Qbrain corresponding to mild hypoperfusion or oligemia (70% of normal), penumbra (40% of normal) and critical ischemia (20% of normal) [40] on metronidazole brain PK were investigated. The simulations showed no impact of Qbrain on the metronidazole profiles in ECF and CSF, which is consistent with the fact that the brain distribution is permeability-limited due to the BBB and BCSFB with their tight junctions, and not perfusion-limited (Figure 3c). In fact, despite the decrease in Qbrain, its value was still higher than that of PSECF/CSF.



Since TBI and SAH conditions did not significantly influence metronidazole PK profiles, it was not necessary to adjust the values of blood flows, cerebral volumes or diffusion parameters to capture the CNS distribution of metronidazole in the patients of the present study. However, for less lipophilic antibiotics or with higher molecular weight, and thus with low permeability, brain pathophysiological changes, in particular barrier disruption, are expected to have more impact on their CNS PK. Indeed, if we consider a hypothetical drug that is not a substrate for efflux transporters but has the same physicochemical characteristics as a low-permeability antibiotic such as cefotaxime (MW = 455 g/mol, log P = −1.5), higher and earlier peak concentrations should be observed in ECF and CSF when PSECF/CSF increased, although a linear increase is not expected (steady state concentrations increased from 9.8 to 12 mg/L in brain ECF and from 8.5 to 11.5 mg/L in CSF when PSECF/CSF is multiplied by 5) (Figure S3). However, the increase in VECF should result in a minor increase in ECF concentrations, and the decrease in Qbrain should have no impact on CNS PK profiles (Figure S3).



Yet, patients were not similar in both groups. From a pathophysiological point of view, the patients of the study were relatively comparable, but one may notice that CSF concentrations were measured in patients equipped with an EVD to compensate for brain hyper-pressure due to the obstruction of the CSF outflow (Qsink), which was not the case for patients equipped with microdialysis. Yet the fraction of metrodinazole dose recovered in the collection bag ranged from 0.1 to 0.4%, which has, therefore, a negligible impact on total clearance and brain PK profiles (Figure 4), especially since the sum of Qsink and QEVD was assumed to be equal to the physiological value of Qsink. However, an effect of the EVD on CSF concentrations could be observed for drugs with lower passive permeability when QEVD is higher than the physiological value of Qsink (QEVD > 0.024 L/h). In this situation, it was assumed that CSF reabsorption was totally blocked, and thus, Qsink was set at 0 L/h, resulting in a potentially greater impact of the loss of the drug via the EVD on CSF PK profiles for drugs with low permeability (Figure S4).



A limitation of this study is the limited number of patients in each group. However, a multicenter clinical trial coordinated by our group is running to investigate CSF distribution of 9 distinct antibiotics in patients that are infected or not [41]. Some of these antibiotics are known to have a limited distribution within CSF due to high hydrophilicity responsible for low membrane permeability or/and affinity for efflux transport systems such as OAT-3, PEPT-2 or MRP4 for cephalosporin or carbapenem [13,42], which characteristic will be implemented in the present model. Furthermore, for each antibiotic, 25 patients will be recruited, and parameters known to have a potential effect on CSF distribution, mostly markers of inflammation (albumin, interleukin, cytokines), will be measured and tested as potential covariates explaining between-patients variability. Lastly, these CSF PK results will be used for PKPD modeling and dosing regimen optimization.




4. Materials and Methods


4.1. Patients, Metronidazole Administration, Sample Collection and Quantification of Metronidazole Concentrations


This study was performed in the neurointensive care unit at the University Hospital of Poitiers (France) and was approved by the local ethics committee (CPP OUEST III, protocol 2008-003311-12). The study design has been previously described in detail [29,30]. Briefly, eight brain-injured patients were divided into two groups based on whether they were equipped with a microdialysis probe into one of the two frontal lobes of the brain tissue (n = 4) or an EVD into their lateral brain ventricles (n = 4). The demographic characteristics are detailed in Table 3. At admission, intracranial pressure was monitored in all patients, and CT scans were monitored during their hospitalization. Patients were included in the PK study after stabilization of intracranial pressure and neurological status. All patients received 500 mg of metronidazole (B Braun, Boulogne-Billancourt, France) every 8 h through a 30-min intravenous infusion to treat a lung infection.



