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Abstract
2-Phenoxyethanol (PE), ethylene glycol monophenyl ether, is widely used as a preservative in cosmetic products as well 
as in non-cosmetics. Since PE has been used in many types of products, it can be absorbed via dermal or inhaled route for 
systemic exposures. In this study, the pharmacokinetic (PK) studies of PE and its major metabolite, phenoxyacetic acid 
(PAA), after dermal (30 mg and 100 mg) and inhaled administration (77 mg) of PE in rats were performed. PE was admin-
istered daily for 4 days and blood samples were collected at day 1 and day 4 for PK analysis. PE was rapidly absorbed and 
extensively metabolized to form PAA. After multiple dosing, the exposures of PE and PAA were decreased presumably due 
to the induction of metabolizing enzymes of PE and PAA. In dermal mass balance study using [14C]-phenoxyethanol ([14C]
PE) as a microtracer, most of the PE and its derivatives were excreted in urine (73.03%) and rarely found in feces (0.66%). 
Based on these PK results, a whole-body physiologically-based pharmacokinetic (PBPK) model of PE and PAA after dermal 
application and inhalation in rats was successfully developed. Most of parameters were obtained from the literatures and 
experiments, and intrinsic clearance at steady-state (CLint,ss) were optimized based on the observed multiple PK data. With 
the developed model, systemic exposures of PE and PAA after dermal application and inhalation were simulated following 
no-observed-adverse-effect level (NOAEL) of 500 mg/kg/day for dermal application and that of 12.7 mg/kg/day for inhala-
tion provided by the Environmental Protection Agency. The area under the concentration–time curve at steady state (AUC​
ss) in kidney and liver (and lung for inhalations), which are known target organs of exhibiting toxicity of PE, as well as AUC​
ss in plasma of PE and PAA were obtained from the model.

Keywords  2-Phenoxyethanol · Phenoxyacetic acid · PBPK model in rats · Dermal applications · Inhalation

Abbreviations
AC	� Aerosol concentration
AMS	� Accelerator mass spectrometer
AUC​	� Area under the plasma concentration–

time curve
AUC​inf	� Area under the plasma concentration–

time curve from time zero to infinity
AUC​last	� Area under the plasma concentration–

time curve within time span zero to last

AUC​PAA/AUC​PE	� Metabolic ratio calculated by phenoxy-
acetic acid AUC/phenoxyethanol AUC 
ratio

Carterial	� Drug concentrations in arterial blood 
compartments

CL	� Clearance
CLint	� Intrinsic clearance
Cmax	� Maximum observed drug concentration 

in plasma
Css	� Concentration at steady-state
CT	� Concentration of drug in tissue
CV	� Coefficient of variation
CYP	� Cytochrome P450s
D	� Duration of exposure to the aerosol
ESI	� Electrospray ionization
fu	� Unbound fraction in plasma
fu,hep	� Unbound fraction in hepatocytes
IS	� Internal standard
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IVIVE	� In vitro-in vivo extrapolation
Kper	� Permeability coefficient through skin
Kp,T	� Tissue:plasma partition coefficient
LC–MS/MS	� Liquid chromatography tandem mass 

spectrometry
LLOQ	� Lower limit of quantification
LSC	� Liquid scintillation counting
MRM	� Multiple reaction monitoring
NOAEL	� No-observed-adverse-effect level
p	� Original model parameter value
PBPK	� Physiologically-based pharmacokinetic
PK	� Pharmacokinetic
QC	� Quality control
QT	� Tissue blood flow
RMV	� Represents respiratory minute volume, 

which is the respiratory rate multiplied 
by the tidal volume

RSD	� Relative standard deviation
SA	� Surface area of applied PE formulation
t½	� Terminal elimination half-life
Tmax	� Time to reach maximum (peak) 

plasma concentration following drug 
administration

Vd	� Volume of distribution
VT	� Volume in tissue compartment

Introduction

2-Phenoxyethanol (PE), ethylene glycol monophenyl ether, 
is a colorless oily and viscous liquid at room temperature 
and widely used as a preservative in cosmetic products as 
well as in non-cosmetics (SCCS 2016; Scognamiglio et al. 
2012). PE is used as a preservative in many types of cosmet-
ics, including perfumes, soaps, body lotions, face creams, 
shampoo, and shower gel, among others, at a maximum 
concentration of 1.0%, as it exhibits antiseptic effects from 
Gram negative to Gram positive bacteria, mold, and yeast. 
PE is also used in lubricants, greases, metal working fluids, 
coating products, inks, and toners (ECHA 2019). Since PE 
has been used in many products, there are many documents 
reporting toxicological evaluation of PE.

The target organs for toxicity of PE include the hemat-
opoietic system, liver and kidneys (Troutman et al. 2015). 
PE has hemolytic effects, inducing severe intravascular 
hemolysis with regenerative anemia. The hemolytic effects 
occurred after oral and dermal sub-chronic exposure (Bres-
lin et al. 1991; Scortichini et al. 1987), and these effects 
are caused by a major metabolite of PE, phenoxyacetic acid 
(PAA) (Starek-Swiechowicz et al. 2012; Starek et al. 2008).

Unlike the acute outbreak hemolytic effect typically 
observed with high doses of PE, liver and kidney toxici-
ties appeared at low dose levels of PE in rats. PE increased 

liver enzymes (such as AST and ALT) and bilirubin levels 
and decreased triglycerides in female rats at 10,000 ppm. 
Kidney toxicity included increased urinary protein, urothe-
lial hyperplasia, renal papillary necrosis and mineraliza-
tion (Dreno et al. 2019; Troutman et al. 2015). In addition 
to these toxicities, local irritation and effects at the site of 
exposures have also been reported; however, we consid-
ered only systemic toxicities in this study.

After oral and dermal administration of PE in rats, PE 
is rapidly absorbed and most of the PE is metabolized by 
cytochrome P450 (CYP), alcohol dehydrogenase (ADH), 
and aldehyde dehydrogenase (ALDH) to form PAA in liver 
and blood; PAA is then mainly excreted in urine (SCCS 
2016; Troutman et al. 2015). Other minor metabolites were 
found with either ring sulfonation after hydroxylation or 
conjugation with glucuronic acid at the side chain (SCCS 
2016). Although many pharmacokinetic (PK) studies of PE 
after oral and intravenous administration in rats have been 
reported, reports in rats after dermal and inhaled admin-
istration of PE are limited (Kim et al. 2015; SCCS 2016). 
Several cases of safety evaluation after dermal and inhaled 
exposures of PE have been reported and these were sum-
marized in OPINION ON Phenoxyethanol adopted by the 
Scientific Committee on Consumer Safety (SCCS 2016). 
However, to the best of our knowledge, PK and TK stud-
ies after dermal applications have only been conducted by 
Kim et al. (2015) and studies on PE inhalation have never 
been reported. Kim and colleagues (2015) reported PKs of 
PE after dermal application and the authors compared the 
PK according to formulation. Since PE is present in vari-
ous products such as cosmetics and perfumes, humans are 
highly likely to be exposed to PE in daily life via dermal 
and inhaled routes of exposures. Therefore, the PK evalua-
tions after percutaneous and inhaled absorption are critical 
for assessing exposure-safety response analysis.

