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Background and Objectives: Physiologically based pharmacokinetic (PBPK) modeling

permits clinical scientists to reduce practical constraints for clinical trials on patients with

special diseases. In this study, simulations were carried out to validate the pharmacokinetic

parameters of clozapine and sildenafil using Simcyp® simulator in young male adults and

compare the effect of renal or hepatic impairment on the pharmacokinetic parameters of

clozapine and sildenafil. Also, the effect of age on pharmacokinetic parameters of both drugs

was investigated in healthy population and in patients with renal and hepatic impairment.

Methods: A full PBPK model was built in the simulator for clozapine and sildenafil based

on physicochemical properties and observed clinical results. The model used was Advanced,

Dissolution, Absorption and Metabolism (ADAM) for both drugs.

Results: The PBPK model adequately predicted the pharmacokinetic parameters of cloza-

pine and sildenafil for the healthy adult population. In the simulation results, the bioavail-

ability of both drugs was remarkably raised in both renal and hepatic impairment in young

and elderly populations.

Conclusion: PBPK modeling could be helpful in the investigation and comparison of the

pharmacokinetics in populations with specific disease conditions.

Keywords: physiologically based pharmacokinetic, clozapine, sildenafil, liver, kidney,

impairment

Introduction
In the physiologically based pharmacokinetic (PBPK) model, organs and tissues all

over the body are represented as specific systems. This model allows researchers to

investigate drug–drug interactions (DDI) and predict the effects of age, genetics, or

disease on the pharmacokinetics (PKs) of drugs.1 The use of PBPK modeling has

grown over recent years and has been included in both regulatory submissions and

approved drug labels.2

Clozapine is a tricyclic dibenzodiazepine, which is considered to be remarkably

efficient in the treatment of schizophrenia, specifically in treatment-resistant

schizophrenia.3 Clozapine is metabolized by the cytochrome P450 (CYP) system

of enzymes in the liver, yielding a pharmacologically active metabolite, norcloza-

pine. The most influential CYP isoformin on clozapine metabolism is CYP1A2,

which has a major impact on the determination of the dose of the drug.4 There are

other CYP enzymes responsible for clozapine metabolism, like, CYP2D6 and

CYP3A4.4 In vitro experiments suggest that CYP3A4 accounts for around 70%
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of clozapine clearance, CYP1A2 around 15%, and 5% or

less for each of CYP2C19, CYP2C8 and FMO3.5 Several

enzymes were capable of generating the n-oxide metabo-

lite of clozapine in vitro (CYP1A2, CYP2E1, CYP2C9,

CYP3A4, CYP2D6, FMO3, CYP2C19) but in vivo

CYP1A2 is regarded as the main catalyst.6–8 Clozapine

is 95% protein-bound in patient's serum. When the

unbound drug undergoes glomerular filtration in the kid-

ney, nearly 90% of the filtered clozapine is reabsorbed in

the tubule.9

Moreover, clozapine is prescribed to lessen the risk of

recurrent suicidal behavior in schizophrenic patients.3 The

occurrence of extrapyramidal adverse events is considered

rare with clozapine therapy. However, clozapine is some-

times limited to cases of treatment-resistant schizophrenia,

as a result of its significant risks.10 Among these risks is

clozapine-induced agranulocytosis; thus, treatment with

clozapine demands regular monitoring of white blood

counts and absolute neutrophil counts, and in the US, the

FDA instructs that patients on clozapine treatment be

enrolled in a computer-based registry.11,12 Sexual dysfunc-

tion is popular among patients receiving clozapine, and is

the most aggravating side effect, resulting in a negative

impact on patients and their desire to continue

medication.13 Hyperprolactinemia is considered to be the

main element for this side effect.

Sildenafil has proven to cause significantly improved

sexual performance as compared to a placebo, when tested

on patients suffering from sexual dysfunction.14,15

Sildenafil selectively inhibits cyclic guanosine monopho-

sphate in the corpus cavernosum.

Sildenafil is metabolized by CYP3A4 as the main route

and CYP2C9 as a secondary route. Sildenafil is mainly cleared

from the plasma non-renally, with a mean half-life of between

3 and 6 hrs.16 Sildenafil is hastily absorbed after oral admin-

istration, resulting in low absolute bioavailability (≈40%).17

There are several suggested mechanisms to describe the

impact of chronic liver impairment on drug metabolism.

