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Correspondence The unbound concentrations of 14 commercial drugs, including five non-efflux/up-
Tao Wang, DMPK Department, Pharmaron take transporter substrates—Class |, five efflux transporter substrates—class Il and
'C”;i'r’]f'ihe Road, No 6, BDA, Beijing, four influx transporter substrates—Class IIl, were simultaneously measured in rat liver,
Email: tao.wang@pharmaron.com muscle, and blood via microanalysis. K, e, and K, 1usce Were calculated to evalu-
ate the membrane transport activity and cell metabolism on the unbound drug con-
centrations in the skeletal muscle and liver. For Class | compounds, represented by
antipyrine, unbound concentrations among liver, muscle and blood are symmetrically
distributed when compound hepatic clearance is low. And when compound hepatic
clearance is high, unbound concentrations among liver, muscle and blood are asym-
metrically distributed, such as Propranolol. For Class Il and Il compounds, overall, the
unbound concentrations among liver, muscle, and blood are asymmetrically distrib-
uted due to a combination of hepatic metabolism and efflux and/or influx transporter
activity.
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1 | INTRODUCTION unbound (free) drug is able to distribute from the blood circulation
across cell membranes to tissues and that only unbound drug can
One of the most important concepts in clinical pharmacology is interact with target receptors at the site of action in the target

the free drug hypothesis. This concept stipulates that only the tissue.r™>

Abbreviations: ACD, acid citrate dextrose; CL, clearance; Cm, blood» UNbouNd concentration in blood measured by microdialysis; Cm, brain Unbound concentration in brain measured by
microdialysis; C unbound concentration in liver measured by microdialysis; C . e» Unbound concentration in muscle measured by microdialysis; C, steady-state concentration;
C.brain’ unbound concentration in brain measured by equilibrium dialysis; CYP, cytochrome; DMSO, dimethyl sulfoxide; HPLC/MS/MS, high-performance liquid chromatography
combined with tandem mass spectrometry; HP-p-CD, hydroxypropyl-p-cyclodextrin; h, hour; IACUC, institutional animal care and use committee; Kpuu liver Fatio of unbound liver
concentration to unbound blood concentration; K ratio of unbound muscle concentration to unbound blood concentration; Kpuu, ratio of unbound tissue concentration to
unbound blood concentration; OATP, organic anion transporting polypeptides; Papp, apparent permeability; P-gp, p-glycoprotein; PK, pharmacokinetics; T, ,, half-life; V,,, volume of

distribution at steady state.
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As demonstrated in our previous study, the free drug hypothe-
sis is not universally applicable for all drugs, but only for drugs with
good permeability that are not substrates of efflux transporters‘é
The unbound concentration of an efflux transporter drug in tissues
where efflux transporters are highly expressed is expected to be
lower than that in blood. Similarly, the unbound concentration of a
drug in an eliminating organ (such as liver) is also expected to be
lower than that in blood when the drug is subject to an extensive
cell metabolism. In contrast, the unbound concentration of a drug
in a given tissue is expected to be higher than blood, if the drug is a
substrate of influx transporters that are present in the tissue.”®

Numerous studies have been conducted for the comparison
of unbound drug concentrations in tissues and blood, and most
of the studies have focused on the brain. This is because brain
is a unique sanctuary organ that is protected by the blood-brain
barrier (BBB) where various drug efflux and influx transporters
are highly expressed. In addition, brain is not considered a major
site of drug metabolism, even though low levels of CYPs enzymes
are present.

Kinetic behavior of unbound drug concentrations in other organs
and tissues, such as skeletal muscle and liver, has been less explored.
Skeletal muscle is the largest tissue of the body, comprising of ap-
proximately 40% of total body weight. Like the brain, skeletal mus-
cle is not a major site of drug metabolism, even though low levels
of mRNAs of CYPs are detected in skeletal muscle.” On the other
hand, liver plays a key role in breaking down or modifying toxic sub-
stances to make them less harmful to the body. To perform these
vital functions, various drug metabolizing enzymes and influx/efflux
transporters (P-gp, BCRP, and MRPs) are expressed in liver. Given
the fact that skeletal muscle is the largest tissue of body, it is import-
ant to understand the kinetic behavior of unbound drug concentra-
tion in the skeletal muscle. Similarly, it is also important to assess the
complex interplay effects of drug metabolizing enzymes and drug
transporters on the kinetic behavior of unbound drug concentration
in liver.

A number of techniques have been developed and used to de-
termine unbound concentrations of drugs in the tissues and blood.
Among these, the most common and popular method is to use the
plasma and tissue binding unbound fractions for measuring plasma
and tissue unbound drug concentrations.’°*® However, drug bind-
ing in tissue homogenates may not accurately reflect the binding in
intact tissue in vivo, because tissue homogenates do not take into
account the fact that drug binding may differ between interstitial
fluid, cells and subcellular organelles. Therefore, the unbound drug
concentrations indirectly measured by using tissue unbound frac-
tion may not accurately reflect the unbound drug concentration in
tissues.