The aims of this study were to (1) evaluate PK character-
istics of PE and PAA after dermal and inhaled exposures of 
PE in rats, and (2) establish a rat physiologically-based PK 
(PBPK) model. We first evaluated PK characteristics of PE 
and PAA after dermal and inhaled administration of PE in 
rats at high doses and in dermal applications, a mass balance 
study using [14C]-phenoxyethanol ([14C]PE) was performed 
to elucidate the excretion pathway of PE. Based on these 
PK results, a PBPK model was developed, which involved 
inhaled and dermal routes of exposures. Using this model, 
steady-state PKs of PE and PAA were simulated and not 
only plasma concentrations but also target organ concentra-
tions of PE and PAA were predicted at known no-observed-
adverse-effect-levels (NOAEL). Since a PBPK model of PE 
in rats and humans was developed by Troutman and his col-
leagues (Troutman et al. 2015), we focused on developing 
PBPK model after dermal and inhaled routes of exposures 
in rats.
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Materials and methods

Materials and reagents

PE (purity 99.8%), chlorpropamide (used as an internal 
standard, IS), dimethylsulfoxide, lanolin, homosalate, pet-
rolatum, steric acid, propylparaben, methyl paraben, diso-
dium edentate, propylene glycol, and triethanolamine were 
purchased from Sigma-Aldrich Corporation (St. Louis, 
MO, USA), and PAA (purity 98.0%) was purchased from 
Tokyo Chemical Industries (Tokyo, Japan). Propylene gly-
col was from Tokyo Chemical Industries (Tokyo, Japan) 
and disodium edentate was from United States Pharma-
copeia (Rockville, MD, USA). [14C]PE (specific activity 
95 mCi/mmol) was synthesized by American Radiolabeled 
Chemicals, Inc. (St. Louis, MO, USA). Other chemicals 
and solvents were HPLC grade and obtained from Burdick 
& Jackson Company (Morristown, NJ, USA).

Animals

Male Sprague–Dawley rats (8–9 weeks old and weighing 
290–310 g) were purchased from Young Bio (Sungnam, 
South Korea). The procedures used for housing and han-
dling of the rats were similar to those described in previ-
ous studies (Kim et al. 2013). Rats were housed and han-
dled at a temperature of 20 ± 2 °C with a 12-h light–dark 
cycle and relative humidity of 55 ± 5%; rats were accom-
modated for at least 3 days before the experiments.

PK studies in rats

Dermal applications

For dermal application of PE, a lotion formulation was 
prepared based on the previous reference with modifi-
cations (Kim et al. 2015). Briefly, the formulation was 
composed of two phases, a water phase and fatty phase. 
The fatty phase consisted of lanolin (4.8%), homosalate 
(7.7%), petrolatum (2.4%), steric acid (3.8%), and pro-
pylparaben (0.048%), and the water phase was composed 
of water (70.35%), propylene glycol (4.80%), triethan-
olamine (0.96%), methylparaben (0.096%), and disodium 
edentate (0.048%). The fatty phase and water phase were 
melted and heated separately in a water bath at 80 °C 
until completely solubilized. The fatty phase was added 
to the water phase while stirring with a homogenizer (T-18 
digital ULTRA-TURRAX, IKA, Staufen Germany). The 
mixture was cooled to 50 °C while being stirred and then 
a PE stock of 20-fold higher than the final doses used for 

experiments (30 and 100 mg/rat) (5%) was added to the 
mixture and cooled at room temperature. The PE lotion 
formulation was kept in light-resistant containers at room 
temperature until use.

The dermal study was conducted according to the OECD 
guideline for in vivo skin absorption tests (2004). At 24 h 
before the experiment, an area of dorsal skin of rats of 11 × 8 
cm2 was shaved with an electric clipper; a shaving cream 
was applied and gently wiped off with saline gauze 3–5 min 
later. For collecting plasma samples, the carotid artery was 
cannulated using previously reported procedures (Kim et al. 
2013). Lotion (1 mL) was applied to a 3.5 × 5 cm2 patch and 
the patch was attached to the middle of the dorsal skin of 
rats for 4 h. PKs of PE and PAA were evaluated after single 
and multiple exposures, and for the multiple exposure study, 
patches were applied for 4 h daily for 4 days. Applied PE 
doses were 30 mg or 100 mg. Approximately 0.22 mL of 
blood was collected from each rat at 0, 90, and 240 min after 
patch attachment and 3, 5, 15, 30, 45, 60, 120, 180, 240, 
360, and 1440 min after patch removal. The blood samples 
were immediately centrifuged (14 000 g, 3 min) and 100 
μL plasma was collected in a polyethylene tube and stored 
at − 20 °C until the LC–MS/MS analysis. After dermal appli-
cation, the area was rinsed with normal saline to remove any 
remaining lotion on the skin. The removed patches were 
immersed in 20 mL methanol for 24 h to measure the PE 
amount remaining in the patch and 100 μL aliquots of meth-
anol were stored at − 20 °C until the LC–MS/MS analysis.

Inhalation study

The inhalation study was conducted using nose-only equip-
ment, VT-HOOD-12, manufactured by Vitals Inc. (Daejeon, 
Korea). The carotid artery was cannulated to rats for collect-
ing blood samples and then rats were placed in a 12-port 
rodent nose-inhalation tower for inhalation of PE for 3 h. 
Blood samples were collected at 0, 10, 30, and 120 min dur-
ing inhalation and 3, 5, 10, 20, 30, 45, 60, 90, 120, 180, 
and 240 min after inhalation. Other procedures for blood 
sampling and sample treatment were similar to those for the 
dermal study mentioned above. The total airflow through the 
tower was maintained at 1 L/min, which was equally divided 
into the ports holding rats for inhalation, and 1.107 g/mL of 
PE solution was constantly infused into a vacuum container. 
The PE dose to each rat was calculated based on Eq. (1):

Where AC is the aerosol concentration of PE in the chamber, 
RMV represents the respiratory minute volume, which is the 
respiratory rate multiplied by the tidal volume, and D is the 
duration of exposure to the aerosol. The values of respira-
tory rate and the tidal volume were from Fioni et al. (Fioni 

(1)
Dose (mg∕day) = AC (mg∕L) × RMV (L∕min) × D (min).
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et al. 2018); the calculated RMV was 0.263 L/min and D was 
180 min in this study. The calculated PE dose was 77 mg/rat. 
PKs of PE and PAA were evaluated after single and multiple 
exposures; for the multiple study, PE was inhaled for 3 h at 
24 h intervals for 4 days.

