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Abstract
Studies in this dissertation were conducted to explore the roles of organic
cation transporters (OCTs) in the disposition of N-butylpyridinium Chloride
(NBuPy-Cl) and structurally related ILs.
Following a single i.v. dose to rats, the blood concentration of NBuPy-Cl
and 1-butyl-1-methylpyrrolidinium chloride (BmPy-Cl) decreased in a biphasic
manner with a clearance of 3.3 and 7 ml/min, respectively. More than 84% of
dosed compounds were excreted in the urine. Depending on the vehicle, the
dermal absorption of BmPy-Cl and NBuPy-Cl (5 mg/kg, 125 µg/cm2) was 10-35%
at 96 h. Following a single oral (50 mg/kg) administration to rats, the maximum
blood concentrations of both ILs were reached in less than 90 min in rats. Most of
the orally dosed NBuPy-Cl (62-68 %) was excreted in the urine in 72 h. However,
more of the dosed BmPy-Cl was eliminated in the feces Its oral bioavailability
was only 47%. The elimination differences between BmPy-Cl and NBuPy-Cl
were not altered by the size (0.5, 5, or 50 mg/kg) or frequency (1 or 5
administrations) of oral doses. In all urine and blood samples, only parent
compounds were detected.
Co-administration of NBuPy-Cl and inulin intravenously to rats revealed
that the clearance of NBuPy-Cl exceeded the rat glomerular filtration rate,
suggesting a renal secretion processing. The in vitro transport studies
demonstrated that NBuPy-Cl, BmPy-Cl and 1-butyl-3-methylimidazolium chloride
are substrates (Kt, 9~277 µM), as well as inhibitors (IC50: 0.2~7.5 µM), of
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rOCT1/2 and hOCT2. Their inhibitory effects increased dramatically with
increasing the alkyl chain length. The IC50 values were 0.1, 3.8, 14 and 671 µM
(hexyl-, butyl-, ethyl-pyridinium and pyridinium chloride) for rOCT2 mediated
metformin transport. Similar structurally related inhibitory kinetics were observed
for rOCT1 and hOCT2. In vivo co-administration of NBuPy-Cl prolonged the
plasma half-life and reduced renal clearance of the diabetic drug, metformin.
In summary, BmPy-Cl and NBuPy-Cl are partially absorbed from
gastrointestinal tract. The present in blood is eliminated rapidly in the urine as
parent, by renal filtration and OCT-mediated secretion. ILs also compete with
other substrates of OCTs and have the potential to alter their pharmacokinetic
profiles.
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Chapter 1
Introduction
Ionic liquids (ILs) represent a class of salts with melting points at or below
100 oC. They are composed of various organic cations and variable inorganic or
organic anions. Studies on ILs have expanded rapidly recently because of the
potential use of them as a new source of solvents and also for many other
applications.

1.1

History and development of ILs
The first IL was reported by Paul Walden in 1914. It is ethylammonium

nitrate ([EtNH3][NO3]), with a melting point of 12 oC. It was formulated by
neutralizing ethylamine with concentrated nitric acid. In addition to the
observation of the novel characteristics of this chemical, he also stated some
important issues about this class of chemicals. “Anhydrous salts melt at relatively
low temperatures, approximately up to 100 oC. These low melting points limited
the degree of thermolysis of both the solvent and the dissolved salts in the
molten salt. Therefore, they allowed for the reproducibility of the observation of
melts of anhydrous mineral salts at low temperatures previously only feasible at
high temperatures. They offered the possibility to conduct all measurements by
means of the methods and apparatus employed at usual temperatures.” He also
pointed out that “the general picture of these organic salts at low temperature
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(below, or around 100 oC) corresponds to the experiences made with inorganic
(single,

non-complexing)

molten

salts

at

much

higher

temperatures

(approximately between 300 and 600 oC)”. The concept of the melting point
below or around 100 oC becomes a common definition for ILs today, even though
the temperature of 100 oC does not have any chemical and physical implication.

However, this exciting observation did not prompt any significant interest
to the public immediately. After about 20 years, a patent named “cellulose
solution” using ILs was published in 1934 (US patent, 1943176). The liquefied
quaternary ammonium salts, or together with other proper liquids, was used to
dissolve cellulose thus forming a solution with different viscosity. This new
solution would be good for various chemical reactions, such as etherification and
esterification. After another 20 years, Hurley and Wier (1951, a and b) reported
the application of a mixture of aluminium (III) chloride and 1-ethylpyridinium
bromide for the electrodeposition of aluminium. Later, Osteryoung group and
Bernard Gilbert studied the chemical and physical characteristics of the mixture
of 1-butylpryridinium chloride and aluminium(III) chloride (Chum et al., 1975;
Gale and Osteryoung, 1979) They found that this mixture had a very narrow
compositional range and gets reduced easily. However, this limitation was
improved when alkylpyridinium cations were replaced by 1, 3-dialkylimidazolium
cations. A mixture of 1, 3-dialkylimidazolium and aluminium(III) chloride has a
much larger electrochemical window and more stable (Wilkes and Hussey, 1982;
Plechkova and Seddon, 2008).
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In

1992,

Wilkes

and

Zaworotko

reported

the

preparation

and

characterization of a new kind of ILs that still contained the 1-ethyl-3methylimidazolium cation, but were paired with a range of alternative anions
(such as [CH3CO2], [NO3] or [BF4]), which can be handled on the bench, rather
than in an inert-atmosphere box. This development made application of ILs more
widely available and studies on them increased dramatically. After that, a wide
range of anions were applied for preparing ILs, such as hexafluorophosphate,
ethanoate, trifluoroethanoate, sulfate, hydrogensulfate, alkylsulfate, nitrate, and
biscyanamide. Although most of ILs are still processed in a dry environment due
to their water absorption, ILs composed with more hydrophobic anions have
been developed, such as trifluoromethanesulfonate and bis{(trifluoromethyl)sulfonyl}amide (Grätzel, 2003).

At this time, about 300 ILs are commercially available, supplied on the
scale from milligrams for lab research to tons for industrial applications. The
commonly used cations for ILs are based on pyridinium, pyrrolidinium,
imidazolium or ammonium moieties with alkyl chain constituents, while the
anions include hexafluorophosphate, tetrafluoroborate, nitrate or chloride as
shown in Table 1.1 (Pham et al., 2009). More than a dozen of companies, such
as Acros, Merck, Sigma-Aldrich and Solvent Innovation, market selected ILs.
However, based on the diversity of the cation and anion constituents, there are at
least one million simple ILs that can be prepared easily in the laboratory.
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Furthermore, combination of two or three simple ILs to prepare a particular
solvent will make this number almost unlimited (Baker et al., 2005).
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Cations

Anions

Table 1.1
Chemical structures of cationic and anionic commonly used for preparing ILs.
(Pham et al., 2009)
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A

B

Figure 1.1
Annual growth of the publications (A) and patents (B) of ILs the literature
(Plechkova and Seddon, 2008)
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Research on the application and toxicity of ILs also has increased greatly
in the past two decades. In the early 90s, only around twenty papers were
published in the open literature per year. At this time, more than 2000 are
published per year. The number of approved new patents related to ILs has
increased significantly, as well (Figure 1.1).

1.2

Application of ILs
A key reason for this explosive growth on ILs research relates to the

environmental and health concerns. ILs have negligible vapor pressure and
therefore cause minimum air pollution, compared to such conventional organic
solvents as benzene and hexane. This is why ILs are also known as “green
chemicals”. They are believed to replace or reduce the reliance on the classical
volatile organic materials. In addition, ILs also have low melting point, high ionic
conductivity, high viscosity, thermal and chemical stability, low flammability and
large electrochemical windows (Endres and Zein El Abedin, 2006). These
characteristics provide an impetus for industrial application.

The other most important characteristics of ILs are their huge availability,
and adjustable chemical and physical properties. Conventional organic solvents
have been used for hundreds of years, but only about 600 are commonly applied
in industry now. However, as mentioned above, there are at least one million
simple ILs and trillions of mixed ILs that can be prepared. In addition, depending
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on the chemical nature of the cations/anions or just by tailoring the group or size
of the cations/anions, ILs with specific melting point, viscosity, density and/or
conductivity can be formulated. For example, employing a charge-diffuse anion
and increasing alkyl substitution on the cation will decrease their miscibility with
water. This is why ILs are also called “designer compounds”. They can be finetuned to optimize a special application.

All of above described characteristics make ILs excellent solvents for a
variety of applications. First, ILs are good for a wide range of both inorganic and
organic materials. Different combinations of reagents can be brought into the
same phase. Second, ILs are often composed of poorly coordinating ions, so
they can be highly polar, but noncoordinating. Third, ILs are immiscible with a
number of organic solvents and provide a non-aqueous, polar alternative for twophase systems. Hydrophobic ILs can also be used as immiscible polar phases
with water. In addition, ILs are nonvolatile, hence they may be used in highvacuum systems and eliminate many containment problems. Therefore, it is likely
the use of ILs will continue to expand.

1.2.1 Electrochemical application

1.2.1.1 Electrodeposition

Electrodeposition is one of the earliest applications of ILs. As mentioned
above, a mixture of aluminium (III) chloride and 1-ethylpyridinium bromide was
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used for electrodeposition of aluminium in 1951. ILs have much wider
electrochemical windows (as high as 6 V in some cases) than common aqueous
and organic solutions (usually around 1.2 V) (Suarez et al., 1996). In addition, the
low vapor pressure of ILs makes the deposition possible in a fairly high
temperature (Abbott et al., 2006). Using ILs as a media for electrodeposition is
superior for water sensitive and decomposable materials, such as magnesium. In
addition, the cation/anion of ILs affects the morphology and crystal size of the
deposition. It was reported that grain size of crystalline aluminium from
electrodeposition could be ranged from 50 nm to 5 µm under the same conditions
but with different ILs (Abedin et al., 2006). This helps making well defined nanowires from silver, cobalt germanium and silicon, which is impossible in an
aqueous media (Kazeminezhad et al, 2007; Yang et al., 2007; Al-Salmam et al.,
2008). It is also interesting that the reactive metals, such as titanium, have been
successfully deposited by using ILs (Zein et al, 2005).

1.2.1.2 Energy system

By far, the majority of the energy in use is generated from fossil fuels.
However, burning fossil fuels causes serious ecological problems, such as air
pollution. New energy sources with low or non emissions are required
immediately. Batteries, especially lithium batteries, have been used widely in
electronic devices and vehicles. However, safety issues are aroused with largescale use of lithium cells since these batteries use an organic solvent to connect
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the two electrodes. ILs usually are not flammable and therefore a promising
media to replace the flammable and volatile organic solvents. Research on this
area has been reported by different groups (Garcia et al., 2004; Shin et al., 2005;
Matsumoto et al., 2006; Fernicola et al., 2007). In addition to the safety issue, ILs
were able to improve the stability, energy efficiency and life time of these fuel
cells. For clean energy, ILs are under investigation solar photovoltaics. Higher
short-circuit current density and higher light-to-electricity conversion efficiency
were observed when ILs were used in a dye-sensitized solar cell (Yamanaka et
al., 2007). It was also proposed to use ILs to generate energy from
oligosaccharides, cellobiose, glucose or further derivatives with the aid of
enzymes in biofuel cells (Motoyama et la., 2007).