Microdialysis is a sampling technique that is used for continuous
measurement of unbound drug concentrations in the tissues.**° The
microdialysis technique requires the insertion of a small microdialy-
sis probe with a semipermeable hollow fiber membrane at its tip into
the tissue of interest. Although microdialysis is a minimally-invasive
sampling technique which requires some specialized skills involved

time consuming procedures, it is a reliable method to quantify the
unbound drug concentrations in target tissue, and has contributed
to our current knowledge and understanding of drug distribution in
different tissues of the body.

The objective of our study is to assess the effects of transport
activity of drug transporters and cell metabolism o on the unbound
drug concentrations in the skeletal muscle and liver. Since microdi-
alysis provides a reliable measurement of unbound drug concentra-
tions in tissues and blood, the method of microdialysis is applied in
this rat study for direct and simultaneous measurement of unbound
drug concentrations in the skeletal muscle, liver, and blood.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

In this study, 14 compounds with different physiochemical proper-
ties were selected. Antipyrine, ofloxacin, lamotrigine, digoxin, qui-
nidine, atenolol, carbamazepine, propranolol, diltiazem, memantine,
diphenhydramine, pyrilamine, and gabapentin were purchased from
MedChemExpress (Monmouth Junction). Fexofenadine was pur-
chased from Tokyo Chemical Industry. The other chemicals and rea-
gents were of the HPLC grade or better.

2.2 | Animals

Healthy male Sprague-Dawley rats (8-10 weeks, 250-350 g) were
purchased from Sibeifu Biotechnology Co., Ltd. The animals were
acclimatized to the laboratory environment for at least 1 week
before the study and were housed in a 12-h light/12-h dark cycle
environment with free access to food and water. All studies were ap-
proved by Pharmaron's Institutional Animal Care and Use Committee
(IACUC).

2.3 | Ratliver, muscle, and blood
microdialysis studies

Unbound concentrations of the 14 compounds in rats were meas-
ured by microdialysis method. Liver, muscle, and blood microdialysis
of each compound was simultaneously conducted in male Sprague-
Dawley rats (n = 3). All animals were acclimated to laboratory envi-
ronment for 3-4 days prior to microdialysis study. At 12 h before
dosing, animals were anesthetized and placed into an individual sys-
tem, and then liver, muscle, and blood microdialysis probes (CMA/20,
10 mm, CMA) were implanted into hepatic lobe, skeletal muscle of
the left thigh, and jugular vein respectively. All probes were per-
fused with blank acid citrate dextrose (ACD; 3.5 mmol/L citric acid,
7.5 mmol/L sodium citrate, 13.6 mmol/L dextrose) solution at a rate
of 1 pL/min for 16 h, respectively. On the day of experiment, each
animal received an intravenous bolus loading dose followed by an
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infusion dose via femoral vein. In this study, the loading dose was
used to quickly achieve the target steady-state concentration (C,),
meanwhile following a constant rate of intravenous infusion in rats.
The loading dose and infusion rate of each compound can be calcu-
lated by the following Equation (1) and (2), respectively, using the
kinetic parameters and the pre-determined desired C_.

Loadingdose = Vg x Csg (1)

Infusion rate = CL X Cqg (2)

The detailed dose level and formulation composition of each
compound were listed in Table 1. Liver, muscle, and blood microdial-
ysis dialysates were collected at 0.5 h intervals up to 6 h post-dose.
The animals were subsequently euthanized at 6 h. All samples were

stored at -75 + 15°C before analysis.

2.4 | Invivorecovery studies

The recovery of compounds in liver, muscle, and blood microdi-
alysis probes was determined by an in vivo retrodialysis method.
Liver, muscle, and blood probes were implanted into animals fol-
lowing the procedure in a previous microdialysis study. 300 ng/
ml of test compounds in ACD were constantly perfused into blood
and brain probes for 5 h, and dialysates were collected at 0.5 h
intervals from 2 to 5 h Recovery can be calculated by the following

equation:

C.-C
Recovery (%) = '”C—"“t x 100% (3)

n
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where C, is the concentration in perfusates, while C_ , is the average
concentration of dialysates collected from 2 to 5 h. All samples were
stored at -75 + 15°C before analysis. The recovery data of the micro-

dialysis probes are listed in Table 1.

2.5 | Sample analysis

All samples were analyzed on HPLC/MS/MS systems, which consist
of Shimadzu LC-30AD pumps (Shimadzu), a rack changer Il autosa-
mpler (Shimadzu), and either a Shimadzu 8060 (Shimadzu) or an AB
Sciex API 4000/5500 (AB Sciex) mass spectrometer. Ten pl of di-
alysates samples were mixed with 100 pl or 200 ul of acetonitrile
containing internal standard. The supernatants were diluted with

appropriate volumes of water before analysis on HPLC/MS/MS.

2.6 | Dataanalysis

Pharmacokinetic parameters were calculated with WinNolin 8.2
(Pharsight Corporation) by employing a non-compartmental analysis.
The kinetics parameters, the volume of distribution at steady state
(V ), clearance (CL), and terminal half-life (T%:), were determined fol-
lowing intravenous administration. The dose administered was input
to the program as mg/kg. Nominal times of blood collection were
used for the calculation of parameters.