Mass balance study of PE after dermal application

The mass balance study of PE was performed to elucidate 
the excretion of PE after dermal application (30 mg) in 
rats (n = 5). [14C]PE was used as a microtracer and its spe-
cific activity was measured the day before the experiment. 
The dose of [14C]PE used in the experiment was 2.59 nCi. 
The method for applying patches to rats was the same as 
described above. During the experiment period, each rat was 
kept in a metabolic cage (Tecniplast™, Varese, Italy), which 
was designed to completely separate the samples of urine 
and feces. After dermal applications, urine and feces were 
collected from 0–4, 4–8, 8–12, 12–24, 24–48, and 48–72 h 
and after 72 h; each metabolic cage was swabbed and swabs 
were also kept for analysis. Collected samples were weighed 
and kept at − 20 °C until accelerator mass spectrometer 
(AMS) analysis.

PK and statistical analysis

The total area under the plasma concentration–time curve 
from time zero to infinity (AUC) and that from time zero to 
the last measured time t (AUC​last) were calculated using the 
trapezoidal rule extrapolation method (Chiou 1978). Stand-
ard methods (Gibaldi and Perrier 1982) using a non-com-
partmental analysis (Pheonix WinNonlin ver. 8.1, Pharsight 
Corporation; Mountain View, CA, USA) were used to calcu-
late the following PK parameters: terminal half-life, apparent 
steady-state volume of distribution (Vss/F), and total body 
clearances (CL/F). Percentages of the dose excreted in urine 
or feces sample at each time were also calculated. The peak 
plasma concentration (Cmax) and time to reach Cmax (Tmax) 
were read directly from the experimental data.

Differences between two means for the unpaired data 
were analyzed using Student’s t tests; a p value < 0.05 was 
considered to indicate statistical significance. All data are 
presented as means ± standard deviation (SD) unless other-
wise specified.

Quantitative analysis of PE and PAA in biological 
samples

LC–MS/MS analysis

The previously developed LC–MS/MS method (Kim et al. 
2015) was modified for the quantitative analysis of PE and 
PAA in biological samples. The AB SCIEX 6500 triple 

quadrupole (AB Sciex, Toronto, Canada) with an Agilent 
1290 UPLC system (Agilent, CA, USA) was used for meas-
uring PE and PAA concentrations. Instrument control, data 
acquisition, and process were performed using Analyst® 
software (version 1.7, AB SCIEX). The electrospray ioni-
zation (ESI) source was used in a positive ion mode (PE) 
and a negative ion mode (PAA) with multiple reaction moni-
toring. The instrument parameters were set as follows: gas 
temperature of 200 °C, ion source gas 1 of 45 psi, ion source 
gas 2 of 40 psi, ionspray voltage of 5500 V (PE) or − 4000 V 
(PAA), curtain gas 20 psi, and collision gas of 9 psi. The 
fragmentor voltages were set as 60 V (PE, PAA, and IS 
positive) and 25 V (IS negative). The collision energy was 
35 V (PE), 31 V (PAA and IS positive), and 34 V (IS nega-
tive), respectively. The precursor to product ion transitions 
used for quantification were m/z 139.1 → 77.1 for PE, m/z 
151 → 93.0 for PAA, m/z 276.9 → 174.9 for IS positive, and 
274.9 → 189.8 for IS negative.

Sample preparation was conducted as follows. Aliquots of 
100-μL methanol containing 20 ng/mL of chlorpropamide 
(IS) was added to 100-μL plasma samples. After mixing and 
centrifugation (14 000 g, 10 min), the supernatant was col-
lected and injected directly onto a reversed-phase Poroshell® 
120 C18 column (3.0 mm i.d. × 50 mm, 2.7 μm, Agilent) con-
nected to Security Guard Pre-Column (C18, 4 × 2 mm; phe-
nomenex). The gradient elution of mobile phase, 1% formic 
acid in distilled water (A) and 1% formic acid in methanol 
(B), was run through the column at a flow rate of 0.4 mL/
min as follows: [B%; 0–1 min, 40%; 1–1.1 min, 40–70%; 
1.1–1.8 min, 70%; 1.8–1.9 min, 70–40%; 1.9–3 min, 40%]. 
The column and autosampler temperature were set at 40 °C 
and 4 °C, respectively. The injection volume was 3 μL for 
PAA and 10 μL for PE and total run time was 3 min.

Liquid scintillation counting (LSC) analysis

Before mass balance experiments, a LSC system (Tri-carb® 
5110 TR; PerkinElmer, MD, USA) was used to confirm the 
specific activity of [14C]PE. Sample preparation procedures 
were conducted in accordance with the manufacturer’s 
instructions (PerkinElmer Wallac, Gaithersburg, MD, USA). 
Briefly, a 1 mL aliquot of the collected sample was mixed 
with 14 mL of a scintillation cocktail (Utima Gold, Perki-
nElmer, MA, USA) by vortexing for 2 min. Each sample was 
detected for 20 min with seven cycles. The total radioactivity 
of [14C]PE was measured in triplicate.

AMS analysis

The samples obtained from mass balance study were 
analyzed by AMS. To measure a sample with AMS, 
the sample must first be converted to elemental car-
bon (fullerene often referred to a graphite). The sample 
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graphitization was performed according to the septa-tube 
method described by Ognibene et al. (Ognibene et al. 
2003). Briefly, a 20 μL aliquot of homogenized or well-
mixed feces, urine, or swab samples was added to 2 mL 
diluted tributyrin solution (10% w:v tributyrin:methanol) 
and mixed by vortexing for 2 min. The carbon diluent 
dominated the total carbon content of the samples and 
eliminated any need for elemental analysis of the carbon 
content of the sample (Vogel et al. 2010). A 20 μL aliquot 
of the diluent (possessing 1.23 mg carbon) was then trans-
ferred to a small quartz insert and dried by vacuum cen-
trifugation for 2 h at 35 °C. The quartz insert containing 
the dried sample was filled with copper oxide (approxi-
mately 200 mg) and placed into a larger quartz combus-
tion tube. The combustion tubes were torched–sealed 
under vacuum and placed in a muffle furnace set to oper-
ate for 3 h at 900 °C. The products of oxidation, carbon 
dioxide, water and other gases were then transferred into 
a reduction tube submersed in liquid nitrogen. The tube 
contained zinc powder (for generation of hydrogen from 
water) and iron (4 mg) inside a pyrex insert inside the 
vial. The vial was placed in a custom-made open-top 
reduction block set at 525 °C for 3 h. The vials were 
allowed to cool to room temperature and the graphite 
that condensed on the iron was homogenized by mechan-
ical-stirring action. The entire graphite sample was then 

pressed into aluminum targets. The [14C]s containing the 
graphite sample were measured by 500 kV tandem AMS 
(National Electrostatics Corp, WI, USA), which allows 
the measurement of the isotope ratio, 14C/12C, with a 
sensitivity of 2 × 10–15 and an instrument precision of 
0.3–3%.