1.2.1.3 Electrochemical sensors

ILs are rarely directly used in the electrodes of potentiometers, but they
are excellent materials to prepare membranes for ion selective sensors because
of their polymer plasticizing ability and ionic nature. The response to hydrophilic
sulfate anion was significantly enhanced when using Bmim-PF6 in the anion
selective electrodes (Coll et al., 2005). ILs are used more widely in voltammetric
sensors. Due to the ionic conductivity and low vapor pressure, ILs are superior
chemicals for developing stable electrochemical sensors for gaseous analytes,
such as O2, CO2 and NH3. Gold microelectrodes coated with a thin layer of ILs
have been created for gas sensors (Buzzeo et al., 2004). These sensors are
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more applicable for extreme high temperature and pressure because
conventional solvents would evaporate or decompose. In addition to the stability,
applying ILs in the gas sensors also improves sensitivity and selectivity for trace
analytes. ILs are also widely used in biosensors. For example, Bmim-BF4 was
immobilized with horseradish peroxidase to form a new amperometirc biosensor
that has remarkable stability and sensitivity (Liu et al., 2005). A glucose sensor
was prepared by binding glucose oxidase to carbon nanotubes using Bmim-PF6
as a binder (Zhang et al., 2005).

Primarily due to the ionic conductivity, ILs are able to be applied in various
electronic devices by themselves or by mixing with other materials. The
thermal/electrochemical stability and low vapor pressure make them workable in
extreme conditions. The designable ability of ILs will further expand and improve
their usages.

1.2.2 Analytical separation

1.2.2.1 Liquid-liquid extraction
ILs used as a solute for liquid-liquid extraction was first reported by
Huddleston et al. in 1998. They tried to extract 12 substituted benzene
derivatives from a water phase. It was observed that the partition of these
organic chemicals in ILs was strongly affected by PH and their hydrophobicity.
For example, thymol blue (thymolsulphonephthalein) prefers the Bmim-PF6

31
phase under an acid condition and but distributes back to the aqueous phase
when PH was increased to 12. The distribution ratio of thymol blue in ILs was
increased by increasing the alkyl chain length of the IL cation. It was also
reported that a heme protein cytochrome could be extracted by Bmim-PF6 from a
water phase in the presence of dicyclohexyl-18-crown-6 (Smirnova et al., 2004).
However, the protein structure and function were changed after this extraction. In
another study, double strand DNA was directly extracted by Bmim-PF6 (Wang et
al., 2007). Several studies have shown that ILs were superior solvents for
extraction of metal ions from water, such Sr2+, Cs+, Hg2+ and Cd2+ (Dai et al.,
1999; Luo et al., 2004; Visser et al., 2001 ). In addition, ILs could form a
multiphase system together with aqueous and organic solvents. A three phase
system with cyclohexane on top, water in middle and ILs at bottom has been
reported (Kragl et al., 2002)

1.2.2.2 Gas Chromatography
Gas chromatography is a commonly used analytical technique for
determination of chemical purity, separation of a mixture, and identification of
chemical components. In gas chromatography, the mobile phase is usually an
inert gas and the stationary phase is a microscopic layer of liquid or polymer on
an inert solid phase inside a column. When ILs were used as the stationary
phase, they exhibit a dual-nature behavior. That means ILs can retain and
separate both polar and nonpolar compounds (Armstrong et al., 1999). In this
study, the stationary phase was synthesized by infusing Bmim-Cl or Bmim-PF6
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with silica capillary columns. Its performance was as good as the traditional
stationary phase. In a follow up study, 17 ILs were characterized and the
interactions between ILs and other compounds were primarily based on their
bipolarity, hydrogen bond and dispersion forces (Anderson et al., 2002). Since
these chemical and physical properties can be regulated, customized ILs can be
synthesized

for

certain

separations.

Recently,

methylimidazolium

trifluoromethanesulfonate

methylimidazolium

trifluoromethanesulfonate,

and
were

two

ILs,

1-benzyl-3-

1-(4-methoxyphenyl)-3coated

onto

gas

chromatography column to solve the bleeding problem, as a result of partial
decomposition and slight vitalization of Bmim-Cl or Bmim-PF6 (Anderson et al.,
2003). Comparing to the conventional stationary phase, these ILs resulted in a
better separation and peak shapes for linear alkenes and isomeric compounds,
such as alcohols, and large dipole monosubstituted benzene derivatives. ILs
were also cross-linked with monomer on the inside capillary wall by free radicals
(Anderson et al., 2005). This immobilized stationery phase has extreme thermal
stability and ultra low vapor pressure, and therefore yields better resolution and
more rapid separation. In addition, separation of chiral compounds was facilitated
by dissolving the chiral selector in the IL stationary phase or synthesizing a chiral
IL for direct use as stationary phase (Ding et al., 2004).

1.2.2.1 Liquid chromatography
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Liquid chromatography has become a more commonly used separation
technique than gas chromatography. The difference is that liquid chromatography
uses liquid as the mobile phase. ILs were primarily used in the mobile phase to
reach higher resolution and faster separation. For example, when 1-alkyl-3methylimidazolium and pyridinium salts were used in the mobile phase, even at
millimolar concentrations, the chromatograms for catecholamines showed
sharper peaks and more rapid separation (Zhang et al., 2003). In addition, the
resolution of the chromatograms for some ephedrines was significantly affected
by the concentrations of ILs in the mobile phase (He et al, 2003). ILs were also
used to analyze biological amines such as guanine and hypoxanthine, that are
poorly separated by methanol or acetonitrile composed mobile phase, (Zheng et
al., 2006). However, pure or a high percentage of ILs in mobile phase is rarely
used. This is because of higher viscosity and UV cut-off of ILs, compared to
water or the commonly used organic solvent. However, replacing organic
solvents in the HPLC by ILs is still one of the most interested areas. In some
cases, ILs were also used in stationary phases, including coatings for normal
phase liquid chromatography or covalently bound to silica for reverse phase
liquid chromatography. However, few studies have reported the application of ILs
for separation of chiral compounds.

1.2.2.1 Capillary electrophoresis
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Capillary electrophoresis is used to separate ionic species by their charge,
frictional forces and/or mass. ILs can be used in capillary electrophoresis as
running electrolytes or modifiers to improve resolution, peak efficiency and
shape, and some unwanted effects. 1-butyl-3-methylimidazolium with different
anions was dissolved in acetonitrile as mobile phase to separate some biological
dyes (Vaher et al., 2001). Several contaminates were observed in one sample
with this new mobile phase, which could not be detected by pure acetonitrile. In
another study, 1-alkyl-3-methylimidazolium (50–300 mM) in aqueous solution
was applied to separate and indentify polyphenolic chemicals (Yanes et al.,
2001). Since the separations in capillary electrophoresis are based on the
electrophoretic mobilities of the analytes, neutral or weakly charged chemicals,
such as proteins, are difficult to be separated in normal ways. However, 1-alkyl3-methylimidazolium in an aqueous environment efficiently separated a mixture
of

proteins,

including

lysozyme,

cytochrome

C,

trypsinogen

and

a-

chymotrypsinogen (Yanes et al., 2001). When covalently immobilized on silica for
capillary chromatograms, ILs separated small molecules, metal ions, and large
molecules, such as DNA. Similar to gas chromatography, ILs can be applied to
form selector or surfactant for chiral separations in capillary electrophoresis
(Yuan et al., 2006; Rizvi et al., 2006). Compared to gas and liquid
chromatography, ILs are less used in the stationary phase for capillary
chromatograms.
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The use of ILs in liquid-liquid extraction, gas and liquid chromatography,
and capillary electrophoresis has been well investigated. Compared to the
conventional solvents, ILs usually improve the resolution, peak shape, and
separation time. They are superior for separating chiral chemicals as well. ILs
can also be used in other non-classical separating techniques, such as liquid or
solid phase microextraction, supported liquid membranes, and matrix-assisted
laser desorption/ionization mass spectrometry. In addition, the capability of ILs to
be miscible with organic or inorganic solutes can be fine-tuned. Therefore,
designed ILs promise to improve numerous separation processes.

1.2.3 Organic and catalytic reactions

1.2.3.1 Cellulose dissolution
The first well known example of using ILs in organic chemistry is to
dissolve cellulose. Cellulose is an organic compound consisting of a linear chain
of several hundred to over ten thousand linked D-glucose units. It is the
component of cell wall of green plants and therefore one of the most common
organic compounds on earth. However, cellulose is hard to dissolve. As
described in Sections 1.1, the liquefied quaternary ammonium salt was used to
dissolve cellulose in 1934. More recently, 1-butyl-3-methylimidazolium chloride
and 1-allyl-3-methylimidazolium chloride were found to dissolve cellulose when
heated (Swatloski et al., 2002; Wu et al., 2004). Phosphate anion derivatives
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were observed to dissolve cellulose without heating (Fukaya et al., 2008).
Efficient dissolution of cellulose can promote its use in biological energy.
1.2.3.2 Catalysis
Water is the major media for biomolecules and enzymatic reactions.
However, volatility and narrow temperature range limit the use of water in many
applications. ILs can overcome these drawbacks. In catalytic processes, ILs
could be used as a pure solvent, a co-solvent with an aqueous base or in a
biphasic system. The activity of alkaline phosphatase was improved in aqueous
solvents containing ethylammonium nitrate (Magnuson et al., 1984). Using pure
ILs as reaction media was investigated for thermolysine and candida antarctica
lipase B. The same activity and selectivity of these enzymes were observed
comparing to conventional buffer (Erbeldinger et al., 2000; Lau et al. 2000).
Table 1.2 summarized the applications of ILs in catalytic reactions before 2002
(Kragl et al., 2002). Today, more exciting results have been published in the
literature. Using ILs alone or as part the reaction media, better stability, selectivity
and suppression of side reactions were observed for some enzymes. It was
believed that ILs were able to prevent protein denaturing and also the
cations/anions could interact with enzymes to improve their activities. However,
the detail mechanisms are still unknown.
ILs are also expected to be used in microwave chemistry, nanochemistry,
lubricating and plasticizing. For biomedical application, ILs can be applied for
drug delivery, biocides, personal care products and surgical implants. It was even
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reported that phosphonium and ammonium based ILs showed anti-cancer
activity (Kumar et al., 2009). In addition to such laboratory research, industrial
giants, such as BASF, Eastman Chemical, Central Glass (Japan), BP,
ExxonMobil, Chevron and PetroChina, also invested resources in the
development of ILs. Some results are already applied for industrial fields. For
example, the use of ILs in the biphasic acid scavenging was introduced by BASF
to

produce

the

generic

photoinitiator

precursor

alkoxyphenylphosphines

(Plechkova and Seddon, 2008). In this new IL system, the cost was significantly
reduced and also the production was increased to multi-ton scale.
However, most studies about ILs are still at the theoretical level or at the
early stage of research. For example, current studies are only focusing on a few
cations and anions. New ILs that have advanced characteristics and that are cost
effective will likely be developed. In addition, the relationship between the
properties of ILs and their chemical structures need to be defined more clearly.
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Table 1.2
Examples of applying ILs in catalytic reactions (Kragl et al., 2002)
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1.3 Toxicity of ILs
Due to the low vapor pressure, ILs were believed to minimize the risk of
atmospheric contamination and therefore reduce associated health concerns.
However, increased use of these compounds in large-scale industrial
applications could lead to environmental contamination through accidental spills,
effluents or geologic adsorption. Exposure to humans is likely to occur from
consumable products containing ILs, contaminated food and water, and the work
place. To date, most studies have focused on modulating chemical structures to
generate certain ILs for specific applications or producing easier handle-able
formulations.