For the microdialysis study, the steady state unbound drug
concentrations in the liver, muscle, and blood were calculated as
the average of unbound concentrations from 2 h up to 6 h time
points. Graphs and statistical analysis were performed in Graphpad

Prism 8.0. T-test was used to determine the statistical difference of

TABLE 1 Loading doses, infusion rates, formulations, and microdialysis probe recoveries used for the 14 compounds in rat microdialysis

study (n = 3, mean £ SD)

Loading dose IV Infusion rate

Probe recovery Probe recovery Probe recovery

Compound (mg/kg) (mg/kg/h) Formulation® (liver) (%) (muscle) (%) (blood) (%)
Antipyrine 0.5 0.333 A 41.2+4.8 41.3+4.4 193 +1.7
Lamotrigine 1 0.0833 B 53.0+78 48.5+ 6.9 79.6 + 6.1
Carbamazepine 1 1.67 B 747 + 6.6 66.8+1.7 75.4+4.38
Propranolol 5 5 B 63.3+8.2 440+ 7.0 59.0 + 15.0
Diltiazem 3 2 B 65.1+3.3 42.8+8.8 58.4+58
Ofloxacin 8 8.8 B 277 £5.3 26.7 +4.7 48.6 + 9.2
Atenolol 6 417 B 19.0 + 101 8.87 +0.89 31.9 +10.0
Quinidine 8 8.8 B 52.6 +8.1 38.4+1.5 45.2+9.0
Fexofenadine 10 16.7 B 245+49 18.6 +13.6 55.5+9.6
Digoxin 1 1 B 60.5+ 6.8 54.8 +4.9 37.7 £ 3.8
Memantine 8 3.33 A 457 +5.4 39.6 +13 50.6 +9.3
Diphenhydramine 5 3.33 A 64.6 +2.6 58.3+2.6 81.2 +19.1
Pyrilamine 3.75 1.88 A 52.8 +8.6 19.6 +7.7 58.8 +22.3
Gabapentin 5 1.67 A 219+14 22.2+96 50.1 +12.1

?Formulation A: Saline. Formulation B: 5% DMSO in ‘10%HP-8-CD".
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steady-state unbound concentrations in blood, liver, and muscle. A
correlation analysis was performed to evaluate the relationship of
the steady-state unbound concentration among liver, muscle, and
blood.

3 | RESULTS

For calculation of loading dose and infusion rate for the microdialysis
study, the pharmacokinetic parameters, plasma clearance (CL), vol-
ume of distribution at steady state (V,,), and plasma half-life (T ,)
were determined in rats following a single intravenous administra-
tion. The kinetic parameters of antipyrine, ofloxacin, lamotrigine, di-
goxin, quinidine, atenolol, carbamazepine, propranolol, and diltiazem
were obtained from our previous study,6 while those of memantine,
diphenhydramine, pyrilamine, and gabapentin were obtained from
the present study (Table 2). In order to quickly achieve desirable
steady state unbound drug concentrations, loading doses and infu-
sion rates were calculated for all of the 14 test compounds according
to Equations (1) and (2) as described in the methods section.

As shown in Table 2, propranolol, diltiazem, quinidine, memantine,
diphenhydramine, and pyrilamine showed high plasma clearance, which
approached or exceeded the reported rat hepatic blood flow of 75-
90 ml/min/kg.*®'” The mean values of plasma CL were 97.7, 82.8, 76.4,
60.5, 152, and 167 ml/min/kg, respectively, for diltiazem, propranolol,
quinidine, memantine, diphenhydramine, and pyrilamine in rats in this
study. The observed plasma CL values of these compounds are in good
agreement with the reported plasma CL by other investigators. The re-
ported plasma CL of propranolol was in the range of 70-20 ml/min/kg,
while the reported plasma CL values of diltiazem, quinidine, meman-
tine, and diphenhydramine were 90, 74, 69, and 115 mI/min/kg.w'23 In
contrast, antipyrine, lamotrigine, digoxin, and carbamezapine showed
low plasma CL (<20 ml/min/kg), while atenolol, ofloxacin and fexofen-
adine showed moderate plasma CL (20-50 ml/min/kg). The plasma ClI
values of antipyrine, lamotrigine, digoxin, and carbamezapine (4.81,
1.48, 9.1, and 18.1 ml/min/kg, respectively) were consistent with the
reported plasma CL values by other investigators (4.80, 0.830, 17.3,
and 15.0 ml/min/kg, respectively).24"?

As shown in our previous study,6 antipyrine, lamotrigine, car-
bamezapine, propranolol and diltiazem are not substrates of efflux
transporters and classified as Class | compounds, while atenolol,
ofloxacin, fexofenadine, quinidine, and digoxin are substrates of
efflux transporters and classified as Class [l compounds. From the
literature, memantine, diphenhydramine, pyrilamine and gabapentin
are known to be substrates of influx tr:ansporters.“'Zg'30 Thus, these
compounds are classified as Class Ill compounds. The unbound
drugs concentrations of Class I, Il and Ill compounds in blood, liver
and skeletal muscle were simultaneously measured by microdialysis
following loading doses and constant infusion. The unbound drug
concentration time profiles of Class | compounds in blood, liver, and
muscle are shown in Figure 1, while the unbound drug concentration
time profiles of Class Il and Il compounds are presented in Figures 2
and 3, respectively.