Among these mechanisms is the change in the size of the

liver, which becomes smaller, leading to a decline in hepatic

blood flow and hepatocyte function.18 Since both clozapine

and sildenafil are highlymetabolized by the liver, evaluation of

PK parameters of both drugs in patients with hepatic impair-

ment (HI) should be investigated.

Although renal excretion is not considered to accord

extensively to clozapine or sildenafil clearance, subsidi-

ary effects of renal impairment (RI) may affect the elim-

ination of both drugs. Among these changes are loss of

renal albumin and inhibition of hepatic metabolizing

enzymes, which result in changes in protein binding of

the drugs.19

Ageing is an additional factor that can influence the

pharmacokinetic profile of clozapine and sildenafil due to

increase in systematic exposure.19 As adipose mass

increases with ageing, the volume of distribution is higher

for lipophilic drugs, such as clozapine.9 Lipophilic drugs

could accumulate in adipose tissue, leading to

a prolongation of their half-lives and their duration of

action, thus increasing the risk of iatrogenic events in the

elderly.20 Aging is accompanied by decline in hepatic and

renal functions and variations in plasma protein

concentrations.18,19 Reduction in hepatic blood flow and

deterioration in the activity of hepatic CYP enzymes may

lead to reduced clearance of drugs metabolized by the liver

in the elderly population.18

This research aimed to validate the PBPK models,

which describe the PKs of clozapine and sildenafil in

healthy adults. The PKs of both drugs in patients with RI

or HI were investigated. Also, the effect of age on the PKs

of these drugs was studied. Preliminary findings from the

study presented have previously been presented at the 11th

Geneva conference on person-centred medicine; 2018-04-

08 to 2018-04-11.

Patients and Methods
PBPK Workflow
PBPK modeling was conducted using a population-based PBPK

platform, the Simcyp® Simulator (V17.1; Certara, Sheffield, UK).

The applied model for clozapine was Advanced, Dissolution,

Absorption and Metabolism (ADAM). ADAM modelV16.1 has

been described fully byDarwich et al,21 but version 17.1 has been

modified to improve the simulation effect. For example, gut

transporters have been included, which have a significant impact

on the concentration of the drug in most organs. For sildenafil,

Multi-layerGutWallwithinADAM(M-ADAM)modelwasused

to set the drug as a competitive inhibitor of the P-glycoprotein

transporter (ABCB1).22 Also, a comparison was carried out

between the first-order absorption model and the ADAMmodel.

Selection of the optimum model depended on the ability of the

model to predict plasmaconcentration-timeprofiles comparable to

published clinical studies. Each simulation was performed in 100

male subjects (10 trials with 10 male subjects for each trial, aged

between 20 and 45) using the virtual population libraries included

in the simulator.23
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Clozapine and Sildenafil PBPK Models
Drug-dependent input parameters of clozapine and silde-

nafil are listed in Table 1. The pre-validated clozapine and

sildenafil compound files supplied in the compound library

were adopted for full PBPK distribution model with

a predicted volume of distribution at steady-state (Vss) of

4.6 and 1.2 L/kg, for clozapine and sildenafil, respectively.

The Kp scalar was set to 1for sildenafil, the mechanistic

passive regional permeability (Ptrans) was predicted based

upon log P value. Polar surface area data (data not shown)

were applied to predict human jejunum effective perme-

ability (Peff, man) of clozapine. The enzyme kinetics model

was used for simulation of the elimination of both drugs.

Data for clinical comparisons were obtained from lit-

erature references that contained PK parameters for the

compounds of interest. For clozapine, PK parameters were

acquired from Golden and Honigfeld.24 The data for sil-

denafil were obtained from Radicioni et al.25 The predic-

tive performance of each model was achieved by

comparing the predicted Cmax, Tmax and AUC0-t of each

drug to the clinically observed PK parameters.

Accordingly, clozapine and sildenafil concentration–

time profiles were simulated in ten trials for study 1 and

2 after dosing, where the dosage regimens were similar to

those in the clinical studies. In study 1, 100 mg of cloza-

pine immediate release tablet was orally administered

twice daily for young healthy volunteers (HV) for 3

days. In study 2, sildenafil was administered orally once

for HV at a dose of 100 mg in the form of immediate

release tablets.