However,

some efforts

are

now

being

directed

towards

understanding their potential toxicities.
1.3.1 Theoretical approach
Several methodologies have been developed to theoretically estimate the
toxicity of ILs. The simplest way is to examine the nature chemistry of the
cation/anion composition. For example, anions containing halogens, such as
hexafluorophosphate, tetrafluoroborate, and bis(trifluoromethylsulfonyl)imide are
able to cause toxicity by the parent and/or their metabolites (fluoride). Several
studies have reported that the toxicity of ILs increases with increasing length of
the alkyl chains of the cation (This will be discussed in the following section).
These are the rules of “thumb” and can be used for IL selections to avoid or
minimize their potential toxicities.
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Jastorff et al. (2003) established a theoretical system to assess the
environmental risk of ILs (Figure 1.2). This model contained five ecotoxicological
indicators: release, spatiotemporal range, bioaccumulation, biological activity,
and uncertainty. Each indicator was scaled from 1 to 4, where higher values
mean higher risk. Two ILs were analyzed and both of them were predicted to
have similar or higher environmental risk indicators (except for the release
indicator) than acetone. It should be noted that this entire study was based on
theoretical estimations.

Figure 1.2
Five-dimensional risk assessment of ILs compared with acetone. High risk
scores are located on the outside of the graph, low risk scores towards the centre.
R = Release, S = Spatiotemporal Range, B = Bioaccumulation, A = Biological
activity, U = Uncertainty. (Jastorff et al., 2003)

1.3.2 Enzymatic inhibition
ILs have been applied to stabilize enzymes and improve their activities in
industrial processes. Several reviews on this topic are already published (Kragl et
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al., 2002; Rantwijk et al., 2003). However, opposite effects are discovered for
some biological enzymes. An enzyme inhibition study showed that purified
acetylcholinesterase was inhibited by imidazolium and pyridinium ILs with EC50
values as low as 13 µM; greater inhibition of acetylcholinesterase activity was
observed with pyridinium cations than with imidazolium cations (Stock et al.,
2004). It was also found that a longer alkyl chain resulted in a stronger inhibition.
It is expected that the cations bind to the anionic site of the enzyme, and the
longer alkyl chain results in a better fit. A more detailed study was conducted by
Arning

et

al.

(2008)

to

evaluate

the

inhibitory

effects

of

ILs

on

acetylcholinesterase. Nearly 300 ILs with various cation and anion moieties were
qualitatively

and

quantitatively

investigated.

Among

these

ILs,

the

dimethylaminopyridinium, the quinolinium and the pyridinium cationic head
groups exhibit a very strong inhibitory potential, but the polar and nonaromatic
morpholinium head group was found to weakly inhibit the enzyme activity. For
these cations, an enhanced inhibition was observed for ILs with longer alkyl
chain length. In addition, most tested anions, including inorganic, organic and
complex borate anions, showed minimum inhibition of this enzyme. Fluoride and
fluoride-containing anions, such as PF6-, showed greater inhibitory activity. The
authors concluded that the positively charged nitrogen atom and the lipophilicity
of the side chains connected to the cationic headgroups were the key structural
elements to affect the enzyme activity.
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In vitro inhibition of AMP deaminase by xenobiotics was developed to
study their interactions (Stladanowski et al., 2005). Their results displayed that
the tested imidazolium based ILs could inhibit AMP deaminase and anions with
PF6- and BF4- have lower IC50 values. The activities of oxidoreductase and
mushroom tyrosinase were also reported to be inhibited by several ILs (Pinto et
al., 2008; Yang et al., 2009). In addition, the antioxidant enzymes (superoxide
dismutase, catalase, glutathione peroxidase and glutathione-S-transferase) were
induced in the liver of mice treated with 1-octyl-3-methylimidazolium bromide (Yu
et al., 2009).
1.3.3 Toxicity to aquatic organisms

At this time most toxicity studies about ILs focus on aquatic ecosystemetic
organisms because water contamination presumably happens the most. An
acute toxicity test of midazolium based ILs on Cyclotella meneghiniana and
Oocystis submarina was conducted through algal assays (Latala et al., 2005). It
was found that Cyclotella meneghiniana was effectively inhibited throughout the
test regardless of the IL concentration applied, but Oocystis was affected
minimally at low concentrations. The toxicity of the ILs was altered by water
salinities. Another toxicity test was conducted with Daphnia magna (Bernot et al.,
2005 a and b). The toxicity (as assessed by growth inhibition) of imidazolium
based ILs, with various anions, including Cl–, Br–, [PF6]– and [BF4]–, was
analogous to that of solvents routinely used in the chemical industry, like
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ammonia and phenol. The authors also pointed out that these salts might be
more damaging to aquatic ecosystems than conventional volatile organic
solvents due to their extreme miscibility with water. Meanwhile, a different
category of ILs based on imidazolium, pyridinium, phosphonium, and ammonium
cations were examined on Daphnia and green algae (Wells and Coombe, 2006).
It was found that the inhibitory effect was below 100 µg/ml. In the above studies,
shorter alkyl substituted chains demonstrated lower toxicity, whereas the toxicity
of longer substituted salts worsened severely, irrespective of the type of cation
present.

For the toxicity of anions to algae, the growth rate and photosynthetic
activity of Pseudokirchneriella subcapitata was investigated (Cho et al., 2008;
Pham et al., 2008). The toxicity of the anions follows the order of SbF6-, PF6-,
BF4-, CF3SO3-, C8H17OSO3-, Br-/Cl- (high to low). It was also found that the preprepared ILs with BF4- are more toxic than those of fresh made, which was later
confirmed that fluoride was released slowly from these anions in aqueous
solution. This suggests that ILs could be more toxic to the aquatic system than
we expected. However, the molecular and cellular mechanism(s) of the toxicity is
still not established. In all of the above studies, ILs showed much higher
toxicities, in comparison to inorganic sodium salts containing the same anions.

1.3.4 Toxicity to microorganisms
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Toxicity of ILs was also conducted on several microorganisms because of
their ecological importance and the simplicity of the test system. Around 100 of
imidazolim, pyridinium, pyrrolidinium and quaternary ammonium based ILs have
been tested on the bioluminescence of vibrio fischeri, a gram negative rod
shaped bacterium (Ranke et al., 2007; Stock et al., 2004; Docherty and Kulpa,
2005). Most of these tested ILs displayed a significant inhibition to the growth of
this bacterium. The inhibition was primarily dependent on the cation and the alkyl
chain length. Among these cations, quaternary ammonium derivatives showed
more toxicity than the imidazolium and pyridinium moieties. Anions seem to have
minimal effect on their toxicity. The inhibitory effects of ILs were also determined
on the growth of other bacteria and fungi, such as Escherichia coli,
Staphylococcus aureaus, Pseudomonas fluorescens, Pichia pastoris, and
Bacillus cereus, (Ganske and Bornscheuer, 2006; Docherty and Kulpa, 2005).

In addition to the growth inhibition, ILs were also observed to affect
behavior of some microorganisms. Matsumoto et al. (2004) compared the growth
and behavior of ILs on acid-producing bacterium, Lactobacillus rhamnosus, in
organic solvent and imidazolium based ILs. Although the Lactobacillus was able
to grow in both solutions, acid production was decreased with increased alkyl
chain length on these imidazolium cations. This inhibition was also observed for
Lactobacillus homochiochii and Lactobacillus fructivorans.
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1.3.5 Toxicity to plants
The potential toxicity of ILs to plants has been conducted to both aquatic
and land plants. The root growth of duckweed, a common water plant, was
inhibited by various ILs (Larson et al., 2008). Butyl-substituted methylpyridinium
and methylimidazolium cations had similar toxicity, whereas a tetrabutyl
ammonium

cation

was

considerably

less

toxic.

In

addition,

1-alkyl-3-

methylimidazolium chemicals with longer alkyl chains were more toxic to
duckweed than those with short alkyl chain lengths. However, anions had no
effects (Matzke et al., 2007; Stolte et al., 2007). ILs were mixed with different soil
contents to test their toxicity to terrestrial plants. Imidazolium based ILs have
been studied the most on land plants, including wheat (Triticum aestivum), spring
barley (Hordeum vulgare), radish (Raphanus sativus L.) and garden cress
(Lepidium sativum L.) (Matzke et al., 2009; Want et al., 2009; Balczewski et al.,
2007; Pernak et al., 2004; Studzinska and Buszewski, 2009). In general, ILs
slowed the development and growth of these plants at high concentrations (>1
g/kg soil), but had little effect at low concentrations (<10 mg/kg soil). In addition,
these inhibitory effects are primarily dependent on the cation moieties.
1.4.6 Toxicity to animals

1.4.6.1 Cytotoxicology
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Cell toxicity has been assessed by a number of investigators. Ranke et al.
(2004) investigated the toxicity of imidazolium based ILs with [BF4]–, [PF6]–, and
Cl– anions on rat leukemia (IPC-81) and glioma cell lines. They found these ILs
were more toxic than conventional solvents, such as acetone and acetonitrile.
However, the anions showed no common toxicological effect. In addition,
increased alkyl chain length caused higher toxicities. They proposed that longer
alkyl chain enhance the hydrophobic properties and facilitate the uptake of ILs
into the cells, therefore increasing toxicity. Later, a more comprehensive study
conducted by the same group with 74 ILs confirmed this hypothesis. (Ranke et
al., 2007). Another toxicity study tested imidazolium based ILs but with 27
different anions on the IPC-81 cells (Stolte et al., 2006). These commercially
available anions show none or minor cytotoxic consequences, with the exception
of those containing lipophilic and hydrolysable structures. The toxicities of ILs
were also observed on human cell lines, including HeLa cells (human cervical
cancer cells), CaCo-2 cells (human epithelial colorectal adenocarcinoma cells)
and HT-29 cells (human intestinal epithelial cells) (Stepnowski et al., 2004;
Garcia-Lorenzo et al., 2008; Frade et al., 2007). In most cases, the ILs induced
toxicities to these three human cell lines were mainly caused by the cations.
Again the inhibitory effects were strongly related to their alkyl chain length.
Among these cations, the most toxic one to HeLa cells was phosphonium
bis(trifluoromethylsulfonyl)imide, followed by alkylimidazolium, alkylpyridinium,
and alkyltriethylammonium, in a decreasing order (Wang et al., 2007).
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1.4.6.2 Toxicity to non-mammalian animals

The toxicity of ILs on several classical non-mammalian animal models has
been investigated. Bernot et al. (2005) studied the effects of imidazolium based
ILs on the survival, motion and feeding behavior of fresh water snail (Physa
acuta). The LD50 of the acute exposure ranged from 3.5 to 1800 µM. Once more,
the alkyl chain length played a critical role on their toxicities, independent of
cation types. In addition, the movement of this water snail was suppressed at low
concentration of ILs, but an escape response was triggered by a higher
concentration. However, imidazolium based ILs were not highly lethal chemicals
to C. Elegnas and Zebrafish (Danio rerio) (Kamrin et al., 1997; Pretti et al., 2006).
In another study, 1-methyl-3-octylimidazolium bromide affected the development
of the frog Rana nigromaculata (Li et al., 2009).