With the exception of propranolol unbound concentrations in
liver, the unbound drug concentrations of all compounds reached
a steady state in blood, liver and skeletal muscle within 2 h after
the start of infusion. Thus, the steady state unbound concentrations
were calculated as the average of unbound concentrations from 2 h
up to 6 h time points. The steady state unbound concentrations as
well as the unbound drug concentration ratios between liver (or
are listed in Tables 3-5. The steady

state KpLIu ratio gives a direct quantitative description of how the cell

skeletal muscle) and blood (Kpuu)
membrane handles the drug movement into and out of the cell re-
garding passive transport and active influx/efflux. When a drug has
a Kpuu close to 1, it is reasonable to conclude that the drug crosses
the cell membrane by simple passive diffusion and is not a substrate
for efflux or influx transporters. On the other hand, drugs that have

a KpLI of <1 are subject to extensive cell metabolism and/or are

u
substrates for efflux transporters, while compounds with a Kpuu of
>1 are likely to be substrates for influx transporters.®

As shown in Figure 1, the unbound drug concentrations of anti-
pyrine, lamotrigine and carbamazepine in the liver and skeletal muscle
were quantitatively similar to that in blood. There were no statistically
significant differences in steady state unbound drug concentrations
and skeletal muscle (C
and K

values of propranolol

between blood (C, p504): liver (C m, muscie)

values

m, Iiver)
for these three compounds, and their K

were close to 1 (Table 3). Although the K

and diltiazem appeared to be higher than 1, there were no statisti-

puu,liver puu,muscle

puu,muscle

cally significant differences in the unbound concentrations of these
two compounds between blood and skeletal muscle (Table 3). In con-
trast, the unbound drug concentrations of propranolol and diltiazem
were significantly lower in the liver than blood (p < .05). The values of
K
tively, significantly lower than 1 (Table 3).

puuiver of propranolol and diltiazem were 0.382 and 0.145, respec-

As aforementioned, all of the 5 Class Il compounds are sub-
strates of efflux transporters based on in vitro cell assays.6 The
unbound drug concentrations of ofloxacin, digoxin atenolol and
quinidine in liver were lower than that in blood, and the KPNIiver
values of these 4 compounds tended to be lower than 1 (Figure 2
and Table 4). However, statistically significant differences between
C

not for atenolol and quinidine (Table 4). On the other hand, the un-

. liver and Cin. bloog Were only observed for ofloxacin and digoxin, but
bound concentrations of Class || compounds in skeletal muscle were
quantitatively similar to that in blood, with the exception of digoxin
(Figure 3). The unbound drug concentrations of digoxin in skeletal
muscle were significantly lower than that in blood (p < .05), and the
Kpuu,muscle was 0.175.

All of the 4 Class Ill compounds, memantine, diphenhydramine,
pyrilamine and gabapentin, are known to be substrates of influx
transporters. Memantine, diphenhydramine and pyrilamine are
substrates of a proton-coupled organic cation antiporter, while ga-
bapentin is a substrate of large amino acid transporter.2%28-30 The
unbound drug concentrations of Class Ill compounds appeared
to be higher in the skeletal muscle than blood except gabapentin
(Figure 3), and the K
1 (Table 5). Similarly, the unbound concentrations of gabapentin

puumuscle values were significantly higher than
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TABLE 2 Pharmacokinetic parameters
of the 14 compounds following an IV
single bolus (n = 3; mean = SD) (n = 3,
mean * SD)

Compound
Antipyrine®
Lamotrigine®
Carbamazepine®
Propranolol®
Diltiazem
Ofloxacin®
Atenolol®
Quinidine®
Fexofenadine®
Digoxin®
Memantine
Diphenhydramine
Pyrilamine

Gabapentin

Antipyrine
100

Lamotrigine
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Dose (mg/  CL (ml/min/

kg) kg) V., (L/kg) T,/5 (h)

5.00 4.81+0.77 0.724 £ 0.051 1,99 £0.43
5.00 1.48 +0.21 1.86 +0.18 15.6 + 3.0
5.00 18.1+£29 0.745 + 0.081 0.993 £ 0.115
4.38 82.8+12.5 4.64 +0.70 0.943 + 0.062
1.00 96.4 +24.0 2.93+0.53 0.805 +0.201
5.00 32.5+49 5.08+2.9 6.32 +3.34
5.00 245+ 3.7 2.88+0.44 2.76 +0.77
5.00 764 +3.5 3.80+0.31 1.01 +0.03
5.00 509 +6.1 1.56 +0.38 1.12 +0.09
5.00 9.10 +1.30 0.376 +0.013 1.30+0.26
1.00 60.5+99 7.36 +1.58 1.72 +£0.03
1.00 152 + 11 5.36 +0.48 0.664 +0.005
1.00 167 + 24 126+ 1.6 216 +0.63
1.00 1.58 + 0.31 0.451 + 0.001 3.58 +0.87