Simulation
Following appropriate optimization and verification of the

clozapine and sildenafil PBPK models, the PK at steady state

in subjects with renal or hepatic impairment were investigated

by simulation using the pre-existing population modules in the

simulator. All subjects were prescribed to take clozapine

100 mg orally twice a day for a period of 3 days for study 1

and 100 mg of sildenafil once daily for 1 day for study 2.

Regarding RI, the library included two types of virtual

populations for the moderate (RI-GFR-30_60) and severe

(RI-GFR_30) RI patients. These populations were classified

according to the glomerular filtration rate, where it is

between 30 and 60 (moderate) or less than 30 (severe).26

Furthermore, there are three populations for HI patients in the

simulator. They are classified according to the Child–Pugh

classes A, B and C as HI-A, HI-B and HI-C, respectively.27

In the simulation of both drugs PK according to disease

status, the age of healthy adults was set to 20–45 years regard-

less of disease status. In contrast, as the simulator provides the

age ranges for patients with RI up to 85 years and for the

populationwith hepatic impairments up to 70 years, the ages of

elderly subjectswere set as 65–85 years forRI populations, and

65–70 years for hepatic impairments, respectively. The simu-

lated parameterswere compared according to the disease status

in each age group by calculating the fold changes of the

parameters from the normal condition.

The virtual populations of RI and HI patients have spe-

cific key features. Features for RI patients include reduction

in several elements like kidney weight, blood flow, CYP

P450 expression, and serum albumin and hematocrit levels.

While features for HI patients include the same features

mentioned in RI patients, in addition to reduction of a-1

acid glycoprotein levels, portal hypertension, with conse-

quential blood shunting to bypass the liver, and increased

blood flow through the hepatic artery and mesentery.27

Results
The clozapine and sildenafil PBPK models reasonably pre-

dicted PK parameters, such as time to reach maximum con-

centration (Tmax), maximum concentration (Cmax), area under

Table 1 Parameter Values Used for Clozapine and Sildenafil

Simulation

Parameters Value

Clozapine Sildenafil

Physical chemistry and blood

binding molecular weight (g/mol)

326.8 474.5

Log P 3.5 2.9

Compound type Monoprotic base Monoprotic base

PKa 7.7 6.5

Blood/plasma ratio 0.8 0.6

Fraction unbound in plasma

(Fu plasma)

0.055 0.036

Absorption model used ADAM M-ADAM

Predicted Peff, man(x 10−4 cm/sec) 6.8 -

Predicted Ptrans(x 10−6 cm/sec) 411.7

Distribution model Full PBPK Full PBPK

Vss(L/kg) 4.7 1.2

Elimination model Enzyme kinetics Enzyme kinetics

rCYP1A2 Vmax (pmol/min/pmol) 13.1 –

rCYP1A2 Km (µM) 14.2 –

rCYP2D6 Vmax(pmol/min/pmol) 4.5 –

rCYP2D6 Km (µM) 19.5 –

rCYP3A4 Vmax (pmol/min/pmol) 11.6 –

rCYP3A4 Km (µM) 91.6

rCYP3A4 Clint (L/h) – 2.2

rCYP2C9 Clint (L/h) – 0.49
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the time–concentration curve (AUC0-t) where the predicted

over observed ratios were between 0.7 and 1.2 (Table 2).

For clozapine, the first-order absorption model pre-

dicted the PK parameters, where Tmax, Cmax and AUC0-t

were within 0.6, 0.8 and 0.8 folds of the ADAM model

parameters, respectively. As for sildenafil, Tmax, Cmax and

AUC0-t were within 2.2, 0.6 and 1.2 folds of the

M-ADAM model, respectively (Supplemental Table 1).

Comparing the PK parameters from the first-order absorp-

tion model to the observed data, it was clear that ADAM

and M-ADAM models were more accurate at predicting

the PK parameters of clozapine and sildenafil.

An illustration of clozapine PKs in young adults and

the elderly population employing the model of HV, HI and

RI populations is present in Tables 3 and 4, as well as,

Figures 1 and 2. CLpo, ss (apparent oral clearance at steady

state) was not significantly different between the healthy

male adults and the elderly populations.