1.4.6.3 Toxicity to mammalian animals

Published reports on the in vivo toxicity studies of ILs in mammals are few. The
LD50 values of 3-hexyloxymethyl-1-methylimidazolium tetrafluoroborate were
determined 1400 and 1370 mg/kg for male and female Wistar rats (Pernak and
Czepukowicz, 2001). 1-butyl-3-methylimidazolium has been shown to cause
dermal irritation when applied topically to rats, but produced only minimal contact
sensitization when evaluated in the mouse local lymph node assay (Landry et al.,
2005). Systemic toxicity was also observed in these animals when this
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compound was applied in a hydrophobic vehicle. Acute oral administration of
Bmim-Cl to F-344 rats caused death with a LD50 of 550 mg/kg.

From the above brief review, it is apparent that ILs are not exactly “green”
to the environment and various life forms as we originally expected. They are
sometimes more toxic than the commonly used organic solvents. The potential
for increased exposure to ILs is very real as there are many thousands that can
be

developed.

Therefore,

biodegradation/biotransformation,

a

full

database

bio-accumulation,

about

safety,

toxicity,

health,

and

environmental impact of ILs is needed. In addition, due to the “designer solvent”
properties, a new generation of ILs, composed of improved cation/anion or some
nature constitutes, such as amino acid, are necessary to be developed to reduce
the toxicity to the environment.

1.4

Statement of the problem
It has been almost 100 years since the first IL was reported, but the actual

research on ILs has been limited mainly to the past two decades. ILs have been
characterized in various applications. Reports on their potential toxicity are
limited, but toxicity has been demonstrated in a variety of species. Little
information exists on the disposition/metabolism of ILs in mammalian systems.
Therefore, three ILs, 1-butyl-3-methylimidazolium chloride (Bmim-Cl), Nbutylpyridinium chloride (NBuPy-Cl) and 1-butyl-1-methylpyrrolidinium (BmPy-Cl)
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chloride, were nominated by the National Toxicology Program for such studies.
They are the most commonly used cations for ILs and are the starting materials
for many other ILs.

Results of the disposition of Bmim-Cl chloride in rat and mice have been
reported by Sipes et al. (2008). It was shown that systemic oral bioavailability of
Bmim-Cl in rats was 62.1% following a single oral dose (50 mg/kg). The blood
concentrations of Bmim-Cl decreased rapidly following i.v. (5 mg/kg) or oral (50
mg/kg) administration to male F-344 rats and the clearance was determined to be
7.4 and 11.9 ml/min, respectively. Urinary excretion was the major route of
elimination (i.v.: 91% in 24 h; oral: 55–74% in 24 h). The rates and routes of
elimination were not affected by escalation of dose (0.5–50 mg/kg) or repeated
oral administration (five daily administrations, 50 mg/kg). Similar results were also
observed in B6C3F1 female mice. Apparent systemic exposure to Bmim-Cl after
dermal administration was dependent upon vehicles. Regardless of gender,
species, dose, route, or number of exposures, Bmim-Cl was eliminated in the
urine as the parent compound.

To expand the knowledge base on the disposition of ILs, the studies
presented in this dissertation will further characterize the absorption, distribution,
metabolism and elimination of the other 2 ILs, BmPy-Cl and NBuPy-Cl, in rats
and mice. In addition, the chemical interactions of these three ILs, as well as
other structurally related ILs, on OCTs will be investigated in vitro and in vivo.
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1.5 Research hypothesis
Based on the published data of Bmim-Cl and chemical properties of
BmPy-Cl and NBuPy-Cl, it is hypothesized that both of the latter compounds
will be partially absorbed through GI track and then excreted rapidly as
parent compounds by both glomerular filtration and organic cation
transporter- mediated renal secretion. The major research objectives are to
test this hypothesis as outlined below.
Aim 1 (Chapter 3): characterize the absorption, distribution, metabolism
and elimination of BmPy-Cl in rats.
Aim 2 (Chapter 4): characterize the absorption, distribution, metabolism
and elimination of NBuPy-Cl in rodents.
Aim 3 (Chapter 5): determine the interactions of NBuPy-Cl and structurally
related ILs on rOCT1/2 and hOCT2 in vitro and in vivo.
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Chapter 2
General Methods
2.1

Chemicals
[14C]N-butylpyridinium chloride ([14C]NBuPy-Cl, 27.5 mCi/mmol), [14C]N-

butyl-N-methylpyrrolidinium chloride ([14C]BmPy-Cl, 27.5 mCi/mmol) and [14C]1methyl-3-butylimidazolium chloride ([14C]Bmim-Cl, 27.5 mCi/mmol) were received
from RTI International (Research Triangle Park, NC). [3H]Tetraethylammonium
trifluoroacetate ([3H]TEA, 54 Ci/mmol) was synthesized by GE Healthcare (Little
Chalfont, Buckinghamshire, UK). [14C]Metformin (112 mCi/mmol) was purchased
from Moravek Biochemicals (Brea, CA). [3H]Inulin (250 mCi/mmol; >99 % purity
after dialysis) was purchased from PerkinElmer life Science (Boston, MA).
NBuPy-Cl, Bmim-Cl and BmPy-Cl (all≥98% purity) were obtained from Merck
KGaA (Darmstadt, Germany). Pyridine hydrochloride (Py-Cl), 1-ethylpyridinium
chloride (EtPy-Cl) and 1-hexylpyridinium chloride (HePy-Cl) (all≥98% purity) were
purchased from Acros Organics (Geel, Belgium). Metformin and TEA (98%
purity) were purchased from Sigma-Aldrich (St. Louis, MO).
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2.2

In Vivo methods

2.2.1 Test system
2.2.1.1 Test animals
Male Fischer-344 (F-344) rats of 8-10 weeks of age (161-200 g) and
female B6C3F1 mice (8-10 weeks old; 17-20 g) were used as the test species for
evaluation of BmPy-Cl and NBuPy-Cl disposition. Jugular vein cannulated (JVC)
rats were used for pharmacokinetic studies. F-344 rats (300-350 g) were
selected for the in-house jugular vein and carotid artery canulation.