Carbamazepine
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FIGURE 1 Ratunbound drug concentration time profiles of Class | compounds in liver, muscle, and blood with good membrane
permeability that are not substrates of efflux and uptake transporters (mean + SD, n = 3). The unbound drug concentration was

simultaneously measured by microdialysis in liver, muscle, and blood

in liver appeared higher than that in blood, even though there was
and Cm, blood
(Table 5). In contrast, the unbound concentrations of diphenhydr-

no statistically significant difference between C_ ..,

amine and pyrilamine in liver were much lower than that in blood,
and the K
tically significant difference was only observed for pyrilamine, but

puuliver values were less than 1 (Table 5). However, a statis-

not diphenhydramine.

4 | DISCUSSION

All of the five Class | compounds, antipyrine, lamotrigine, carba-
mazepine, propranolol, and diltiazem are not substrates of efflux
transporters based on in vitro cell assays.6 These 5 compounds

have good membrane permeability (P,_ ). The Papp values of antipy-

aDD)
rine, lamotrigine, carbamazepine, propranolol, and diltiazem were
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FIGURE 2 Ratunbound drug concentration time profiles of Class Il compounds in liver, muscle, and blood that are substrates of efflux
transporters (mean + SD, n = 3). The unbound drug concentration was simultaneously measured by microdialysis in liver, muscle, and blood
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FIGURE 3 Ratunbounddrug
concentration time profiles of Class Il
compounds in liver, muscle, and blood
that are substrates of uptake transporters
(mean + SD, n = 3). The unbound drug
concentration was simultaneously
measured by microdialysis in liver, muscle,
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31.1,27.2,27.5,11.0, and 18.4 x 10™° cm/s, respectively, based on
the parental MDCK cell assay.® Given the fact that these five Class
| compounds are lipophilic and have good membrane permeability,
the unbound drug concentrations of these compounds in the liver
and skeletal muscle are expected to be quantitatively similar to that
in blood, and the values of K and K
be close to 1.

puu,liver puu,muscle are expected to

As expected, the unbound drug concentrations of Class | com-
pounds in liver and skeletal muscles were quantitatively similar to
that in blood, and values of K and prmuscle
with the exceptions of propranolol and diltiazem (Table 3). Although
the unbound concentrations of propranolol and diltiazem were some-
what higher in muscle than that in blood, the differences were not
statistically significant. In contrast, the unbound concentrations of

puu,liver were close to 1,
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TABLE 3 Steady-state unbound drug concentrations in liver, muscle, and blood of Class | compounds with good membrane permeability
that are not efflux and uptake transporter substrates (n = 3, mean + SD)

Compound Con liver (RmoI/L) Con. muscle (mol/L)
Antipyrine 7.16 +1.38 5.89 +1.45
Lamotrigine 0.879 + 0.078 0.879 + 0.059
Carbamazepine 241 +0.94 2.64 +0.80
Propranolol 0.303 + 0.328° 1.79 + 0.51
Diltiazem 0.0250 + 0.0139° 0.342 + 0.096

Note: T-test was performed for C
*p < .05.

versus C o qand C

m, liver m, muscle

versus C

Con,blood (HMoI/L) e [
7.76 + 0.68 0.932 +£0.178 0.771 £0.215
0.700 + 0.092 1.28 +0.25 1.28 +0.22
2.77 +1.08 0.913 £ 0.169 1.02 +£0.27
1.07 £ 0.35 0.382 + 0.277 1.67 +0.36
0.184 +0.087 0.145 + 0.085 1.96 +0.29
m, blood"

TABLE 4 Steady-state unbound drug concentrations in liver, muscle, and blood of Class Il compounds that are efflux transporter

substrates (n = 3, mean + SD)

Compound Con. liver (umol/L) Cin muscle (RMol/L)
Ofloxacin 472 £1.28' 6.02 +1.92
Atenolol 16.4 +4.2 243 +4.7
Quinidine 1.06 +0.41 2.76 £0.54
Fexofenadine 3.39 +0.79 2.78 + 1.53
Digoxin 0.296 +0.07" 0.220 + 0.042'

Note: T-test was performed for C
*p < .05.

versus C o qand C

m, liver m, muscle

versus C

Con,blood (mol/L) e [

9.49 +1.52 0.501 +0.108 0.641 +0.206

26.1+538 0.657 +0.268 0.950 + 0.173

1.65+0.48 0.677 +0.27 1.75 £ 0.64

3.60 + 1.04 1.02 + 0.44 0.764 + 0.274

1.31+0.31 0.232 + 0.041 0.175 + 0.044
m, blood"

TABLE 5 Steady-state unbound drug concentrations in liver, muscle, and blood of Class IIl compounds that are uptake transporter

substrates (n = 3, mean + SD)