The results revealed that CLpo, ss was lowered by ≈
38% in the HI-A compared to HV, which resulted in an

increase in Cmax by 45% and 58% in AUC0-t. While

CLpo, ss was reduced by ≈ 48% in the elderly population,

which surprisingly resulted in only 10% rise in Cmax, and

67% in AUC0-t. Regarding HI-B patients, CLpo, ss was ≈

65% lower in the young adults and elderly populations.

This reduction resulted in around two-fold increase in

Cmax, and AUC0-t. The systemic exposure of clozapine

was markedly increased with severe hepatic impairment

(HI-C), where CLpo, ss was ≈ 70% lower in the young

adults and the elderly populations. An increased Cmax of ≈

2-fold or more was predicted in both populations, while

AUC0-t was raised by ≈ 3 folds.

On the over hand, there was no difference in CLpo, ss

among RI-GFR 30_60 and RI-GFR_30 patients of both

young and elderly populations. CLpo, ss was reduced by 35%

for the young adults and Cmax was 1.4 and 2 fold higher in RI-

GFR 30_60 and RI-GFR_30 young patients, respectively.

While AUC0-t was ≈ raised by 1.6 folds in young patients

with RI-GFR 30_60 and RI-GFR_30. Regarding the elderly

population, CLpo, ss was 48% lower; however, Cmax was not

affected in RI-GFR 30_60 and RI-GFR_30 elderly patients.

Only the AUC0-t was increased by ≈ 1.7 folds in both classes

of elderly patients. It is worth to note that the Tmax was the

least parameter affected by age and disease conditions. It was

within 1.6 folds of the normal condition in the young HI-B,

HI-C, RI-GFR 30_60 and RI-GFR_30 patients.

Table 2 Comparison Between Predicted and Observed Pharmacokinetic Parameters

Parameter Clozapine (100 mg, Twice Daily) Sildenafil (100 mg, Once Daily)

Predicted aObserved Predicted/Observed Predicted bObserved Predicted/Observed

Tmax (h) 1.9 (1.4–3.1) 2.0 (0–5.4) 0.9 0.5 (03–0.8) 0.7 (0.50–3.00) 0.7

Cmax(ng/mL) 455.3 (36) 455.5 (50) 0.9 764.2 ± 304.9 645.3 ±281.83 1.1

AUC0-t(ng/mL.h) 4434.1(40) 3443 (55) 1.2 1910.6 ±957.2 1,971.1 ±978.16 0.9

Notes: For sildenafil, values are meanv ± standard deviation, except for Tmax median (range). For clozapine, alues are mean with percent coefficient of variation in

parenthesis, Tmax median (range). aObserved data were retrieved from the clinical study by Golden and Honigfeld. bObserved data were retrieved from the clinical study by

Radicioni et al.

Abbreviations: Tmax, time-to-maximum concentration; Cmax, maximum concentration; AUC0-t, area under the time–concentration curve during dosing interval.

Table 3 Comparison of Clozapine Pharmacokinetic Parameters for Young Adults According to Different Conditions

Populations Parameters CLpo, ss

(L/h)

Fold

Change
Tmax (h) Fold

Change

Cmax(ng/mL) Fold

Change

AUC0–72h

(ng/mL.h)

Fold

Change

HV 1.9 (1.4–3.1) 455.3 ± 166.0 4434.1 ± 1779.6 28.1 ± 17.1

HI-A 2.2 (1.8–2.5) 1.1 665.2 ± 238.4 1.4 7002.1 ± 2743.0 1.5 17.2 ± 8.5 0.6

HI-B 2.5 (1.8–3.6) 1.3 976.8 ± 303.5 2.1 10,888.3 ± 3547.0 2.4 10.3 ± 4.4 0.3

HI-C 2.7 (2.1–4.1) 1.4 1169.0 ± 326.7 2.5 13,392.7 ± 3828.1 3.0 8.1 ± 2.5 0.2

RI-GFR 30_60 2.3 (1.6–3.5) 1.2 651.9 ± 262.6 1.4 6881.8 ± 3057.1 1.5 18.0 ± 9.4 0.6

RI-GFR_30 1.9 (1.4–3.1) 1.0 938.1 ± 403.8 2.0 7563.5 ± 4141.9 1.7 18.0 ± 11.2 0.6

Notes: Values are mean ± standard deviation, except for Tmax median (range). Parameters were predicted at the steady state (72 h) by the simulation of multiple

administration of clozapine (100 mg every 12 h) for all populations, age of 20–45 years. Fold change is calculated by dividing pharmacokinetic parameters of the special

population by the same parameter of HV.