All the

animals were purchased from Harlan Sprague-Dawley Inc. (Indianapolis, IN).
Upon receipt the animals were acclimated for 5-7 days before being placed on
test, except that JVC rats were allowed to acclimate only 24 h to maintain the
patency of the cannula. During acclimation, the animals were examined for
clinical abnormalities indicative of health problems (e.g. diarrhea, ectoparasites,
rough hair coat, nasal or ocular discharge, evidence of injury, etc.) Animals
regarded as unsuitable for the study were euthanized, and the reason(s)
documented.
2.2.1.2 Housing and maintenance
Animals were housed in the University of Arizona Animal Care Facility
(UAC). The facility is fully accredited by Association for Assessment and
Accreditation for Laboratory Animal Care (AAALAC) and maintains the highest
standards of animal care. Care and husbandry of the animals are in accordance
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with the Guide for the Care and Use of Laboratory Animals (1985). Animals were
housed in facilities with an air circulation of 15 fresh filtered air changes per hour
and with no interchange between rooms. Room temperature was maintained
between 68-74 oF and the relative humidity between 40-60%. A light/dark cycle
was maintained at 12 h intervals. Biannual testing for coliform and nitrates was
performed by the Diagnostics Laboratory of UAC.
During the acclimation period prior to experiments, rats were housed in
stainless steel hanging cages (2-3 animal/cage) equipped with a feed hopper and
a water bottle. During the experiments each animal was housed individually in
Nalgene® metabolism cages, which allow for collection of urine and feces. The
rats were allowed food and water ad libitum except during the 12 h fasting period
before oral or i.v. administration studies. Food was returned 2 h after dosing.
Animals used for the dermal studies were not fasted. The food was previously
ground up into a powder in order to reduce contamination of fecal matter. The
water bottles were filled with sterile deionized, reverse osmosis water daily.
2.2.1.3 Dose preparation and verification
Dosing solutions were prepared by dissolving the appropriate amount of
radiolabeled and non-radiolabeled compound in 0.9% sodium chloride (saline
solution). Dosing solutions were prepared the day of dosing and stored in sealed
septa capped vials. To verify actual radioactivity present in the dosing solution,
quadruplicate aliquots (10 µL) of dosing solution were taken from the vial just
before dosing. These aliquots were diluted to 10 ml with methanol. A total of 20
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measurements (5 x 1 ml from each diluted aliquot) were taken for scintillation
counting. The average of these measurements was used as the actual dose for
purposes of recovery calculations.
2.2.2 Sample Collection
2.2.2.1 Excreta Samples
After dosing, the animals were placed into individual metabolism cages for
collection of urine and feces throughout the experiment. Food debris was
removed from the collection tubes at each collection time point. The contents of
the collecting container were transferred into labeled and pre-weighed 50 ml
polypropylene conical tubes (feces) or scintillation vials (urine). Feces were
collected at 12, 24, 36, 48 and 72 h (otherwise as noted); urine was collected at
6, 12, 24, 36, 48 and 72 h (otherwise as noted) after dosing. The metabolism
cages were rinsed with water after the collection of urine samples. These cage
wash samples were held and analyzed separately from the urine, but counted as
urinary excretion at the end. All collected samples were kept at -4°C until
analysis.
2.2.2.2 Tissue samples
For tissue collection, animals were euthanized by carbon dioxide (CO2)
inhalation at the designated time points. During necropsy, blood was collected
from the posterior vena cava and analyzed immediately. To determine tissue
disposition, 20 tissues /tissue contents were collected for analysis: adipose
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(pooled from kidney, mesentery, and thoracic adipose depots), bladder, bladder
urine, cecum, cecum contents, cecum rinse, heart, intestine, intestine contents,
kidneys, liver, lung, muscle, skin, spleen, stomach, stomach contents, and testes.
Tissue samples were weighed, placed in plastic bags, labeled immediately and
then frozen at the -20oC until analysis. Total masses for adipose (11%), muscle
(50%), and skin (16%) were calculated based on percent of body weight, as
reported by Birnbaum, et al (1980).
2.2.2.3 Blood Samples
In experiments utilizing conventional animals, at the terminus of the
experiment blood was collected from the posterior vena cava into a heparinized
syringe following CO2 euthanasia. In experiments utilizing jugular vein
cannulated animals (JVC), 300 µL samples of blood were collected in
heparinized syringes at 7.5, 15, 30, 60, 90, 180, 360, 540, 720, 1440, 2160, and
2880 min. Duplicate 50 µL aliquots of blood were processed immediately for
liquid scintillation counter (LSC) analysis as described in Section 2.2.3.2 and 150
µL aliquot of blood was extracted as described in section 2.2.3.3. In some
experiments, blood was centrifuged at 750x g for 15 min (GPR centrifuge;
Beckman Coulter, Fullerton, CA) immediately and the supernatant (blood
plasma) was collected for future analysis.
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2.2.3 Sample Analyses
2.2.3.1 Determination of total radioactivity
Aliquots of urine and cage rinse samples were analyzed for total
radioactivity by LSC. Triplicate aliquots of urine (100-1000 µL) and cage rinse
samples (1000 µL) were analyzed directly by scintillation counting in 15 ml of
Pico-Fluor liquid scintillation cocktail. Blood, feces, and tissue samples were
analyzed for [14C] equivalents according to the solubilization procedure described
in Section 2.2.3.2 for each biological matrix. Fecal samples were diluted with an
equal amount of distilled water to facilitate homogenization. Triplicate aliquots of
each homogenate were solubilized then prepared for scintillation counting. All
samples were analyzed by LSC for 2 min. If the results differed by more than 5%
from the mean value, the samples were remixed and the analysis repeated using
fresh aliquots, except in cases where insufficient sample remained. The counting
data (cpm) were automatically converted to disintegration/minute (dpm) using the
external standardization technique and an instrument stored quench curve. The
curve was generated from a series of sealed quenched standards.
2.2.3.2 Solubilization of biological samples
Fecal samples were mixed with equal amounts of water and held at 4°C
for 24 h to assure homogeneity of the sample. The next day the remaining fecal
pellets were broken up with spatula and/or vortexing the sample for prepare a
homogenous mixture. From each fecal sample three aliquots of approx. 100-200
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mg were weighed and placed into a scintillation vial. Solubilization according to a
method, Thompson and Burn’s protocol, was employed (1998). Briefly, after
adding to each vial 2 ml of Soluene-350, the vials were placed in a 50°C shaking
water bath for 2 h, cooled to room temperature, mixed with 200 µL hydrogen
peroxide and incubated in a shaking water bath (50°C) for 30 min. After cooling
the samples to room temperature, 15 ml Pico-Fluor scintillation cocktail was
added to each vial and the samples were stored in the dark for 48 h prior to liquid
scintillation counting.
Tissue samples and blood were solubilized in scintillation vials by adding 2
ml Solvable®. Samples were then incubated at 50°C for 2 h in a shaking water
bath and allowed to cool to room temperature. 200µL hydrogen peroxide (30 %)
was added to each sample and they were then incubated at 50°C for an
additional 30 min in a shaking water bath. After cooling the samples to room
temperature, 15 ml Pico-Fluor scintillation cocktail was added to each vial and
the samples were stored in the dark for 48 h prior to liquid scintillation counting.
2.2.3.3 Blood extraction
Following collection of blood into heparinized syringes, 150 µL of blood
was extracted 3 times with 750 µL acetonitrile. Organic layers were collected,
pooled and solvent was evaporated to dryness. Dried extracts were stored at 4°C
until analysis by UV/DAD-radio HPLC. For HPLC analysis, extracts were then
reconstituted in 150 µL water: acetonitrile (93:7) and filtered by a 0.45 µm
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Whatman® nylon syringe filter. 75 µL of the filtrate was injected into HPLC. The
extract efficiency was over 90% following this method.
2.2.3.4 Preparation of Urine samples for HPLC-UV/Vis-radio analysis
Urine (100 µL) was diluted with 100 µL water (1:1 ratio), vortexed, and
filtered through a 0.45 µm Whatman® nylon syringe filter. The filtered sample
was transferred into an insert in a HPLC vial for UV/DAD-radio HPLC analysis.
2.2.4 Analytical methods
2.2.4.1 HPLC analysis
Reversed phase HPLC method was developed for the separation and
quantification of BmPy-Cl and NBuPy-Cl. The HPLC system consisted of an
Agilent 1100 quaternary pump, thermostated column compartment, thermostated
autosampler and diode array detector (Agilent Technologies, Palo Alto, CA,
USA). The HPLC was connected with a radio-HPLC detector (In-US, Tampa,
FL). ChemStation for LC 3D, Rev. A 09.03 (1417) by Agilent Technologies (LCMS and radio-HPLC system) and WinFlow 1.9 (9) data acquisition software by
LabLogic (Radio-HPLC system for the radio detector) were used to evaluate the
chromatograms. Prior to preparation of the mobile phase solutions, nanopure
water was filtered through a 0.2 µm cellulose nitrate filter and HPLC-grade
acetonitrile was filtered through a 0.2 µm nylon filter. The mobile phases used
were as follows: A: 0.1 M trifluoroacetic acid (Sigma-Aldrich) in Nanopure water;
B: filtered HPLC-grade acetonitrile. The samples were injected onto a C18 guard
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column (Phenomenex SecurityGuard, 4.0 x 3.0 mm, AJO-4287) followed by a
C18 reversed phase column (Phenomenex Luna Prodigy ODS3, 5 µm, 250 x 4.6
mm). The eluent was monitored at 220 and 260 nm. The autosampler
temperature was maintained at 10°C. The chromatographic method was
performed at a flow rate of 1 ml/min at 30°C column temperature. The gradient
system used for all HPLC separations of NBuPy-Cl is shown in Table 2.1.
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Time (min) A (%) B (%)
0

93.0

7.0

8

90.8

9.2

15

90.8

9.2

25

85.0

15.0

27

5.0

95.0

35

5.0

95.0

Table 2.1
High performance liquid chromatography gradient elution for the detection
and separation of ILs. A: 0.1 M trifluoroacetic acid in Nanopure water; B:
filtered HPLC-grade acetonitrile.
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2.2.4.2 LC-MS analysis
An Agilent 1100 system equipped with a quaternary pump, thermostatic
column compartment, thermostated autosampler coupled with a MSD-Trap-SL
ion trap mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) and
LC/MSD Trap Software 5.3 for data collection and analysis (Bruker Daltonics,
Billerica, MA, USA) was used for LC/MS analyses. The mass spectral analysis of
the ionic liquids was performed in positive electrospray ionization mode. The HV
capillary was set at 3500V. The HV end plate offset was -500V. The capillary
exit and skimmer voltages were set at 101.1 V and 40 V, respectively. The
capillary and the end plate currents were 17 nA and 650 nA respectively. The
pressure of the nebulizer was set at 50 psi. The flow rate and the temperature of
the N2 drying gas was 10 L/min and 350°C, respectively. Mass range measured
was m/z 50-1000. MS/MS fragmentation was performed at 4.0 m/z isolation width
at 1V fragmentation amplitude. The ion-spray interface and mass spectrometric
parameters were optimized to obtain maximum sensitivity.
2.2.5 Data analysis
Data are presented as percent of dose recovered or as nmol/g, nmol/ml
and ng/ml. The latter were determined by the specific activity of appropriate
dosing solution (dpm/nmol or dpm/ng). Only samples above the limit of
quantification of LSC (DPM: 132) were used for data analysis (Sipes et al.,
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2008). WinNonlin software (Version 5.1, Pharsight Corp) was applied to define
the blood pharmacokinetics.

2.3

In vitro methods

2.3.1 CHO cells stably expressing transporters
Chinese hamster ovary cells with stably expressed human organic cation
transporter 2 (CHO_hOCT2) and human organic anion transporter 1/3 (hOAT1/3)
were obtained from Dr. Stephen Wright’s lab (Department of Physiology,
University of Arizona).
CHO cells expressing rOCT1/2 were constructed as described by Pelis et
al. (2006). Briefly, The cDNA of rat ortholog of OCT1 (rOCT1, NM012697) and
OCT2 (rOCT2, NM031584) were inserted into the pcDNA5/FRT/V5-His-TOPO®
plasmid vector (Invitrogen) following the manufacturer’s instructions. The
sequences were confirmed by the DNA Sequencing Facility at the University of
Arizona (Tucson, AZ). CHO cells were maintained in the F12K media with 10%
FBS, penicillin (100 unit/ml), streptomycin (100 µg/ml) and zeocin (100 µg/ml,
Invitrogen, Carlsbad, CA) at 37 oC in the humidified atmosphere with 5% CO2.
5x106 cells in 400 uL of media were electroporated (BTX ECM 630) at 260 V
(time constant of ~25 ms) with 10 µg of salmon sperm DNA (Invitrogen,
Carlsbad, CA), 18 µg of pOG DNA and 2 µg of plasmid vector containing rOCT1
or rOCT2 cDNA. The cells were then transferred to T75 cell culture flasks. After
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24 h incubation, media containing Hygromycin (300 μg/ml), instead of zeocin,
was applied as a selection pressure for 2 weeks.
All cells were cultured in 75 cm2 flask with 25 ml F12K medium including
FBS (10%, v/v), penicillin (100 unit/ml), streptomycin (100 µg/ml) or Hygromycin
B (100 µg/ml, only for transfected CHO cells), and were maintained in the cell
culture incubator (37oC, 5% CO2 and 95% humidity). All the cells were
determined to be mycoplasma-free by the EMSS resources facility at the Cancer
Center of the University of Arizona.
2.3.2 Reverse transcription polymerase chain reaction
2.3.2.1 RNA extraction
CHO cells and CHO cells transected with hOCT2 and rOCT1/2 were
cultured in 75 cm2 flask. When the cells were at about 70% confluence, they
were lysed with 4 ml of TriZol® reagent (Invitrogen-Gibco) per flask. After 5 min
incubation at room temperature, 0.2 ml of chloroform was added per 1 ml of
TriZol® and vortexed. Then the samples were centrifuged at 12000 rpm for 10
min and the aqueous phase (containing RNA) was transferred to a fresh tube.
The RNA was precipitated with 0.5 ml of isopropyl alcohol per 1 ml of TriZol®,
followed by washing the RNA with 75% ethanol once. DNase was used to
remove the possible DNA contamination. After purification, the RNA pellet was
dissolved in diethylpyrocarbonate (DEPC) water and stored in -80 oC.
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2.3.2.1 cDNA synthesis
The total cDNA was synthesized by using iScriptTM cDNA Synthesis Kit
(BIO-RAD) in accordance with the manufacturer's protocol. Briefly, the intensity
of total RNA was quantified using a UV spectrophotometer (Shimadzu, UV1601B) at 260/280 nm. The total volume for reverse transcription reaction was 20
μL, which included reaction mixture (4 μL, 5x), reverse transcriptase (1 μL),
nuclease-free water (14 μL) and RNA template (1 μL, 1 μg/ μL). The experiment
sequence was: 5 min at 25 oC, 30 min at 42 oC, 5 min at 85 oC and 4 oC for
maintaining.
2.3.2.1 Polymerase chain reaction (PCR)
The synthesized cDNA was multiplied by using the PCR kit (BIO-RAD) in
accordance with the manufacturer’s protocol. Primers used for hOCT1 and
hOCT2 are listed in Table 2.2. After PCR, the DNA samples were subjected to
electrophoresis in 2% agarose.
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Gene