The metronidazole pharmacokinetic study was conducted at a steady state after at least 2 days of treatment. Brain dialysates and CSF samples were collected, respectively, during microdialysis monitoring or via the EVD over 8 h at 0.5 h intervals during the first 2–4 h and at 1 h intervals for the remainder of the experiment. Serial blood samples (between 7 and 13 per patient) were collected simultaneously over the dosing interval in all patients. Plasma unbound concentrations were determined by ultrafiltration, and all samples were assayed by high-performance liquid performance (HPLC) with UV detection (310 nm) as previously described [30].




4.2. Population PK Analysis


The concentrations in plasma and CNS from all patients were modelled simultaneously using the non-linear mixed effect modelling approach in NONMEM 7.4 (ICON Development Solutions, Ellicott City, MD, USA). All model estimations were conducted with the first-order conditional estimation method with interaction (FOCE INTER). Model evaluation was based on the visual inspection of diagnostic plots (goodness of fit (GOF) and individual plots) [43], comparison of the objective function value (OFV) and relative standard errors (RSEs) of the parameter estimates. RSEs of parameters were obtained using the sampling importance resampling (SIR) procedure implemented in PsN [44]. Model predictive performance was assessed using VPCs (samples n = 1000) and by calculating fold errors between predicted and observed areas under the plasma, brain dialysate and CSF unbound concentration-time curves between two consecutive dosing at steady-state (AUCΔt). Predicted AUCΔt were determined based on predicted individual PK profiles for each tissue, while observed AUCΔt were calculated using the linear trapezoidal rule (Phoenix WinNonlin version 6.2; Certara USA, Inc., Princeton, NJ, USA).



A minimal PBPK modelling approach was used to describe the concentration-time profiles of metronidazole in plasma and CNS. In each patient, two individual unbound fraction values (fu) of metronidazole were calculated as the ratio of metronidazole concentrations in ultrafiltrates to corresponding total plasma concentrations. The mean value was used to convert total concentrations into unbound concentrations. The blood to plasma (B/P) ratio of metronidazole was estimated using the software tools PK-Sim (version 10.0, Open Systems Pharmacology, Bayer Technology Services, Leverkusen, Germany) based on fu, log P and haematocrit, as defined by Rodgers and Rowland [45] (Table 4) and used to convert measured unbound plasma concentrations into unbound blood concentrations in the model. Metronidazole elimination was implemented as a total blood clearance representing both its renal excretion and hepatic metabolism. The CNS was represented by three physiologically based compartments: the brain vasculature, the brain ECF and the brain CSF (Figure 5). The rest of the tissues were lumped as a single, perfusion-limited and well-stirred tissue compartment. The tissue compartments were connected via blood flow (Q) to the blood compartment in a closed-loop format. Volumes (V) and blood flows were fixed to their physiological value obtained from the literature (Table 4).



Metronidazole concentrations in the blood compartment (CB) were modelled as:


   V B      dC  B    dt   = Input +  f d  CO    C  tissue      K p    +  Q  brain    C  brain , vasc   −  C B   (   f d  CO +  Q  brain   + CL  )   



(1)




where Input is the infusion rate (1000 mg/h) for the dutaion of the infusion (0.5 h), VB is blood volume, CO is cardiac output blood flow, Ctissue is the metronidazole concentrations in (non-CNS) tissue compartment, fd is the fraction of CO going to the tissue compartment, and Kp is the unbound tissue to blood partition coefficient. Cbrain,vasc is the metronidazole concentrations in brain vasculature, Qbrain is the brain blood flow, and CL is the total blood clearance.