Abbreviations: HV, healthy volunteers; HI, hepatic impairment; RI, renal impairment; Tmax, time-to-maximum concentration; Cmax, maximum concentration; AUC0-t, area

under the time–concentration curve during dosing interval; CLpo, ss, apparent oral clearance at the steady state.
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A comparison between the concentration–time curve

and PK parameters of sildenafil in different populations is

presented in Tables 5 and 6 and Figures 3 and 4. Clpo, ss
did not vary significantly between the young and the

elderly populations.

Although Clpo, ss extremely dropped in HI patients,

reaching a maximum reduction of 80% in elderly HI-C

patients, Cmax was slightly raised in HI young and

elderly patients, reaching a highest increase by 1.4

folds in elderly patients with HI-B and HI-C. On the

other hand, AUC0-t was profoundly increased by ≈ 3

and 4 folds in HI-B and HI-C patients, respectively,

regardless of age.

Regarding both classes of RI patients, Clpo, ss was

reduced only to 30% and 45% of the normal condition in

young and elderly patients, respectively. Cmax was not

greatly altered in the two classes of RI patients, regardless

of age. AUC0-t was elevated by ≈ 1.5 and 1.7 folds in

young and elderly patients, respectively.

The predicted PK parameters of sildenafil in HI and RI

populations were compared to the observed results obtained

from a clinical study by Muirhead et al.27 In this clinical

study, 12 patients were enrolled, where 7 were Child–Pugh

A and 5 were Child–Pugh B. Cmax and AUC were elevated

by 1.4 and 1.8 fold, respectively. Upon calculating the aver-

age predicted PK parameters of HI-A and HI-B young adults,

it was revealed that Cmax was increased by 1.1 fold, while

AUC was raised by 2 folds.

Regarding the observed PK parameters in patients with

moderate RI, Cmax and AUC were increased by 1.1 and 0.8

fold, respectively. These results are comparable to the

predicted results of RI-GFR-30_60 population, where

Cmax did not change in young patients with RI-GFR

-30_60. On the other hand, the observed Cmax and AUC

in patients with severe RI were raised by approximately

1.8 and 0.5 fold, respectively. However, the predicted Cmax

and AUC of young patients with RI-GFR_30 were only

increased by 0.8 and 1.4 fold, respectively.
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Figure 1 Comparison of simulated mean clozapine concentrations for young adults according to (A) hepatic function and (B) renal function after multiple administration of

clozapine 100 mg every 12 h.

Table 4 Comparison of Clozapine Pharmacokinetic Parameters for Elderlypopulationaccording to Different Conditions

Populations Parameters CLpo, ss

(L/h)

Fold

Change
Tmax (h) Fold

Change

Cmax(ng/mL) Fold

Change

AUC0–72h

(ng/mL.h)

Fold

Change

Elderly 1.6 (1.4–2.1) 699.5 ± 288.7 4955.8 ± 2607.0 27.5 ± 19.4

HI-A 2.2 (1.8–3.1) 1.3 774.2 ± 273.8 1.1 8313.0 ± 3168.8 1.6 14.1 ± 7.0 0.5

HI-B 2.6 (1.7–3.4) 1.6 1103.8 ± 332.3 1.6 12,444.7 ± 3886.3 2.5 8.9 ± 3.2 0.3

HI-C 2.8 (1.9–6.0) 1.7 1272.4 ± 352.4 1.8 14,673.3 ± 4128.1 2.9 7.3 ± 2.1 0.2

RI-GFR 30_60 2.4 (1.7–3.8) 1.5 807.4 ± 318.7 1.1 8734.4 ± 3670.4 1.7 14.2 ± 8.5 0.5

RI-GFR_30 2.5 (1.8–4.2) 1.5 739.6 ± 283.3 1.0 8018.1 ± 3266.7 1.6 15.1 ± 8.1 0.5

Notes: Values are mean ± standard deviation, except for Tmax median (range). Parameters were predicted at the steady state (72 h) by the simulation of multiple

administration of clozapine (100 mg every 12 h) for all populations, age of 65–85 years. Fold change is calculated by dividing Pharmacokinetic parameter of the special

population by the same parameter of the elderly volunteers.