PBPK model development of PE

A comprehensive whole-body PBPK model of PE in rats was 
developed based on a previously reported model with modi-
fications (Elmokadem et al. 2019; Troutman et al. 2015). The 
schematic of the PBPK model for PE and PAA after dermal 
and inhaled exposures of PE is depicted in Fig. 1. The model 
covers 29 compartments: 14 compartments for PE (gut, adi-
pose, brain, heart, bone, kidney, liver, lung, muscle, spleen, 
arterial, vein, skin, rest of body), 14 compartments for PAA 
(same as PE) and a depot for dosing. The compartments are 
linked by blood flow, and distribution in all tissues is assumed 
to be well-stirred or perfusion-limited. Ordinary differential 
equations (ODEs) were adapted from previously described 
equations as follows (Elmokadem et al. 2019; Jones and Row-
land-Yeo 2013; Pawaskar et al. 2013; Thompson and Beard 
2011):

Fig. 1   Structure of the PBPK model for PE and its major metabo-
lite, PAA in rats. QAd, QBo, QBr, QGu, QHa, QHe, QKi, QLi, QLu, QSk, 
QSp, and QRe are blood flow rate in adipose, bone, brain, gut, hepatic 
artery, heart, kidney, liver, lung, skin, spleen, and rest of body, 

respectively. CLki, CLki,paa CLLi and CLLi,paa represent kidney clear-
ance of PE, kidney clearance of PAA, metabolic clearance of PE to 
form PAA, and metabolic clearance of PAA in liver, respectively
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Equations (2, 3, 4, 5) represent ODEs for tissue, lung, 
arterial, and venous compartments, respectively, in which CT 
is the concentration of drug in tissue T; QT is the blood flow 
to that tissue; Carterial and Cvenous are the drug concentrations 
in the arterial and venous blood compartments; Kp,T is the 
tissue:plasma partition coefficient; and BP is the blood-to-
plasma concentration ratio. In Eq. (5), lung, spleen, and gut 
compartments were not included in T. 

For absorptions, the permeation rate after dermal appli-
cations is given by the following equations (Troutman et al. 
2015; Wong 2007):

(2)
dCT

dt
=

QT

VT

(

Carterial −
CT ⋅ BP

Kp,T

)

,

(3)
dClung

dt
=

QLu

VLu

(

Cvenous −
CLu ⋅ BP

Kp,Lu

)

,

(4)
dCarterial

dt
=

QLu

VLu

(

CLu ⋅ BP

Kp,Lu

− Cvenous

)

,

(5)
dCvenous

dt
=

∑ QT

VT

(

CT ⋅ BP

Kp,T

)

−
QLu

VLu

⋅ Cvenous.

where Kper and SA represents a permeability coefficient 
through skin and surface area over which the PE formula-
tion is applied, respectively.

The metabolic intrinsic clearance (CLint) of PE to form 
PAA was scaled using hepatocellularity per gram of liver 
(HPGL, 163 × 106 cells/g) and liver weight (10.98 g) (Smith 
et al. 2008). Physiological parameters used in the model 
were obtained from previously reported literature, and 
compound-related parameters of PE and PAA were obtained 
from the experiments and published articles. The physiologi-
cal parameters of rats used in the PBPK model are summa-
rized in Table 1. The PBPK model that incorporated the final 
parameters was generated in RStudio (version 1.2.5033) 
with R (version 4.0.0) using mrgsolve, mainly utilized to 
build R codes for model development, and other packages 
such as dplyr, ggplot2, tidyverse, gridExtra, and grid.

The simulated kinetic profiles of PE and PAA were con-
firmed by observations and sensitivity analysis was per-
formed. The sensitivity of the final model to single param-
eters was calculated (local sensitivity analysis) using Eq. (7) 
(Hanke et al. 2018):

with S is sensitivity of the AUC to the examined model 
parameter, and ∆AUC, AUC, p, and ∆p represents change of 
the AUC, simulated AUC with the original parameter value, 
original model parameter value, and change of the examined 
model parameter value ranged ± 50% of p, respectively. A 
sensitivity value of + 1.0 signifies that a 10% increase of the 
examined parameter causes a 10% increase of the simulated 
AUC (Hanke et al. 2018).

Simulation of PE and PAA concentrations

For model validation, the predicted plasma concentrations 
of PE and PAA and AUCs were compared with those from 
observed data. With the final PBPK model of PE, systemic 
exposures of PE and PAA after dermal application and inha-
lation were simulated following NOAEL of 500 mg/kg/day 
for dermal application and that of 12.7 mg/kg/day for inha-
lation provided by the Environmental Protection Agency 
(EPA) (EPA 2019). Concentrations in kidney and liver (and 
lung for inhalations), which are known target organs of 
exhibiting toxicity of PE, as well as plasma concentrations 
of PE and PAA were simulated.

(6)

Permeation rate (�g∕h) = PE concentration
(

�g∕cm3
)

× Kper(cm∕h) × SA
(

cm2
)

,

(7)S =
ΔAUC

AUC
⋅

p

Δp
,

Table 1   Physiological parameters of rats used in the PBPK model for 
PE and PAA

a Tissue volumes (% of body weight of rats) are taken from Law et al. 
(Law et al. 2017) calculated using body weight of rats as 0.3 kg
b GI tract volume is 0.0176 L (Law et al. 2017)
c Blood flow (% of cardiac output) are also adapted from Law et  al. 
(Law et  al. 2017). The cardiac output of a 0.3  kg rat is 5.675 L/h 
which was calculated using the allometric equation, (cardiac out-
put) = 14.0 × (body weight)0.75 (Law et al. 2017)
d The blood flow in lung is assumed to be the same as cardiac output

Parameters Tissue volume (mL)a Blood flow (L/h)c

Adipose 22.8 0.397
Blood 24.5
Bone 12.5 0.692
Brain 1.71 0.114
GI tract 17.6b 0.575
Heart 0.99 0.278
Kidney 2.19 0.800
Liver 10.98 0.993
Lung 1.5 5.675d

Muscle 121.2 1.010
Skin 57.1 0.329
Spleen 0.60 0.114
Rest of body 43.8 0.372
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Results

PK studies in rats

Dermal applications

After dermal applications of PE to rats, PE is rapidly 
absorbed and extensively metabolized to form PAA. The 
mean plasma concentration–time profiles of PE and PAA 
after single and multiple dermal applications of PE (doses 
of 30 and 100 mg) are shown in Fig. 2 and the relevant 
PK parameters are listed in Table 2. Since high doses of 
PE were applied to each rat, the remaining PE amounts in 
patches were measured and the actually absorbed doses of 
PE were calculated as 8.84 ± 1.95 for 30 mg single applica-
tion, 17.2 ± 1.56 for 30 mg multiple applications, 34.9 ± 55.6 
for 100 mg single application, and 51.1 ± 4.10 for 100 mg 
multiple applications. In the PK results of PE, the terminal 
half-lives of PE after multiple applications (28.7 min for 
30 mg and 15.6 mg for 100 mg) were significantly (p < 0.01) 
shorter than those after a single application (1352 min for 
30 mg and 838 mg for 100 mg). The AUC​last and AUC​inf 
after multiple applications were also lower than those after 

a single application of PE, which may be due to induction of 
metabolic enzymes by PE. In PAA results, after the 30 mg 
dose, the Cmax, terminal half-life, AUC​last, and AUC​inf val-
ues of PAA in the single application group were signifi-
cantly higher (by 191%, 705%, 196% and 202%) compared 
with multiple dosing group. However, at 100 mg dosing of 
PE, there were no significant differences in PK parameters 
between the single and multiple applications. This result 
was presumed to be due to the saturation of metabolic pro-
cesses of PAA in high-dosing groups. The calculated AUC​
PAA/AUC​PE ratios were 1.44 (30 mg, single), 5.50 (100 mg, 
single), 1.42 (30 mg, multiple), and 3.79 (100 mg, multiple).