Compound C.o liver (umol/L) C. muscle (mol/L) Con. bloog (umol/L) Ko tiver Ko muscle

Memantine 10.5+ 3.0 14.3+09 6.78 + 1.37 1.56 +0.48 213 +0.25

Diphenhydramine 0.255 + 0.094 1.74 +0.53° 0.658 + 0.413 0.514 + 0.266 3.08 + 0.94

Pyrilamine 0.0713 + 0.0274’ 3.21+0.64 0.556 +0.055 0.127 +0.033 5.78 +1.09

Gabapentin 6.80 + 2.28 3.95+0.68 3.05+0.94 2.23+0.34 1.39 +0.51
Note: T-test was performed for C . versus C . qand C o versus C oy

*p < .05.

propranolol and diltiazem were statistically lower than that in blood
(b < .05),and the K
and 0.145, respectively, significantly less than 1. The observation that
the Kpuu,liver
most likely due to their extensive metabolism in the liver. As shown in

puuliver values of these two compounds were 0.382

values were less than 1 for propranolol and diltiazem is

Table 2, the CL of propranolol and diltiazem in rats were about 83 and
92 ml/min/kg, respectively. In rats, propranolol and diltiazem are com-
pletely and exclusively metabolized in the liver. Propranolol is mainly
oxidized to 4-hydroxypropranolol and 5-hydroxypropranolol by rat
CYP2D enzyme.®! A rat study has revealed that diltiazem was subject
to an extensive hepatic first-pass metabolism, and only about 30% of
the dose reached the systemic circulation, when it was injected di-
rectly into the portal vein in rats.?® Diltiazem undergoes extensive
phase | metabolism including desacetylation, N-demethylation, and
O-demethylation in rats.%? Kinetically, the unbound drug concentra-
tion of a drug in an eliminating organ (such as liver) is also expected to

be lower than that in blood, when the drug is subject to an extensive
cell metabolism.3®
Although antipyrine, lamotrigine and carbamazepine are also

largely metabolized in the liver, the K values of these com-

uu,liver
pounds are close to 1 because these ccfmpounds have low CL (4.81,
1.48 and 18.1 ml/min/kg, respectively) and are not subject to an ex-
tensive hepatic metabolism in rats. Antipyrine is almost completely
metabolized in liver forming three major metabolites 3-OH-, 4-OH-
and norantipyrine.33 Glucuronidation is the major route of metabolism
of carbamazepine. In a rat study, the N-glucuronide of carbamazepine
accounted for about 20%-30% of the administered dose.>* Similarly,
lamotrigine is mainly eliminated by UDP-glucuronosyltransferases
leading to the formation of two major metabolites: N-2 glucuronide
and N-5 glucuronide.35 No significant differences between the C
and C

likely due to their low and slow hepatic metabolism.

m, liver

m. blood 1O @ntipyrine, lamotrigine, and carbamazepine are most
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As demonstrated in our previous study,® all of the Class Il com-
pounds, ofloxacin, atenolol, quinidine, fexofenadine and digoxin are
substrates of efflux transporters. Ofloxacin, atenolol, quinidine, and
fexofenadine showed moderate to high plasma CL, while digoxin had
a low CL in rats. The plasma CL values of ofloxacin, atenolol, quini-
dine, and digoxin were 32.5, 24.5, 76.4 and 9.1 ml/min/kg, respec-
tively, in rats (Table 2). The plasma CL values of these compounds
observed in this study are in good agreement with the reported CL
values by other investigators. The reported plasma CL values of
ofloxacin, atenolol, quinidine and digoxin were 27.5, 26.0, 64.8 and
17.3 ml/min/kg, respectively,20:26:36:37

Since ofloxacin, atenolol, quinidine, fexofenadine, and digoxin
are substrates of efflux transporters, hepatic metabolism, and
transporter-mediated efflux from hepatocyte canalicular membrane
into the bile as well as efflux from hepatocytes returning to the blood
circulation may play a significant role in the elimination clearance of
these compounds. Thus, lower unbound drug concentrations in liver
are expected for these Class Il compounds. As expected, the un-
bound concentrations of the Class Il compounds in liver were lower
than that in blood with the exception of fexofenadine. However, sta-

tistically significant differences between C and Cm, blood Were

m, liver
only observed for ofloxacin and digoxin, but not for atenolol and
quinidine (Table 4). The K was about 0.501 and 0.232, respec-

tively, for ofloxacin and digoxin.

puu,liver

The lower unbound concentration of ofloxacin in the liver is likely
due to a combination of hepatic metabolism as well as transporter-
mediated efflux from hepatocyte canalicular membrane into the
bile. In a rat study, the renal CL of ofloxacin was determined to be
about 15 ml/min/kg, accounting 55% of total CL (27.5 ml/min/kg),
while the non-renal CL (biliary excretion + metabolism) accounted
for about 45% of total CL.%¢ In an in vitro study, ofloxacin was shown
to be rapidly metabolized by rat liver microsomes to form three
major metabolites, O-acylglucuronidation, N-demethylation and
N-oxidation.®® In another rat study, approximately 30% of radioac-
tivity was recovered from bile following oral administration of s-t4c-
ofloxacin, even though the identity of efflux transporter of ofloxacin
biliary excretion remains unknown.®? These results strongly suggest
that hepatic metabolism and biliary excretion play a significant role
in the removal of ofloxacin from hepatocytes resulting in lower un-
bound drug concentrations in the liver.