Abbreviations: HI, hepatic impairment; RI, renal impairment; Tmax, time-to-maximum concentration; Cmax, maximum concentration; AUC0–t, area under the time–

concentration curve during dosing interval; CLpo, ss, apparent oral clearance at the steady state.
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A drug–drug interaction was simulated employing the

co-administration of clozapine with sildenafil in young and

elderly populations to ensure the safety of concomitant use

of both drugs. The predicted PK results revealed no inter-

action between clozapine and sildenafil (Data not shown).

The lack of interaction between the two drugs was

expected as neither clozapine nor sildenafil are inhibitors

or inducers of CYP isoforms. Although sildenafil signifi-

cantly inhibits ABCB1-mediated drug efflux,22 the rela-

tionship of clozapine to the ABCB1 encoded transporter

(also known as PgP) is conflicting in the literature.

However, although ABCB1 variants are associated with

differential PK or outcomes,29,30 other articles report clo-

zapine is not substrate or effective inhibitor of ABCB1.31

These results are confirmed by a clinical study by

Gopalakrishnan et al,32 where they assessed the effective-

ness and tolerability of sildenafil in the treatment of

erectile dysfunction caused by antipsychotics. Sildenafil

was sufficiently tolerated with no discontinuations due to

adverse effects. The majority of these negative events were

mild or moderate; thus, it was assumed that sildenafil can

be safely combined with clozapine.

Discussion
In this study, the PK profiles of HV were adequately

described as adopting a PBPK model. Additionally, studies

were simulated to analyze the PK profiles in young and

elderly populations with HI and RI. Due to the difficulty of

gathering clinical PK data from diseased populations, such

simulations could be of great benefit to predict any

changes in systemic exposure.33 In the current simulation,

the pre-existed PBPK models of clozapine and sildenafil

were modified from a first-order model to ADAM and

M-ADAM models. The PK parameters predicted from

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60 70

Sy
st

em
ic

 C
on

ce
nt

ra
tio

n 
(n

g/
m

L)

Time (h)

GR HI-A HI-B HI-C

0

100

200

300

400

500

600

700

800

900

0 8 16 24 32 40 48 56 64 72

Sy
st

em
ic

 C
on

ce
nt

ra
tio

n 
(n

g/
m

L)

Time (h)

GR RI-30_60 RI_30

A B

Figure 2 Comparison of simulated mean clozapine concentrations for elderly population according to (A) hepatic function and (B) renal function after multiple

administration of clozapine 100 mg every 12 h.

Table 5 Comparison of Sildenafil Pharmacokinetic Parameters for Young Adults According to Different Conditions

Populations Parameters CLpo, ss

(L/h)

Fold

Change
Tmax (h) Fold

Change

Cmax(ng/mL) Fold

Change

AUC0–24h(ng/

mL.h)

Fold

Change

HV 0.5 (03–0.8) 764.2 ± 304.9 1910.6 ±957.2 72.52± 35.3

HI-A 0.5 (0.3–0.7) 1.0 780.7 ± 260.9 1.0 2721.7 ± 1389.6 1.4 47.8 ± 27.7 0.7

HI-B 0.6 (0.3–0.9) 1.2 955.5 ± 267.2 1.2 5311.6 ± 2226.0 2.7 22.6 ± 10.7 0.3

HI-C 0.6 (0.3–1.0) 1.2 993.7 ± 261.6 1.3 6882.0 ± 2593.4 3.6 16.8 ± 7.1 0.2

RI-GFR 30_60 0.5 (0.3–1.0) 1.0 778.6 ± 311.6 1.0 2931.5 ± 1867.1 1.5 46.5 ± 28.5 0.7

RI-GFR_30 0.6 (0.4–0.9) 1.2 645.5 ± 260.8 0.8 2687.4 ± 1659.7 1.4 51.5 ± 34.0 0.8

Notes: Values are mean ± standard deviation, except for Tmax median (range). Parameters were predicted after 24 h by the simulation of single-dose administration of

sildenafil 100 mg for all populations, age of 20–45 years. Fold change is calculated by dividing PK parameter of the special population by the same parameter of HV.