Inhalation study

As in the case of dermal application of PE, after inhalation 
of PE to rats, PE is rapidly absorbed and extensively metabo-
lized to form PAA. The mean plasma concentration–time 
profiles of PE and PAA after single and multiple (for 4 days) 
inhalation administration of PE (25.7 mg/h for 3 h inhala-
tion) are shown in Fig. 3 and the relevant PK parameters 
are listed in Table 3. Because the respiratory rate of each 
rat and the actual amount of PE absorbed by the rat could 

Fig. 2   Mean arterial plasma 
concentration–time profiles of 
PE a, c and PAA b, d follow-
ing single (●) and multiple (○) 
dermal application of PE at a 
dose of 30 mg a, b and 100 mg 
c, d to rats. Data are expressed 
as mean ± SD
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not be measured during the experiments, the absorbed dose 
for each rat was calculated using Eq. (1). In the PK results 
of PE, the AUC​last and AUC​inf values after a single dosing 
were significantly greater (165% and 169%) than those after 
multiple dosing, which may be due to induction of metabolic 
enzymes of PE. However, Cmax and terminal half-life of PE 
were comparable between single and multiple inhalations. In 
the PAA results, the average Cmax of PAA after a single inha-
lation was significantly lower (by 144%) than that following 
multiple inhalations; whereas, the terminal half-life of PAA 
was comparable between the two groups. The calculated 

AUC​PAA/AUC​PE ratio in the multiple inhalation group (4.09) 
was significantly higher than that in the single group (1.35). 
This result may be due to not only the induction of metabolic 
enzymes to form PAA in the multiple inhalations but also 
the saturation of metabolic processes of PAA.

Mass balance study of PE after dermal application

The fractions of cumulative radioactive doses recovered in 
urine, feces, and swab after dermal applications of 30 mg 
PE containing 2.59 nCi of [14C]PE as a microtracer are 
shown in Fig. 4 and the excretion of total radioactivity 

Table 2   Pharmacokinetic 
parameters of PE and PAA 
after dermal application of 
lotion containing PE to rats 
(mean ± SD)

*,**The values were significantly different between a single and multiple dosing of 30  mg (*p < 0.05, 
**p < 0.01)
a Tmax is expressed as median (range)
b Dose (actually absorbed dose)—normalized values were used when statistical analysis was performed
c Absorbed doses were calculated as 
(the amount applied to the patch, 30 mg or 100 mg) − (the amount remaining in the patch)
d AUC​PAA/AUC​PE ratio are calculated by average AUC​last values of PE and PAA

Parameters Single Multiple

30 mg (n = 7) 100 mg (n = 8) 30 mg (n = 7) 100 mg (n = 6)

PE
 Cmax μg/ml 5.74 ± 1.93* 7.54 ± 5.40 4.46 ± 1.70 6.74 ± 3.30
 Tmax

a min 90 90 90 90
 t1/2 min 1352 ± 1067** 838 ± 945 28.7 ± 28.4 15.6 ± 5.44
 AUC​last

b μg·min/ml 1275 ± 342** 1428 ± 666 633 ± 235 933 ± 474
 AUC​inf

b μg·min/ml 1736 ± 691** 1584 ± 803 693 ± 234 941 ± 485
 Absorbed dosec mg 8.84 ± 1.95 34.9 ± 55.6 17.2 ± 1.56 55.1 ± 4.10

PAA
 Cmax μg/ml 9.86 ± 2.86** 25.7 ± 13.6 5.16 ± 2.21 19.6 ± 8.42
 Tmax

b min 90 90 90 90
 t1/2 min 771 ± 382** 546 ± 739 109 ± 60.5 378 ± 120
 AUC​last

a μg·min/ml 1786 ± 462** 4745 ± 2278 911 ± 413 3302 ± 1491
 AUC​inf

a μg·min/ml 1859 ± 471** 4895 ± 2065 919 ± 413 3444 ± 1373
 AUC​PAA/AUC​PE ratiod 1.44 ± 0.42 5.50 ± 0.48 1.42 ± 0.27 3.79 ± 1.12

Fig. 3   Mean arterial plasma 
concentration–time profiles 
of PE a and PAA b following 
single (n = 6, ●) and multiple 
(n = 4, ○) inhaled administra-
tion of PE at a dose of 77 mg 
to rats. Data are expressed as 
mean ± SD
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is listed in Table 4. The total recovery of the radioac-
tive dose was 75.5% within 72 h after dermal applica-
tion and the reaming amount of PE in the patch was 1.81 
nCi, indicating that 30.1% of PE was actually absorbed 
into the skin. Urine and feces were collected at specific 
time intervals and swabs were collected once after cage 
washing at 72 h after dermal application. Most of PE and 
its derivatives were excreted in urine (73.03%) and rarely 
found in feces (0.66%). These results indicate that after 

dermal applications, absorbed PE is metabolized to PAA 
and mainly excreted in urine, not bile.

PBPK model development of PE and simulations

A whole-body PBPK model of PE and PAA after dermal 
application and inhalation was successfully developed and 
the model structure is shown in Fig. 1. Rat physiological 
parameters including blood flow and tissue volume were 
obtained from the study by Law et al. (Law et al. 2017) and 
are listed in Table 1. Both the volume and blood flow of 
each tissue were calculated based on the body weight of rat 
as 0.3 kg. Most biochemical-specific values used as input 
parameters including fu, fu,hep, BP ratio, CLint, CLki, and Kper 
were directly obtained from in-house experimental data or 
calculated using experimental data; whereas, distribution-
related parameters were estimated using commercially avail-
able PBPK software, Simcyp® (Table 5). Specifically, the 
values of CLki of both PE and PAA were obtained from 
intravenous administration of PE to rats and the final values 
of CLint of PE and PAA were modified from experimental 
values. The values of fu,hep were calculated as fu,hep = fu

0.5 
(for non-basic compounds) (Winiwarter et al. 2019) and the 
Kper of PE was directly measured from in vitro skin absorp-
tion study using minipig skin. The values of in vitro CLint 
of PE and PAA were scaled using HPGL (163 × 106 cells/g) 
and liver weight (10.98 g) (Smith et al. 2008); we assumed 
that metabolism of PE to form PAA occurred in the liver and 
all PE metabolized in the liver is biotransformed to PAA. 
Moreover, based on the observed data in which a signifi-
cant decrease of exposure after multiple dosing of PE may 
be due to the induction of metabolic enzymes, the steady 
state metabolic clearance, CLint,ss, was estimated based on 
the observed multiple dosing data. The values of CLint,ss of 
PE and PAA were firstly estimated using Parameter Estima-
tion module in Simcyp® and these values were applied as 
initial values to the PBPK model developed using R. Then, 
the CLint,sss were manually adjusted by fitting the observed 
in vivo PK concentrations of PE and PAA after multiple 
applications of PE.