Metronidazole concentrations in non-CNS tissue compartment (Ctissue) were modelled as:


   V  tissue       dC   tissue     dt   =  f d  CO  (   C B  −    C  tissue      K p     )   



(2)




where Vtissue, the volume of the tissue compartment, was determined by VB + Vtissue + Vbrain,vasc + VECF + VCSF = TBW due to physiological constraints, with Vbrain,vasc representing the volume of the brain vasculature compartment, VECF the ECF brain tissue volume, VCSF representing the cranial CSF volume and TBW representing the total body weight (Table 4) [46]. Similarly, due to physiological restrictions, total blood flow was ≤CO, implying that the sum of CO fractions going to the brain (fd,brain) and non-CNS tissue compartment (fd) was ≤1 (fd + fd,brain ≤ 1), with fd,brain fixed to the physiological value calculated from      Q  b r a i n     C O    .



Metronidazole concentrations in the brain vasculature compartment (Cbrain,vasc) were modelled as:


   V  brain , vasc       dC    brain   vasc      dt   =  Q  brain    C B  +   PS   ECF    C  ECF   +  C  CSF    (    PS   CSF   +  Q   sin k     )  −  C  brain , vasc    (   Q  brain   +   PS   ECF   +   PS   CSF    )   



(3)




where CECF and CCSF are ECF and CSF concentrations, respectively, PSECF and PSCSF are passive permeability-surface area products for the BBB and BCSFB, respectively, and Qsink is the CSF absorption rate (sink flow). Metronidazole is not thought to be actively transported; therefore, only passive diffusion across the brain barriers was considered. Passive diffusion clearance at the BBB (PSECF) was determined from a combination of system- (surface area of BBB, SABBB) and drug-specific parameters (log P and molecular weight), using the prediction option incorporated in Simcyp simulator (version 18.0, Certara, Sheffield, UK). PSECF was fixed to 6.4 L/h and PSCSF was assumed to be half of PSECF (considering SABCSFB = 50% SABBB) [27].



Metronidazole concentrations in the ECF compartment (CECF) were modelled as:


   V  ECF       dC   ECF     dt   =  C  brain , vasc     PS   ECF   −  C  ECF    (    PS   ECF   +  Q  bulk    )   



(4)




where Qbulk is the bulk flow from brain ECF to CSF. The bulk flow of ECF is a physiological convection process and was assumed to be the major mechanism of drug transfer between ECF and CSF.



Brain dialysate concentrations (CECF,dialysate), collected as fractions during various time intervals, were described by the integral over each collection interval, represented by t1 and t2 [47]:


   C  ECF , dialysate   =   ∫    t 1     t 2     C  ECF   dt  



(5)







In the model, CECF,dialysate corresponds to the dialysate concentrations corrected by the in vivo probe recovery determined for each patient using a retrodialysis-by-drug method, as previously described [30].



Metronidazole concentrations in the CSF compartment (CCSF) were modelled as:


   V  CSF       dC   CSF     dt   =  C   brain   vasc      PS   CSF   +  C  ECF    Q  bulk   −  C  CSF    (    PS   CSF   +  Q   sin k    +  Q  EVD    )   



(6)




where QEVD is the EVD flow determined experimentally during a certain time interval (Table S3) and used as a covariate to describe the elimination of metronidazole from the CSF compartment. It was assumed that EVD was inserted to reduce intracranial pressure elevation due to the interruption of CSF flow and blockage in CSF reabsorption sites in patients with intracranial hemorrhage [14], such as:


   Q   sin k    =  Q   sin k  ,    physio    −  Q  EVD    



(7)







Qsink,physio is the physiological value of Qsink (Table 4).



Metronidazole concentrations in the EVD compartment (CEVD) were modelled for each collection interval as:


   V  EVD       dC   EVD     dt   =  C  CSF    Q  EVD    



(8)




where VEVD is the volume of EVD samples determined experimentally during a certain time interval (Table S3).




4.3. Sensitivity Analysis


A sensitivity analysis was performed to evaluate the impact of various model parameters on CNS concentrations of metronidazole after a single intravenous-infusion of 500 mg over 30 min.