Abbreviations: HV, healthy volunteers; HI, hepatic impairment; RI, renal impairment; Tmax, time-to-maximum concentration; Cmax, maximum concentration; AUC0–t, area

under the time–concentration curve during dosing interval; CLpo, ss, apparent oral clearance at the steady state.
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the ADAM and M-ADAM models infer that these models

are more conclusive for clozapine and sildenafil,

respectively.

In comparison to the first-order absorption model, the

ADAM model enhances the simulation performance by

employing physiological factors that have a significant

effect on absorption including gastric emptying time,

intestinal and colonic transit times, enterohepatic recircu-

lation, gastric intestinal tract surface area, region-specific

gut wall permeability, enterocytic blood flow and region-

specific luminal pH.34 The approach that the intestinal and

chronic renal diseases affect each other appeared only

lately. The complication is multifaceted and bidirectional.

On one hand, the intestinal microbiota impacts uremic

retention solute production, leading to the production of

protein-bound uremic toxins with strong biological influ-

ence like progression of kidney failure and vascular

damage. On the other hand, the uremicconditioninfluences

the intestinal microbiota, the generation of uremic reten-

tion solutes and induces disturbances in the protective

epithelial barrier of the intestine and the translocation of

intestinal microbiota into the body.35

Also, mucosal abnormalities in patients with liver cir-

rhosis are now well documented and include mucosal

inflammatory-like abnormalities (oedema, erythema, gran-

ularity and friability), as well as, vascular lesions (cherry

red spots, telangiectasias or angiodysplasia-like lesions

and varices).28,36,37

Therapy with clozapine in aged patients demands an

accurate geriatric assessment, together with poly-treatment,

comorbidity and the understanding of drug–drug interactions

and age-related adjustment in PKs and pharmacodynamics.38

These changes are responsible for the increase in adverse

drug reactions in the elderly. Ageing is known to cause

Table 6 Comparison of Sildenafil Pharmacokinetic Parameters for Elderly According to Different Conditions

Populations Parameters CLpo, ss

(L/h)

Fold

Change
Tmax (h) Fold

Change

Cmax(ng/mL) Fold

Change

AUC0–24h(ng/

mL.h)

Fold

Change

Elderly 0.4 (0.3–0.7) 749.7 ± 318.0 1963.7 ± 1266.2 71.8 ± 48.2

HI-A 0.5 (0.3–1.3) 1.2 902.1 ± 315.2 1.2 3546.2 ± 1739.2 1.8 35.7 ± 18.2 0.5

HI-B 0.6 (0.3–1.9) 1.5 1065.2 ± 313.0 1.4 6574.9 ± 2707.7 3.3 18.0 ± 7.6 0.3

HI-C 0.6 (0.3–1.7) 1.5 1083.8 ± 300.5 1.4 7937.1 ± 2901.1 4.0 14.4 ± 5.5 0.2

RI-GFR 30_60 0.5 (0.3–1.0) 1.2 855.6 ± 323.4 1.1 3556.9 ± 2009.9 1.8 38.0 ± 21.8 0.5

RI-GFR_30 0.6 (0.3–1.2) 1.5 709.2 ± 260.2 0.9 3266.7 ± 1755.7 1.6 41.3 ± 23.1 0.6

Notes: Values are mean ± standard deviation, except for Tmax median (range). Parameters were predicted after 24 h by the simulation of single dose administration of

sildenafil (100 mg) for all populations, age of 65–80 years.