To compare the simulated plasma concentrations of PE 
and PAA with the observed data, PE and PAA concentra-
tions in plasma were simulated under the same exposure 
scenarios as in the experiments. Plasma concentrations of 
PE and PAA after both single and multiple applications of 
PE were simulated. For dermal applications, 8.84 mg for a 
single dose and 17.2 mg for multiple doses were used for 
the simulation. For inhalations of PE, a dose of 25.7 mg/h 
for 3 h was applied. Figures 5 and 6 shows predicted and 
observed plasma concentrations of PE and PAA after PE 
applications and the predicted AUCs were also compared 
with the observed AUCs summarized in Table 6. The pre-
dicted AUC/observed AUC ratios of PE and PAA were 0.86 

Table 3   Pharmacokinetic parameters of PE and PAA after inhalation 
of 77 mg PE for 3 h to rats (mean ± SD)

*, **The values of a single dosing group were significantly different 
from those of multiple group (*p < 0.05, **p < 0.01)
a Tmax is expressed as median (range)
b AUC​PAA/AUC​PE ratio are calculated by average AUC​last values of PE 
and PAA

Parameters Single (n = 6) Multiple (n = 5)

PE
 Cmax μg/ml 27.8 ± 9.96 16.8 ± 7.52
 Tmax

a min 42.0 (34.5–136.3) 127 (31.3–188.5)
 t1/2 min 93.4 ± 38.9 89.9 ± 33.6
 AUC​last μg·min/ml 4903 ± 976* 2979 ± 1014
 AUC​0-inf μg·min/ml 5261 ± 883** 3116 ± 1049

PAA
 Cmax μg/ml 30.3 ± 7.12** 71.0 ± 18.8
 Tmax

a min 135.6 (42–227) 188.5 (185.3–270)
 t1/2 min 118 ± 47.1 174 ± 122
 AUC​last μg·min/ml 6498 ± 1484 11,865 ± 5706
 AUC​0-inf μg·min/ml 7161 ± 1518 14,715 ± 9379
 AUC​PAA/

AUC​PE 
ratiob

1.35 ± 0.35 4.09 ± 1.63

Table 4   Excretion of total radioactivity after dermal application of 
30 mg PE (2.59 nCi of [14C]PE was administered simultaneously as a 
microtracer) to rats (n = 5)

a Swabs were collected once after the cage washing 72 h after dermal 
applications

Time interval (h) Radioactivity of excretion (% of dose)

Urinary excretion Fecal excretion

0–4 9.55 0.28
4–8 24.94 0.10
8–12 13.71 0.05
12–24 9.42 0.18
24–48 6.48 0.05
48–72 8.96 0.00
72a 1.79 –
Subtotal 74.85 0.66
Total 75.51
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and 1.03 in a single dermal application (1.44 and 1.13 in 
multiple dermal applications) and those were 0.98 and 1.24 
in a single inhalation (0.68 and 1.23 in multiple inhalations), 
respectively.

The sensitivity analysis was conducted including the 
parameters if they were optimized, if they were obtained 
from experiments, or if they had significant impact in the 
model. Sensitivity of the models was calculated as changes 
of AUC according to the ± 50% changes of the parameters 
and the results are shown in Table 7. The BP ratios of PE 
and PAA were the most sensitive parameters influencing the 
concentration of PE and PAA in plasma.

With the final PBPK model, the concentration–time pro-
files of PE and PAA after dermal application and inhalation 
were simulated following NOAEL of 500 mg/kg/day for 

dermal application and that of 12.7 mg/kg/day for inhala-
tion. The duration of exposures of 6 h was applied to the 
exposure scenarios and kidney and liver (and lung for inha-
lations) concentrations as well as plasma concentrations of 
PE and PAA were simulated and shown in Figs. 7 and 8. The 
predicted internal exposures (AUC and steady-state concen-
trations, Css) of PE and PAA in plasma and target tissues 
are listed in Table 8. In dermal applications, the AUC​ss val-
ues of PE in plasma, liver, and kidney were 133, 48.2, and 
130 μg·h/mL and the AUC​ss values of PAA in plasma, liver, 
and kidney were 150, 443, and 545 μg·h/mL, respectively. In 
inhalations, the AUC​ss values of PE in plasma, liver, kidney, 
and lung were 1.62, 0.590, 1.58, and 1.28 μg·h/mL and the 
AUC​ss values of PAA in plasma, liver, kidney, and lung were 
11.5, 34.1, 42.0, and 13.8 μg·h/mL, respectively.

Table 5   Parameters and values 
of PE and PAA used for the 
PBPK model

a The values were obtained from in-house experimental data
b Tissue-to-plasma ratios were estimated using Simcyp® or adapted from Kim et al. (Kim et al. 2015)
c The initial CLint values for PE and PAA were obtained from in-house experimental data, and the values 
of CLint,ss were estimated based on observed PK data using Parameter Estimation module in Simcyp® and 
confirmed
d Experimental values of nonspecific binding of PE and PAA in hepatocytes could not be obtained, there-
fore, unbound fractions in hepatocytes were calculated as fu,hep = fu

0.5 (Winiwarter et al. 2019)
e From Smith et al. 2008
f The value was obtained from in-house experimental data using minipig skin
g The values were optimized based on the observed data

Parameters Descriptions Values

PE PAA

MW (g/mol) Molecular weight 138.17 152.15
logP Octanol/water partition coefficient 1.16 1.34
fu

a Fraction unbound in plasma 0.126 0.149
BP ratioa Blood to plasma ratio 0.77 1.25
Kpad

b Adipose-to-plasma partition coefficient 0.767 0.142
Kpbo

b Bone-to-plasma partition coefficient 1.321 0.219
Kpbr

b Brain-to-plasma partition coefficient 1.562 0.325
Kpgu

b GI-to-plasma partition coefficient 1.319 0.412
Kphe

b Heart-to-plasma partition coefficient 0.889 0.448
Kpki

b Kidney-to-plasma partition coefficient 1.023 5.000
Kpli

b Liver-to-plasma partition coefficient 1.214 2.200
Kplu

b Lung-to-plasma partition coefficient 0.795 1.200
Kpmu

b Muscle-to-plasma partition coefficient 0.997 0.318
Kpsp

b Spleen-to-plasma partition coefficient 1.040 0.396
Kpsk

b Skin-to-plasma partition coefficient 1.037 0.612
Kpre

b Rest of body-to-plasma partition coefficient 0.767 0.142
CLint

c (μL/min/106 cells) Metabolic intrinsic clearance after a single application 8210 1344
CLint,ss

c (μL/min/106 cells) Metabolic intrinsic clearance at steady state 96,774 60,484
CLki

a (L/h) Renal clearance 0.29 2.0
fu,hep

d Fraction unbound in hepatocytes 0.355 0.386
HPGLe (106 cells/g) Hepatocellularity per gram of liver 163 163
Kper

f (cm/h) Permeability coefficient through skin 0.009
SFg Scaling factor reflected in converting PE to PAA in liver 6.5
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Discussion