4.3.1. Impact of Brain Pathophysiological Changes


To investigate the impact of pathological changes caused by TBI or SAH on CNS PK profiles of metronidazole, simulations were performed by varying the values of PSECF/CSF, VECF and Qbrain within ranges of 100–500%, 100–140% and 20–100% of their original values, respectively. The values of the selected model parameters were varied one by one while keeping all other parameters fixed to the original values (Table 4), and the resulting plasma, ECF and CSF concentration profiles were plotted.




4.3.2. Impact of EVD


The impact of the EVD on CSF concentrations was investigated by varying QEVD from 0.001 L/h to 0.04 L/h, these two values corresponding to the minimum and the maximum flows observed during a certain time interval in a particular patient (Table S3). A simulation without EVD (QEVD = 0 L/h) was also carried out.





4.4. Evaluation of Drug Permeability across the BBB and BCSFB


Metronidazole permeability across the BBB (PSECF) was fixed in the PBPK model to the value predicted by Simcyp from system- and drug-specific parameters. On the other hand, PSECF was estimated from an in vitro Caco-2 model for comparison purposes. The final protocol is detailed in the Appendix A. Briefly, the apparent permeability of metronidazole was measured in the apical-to-basolateral (Papp,A-B) and basolateral-to-apical (Papp,B-A) directions. An efflux ratio was calculated as the ratio of Papp,B-A to Papp,A-B. For a ratio lower than 2, indicating passive diffusion across biological membranes [33], a unique value of Papp was calculated as the mean of Papp,A-B and Papp,B-A and was scaled to PSECF,in vitro by multiplying by the physiological SABBB and the brain weight (BW) (Table 4):


    PS   ECF ,  in   vitro    =  P  app   ×   SA   BBB   ×  B W   



(9)







Permeability across the BCSFB (PSCSF) was assumed to be half of PSECF. To validate this hypothesis, PSECF and PSCSF were estimated by the model.





5. Conclusions


Metronidazole was selected as a representative antibiotic with relatively rapid and extensive CNS penetration due to its sufficiently high membrane permeability and absence of affinity for efflux transport systems present at the BBB or BCSFB level to develop a PBPK model from plasma and brain ECF as well as CSF concentrations previously measured in neurocare ICU patients. This model shows that with this type of antibiotic, physio-pathological alterations of membrane permeability PSECF/CSF, cerebral blood flow or brain ECF volume would have no effect on ECF or CSF PK profiles. This work will serve as a starting point for the development of a new PBPK model to describe the CNS distribution of cefotaxime as a representative of antibiotics with more limited CNS distribution due to lower permeability and affinity for efflux pumps, which are frequently used for the treatment of CNS infections.
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Appendix A. In Vitro Bidirectional Transport Assay of Metronidazole


	
Caco-2 Cell Culture






Human colon carcinoma Caco-2 cells were purchased from the European Collection of Cell Cultures (ECACC 86010202) and grown in EMEM supplemented by 2 mM glutamine, 1% non-essential amino acid, 50 units/mL penicillin, 50 µg/mL streptomycin and 10% fetal bovine serum. The atmosphere was kept at 37 °C, 90 to 95% relative humidity and 5% CO2 in air. The cells were used at passages 5–10 for all experiments.



For routine culture, Caco-2 cells were plated in cell culture dishes and subcultured before reaching confluency using a trypsin-EDTA (0.25%) solution. The culture medium was renewed twice a week.