Like ofloxacin, the lower unbound concentration of digoxin in the
liver is also likely due to a combination of hepatic metabolism as well
as transporter-mediated efflux from hepatocytes into the bile and
the circulation. In a rat study, renal CL accounted for 20%-30% of
total CL of digoxin, while the non-renal CL (biliary excretion + hepatic
metabolism) was about 70%-80%.2° In rat liver microsomes, digoxin
is sequentially metabolized to form digoxigenin bis-digitoxoside, di-
goxigenin mono-digitoxoside and digoxigenin.*® Given the fact that
digoxin is a substrate of P-gp, the lower unbound concentration of di-
goxin in the liver may be due to a combination of hepatic metabolism,
efflux from hepatocytes into the bile as well as the circulation.

The unbound concentration of atenolol in liver was somewhat

lower than that in blood with a K of 0.657. This may be due to

puu,liver

its moderate rate of hepatic metabolism. Although atenolol is pre-
dominantly eliminated via the kidneys in humans (>95%), the com-
pound is evenly eliminated by the liver and the kidneys in rats.5741
In a rat study, atenolol was shown to be evenly eliminated evenly by
hepatic metabolism and renal excretion. The hepatic CL and renal
CL of atenolol were determined to be about 14 and 13 ml/min/kg,
respectively.®” In vitro microsomal study has revealed that hydroxyl-
ation at the methylene carbon of the carbamoylmethyl group is the
major route of metabolism.*? Atenolol also underwent glucuronida-
tion to form a conjugate metabolite.

The unbound drug concentrations of ofloxacin, atenolol, quini-
dine and fexofenadine in skeletal muscle were comparable to that in
blood and the values were close to 1 (Figure 2 and Table 4). These
results suggest that no metabolism or transporter-mediated efflux
occurred in muscle cells for these compounds. However, unexpect-
edly, the unbound drug concentrations of digoxin in skeletal muscle

were much lower than that in blood with a mean K value

puu,muscle
of 0.175 (Table 4). Since skeletal muscle is not a major site of drug
metabolism, the observation that the unbound drug concentrations
of digoxin in the muscle were lower than that in blood suggests that
digoxin may be subject to a significant efflux transport from muscle
cells. It is possible that digoxin may be actively pumped out of mus-
cle cells by other efflux transporters, rather than P-gp.

With the exception of gabapentin, the unbound drug concen-
trations of Class Ill compounds in skeletal muscle were higher than
that in blood (Figure 3). The Kpuu‘muscle
hydramine and pyrilamine were 2.13, 3.08 and 5.78, respectively

values of memantine, diphen-

(Table 5). The higher unbound drug concentrations of memantine,
diphenhydramine, and pyrilamine in skeletal muscle are very likely
due to active influx transport. Memantine, diphenhydramine and
pyrilamine are known to be a substrate of proton-coupled organic
cation antiporter.21'28’29 The notion of active influx transport of
these three compounds is supported by other investigators. In a rat
microdialysis study, significant higher unbound drug concentrations
of these 3 compounds in the brain than blood were observed.® The

reported K values of memantine, diphenhydramine, pyrila-

uu,brain

mine were ;.80, 3.85 and 2.50, respectively. These strongly results
suggest the expression of proton-coupled organic cation antiporter
in muscle cells.

Similarly, the unbound concentrations of gabapentin in the liver
were higher than that in blood with a Kpuu,liver of 2.23, even though
the difference between Cm, jiver @nd Cm, blood Was Not statistically sig-
nificant (p = .058) (Figure 3 and Table 4). The higher unbound con-
centration of gabapentin in the liver is also likely due to active influx.
Gabapentin is a substrate of L-type amino acid transporter (LAT 1),
which is responsible for cellular uptake of essential amino acids in
various tissues of the body, including the liver.304344

The unbound drug concentrations of diphenhydramine and
pyrilamine in liver were much lower than that in blood, and the
Kouuiver
Table 5). Although diphenhydramine and pyrilamine are substrates

values were 0.514 and 0.127, respectively (Figure 3 and

of a proton-coupled influx transporter, these two compounds are
also subject to extensive hepatic metabolism. Consequently, the
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transporter-mediated influx may be offset by an extensive hepatic
metabolism, resulting in lower unbound drug concentrations in the
liver. As shown in Table 5, a statistically significant difference be-
m, liver and C
was no statistically significant difference for diphenhydramine

tween C 4 Was observed for pyrilamine, while there

m, bloo
(Table 5). As shown in Table 1, both diphenhydramine and pyrila-
mine had high plasma CL (152 and 167 ml/min/kg, respectively).
Diphenhydramine undergoes extensive first-pass metabolism and
nearly all the available drug is metabolized by the liver in rats. The
major metabolic pathways of diphenhydramine are N-dealkylation
and N-oxidation forming two major metabolites of N-demethyl-
diphenhydramine and diphenhydramine N-oxide.*® Similarly, pyril-
amine is largely metabolized in the rat liver forming two major
metabolites of O-demethyl-pyrilamine and pyrilamine-N-oxide.*¢
These results suggest that the hepatic metabolism rate is greater
than active influx transport rate for both diphenhydramine and
pyrilamine, and the net difference between hepatic metabolism and
active influx transport is smaller for diphenhydramine as compared
to pyrilamine.