Primers

Products (bp)

Forward 5′-GGGGAGTTTCACTTTTTCCAGAAG-3′
hOCT2

407
Reverse

5′-CATCCAGGAGTTGGCACATACC-3′

Forward

5′-TGRGTCCGGTGTGCAAACAG -3′

rOCT1

1105
Reverse

5′-GGTACTTGAGGACTTGCCTGTT -3′

Forward

5′-GCATACCGGAATCTCCAAGA -3′

rOCT2

670
Reverse

5′-AGGCCAACCACAGCAAATAC -3′

Table 2.2
Primer sets used for the RT-PCR analysis of organic cation transporters.
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2.3.3 Transport studies
2.3.3.1 Experimental design
To determine the transport kinetics of NBuPy-Cl, Bmim-Cl and BmPy-Cl
by hOCT2 and rOCT1/2, CHO_hOCT2 and CHO_rOCT1/2 cells were incubated
with [14C]NBuPy-Cl (9 μM), [14C]Bmim-Cl (9 μM) or [14C]BmPy-Cl (9 μM) and
various concentrations of their respective unlabeled compounds. To study the
inhibitory effects of ILs to hOCT2 and rOCT1/2, intracellular uptake of [3H]TEA
(15 nM) and/or [14C]metformin (18 μM) was determined in the CHO_hOCT2,
CHO_rOCT1/2

and

CHO_hOAT1/3

cells

in

the

presence

of

various

concentrations of ILs.
2.3.3.2 Treatment solution preparation and quantification
Treatment solutions were prepared by dissolving the radiolabeled and
non-radiolabeled compound in Waymouth’s buffer (WB; in mM: 135 NaCl, 13
HEPES-NaOH, 28 D-glucose, 5 KCl, 1.2 MgCl2, 2.5 CaCl2, and 0.8 MgSO4; pH
7.4). To quantify the radioactivity in the treatment solution, three aliquots (100 μL)
of each treatment solution were taken for scintillation counting. The average of
these measurements was used for analysis.
2.3.3.3 Transport assay
For the transport assay, cells in 12-well cell culture plates (550,000
cells/ml/well) were maintained in the incubator at 37oC for 24 h. The medium was
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then aspirated prior to the experiment and the cells were immediately rinsed
twice with 1 ml WB at room temperature. To initiate the transport, test
compounds were added to the cells in 0.4 ml of WB. After predetermined time,
the incubation solutions were removed, and the cells were rinsed three times with
1 ml of ice cold WB. The cells were then solubilized for 30 min by adding 0.4 ml
of NaOH (0.5 M) with 1% SDS. After neutralization by addition of HCL (0.2 ml, 1
M), 0.5 ml of the resulting cell lysate solution was counted by the LSC.
2.3.4 Data analyses
The cumulative intracellular radioactivity was measured after a specific
time, which was then converted to the rate of radiolabeled compound transport
rate (J) by Equation 1.
Apparent Michaelis-Menten constant (Kt) values were determined by the
modified Michaelis-Menten Equation 2. Estimates of the IC50 for inhibition of
[3H]TEA and [14C]metformin transport used Equation 3, a modification of
Equation 2. It presumes that the interaction of ILs and TEA/metformin with OCTs
involves competitive inhibition, i.e., IC50 approximates the Ki for inhibition, an
assumption consistent with the observation that ILs proved to be a transported
substrate of OCTs. The numerical data were analyzed using student t-test or one
way ANOVA by GraphPad Prism 4 Statistics Program. Individual data points are
presented as mean±SEM (standard error of mean).
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Equation 1

Where R is the intracellular radioactivity; S is the specific activity of the
radio-labeled compound; A is the uptake area, which is 3.8 cm2 per well for the
12-well plate; and t is the incubation time.

Equation 2

Where J is the measured rate of radio-labeled compound transported from a
concentration of labeled substrate equal to [*T]; Jmax is the maximum rate of
transport; Kt is the concentration that results in half maximal transport; [T] is the
concentration of unlabeled substrate/inhibitor; and C is a constant representing
the component of total uptake that is not saturable over the concentration range
tested. This nonsaturable component likely reflects the combined influence of
diffusive flux, nonspecific binding, and/or incomplete rinsing of the cell-layer.

Equation 3

J=

Jmapp[T *]
+C
IC 50 + [ I ]
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Where J is the transport rate of radio-labeled compound at the concentration of
[*T]; Jmapp is the Jmax for [*T] transport times the ratio of Ki/Kt; and IC50 is equal to
Ki(1+[T*/Kt]); [I] is the concentration of unlabeled inhibitor.
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Chapter 3
Disposition of BmPy-Cl
3.1

Background
1-butyl-1-methylpyrrolidinium chloride (BmPy-Cl, Figure 3.1) is a cyclic

quaternary amine IL. ILs are a growing class of industrial compounds that are
expected to be used as a new source of solvents and for many other
applications. New pyrrolidinium based ionic liquids have been synthesized by
neutralization reactions between pyrrolidine and bronsted acids to produce
protonated pyrrolidinium salts called “Protic Ionic Liquids” (Anouti et al., 2008).
Based on the chemical and physical properties, pyrrolidinium protic ILs have
promising widespread application as electrolytes in aqueous batteries and fuel
cell devices, as thermal transfer fluids and as replacements of conventional acid
catalysts (Anouti et al., 2008). Many pyrrolidinium ILs have been explored for
potential commercial application, such as N-alkylpyridinium and N-methyl-Nalkylpyrrolidinium.
Studies have conducted to evaluate the biological hazardous of BmPy-Cl.
An EC50 value of approximately 20 mM was reported for BmPy-Cl in IPC-8 rat
promyelocytic leukemia cells, based on results of tetrazolium dye formation
assays (Ranke et al., 2007). In addition, the toxicity of the water-soluble
pyrrolidinium compounds increased with increasing alkyl chain length (Kumar et
al., 2008). Interestingly, the propyl- and butyl- substituted cationic pyrrolidiniums
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were less toxic than their non-ionic precursor, methyl pyrrolidine, whereas the
octyl-substituted pyrrolidinium was more toxic.
There is still no information available on the dispositional fate of
pyrrolidinium based ILs in mammals. Thus, these studies were designed to
characterize the toxicokinetics of one of the commonly used pyrrolidinium based
ILs, BmPy-Cl, after intravenous (i.v.) and oral dosing, to determine the extent of
its systemic bioavailability after oral or dermal dosing, and to determine if
escalated or repeated dose alters its elimination profile.
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CH3

*

H3C
Cl-

+

N

Figure 3.1
Chemical structure of N-[1-14C]-Butyl-1-methylpyrrolidinium chloride
(BmPy-Cl). *: location of [14C] radiolabel.
Alternate names:

Pyrrolidinium, 1-butyl-1-methyl-, chloride;
N-Butyl-N-methylpyrrolidinium chloride;
Molecular formula: C9H20ClN
CAS:
479500-35-1
Molecular weight: 177.72
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3.2

Objective
The major objective of the studies presented in this section is to

characterize the absorption, distribution, metabolism and elimination of BmPy-Cl
in rats. The obtained results could be used to estimate its disposition profile in
human and also its potential toxicities to the environment. The specific research
aims are described below:
•

To determine tolerable doses for the proposed ADME studies.

•

To determine disposition of BmPy-Cl following oral administration,
including single and repeated dose in rats.

•

To determine disposition of BmPy-Cl following i.v. or dermal
administration in rats.

•

To determine toxicokinetics for BmPy-Cl following intravenous or
oral administration in rats.

•

To identify major metabolites of BmPy-Cl, if any.
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3.3

Purity and structure of BmPy-Cl
Radio-labeled BmPy-Cl was received from RTI International (Research

Triangle Park, NC) as reported a radiochemical purity of 99.3% (Figure 3.2 A).
BmPy-Cl was supplied in ampoules, each containing 1 mCi/ml [14C] radioactivity
in water. Radio-labeled BmPy-Cl was stored at 4°C. Our laboratory confirmed the
radiochemical purity of [14C]BmPy-Cl as 97.5% (Figure 3.2 B) using the HPLC
methods as described in Section 2.2.4. The chemical purity of the BmPy-Cl was
not measured by UV/DAD HPLC, as BmPy-Cl does not absorb in the UV range
as detected by the Agilent diode array detector (190-900 nm).
The unlabeled BmPy-Cl was further analyzed by LC-MS to confirm its
chemical structure as described in section 2.2.4.2. BmPy-Cl was readily detected
by positive ionization-mass spectrometry (Figure 3.3 A). Collision-induced
fragmentation of each ionic liquid showed a typical loss of 56 AMU, the atomic
mass of the butyl side-chain (Figure 3.3 B). Retention times (rT) were found to be
consistent and repeatable.
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A

B

Figure 3.2
Representative raidochromatograms of [14C]BmPy-Cl following HPLC
analysis by RTI International (A) and our laboratory (B).
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Figure 3.3
LC-MS analysis of BmPy-Cl.
A: Representative total ion current chromatogram (upper panel) and base
peak chromatogram (lower panel) of a mixture of N-butylpyridinium
chloride (NBuPy-Cl; Peak “a”; rT 13.6 min), BmPy-Cl (Peak “b”; rT 14.1
min) and Bmim-Cl (Peak “c”; rT 17.1 min); B: Positive ionization
electrospray mass spectrum of BmPy-Cl in water (upper panel). Collision
induced fragmentation of m/z 142.2 gives a loss of 56 (lower panel).
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3.4