For transport experiments through barrier models, Caco-2 were seeded at a density of 1.5 × 105 cells/cm2 on top of 24-well semi-permeable Transwell inserts (PET membrane, 0.33 cm² with pore sizes of 0.4 µm and pore density of 2.0 ± 0.2 × 106/cm²). Prior to seeding the cells, the insert filters were pre-coated with 6.1 µg/cm² rat-tail collagen type I. Cells were then cultured for 21 days in a liquid-liquid interface with medium renewal (0.4 mL in apical (AP) compartment and 1ml basolateral (BL) compartments) every 3 days to allow the formation of tight junctions in the Caco-2 monolayer. Its integrity was assessed by measuring transepithelial electrical resistance (TEER) with a Millicell ERS-2 Voltohmmeter. In order to reduce temperature-dependent variability, cultures were equilibrated at room temperature in HBSS for 15 min before resistance measurements. To calculate the TEER values for each Caco-2 monolayer, the TEER value of the cell-free coated insert was subtracted from the TEER value obtained in the presence of Caco-2 cells. To obtain a unit area resistance, this value was multiplied by the effective surface area of the filter (0.33 cm2), and the final values were expressed as Ω.cm2. We thus ensured that all transport experiments were performed on well-established barriers with a TEER of at least 600 Ω.cm2.



	
Metronidazole transport experiments






Transport experiments were conducted in both AP-to-BL and BL-to-AP directions. On the study day, after verification of the barrier integrity, the Caco-2 monolayers were incubated for 20 min in HBSS. Following this equilibration period, the apical or basolateral media (for AP-to-BL and BL-to-AP transports, respectively) were replaced by HBSS containing 16 µg/mL metronidazole, and the plates were returned to the incubator. Subsequently, sample aliquots were taken from the BL or AP compartments (for AP-to-BL and BL-to-AP transports, respectively) at 60, 120, and 180 min. Following the transport study, a control of the monolayer integrity was performed by TEER measurement as previously described. Three independent experiments were performed.



	
Metronidazole quantification






Metronidazole concentrations in HBSS were determined by high-pressure liquid chromatography with UV detection, as previously described for plasma samples [30]. The chromatographic system consisted of an XTERRA MS C18 (3.9 mm × 150 mm; 5 µm) column, a SHIMADZU HPLC chromatography system equipped with two LC-20ADxr pumps, a SIL-20ACHT autosampler and an SPD-20A UV detector set at 310 nm (Shimadzu France, Marne-La-Vallée, France). The data were recorded and analysed on a LabSolutions acquisition station v5.98. The mobile phase consisted of a solution of 0.01M KH2PO4 mixed with acetonitrile (86/14 (vol/vol)) at a flow rate of 0.4 mL/min.



A total of 25 microliters of either calibration standard, QC or samples were mixed with 50 µL of the internal standard mixture at a concentration of 2.5 µg/mL of acetonitrile in 1.5 mL polypropylene microtubes for 30 seconds using a vortex shaker. After centrifugation at 14,000 rpm for 10 min at 5 °C, 50 µL were diluted 1:4 with HPLC grade water in a glass vial with a polypropylene microinsert that was then loaded to an autosampler ready for injection.



Quantitation was monitored using 9 standard levels containing the antibiotics that were processed together with a blank (without analyte and internal standard) and zero samples (including the internal standard only), covering a range from 0.1 µg/mL (corresponding to the limit of quantification LOQ) up to 40 µg/mL. Calibration curves were created by plotting the peak area ratios of metronidazole relative to the IS against the various concentrations in the spiked standards. Linear regression was used. In addition, each analytical run included three levels of QC samples covering the calibration curve range (QC low: 0.3 µg/mL, QC medium: 2.5 µg/mL and QC high: 25 µg/mL), in duplicate (or in triplicate when the number of samples was high). The accuracy and precision values obtained were within 15% of the nominal values for the calibration standards and the QC samples, except for the LOQ value, which was within 20% of the nominal value.



	
Data analysis






Papp values were obtained according to the following equation, where C is the measured concentration of metronidazole in the acceptor compartment (µg/mL), V is the volume of the acceptor compartment (mL), A is the surface of the semi-permeable membrane (cm²), T is the time (sec) and C0 the initial measured concentration of metronidazole in the donor compartment (µg/mL).