Abbreviations: HI, hepatic impairment; RI, renal impairment; Tmax, time-to-maximum concentration; Cmax, maximum concentration; AUC0–t, area under the time–

concentration curve during dosing interval; CLpo, ss, apparent oral clearance at the steady state.
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Figure 3 Comparison of simulated mean clozapine sildenafil for young adults according to (A) hepatic function and (B) renal function after single-dose administration of

sildenafil 100 mg.
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several changes in drug absorption, distribution, biotransfor-

mation and elimination.39,40 As for sildenafil, Muirhead et al

observed that the drug plasma concentration was increased in

elderly population.27

The simulation using the pre-existing population of

Geriatrics indicated a 30–40% decrease in the GFR for

the elderly compared to the normal value of 120 mL/min/

1.73 m2. Clozapine and its metabolites are highly protein-

bound in serum, where clozapine is largely reabsorbed in

the tubule after glomerular filtration.9 Sildenafil and its

active metabolite are both highly bound to plasma proteins

(≈96%). Sildenafil is excreted as metabolites mostly in the

feces (≈80% of administered oral dose) and to a minor

extent in the urine (≈13% of the administered oral dose).17

This explains the minor impact on the predicted PK para-

meters of clozapine and sildenafil in elderly population.

It is widely known that HI leads to not only deficiency

in CYP enzymes, but also, alteration in the hepatic struc-

ture, resulting in the formation of blood shunting to bypass

the liver with an increase in blood flow through the hepatic

artery.41 Simultaneously, liver cirrhosis affects the gastro-

intestinal absorption by congestion and decrease in the

blood flow in the intestinal mucosa.42

As clozapine is predominantly metabolized by CYP

450 enzymes, elevated systemic exposure is expected in

patients with HI, as was shown by the simulation results.

Liver cirrhosis has a differential effect on individual hepa-

tic CYP enzymes with a marked reduction in most

enzymes but specifically CYPs 1A2, 2D6 2C19, and

3A4; enzyme expression is reduced as disease severity

increases.43 Liver failure can alter a few elements of

medication PK, including absorption, distribution and

elimination.44 Even though observed elevations in liver

function tests in patients receiving clozapine are often

temporary and show no symptoms, there are several

reported incidences of clozapine-induced hepatotoxicity,

liver injury, engagement of several organs, and even

severe liver failure proceeding moderate clozapine

doses.45 Nonetheless, there are no reported clinical trials

to predict the PK profile of clozapine in HI patients with

which a comparison with the simulated results could be

performed.46 However, the PBPK modeling and simula-

tion approach enabled the investigation of changes in

clozapine PKs according to the severity of HI. The simu-

lation results showed that the systemic exposure of cloza-

pine was increased with HI, especially in young and

elderly patients with HI-B and HI-C.

Several researchers have recommended that it is essen-

tial to check liver function tests before starting therapy

with clozapine and re-examination every 6 months has

been advised.47 Although the effective clozapine plasma

levels remain debated, most researchers find that

a therapeutic window of 350–600 ng/mL for clozapine

plasma concentrations is associated with an increased

probability of a good clinical response to the drug.

Concentrations higher than 1000 ng/mL could increase
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Figure 4 Comparison of simulated mean sildenafil concentrations for elderly population according to (A) hepatic function and (B) renal function after single-dose

administration of sildenafil 100 mg.
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the risk of seizures.48 The simulation results for Cmax were

shown to be above 1000 ng/mL for young adults with

HI-C and geriatrics with HI-B and HI-C.

Patients with hepatic dysfunction have a decreased

clearance of sildenafil compared with normal subjects.27

These results are in accordance with the simulated PK

parameters, where high systemic sildenafil exposure was

predicted in patients with HI in both young and elderly

populations.

RI also results in decreased plasma protein binding and

reduction in drug metabolizing enzymes activity, especially

CYP3A.49–52 This explains the reduction in clozapine CLpo, ss
in young adults and elderly population with RI-GFR 30_60

and RI-GFR 30. Thus, the PKs of most drugs, including those

that are mainly metabolized by CYP3A, should be evaluated

in RI patients to provide appropriate dosing recommenda-

tions. Patients with severe renal impairment (creatinine clear-

ance <30 mL/min) have a reduced clearance of sildenafil.27

These results are comparable to the simulated PKs of silde-

nafil in the elderly population suffering from RI-GFR_30,

where a 0.6 fold decrease was predicted in CLpo, ss.

To conclude, this study acceptably characterized the

PKs of clozapine and sildenafil in healthy adult population

using the PBPK approach. Dose adjustment is required for

clozapine and sildenafil when administered to young and

elderly patients with moderate and severe HI or RI. PBPK

modeling and simulation can be employed as a beneficial

mechanism to study and investigate the PKs of populations

integrating several disease conditions.
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