In contrast to diphenhydramine and pyrilamine, the unbound
drug concentrations of memantine were somewhat higher in the
liver than blood with a K
high plasma CL (60.5 ml/min/kg), this compound was not completely

puuiver OF 1.56. Although memantine had a
metabolized by the liver. In a rat study, the plasma CL of memantine
was determined to be about 45 ml/min/kg, while the renal CL was
about 13 ml/min/kg.*’ This means that hepatic metabolism accounts
for approximately 70% of the memantine CL, unlike diphenhydr-
amine and pyrilamine which are almost completely metabolized by
liver. Since memantine is a substrate of proton-coupled influx trans-
porter, the somewhat higher unbound concentration of memantine
in the liver (K

transport is somewhat greater than the rate of hepatic metabolism.

puuliver of 1.56) may reflect that the rate of active influx

Although microdialysis is a useful sampling technique used for
continuous measurement of unbound drug concentration in tissues,
the unbound drug concentration in a given tissue measured by mi-
crodialysis represents extracellular (interstitial) unbound concen-
tration, rather than intracellular unbound drug concentration. Due
to the lack of proper tools and techniques, direct measurement of
intracellular unbound drug concentration is impossible at the current
time. Therefore, the intracellular unbound drug concentration is in-
directly measured by microdialysis with an assumption that extracel-
lular unbound drug concentration is equal to intracellular unbound
concentration. According to the free drug hypothesis, unbound con-
centrations in all aqueous compartments (blood, extracellular, intra-
cellular) are considered identical at steady state in the absence of
active transport and cell metabolism. The assumption is valid for the
Class | compounds that are not subject to extensive cell metabolism
and are not substrates of drug transporters.

The free drug hypothesis is not universally applicable for all
drugs. It is not applicable for drugs that are subject to extensive cell
metabolism and are substrates of efflux and influx transporters. The
intracellular unbound concentration is expected to be lower than
extracellular unbound concentration for the Class || compounds that

BRITISH 9 Of 11
- PHARMACOLOGICAL-
SOCIETY

are substrates of efflux transporters and/or subject to extensive cell
metabolism, while the intracellular unbound concentration is ex-
pected to be higher than extracellular unbound concentration for
the Class lll compounds that are substrates of influx transporters. If
blood unbound concentration is higher than extracellular unbound
concentration of the Class Il compounds, it is reasonable to con-
clude that the blood unbound concentration is greater than tissue
unbound concentration. Conversely, if blood unbound concentra-
tion is lower than extracellular unbound concentration of the Class
11l compounds, it is reasonable to conclude that blood unbound con-
centration is lower than tissue unbound concentration. Therefore,
even for the Class Il and Ill compounds, the extracellular unbound
drug concentration measured in a given tissue by microdialysis can
be used as a reliable surrogate for the unbound drug concentration
in the tissue in relation to blood unbound concentration.

The data from this study has not only provided evidence to
support the free drug hypothesis, but also contributed to our un-
derstanding of the effects of membrane transport activity and cell
metabolism on the kinetic behavior of unbound drug concentra-
tions in liver and skeletal muscle. An important lesson learned from
this study is that the free drug hypothesis is also not applicable for
drugs that are subject to extensive cell metabolism. Propranolol
is a good example. Although propranolol is not a substrate of in-
flux and efflux drug transporters, the drug is subject to extensive
hepatic metabolism. The unbound concentration of propranolol is
much lower in the liver, even though there is no difference in the
unbound concentration between the brain (or muscle) and blood.
Similar to propranolol, the level of glucose in the brain is much
lower than that in blood. Glucose, an important energy source,
cannot readily across the BBB due to its polarity. Thus, glucose is
delivered to the brain via influx transporters, Na*-dependent glu-
cose transporters (SGLTs) and glucose transporters (GLUTs). The
glucose levels were reported to be about 2.4 and 7.6 mM, respec-
tively, for the brain and plasma in rats,*® while the corresponding
values were 0.82 and 5.5 mM in humans.*’ The much lower glu-
cose level in the brain is due mainly to its extensive metabolism in
the brain.

Finally, although it is generally believed that the skeletal mus-
cle is not a major site of drug metabolism, little is known about the
expression of drug transporters on the membranes of muscle cells.
Recently, it has been speculated that statin-induced myopathy may
be caused by the influx transport activity of OATP2B1 expressed
in muscle cells.’®>! Given the clinical importance of statin toxicity,
further research of drug transporter-mediated drug accumulation in

skeletal muscle is required.
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