   P app  =    C  ×  V     A   ×   T   ×    C 0      



(A1)







The efflux ratio (ER) was determined by the quotient of the Papp in the secretory (BL-to-AP) direction over the Papp in the absorptive (AP-to-BL) direction.
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Table A1. Papp of metronidazole (16 µg/mL) in the AP-to-BL and BL-to-AP directions. Results are presented as mean values ± SD from 3 independent experiments.
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Apparent Permeability (Papp)

	
Efflux Ratio






	

	
(AP-to-BL) direction

	
BL-to-AP direction

	




	
Metronidazole

	
9.0 ± 5.0 × 10−6 cm/s

	
13.2 ± 4.0 × 10−6 cm/s

	
1.47




	
11.1 ± 4.6 × 10-6 cm/s
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Figure A1. Amounts of metronidazole transported across Caco-2 monolayers over time. Results are presented as mean values ± SD from 3 independent experiments. 
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Figure 1. Visual predictive checks of the final PBPK model for unbound metronidazole concentrations in plasma, brain dialysates after correction by in vivo probe recovery (BrainDialysate) and collection bag of the EVD (CSFEVD). Circles represent observed data; the solid lines correspond to the median and the grey-shaded area depict the 90% prediction interval delimited by the 5th and 95th percentiles (dashed lines) for 1000 simulated profiles. 
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Figure 2. Predicted concentration-time profiles of metronidazole in unbound plasma, brain ECF, brain dialysates after correction by in vivo probe recovery, CSF in the lateral ventricle (CSFLV) and CSF collected by extra-ventricular drainage (CSFEVD) for a typical patient after administration of 500 mg q8h. 
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Figure 3. Simulation of the impact of increased passive diffusion clearances, PSECF/CSF (a), increased brain ECF volume, VECF (b) and reduced cerebral blood flow, Qbrain (c) on CNS PK profiles of metronidazole after administration of a single dose of 500 mg using the minimal PBPK model. The plots were stratified by CNS compartment (panels). 
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Figure 4. Simulation of the impact of external ventricular drain flow (QEVD) on CSF concentrations of metronidazole. QEVD was assumed to be constant over time and to restore the physiological CSF outflow (Qsink). Thus, when QEVD was higher than the physiological value of Qsink (QEVD > 0.024 L/h), Qsink was set at 0 L/h. 
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Figure 5. Schematic representation of metronidazole minimal PBPK model: the values of the parameters in color are fixed and those of the parameters in black are estimated. Parameters in blue are system-specific parameters, the parameter in green is determined experimentally, and parameters in red are parameters derived from system- and drug-specific parameters. The dashed line represents the blood–brain barrier (BBB) and the blood–cerebrospinal fluid barrier (BCSFB). ECF: extracellular fluid, CSF: cerebrospinal fluid, CO: cardiac output, Qbrain: cerebral blood flow, Qbulk: bulk flow, Qsink: sink flow, QEVD: flow of the external ventricular drain, PSECF: rate of bidirectional passive unbound drug transfer across the BBB, PSCSF: rate of bidirectional passive unbound drug transfer across the BCSFB, Vblood: blood volume, Vtissue: volume of non-CNS tissue compartment, Vbrain,vasc: brain vascular volume, VECF: ECF brain tissue volume, VCSF: cranial CSF volume, fd: fraction of CO going to the non-CNS tissue compartment, Kp: unbound tissue to blood partition coefficient, CL: total blood clearance. 
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Table 1. Parameter estimates for metronidazole in plasma, ECF and CSF.
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	Parameter
	Symbol
	Value (95% CI) a
	IIV %CV (95% CI) a





	Unbound blood partition coefficient for tissue compartment
	Kp
	0.796 (0.693–0.923)
	-



	Fraction of cardiac output going to the non-CNS tissue compartment
	fd
	0.86 FIX b
	



	Total blood clearance of unbound drug
	CL (L/h)
	7.28 (5.77–9.53)
	35.2 (24.0–57.8)



	Rate of bidirectional passive unbound drug transfer across the BBB
	PSECF (L/h)
	6.4 FIX c
	



	Rate of bidirectional passive unbound drug transfer across the BCSFB
	PSCSF (L/h)
	3.2 FIX d
	



	Proportional residual variability for plasma
	σprop,plasma (%)
	14.4 (9.74–19.1)
	-