PE is one of the widely used biocides, and the details of 
the toxicity and PK are well-documented in the final ver-
sion of ‘Opinion on phenoxyethanol’ (SCCS 2016). Never-
theless, there is not much information about the PK of PE 
and PAA after multiple dermal applications and even less 
information about the PK of PE and PAA after inhalation 
of PE. Therefore, in this study, we performed PK studies 
of PE. We evaluated PK characteristics of PE and PAA 
after dermal and inhaled exposures of PE in rats and also 
developed a rat PBPK model of PE and PAA.

After dermal and inhaled applications of PE, PE was 
rapidly absorbed, which is consistent with findings in 
previous studies (Dreno et al. 2019; Roper et al. 1997). 
The half-life of PE after intravenous administration was 
11.6 min (data not shown), which was sufficient time for PE 
to reach steady-state absorption. Therefore, exposure dura-
tions of 4 h for the skin and 3 h for inhalation were chosen. 
In dermal applications, the absorbed dose of PE, calculated 
as (the amount applied to the patch) − (the amount remaining in the patch) , 
was higher in the multiple dosing group than in the single 
dosing group. We speculate this may be from skin irrita-
tions caused by repeated patch attachment in the same area, 
and the amount of PE that penetrated skin during multiple 
dosing was greater than that of a single dose (1.95-fold at 
30 mg and 1.58-fold at 100 mg). Nevertheless, the sys-
temic exposures (i.e., Cmax and AUC) of both PE and PAA 
in the multiple dosing group were lower than those in the 
single dosing group. In particular, the AUC​PAA/AUC​PE 
ratio was significantly higher in multiple dosing groups 

and since the half-life of PE was significantly longer in a 
single dose, the low systemic exposures of PE in multiple 
dosing were considered to be due to induction of metabolic 
enzymes of PE in liver and blood. In inhalations, PE was 
also rapidly absorbed and metabolized to form PAA. The 
value of AUC after multiple inhalations of PE was signifi-
cantly lower than that after a single inhalation, whereas the 
value of AUC​PAA was increased in the multiple inhalation 
groups (AUC​PAA/AUC​PE ratio was significantly higher in 
multiple dosing groups) and these were considered to be 
from the induction of metabolic enzymes of PE, as in the 
dermal application study.

PE is metabolized by alcohol dehydrogenase and alde-
hyde dehydrogenase in liver (Lockley et al. 2005; Roper 
et al. 1997). Rat skin also has the ability to metabolize PE, 
but PE metabolism in the skin would be minimal because the 
residence time of PE in the skin is short (Lockley et al. 2005; 
Roper et al. 1997). After multiple dosing of glycol ether 
groups, specific metabolic enzymes are induced. After mul-
tiple dermal administrations of ethanol and 2-butoxyethanol 
to rats, the metabolism of ethanol and 2-butoxyethanol in 
rat whole skin cytosol was increased (Lockley et al. 2005) 
and ethanol induced CYP3A and CYP2E1 (Feierman et al. 
2003). The results of this study, which showed a significant 
decrease in PE concentration after multiple doses, support 
the possibility of enzyme induction by PE.

A mass balance study of PE after dermal application 
was also conducted and most of the PE and its derivatives 
were excreted in urine rather than via bile and feces. The 
total recovery was 75.51% for 72 h after dermal applica-
tions. Based on the total recovery after oral and intravenous 
administration of PE (100.0% after oral and 107.1% after 
intravenous; data not shown) and the short residence time 
of PE in the skin, few of the PEs that did not recovered for 
72 h would be accumulated or remained in the layers of the 
skin. This result was consistent with previously published 
results (Howes 1991) that reported that 60% of the dose was 
recovered in the urine at 48 h, mainly as free or conjugated 
PAA, and total recovery was 64–76% of the original dose. 
These findings indicated that the relatively low recovery 
after dermal application was because of evaporation of the 
applied PE (Howes 1991; Roper et al. 1997). Most PE was 
excreted in urine as PAA, and this may be related with the 
kidney toxicity of PE (Dreno et al. 2019; Troutman et al. 
2015); therefore, examining PAA concentration in kidney 
would be critical to evaluate exposure-toxicity relationships.

A whole-body PBPK model of PE and PAA after der-
mal application and inhalation was successfully developed. 
The PBPK model facilitates the quantitative analysis of 
exposure–toxicity relationships. Results and findings from 
toxicology studies can be better understood when relevant 
and reliable internal estimates of toxicant exposure in blood 
or target tissues are available (McLanahan et al. 2012). In 

Fig. 4   Cumulative recovery of total [14C]-radioactivity in excreta 
following a single dose of 30  mg (containing 2.59 nCi of [14C]PE) 
for dermal application (n = 5) to rats. Total recovery was included 
each collection samples and swab at 72 hr. Each value represents the 
mean ± SD
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Fig. 5   Predicted and observed plasma PK profiles of PE a, c and PAA 
b, d after single (8.8 mg, a, b) and multiple (17.2 mg, c, d) dermal 
applications of PE. Dots represent observed concentration of PE and 

PAA; whereas, black lines are simulated concentrations of PE and 
PAA with the developed PBPK model
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Fig. 6   Predicted and observed plasma PK profiles of PE a, c and PAA 
b, d after single a, b and multiple c, d inhalations (77  mg) of PE. 
Dots represent observed concentration of PE and PAA whereas black 

lines are simulated concentrations of PE and PAA with the developed 
PBPK model
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particular, when metabolites as well as the parent compound 
exhibit significant toxic effects, such as in the case of PE and 
PAA, the use of a PBPK model for risk assessment can help 
in an intensive and quantitative understanding of the toxicity 
of the compound.