Oral disposition of BmPy-Cl

3.4.1 Toxicity screen
The dose selection was based on data from Landry et al, (2005) who
reported the acute oral LD50 of a structurally similar IL (Bmim-Cl) to be 550 mg/kg
body weight following oral administration to female F-344 rats. A pilot study
utilizing the 50 mg/kg dose by oral administration was initiated to determine
organ-specific toxicities.
Male F-334 rats were assigned at random to treatment (BmPy-Cl, 50
mg/kg, 2 ml/kg) or vehicle control (normal saline, 2 ml/kg) groups. Animals in all
groups were fasted overnight prior to dosing. Treated animals (N=3) received
non-radiolabeled BmPy-Cl in saline solution by oral gavage. Control animals
(N=3) were dosed with saline vehicle only. Two hours after dose, food was
returned and animals were allowed to feed ad libitum. Water was available ad
libitum at all times. The animals were monitored for any signs or symptoms of
toxicity (matted hair, weight loss, decreased water consumption, ocular bleeding,
nasal discharge or difficulty breathing) every other hour for the first 12 h then at
12 h intervals for 5 d. The only abnormal observation was a mild diarrhea/soft
stool that occurred in two rats following oral administration of BmPy-Cl.
After 5 days, animals were killed by CO2 inhalation, and the liver and
kidneys were removed, weighed, and processed for histological evaluation.
Histological slide interpretation for livers and kidneys was performed by the
Diagnostic Laboratory of the University Animal Care at the University of Arizona.
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Samples from all animals showed minimal to mild hepatocellular vacuolization,
mild hepatic periportal fibrosis, minimal to mild multifocal hyaline droplet proximal
tubular nephrosis. However, these were observed in both vehicle-control and
tested groups. Therefore, sub-toxic doses of 50 mg/kg (0.1 x LD50), 5 mg/kg
(0.01 x LD50) and 0.5 mg/kg (0.01 x LD50) were chosen for BmPy-Cl disposition
studies.
3.4.2 Single oral administration
Male F-344 rats (170-200g) were administered [14C] BmPy-Cl over a
range of sub-toxic doses (0.5, 5, or 50 mg/kg, 50 µCu/kg) in the form of a single
oral bolus. All samples were collected and analyzed as described in Section
2.2.2 and 2.2.3.
Following a single oral administration of BmPy-Cl (0.5, 5, or 50 mg/kg),
28-38% of the total administered radioactivity was eliminated in the urine over the
72 h collection period (Table 3.1). Peak urinary excretion was observed between
6 and 12 h for all doses. The elimination of [14C] radioactivity in feces was greater
than 50% of the dose for all groups. The time-course of elimination of
radioactivity following a single oral administration of BmPy-Cl is shown in Figure
3.4.
Urine samples were analyzed by radio-HPLC to characterize the chemical
identity of [14C] radioactivity. The results indicate that [14C] equivalents recovered
in urine samples collected at 6 and 12 h from rats received 0.5 mg/kg of BmPy-Cl
were due to parent compound (Figure 3.5). Similar radiochromatograms were
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observed for the other two doses and also urine samples collected at later time
points. Only [14C]BmPy-Cl was detected.
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Figure 3.4
Cumulative excretion of radioactivity following a single oral administration
of [14C]BmPy-Cl (A: 0.5 mg/kg; B: 5 mg/kg; C: 50 mg/kg) in male F-344
rats (N=4, mean±SE; ♦: total; ●: feces; ▼: urine).

81

Dose recovered (%)
0.5 mg/kg

5 mg/kg

50 mg/kg

Feces

64.8±3.4

68.6±2.2

51.0±2.8

Urine

38.0±4.3

28.6±0.8

37.2±4.5

Blood

0.0±0.0

0.0±0.0

0.0±0.0

Tissues

nd

nd

0.4±0.3

Total Recovery 102.8±3.8 97.2±2.6

88.6±5.0

Table 3.1
Percent of dose recovered in 72 h following oral administration of
[14C]BmPy-Cl (0.5, 5, 50 mg/kg) to male F-344 rats (N=4, mean±SE). nd,
not determined.
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Figure 3.5
Representative HPLC-radio chromatograms of urine samples obtained from male
F-344 rats following oral administration of [14C]BmPy-Cl (0.5 mg/kg, 50 µCi/kg).
(A) [14C]BmPy-Cl standard; (B)urine samples at 6h; (C) urine samples at 12 h.
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3.4.3 Repeated oral administration of BmPy-Cl
In order to determine whether absorption, disposition, metabolism or
excretion was affected by repeated administration, male F-344 rats (170-200 g)
were administered an oral gavage of [14C] BmPy-Cl (50 mg/kg, 50 µCi/kg) daily
for one or five consecutive days. Animals were not fasted prior to administrations.
Urine and cage rinse samples were collected at 6, 12, and 24 h after each daily
dosing; feces samples were collected at 12 and 24 h after each daily
administration. The metabolism cages were rinsed after the collection of urine
samples with water. All samples were collected and analyzed as described in
Section 2.2.2 and 2.2.3.
Following each oral dose of [14C] BmPy-Cl to male F-344 rats, elimination
of [14C] equivalents was rapid, with the majority of administered radioactivity
being eliminated via the fecal samples in each 24 h dosing period (Figure 3.6).
Elimination patterns over sequential 24 h periods were highly consistent following
each dose. 88-94% of each dose was eliminated in a 24 h period (63-76% of
dose eliminated in the feces per 24 h). No notable differences in elimination were
noted between the group dosed with a single administration of [14C] BmPy-Cl and
the group receiving serial administrations. Summaries of recovery of [14C]
equivalents are shown in Table 3.2.
The radioactivity found in urine following repeated oral administration of
[14C] BmPy-Cl was analyzed by HPLC-radiometry to determine its identity and
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whether repeated exposure to BmPy-Cl altered its metabolism. HPLCradiometric analysis of urine collected at 6 h following each administration
showed a single peak that co-eluted with the [14C] BmPy-Cl standard (Figure
3.7). Urine samples collected at other time points were also analyzed and same
chromatograms were observed (data not shown).
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Figure 3.6
Cumulative excretion of radioactivity following daily oral administration of
[14C]BmPy-Cl (50 mg/kg/day, 50µCi/kg/day) to male F-344 rats (N=4 per dosing
group, mean ± SE; open symbols: 1 dose; closed symbols: 1 dose everyday for 5
days) (□/■: total; ○/●: urine; Δ/▼: feces). Stepwise line shows the total
administered BmPy-Cl.
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Dose Recovered (%)
1 dose

5 doses

Feces

69.3±2.0

69.4±1.7

Urine

21.6±1.8

22.3±0.8

Blood

0.04±0.00

0.02±0.0

Tissues

3.2±0.4

0.9±0.2

Total Recovery

94.2±0.8

92.7±2.2

Table 3.2
Percent of dose recovered at 24 h post final dose following a single oral
administration of [14C] BmPy-Cl (50 mg/kg/day, 50 µCi/kg/day) for 1 or 5
days to male F-344 rats (N=4, mean±SE).
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Figure 3.7
Representative HPLC-radio chromatograms of urine samples collected
following 5 repeated administration of [14C] BmPy-Cl to male F-344 rats
(50 mg/kg, 5 days). A: [14C] BmPy-Cl standard; B: 6 h following 1
administration; C: 6 h following 3 administrations; D: 6 h following 5
administrations.
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3.5

Intravenous disposition of BmPy-Cl
Following a single i.v. administration of [14C] BmPy-Cl (5 mg/kg, 50

µCi/kg), elimination of [14C] equivalents was rapid in male F-344 rats (Figure 3.8).
It was found that 83.7±11.9% of the administered radioactivity was found in the
urine in 24 h. 7.3±0.8% of [14C] equivalents administered were eliminated in
feces in 24 h. [14C] equivalents detected in blood at 48 h were negligible. 92% of
the dose was recovered at 48 h, in which 84% was from urinary excretion. HPLCradiometric analysis of urine samples showed a single peak that co-eluted with
the [14C] BmPy-Cl standard (Figure 3.9).
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Figure 3.8
Cumulative excretion of radioactivity following i.v. administration of [14C] BmPy-Cl
(5 mg/kg, 50 µCi/kg) in male F-344 rats (N=4, mean±SE) (♦: total; ●: feces; ▼:
urine)
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ADC1 A, ADC1 CHANNEL A (H:\70801_R...\BMPY-CL DATA FILES\IL_BMIM_BMPY_NBUPY_ORIG AND DS_60817\004-0401.D)
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Figure 3.9
Representative HPLC-radio chromatograms of urine samples obtained from male
F-344 rats following i.v. administration of [14C] BmPy-Cl (5 mg/kg, 50 µCi/kg). (A)
[14C]BmPy-Cl standard; (B)urine samples at 6h; (C) urine samples at 12 h.
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3.6

Dermal disposition of BmPy-Cl
A primary route of exposure for ILs will be via dermal contact with the raw

product or solutions containing ILs. Therefore we conducted a series of
experiments to evaluate the effect of exposure vehicles following dermal
administration of BmPy-Cl to male F-344 rats. Three different vehicles were
tested, which are water, ethanol/water (63.7/37.3, v/v) and dimethylformamide/
water (DMF/H2O; 63.7/37.3, v/v).
Male F-344 rats (170-200 g) were used for dermal application of BmPy-Cl.
Dorsal medial skin was shaved using an electric clipper, taking care to avoid
abrasion of the application area. Aluminum dermal application traps were then
affixed around the application area using cyanoacrylate glue. Rats were topically
dosed with [14C] BmPy-Cl (5 mg/kg, 100 µCi/kg) in the form of a single dermal
application. Due to high surface tension of the aqueous dosing solution, stainless
steel round-tipped gavage needles were employed to uniformly distribute the
dosing solution inside the aluminum dermal application trap. All samples were
collected and analyzed as described in Section 2.2.2 and 2.2.3. Skin from the
application area was treated in accordance to the OECD guideline for the testing
of chemicals (OECD/OCDE No. 427, 2004). Briefly, the skin was swabbed 5
times using filter paper soaked with a 10% ionic soap solution then tape stripped
5 times using clear sticky-tape to maximize recovery of dose remaining on the
surface of the skin. It was noted that following tape-stripping, a significant amount
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of hair remained attached to the skin, a possible indicator of incomplete recovery
of unabsorbed dose.
Dermal application of BmPy-Cl using vehicles of DMF/water, EtOH/water,
or water resulted in a recovery of approximately 19.1%, 2.5%, or 9.6% of the
dose in the urine, respectively. Cumulative recoveries in urine and feces for each
vehicle are shown Figure 3.10. Total recoveries of applied doses are listed in
Table 3.3. Depending on the vehicle, approximately 13-34% of the applied dose
was determined to be absorbed (sum of dose eliminated in urine, feces, tissues
and non-recoverable from site of application). [14C] radioactivity detected in urine
following dermal administrations co-eluted with the [14C]BmPy-Cl standard,
independent of dosing vehicle (Figure 3.11).
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Figure 3.10
Urinary (A), fecal (B) and total (C, urine+feces) excretion of radioactivity following
dermal administration of [14C]BmPy-Cl (5 mg/kg, 100 µCi/kg, 400 µL/kg) to male
F-344 rats in the vehicle of water (●), ethanol/water (▼) or DMF/water .
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Dose Recovered (%)
H2O