	Additive residual variability for plasma
	σadd,plasma (µg/mL)
	1.18 (0.320–2.90)
	-



	Proportional residual variability for ECF
	σprop,ECF (%)
	22.8 (17.5–29.1)
	-



	Proportional residual variability for CSF
	σprop,CSF (%)
	28.2 (22.0–36.5)
	-







IIV: inter-individual variability; CV: coefficient of variation; CI: confidence interval; a The 95% CI was obtained by sampling importance resampling. b Parameter fixed to the maximum allowed value due to identifiability issue; c parameter fixed to the value predicted by Simcyp based on system (surface area of BBB) and drug-specific parameters (log P and molecular weight); d PSCSF was assumed to be half of PSECF.
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Table 2. Comparison of PS values calculated from system- and drug-specific paramaters (PScalculated) using Simcyp, estimated by the model (PSestimated) or scaled from in vitro Caco-2 permeability parameters (PSin vitro).
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	PScalculated
	PSin vitro
	PSestimated





	PSECF (L/h)
	6.4
	8.0
	0.904



	PSCSF (L/h)
	3.2 *
	4.0 *
	0.398







* PSCSF was assumed to be half PSECF.
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Table 3. Demographic characteristics of patients.
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Patients




	
Parameter

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
Age (yrs)

	
55

	
64

	
52

	
65

	
73

	
51

	
52

	
34




	
Ht (cm)

	
180

	
172

	
175

	
172

	
178

	
176

	
180

	
175




	
Sex a

	
M

	
M

	
M

	
M

	
M

	
M

	
M

	
M




	
Wt (kg)

	
90

	
90

	
77

	
79

	
90

	
80

	
115

	
75




	
Creatinine clearance (mL/min) b

	
171

	
118

	
86

	
144

	
165

	
84

	
141

	
306




	
Serum albumin (g/L)

	
22

	
NA

	
31

	
42

	
NA

	
NA

	
NA

	
NA




	
Serum total proteins (g/L)

	
66

	
61

	
64

	
67

	
61

	
53

	
66

	
57




	
Admission type c

	
TBI

	
TBI

	
SAH

	
TBI

	
SAH

	
SAH

	
VH

	
SAH




	
Sample types d

	
Blood + ECF

	
Blood + ECF

	
Blood + ECF

	
Blood + ECF

	
Blood + CSF

	
Blood + CSF

	
Blood + CSF

	
Blood + CSF








a M, male; b calculated by using the MDRD (modification in diet of renal disease) equation; c TBI, trauma brain injury; SAH, subarachnoid hemorrhage; VH, ventricular hemorrhage; d ECF, extracellular fluid; CSF, cerebrospinal fluid; NA, not available.
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Table 4. Physiological model input parameters.






Table 4. Physiological model input parameters.





	
Parameter

	
Definition

	
Value

	
Reference




	
System-Specific Parameters






	
Qbulk

	
Bulk flow: flow rate from ECF to CSF

	
0.0105 L/h

	
[48]




	
Qsink, physio

	
Sink flow

	
0.024 L/h

	
[48]




	
CO

	
Cardiac output

	
312 L/h

	
[49]




	
Qbrain

	
Brain blood flow

	
42 L/h

	
[2]




	
VECF

	
ECF brain tissue volume

	
0.24 L

	
[48]




	
VCSF

	
Cranial CSF volume

	
0.130 L

	
[27]




	
Vblood

	
Blood volume

	
5.85 L

	
[49]




	
Vbrain,vasc

	
Brain vascular volume

	
0.0637 L

	
[2]




	
SABBB

	
Surface area of the BBB

	
157 cm²/g brain

	
[2]




	
BW

	
Brain weight

	
1274 g

	
[2]




	
Drug-Specific Parameters




	
MW

	
Molecular weight

	
171 g/mol

	
[50]




	
log P

	
Octanol:water partition coefficient

	
−0.459

	
[50]




	
BP

	
Blood-to-plasma concentration ratio

	
0.82

	
PK-Sim prediction
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