The model was first developed and evaluated based on 
the PK data of PE and PAA after intravenous adminis-
tration. The final clearance (CL) and volume of distribu-
tion (Vd) parameters had been determined in advance and 
then absorption parameters were applied to the model 
using in vitro and in vivo dermal and inhalation data. 
Biochemical reactions are dependent on the free concen-
tration of the compound in plasma or target organs and 

metabolism in hepatocytes can also occur only unbound 
form of compound; therefore, plasma-to-tissue partition 
coefficients (Kp), fu, and fu,hep were used in the model. The 
Kp in each tissue was estimated using Method 2 incorpo-
rated within Simcyp® or obtained from published values 
(Kim et al. 2015). Method 2 is the Rogers and Rowland 
(R&R) method to calculate Kp in each tissue and takes 
into account the values of tissue components including 
neutral lipids, neutral phospholipid, extracellular water, 
and intracellular water; the advantage of this method is 
that ionization and lipophilicity of compounds are incor-
porated (Rodgers and Rowland 2006). The values of fu 
were obtained in in vitro experiments and fu,hep values 
were calculated using fu. The challenge to develop a PBPK 
model of PE was (1) to determine absorption parameters 
and (2) to determine metabolism parameters after mul-
tiple dosing. For dermal applications, the model valida-
tion was conducted using observed data and the actually 
absorbed dose was calculated using the concentration of 
PE in the product (formulation), in vitro Kper, applying 
surface area, and applying time. A dosing compartment 
(depot) was used for the absorption of PE. For inhalation, 
the inhaled amount of PE was directly dosed into the lung 
compartment and the bioavailability as 0.48 was applied 
to the final model based on the observed data. After mul-
tiple inhaled dosing of PE, the systemic exposures of PE 
decreased while those of PAA increased compared with 
those after a single dose. These were presumably due to 
the saturation of metabolism of PAA, therefore, the CLint 
of PAA was used instead of CLint,ss for multiple inhala-
tion simulations. Since in vitro induction parameters (e.g., 
EC50 and Emax) for the PBPK model were not available, 
CLint,ss was optimized based on the observed PK profiles.

With the developed model, simulations following 
NOAEL of 500 mg/kg/day for dermal application and that 
of 12.7 mg/kg/day for inhalation were performed. For the 
considerations of chronic exposures of PE, CLint,ss rather 
than CLint were used for the simulations. Both PE and PAA 
concentrations in plasma, liver, and kidney (and lung for 
inhalations) were predicted and AUC and Css of PE and PAA 
were also calculated. At 500 mg/kg/day for dermal applica-
tions, the AUCs of PE and PAA in systemic exposure were 
much higher than those at 12.7 mg/kg/day for inhalation.

This study has several limitations. In the inhalation PK 
study, the actual absorbed inhalation dose could not be 
directly measured during the experiments. The inhaled 

Table 6   Predicted and observed AUC of PE and PAA in rat plasma

a A single administration of PE
b Multiple administrations of PE

Parameters AUC​24 (μg·min/ml)a AUC​ss (μg·min/ml)b

Predicted Observed Predicted Observed

Dermal applications (8.84 mg for a single, 17.2 mg for multiple)
 PE 1096.7 1275 ± 342 911.7 633 ± 235
 PAA 1846.0 1786 ± 462 1029.9 911 ± 413

Inhalations (77 mg)
 PE 4797.9 4903 ± 976 2040.5 2979 ± 1014
 PAA 8076.2 6498 ± 1484 14,546.6 11,865 ± 5706

Table 7   The results of sensitivity analysis

The changes of AUC ratio were calculated as the changes of parame-
ter values listed in the table. S of + 1.0 signifies that a 10% increase of 
the examined parameter causes a 10% increase of the simulated AUC​

Parameters S (PE) S (PAA)

 − 0.5 p 0.5 p  − 0.5 p 0.5 p

BP ratio,PE  − 2  − 0.67 0 0
BP ratio,PAA 0 0  − 2  − 0.67
CLint,PE  − 0.54  − 0.32 0.64 0.37
CLint,PAA 0 0  − 0.15  − 0.13
CLki,PE  − 0.06  − 0.06  − 0.28  − 0.05
CLki,PAA 0 0  − 0.35  − 0.21
Kpli,PE 0 0 0 0
Kpli, PAA 0 0 0 0
Kplu, PE 0 0 0 0
Kplu, PAA 0 0 0 0
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amount was calculated using the respiratory rate and tidal 
volume of rats; therefore, respiratory rate is a critical fac-
tor in determining inhalation dose. However, because it was 
not possible to directly measure the actual respiratory rate 
of rats used in this experiment, the respiratory rate of rats 
was obtained from a published article. The respiratory rate 

of rats used during the experiment may differ from the lit-
erature value, but it could not be reflected in the dose calcu-
lation. The CLint parameter obtained from in vitro experi-
ments and the literature also could not accurately describe 
the observed data. The final CLint parameters incorporated 
in the model were optimized based on the observed data. 

Fig. 7   Simulated steady-state plasma a, liver b, and kidney c con-
centration—time profiles of PE (line) and PAA (dashed) after der-
mal applications of 500 mg/kg/day. From day 1, PE and PAA were 

assumed to have reached steady state exposures and PE was applied 
for 6 h/day for 4 days



2034	 Archives of Toxicology (2021) 95:2019–2036

1 3

In the development of the in vitro-in vivo extrapolation 
(IVIVE)–based PBPK model, discrepancies between the PK 
parameters obtained from in vivo data and those obtained 
from in vitro data are common. In this case, the in vitro 
parameter used as input parameters of the model can be 
modified according to the observed data, but if there are no 
in vivo data, an incorrect model may be developed. There-
fore, the in vitro parameters used in model should be care-
fully selected, and for the same reason, sensitivity analysis 
of parameters should be conducted for model verification.

In conclusion, this study evaluated the PK profiles of PE 
and PAA after dermal and inhaled route of exposures of 
multiple dosing of PE and also developed a PBPK model of 
PE in rats. In accordance with the physicochemical proper-
ties of PE, which is highly permeable across the membrane, 
PE was rapidly absorbed regardless of the route of exposure. 
After modifying details to describe human physiology, this 
model structure can be applied to develop a human PBPK 

Fig. 8   Simulated steady-state plasma a, liver b, kidney c, and lung 
d concentration—time profiles of PE (line) and PAA (dashed) after 
inhalations of 12.7 mg/kg for 4 days. From day 1, PE and PAA were 

assumed to have reached steady state exposures and PE was inhaled 
for 6 h/day for 4 days

Table 8   Internal dosimetry predictions of PE and PAA in NOAELs 
using the PBPK model in rats

Internal dose metric Dermal applications
(NOAEL: 500 mg/
kg/day)

Inhalations
(NOAEL: 12.7 mg/
kg/day)

PE PAA PE PAA

AUC​ss (μg·h/mL)
 Plasma 133 150 1.62 11.5
 Liver 48.2 443 0.590 34.1
 Kidney 130 545 1.58 42.0
 Lung – – 1.28 13.8

Css (μg/mL)
 Plasma 5.52 6.64 0.0673 0.480
 Liver 2.01 18.5 0.0246 1.42
 Kidney 5.40 22.7 0.0658 1.75
 Lung – – 0.0533 0.576
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model of PE, and the internal dose metric derived by this 
model can be used for human risk assessment of PE after 
dermal and inhaled routes of exposures.
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