EtOH/H2O

DMF/H2O

N=5

N=3

N=3

Feces

5.1±1.9

3.4±1.1

4.1±1.0

Urine

9.6±1.6

2.5±0.4

19.1±2.0

Tissues

0.2±0.1

0.4±0.2

0.2±0.0

Skin absorbed†

7.4±1.9

7.1±1.1

11.0±4.3

Total absorbed

22.4±3.6

13.5±0.8

34.4±12.7

Unabsorbed*

72.5±3.7

80.7±1.4

55.5±9.1

Total Recovery

91.8±4.9

94.2±1.0

89.9±3.1

Table 3.3
Dose recovered in 96 h following dermal application of [14C] BmPy-Cl to
male F-344 rats (5 mg/kg, mean ± SE). DMF/H2O: 63/37, v/v; EtOH/H2O:
63/37, v/v; †: non-recoverable [14C] radioactivity present in skin at site of
application; *: [14C] radioactivity recovered by washing and tape-stripping.
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Figure 3.11
Representative HPLC-radio chromatograms of urine samples at 24 h
obtained from male F-344 rats after a single dermal administration of [14C]
BmPy-Cl (5 mg/kg, 100 µCi/kg) in different vehicles. A: [14C]BmPy-Cl
standard; B: water vehicle; C: Ethanol: water vehicle (63.7%, v/v); D:
DMF: water vehicle (63.7%, v/v).
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3.7 Toxicokinetics of BmPy-Cl
The blood toxicokinetics of BmPy-Cl was determined using JVC male F344 rats following a single i.v. administration of [14C] BmPy-Cl (5 mg/kg, 50
µCi/kg) or a single oral administration (50 mg/kg, 100 µCi/kg). Blood was
collected via JVC and analyzed as described in Section 2.2.3.3. As a control,
blood from an untreated animal was spiked with [14C] BmPy-Cl and extracted as
well. HPLC-UV/Vis-radio analysis of extracts showed a single peak that co-eluted
with the [14C] BmPy-Cl standard (Figure 3.12). No evidence of BmPy-Cl
metabolism in blood was observed. As no metabolites were detected in blood
extracts, blood toxicokinetics were determined using [14C] radioactivity in whole
blood.
Data in Figure 3.13 show the time-blood concentration curves following i.v.
(5 mg/kg, 100 μCi/kg) or oral (50 mg/kg, 100 μCi/kg) administration of BmPy-Cl.
Following oral dosing Cmax was reached at approximately 1.5 h. The slope of the
terminal phase yielded a half-life of 5.6 h which was similar to the elimination
half-life calculated for i.v. administration of BmPy-Cl (6.8 h). Based on AUC
following i.v. administration (185 μg*min/ml) and the AUC following oral
administration (1193 μg*min/ml) and adjustment for dose (doseoral: 8756±70,
dosei.v.: 1047±14 μg) the systemic bioavailability was estimated to be 43.4%
after oral dosing (Table 3).
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Figure 3.12
Representative HPLC-radio chromatograms of [14C] BmPy-Cl whole blood
samples obtained from male F-344 rats. (A) blood sampled at 90 min after
a single oral administration of 50 mg/kg [14C] BmPy-Cl (100 µCi/kg), (B)
blood sampled at 7.5 min after a single i.v. administration of 5 mg/kg [14C]
BmPy-Cl (50 µCi/kg). [14C] BmPy-Cl dosing solution chromatogram shown
as a solid line.
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Figure 3.13
Time course of [14C] BmPy-Cl in blood following i.v. administration (A, 5
mg/kg, 50 µCi/kg) or oral administration (B: 50 mg/kg, 100 µCi/kg) of [14C]
BmPy-Cl in male F-344 rats (N=4, mean±SE). [14C] BmPy-Cl was
quantified based on AUC of the total [14C] BmPy-Cl determined by LSC
analysis. Predicted values were calculated based on best-fit-analyses
based on a one-compartment model fit (WinNonLin, Pharsight).
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Dose
AUC
t1/2α t1/2β
CLf
Vss
Cmax
Tmax
F
(μg) (min*μg/ml) (min) (h) (ml/min) (ml) (μg/ml) (min) (%)
907
274
33.3 6.8
3.3
1,495
i.v.
1,069
20.9 5.6
7.6
1.8
89.1 43.4
Oral 8,157
Table 3.4
Toxicokinetic parameters for BmPy-Cl following i.v. (5 mg/kg) or oral (50 mg/kg)
administration to male F-344 rats (N = 4 per dose route). AUC[0-∞]: area under the
blood concentration-time curve from 0 to infinity. t1/2α: distribution half life. t1/2β:
terminal elimination half life. CLf: total final systemic clearance from blood. Vss:
volume of distribution at steady-state. Cmax: maximum concentration of analyte in
blood Tmax: time to maximal concentration. F: systemic bioavailability of BmPy-Cl.
-: data not predicted for by pharmacokinetic models.
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3.8

Summary
BmPy-Cl was excreted rapidly in the rats following both i.v. and oral

administration. This was expected because of its structural similarity to Bmim-Cl.
However, some differences were noticed between these two ILs. Most of the
orally dosed Bmim-Cl was excreted in urine, but for BmPy-Cl, the major
elimination route was feces. This elimination profile was independent of the
magnitude of a single dose (0.5, 5, or 50 mg/kg) and was not altered by 5 days of
consecutive oral administration of BmPy-Cl in rats. Since BmPy-Cl was still
primarily eliminated in the urine (84%) following a single i.v. administration, this
suggests that the lower urinary and high fecal excretion of orally administered
BmPy-Cl could be due to its poor GI absorption (see below).
The

blood

toxicokinetic

profile

obtained

for

BmPy-Cl

after

i.v.

administration is similar to that obtained for Bmim-Cl. BmPy-Cl was eliminated
from the blood in a biphasic manner with a distribution half life of 0.6 h and an
elimination half life of 6.8 h. BmPy-Cl was widely distributed (volume of
distribution: 1.5 L) in the rats after administration. However, it was found that the
clearance rate and blood elimination half-life of BmPy-Cl were as much as twofold lower than those reported for Bmim-Cl. Following oral administration, BmPyCl was absorbed rapidly and reached the maximum concentration at 1.5 h. The
oral systemic bioavailability of BmPy-Cl was determined to be 47% based on
AUCoral/AUCi.v. adjusted for dose, where the oral bioavailability of Bmim-Cl is
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67%. These results further confirm that lower urinary excretion of BmPy-Cl is due
to its poor GI absorption.
The extent of BmPy-Cl dermal absorption was affected by the nature of
the vehicles. This is similar to observations with Bmim-Cl (Landry et al., 2005;
Sipes et al., 2008). Three different vehicles were applied to determine the dermal
absorption of BmPy-Cl in rats. With a more hydrophobic vehicle (DMF), BmPy-Cl
was absorbed more extensively. Poor absorption was observed when BmPy-Cl
applied in the vehicles of ethanol and water. The increased total elimination
observed after 48 h reflects the continued absorption of dose that had penetrated
the skin; why the rate increased is not clear. It may be related to the compound
remodeling the barrier function of the skin.
In our previous report, studies with Bmim-Cl failed to detect any
metabolites in blood or urine. Similarly here, the study in rats provided no
evidence for metabolism of BmPy-Cl. Following oral, i.v. and dermal
administration to rats, BmPy-Cl was excreted in the urine as parent compound as
determined by HPLC-radiometric analyses. In addition, no circulating metabolites
of BmPy-Cl were detected in the blood. Thus it can be concluded that
metabolism of BmPy-Cl by rats is minimal, if it occurs at all. Metabolism of the
unabsorbed portions of BmPy-Cl by microbes in GI track may occur. Indeed,
chromatographic profiles suggest the presence of some

14

C equivalence in fecal

extracts that do not co-elute with BmPy-Cl standard. However, no attempts were
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made to confirm or identify these additional peaks as metabolites (data not
shown).
In summary, BmPy-Cl is moderately absorbed (oral bioavailability 43%)
from the GI track following oral administration to rats. The absorbed BmPy-Cl is
then excreted primarily in the urine as the parent form in rats. Its dermal
absorption is variable depending on the vehicle. The results obtained are in
general agreement with those reported previously for Bmim-Cl.
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Chapter 4
Disposition of NBuPy-Cl
4.1

Background
N-ButylPyridinium Chloride (NBuPy-Cl, Figure 4.1) is an organic

quaternary amine. Pyridinium is one of major cations for production of ILs. Some
commonly available pyridinium cations include 1-butyl-3-methylpyridinium, 1butyl-4-methylpyridinium, N-butylpyridinium, and N-alkylpyridinium. NBuPy-Cl is
one of the simplest and earliest ILs investigated. In 1986, Ward et al. reported
the detailed physical and chemical parameters of NBuPy-Cl.
As mentioned earlier in Chapter 1, pyridinium based ILs have been widely
explored for different applications. As early as 1952, a mixture of 1ethylpyridinium bromide and aluminium (III) chloride was patented for
electrodeposition of aluminium. In the last two decades, pyridinium and
imadozilium are the two most studied cationic components in electrochemistry,
separation analysis, catalytic reactions and new energy systems. The potential
toxicity of pyridinium based ILs was determined from molecular level (enzymatic
inhibition) to whole system (microorganisms, plants and animals). They will not
cause any air pollution, but they are sometimes more toxic than the conventional
organic solvents to the aquatic environment and related organisms. The
increased research and application of this class of ILs indeed will eventually
cause contamination to the environment and exposure to humans.

104
This section will continue to characterize the absorption, distribution,
metabolism and elimination of NBuPy-Cl, the 3rd IL nominated by NTP, in both
rats and mice. In addition, efforts have been conducted to understand the
mechanisms of its urinary elimination profile.
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N

CH3
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Figure 4.1
Chemical strucutre of N-[1-14C]-Butylpyridinium Chloride (NBuPy-Cl)
*: location of [14C] radiolabel.
Alternate names:

1-Butylpyridinium chloride;
Butylpyridinium chloride;
N-(n-Butyl)pyridinium chloride;
N-1-Butylpyridinium chloride
Pyridinium, 1-butyl-, chloride;
Molecular formula: C9H14ClN
CAS:
1124-64-7
Molecular weight: 171.67
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4.2

Objective
The major objective of this study is to characterize the absorption,

distribution, metabolism and elimination of NBuPy-Cl in rodents. The specific
research aims are described below:
•

To determine the disposition of NBuPy-Cl following single oral and
repeated oral dosing in rats and mice.

•

To

determine

the

disposition

of

NBuPy-Cl

following

i.v.

administration in rats.
•

To determine the absorption and elimination of NBuPy-Cl following
dermal application in three different vehicles in rats.

•

To determine pharmacokinetics for the parent molecule following a
single i.v. or oral in rats.

•

To identify major metabolites, if any, of NBuPy-Cl following different
routes of administration in both rats and mice.

•

To characterize the roles of filtration and secretion in the urinary
elimination of NBuPy-Cl

107

4.3 Chemical purity and structure of [14C]NBuPy-Cl
[14C]NBuPy-Cl was received from RTI International, as supplied in water
(1 mCi/ml). The radiochemical purity was reported to be 100% (Figure 4.2 A).
However, our laboratory determined the radiochemical purity of [14C]NBuPy-Cl as
96.85% using the radio-HPLC methods as described in Section 2.2.4.1. The
major peak was observed at the retention time of 13.5 min. Five contaminants
were detected at 4.1, 5.0, 6.6, 7.5 and 8.7 min, respectively (Figure 4.2 B). The
major peak co-eluted with non-radiolabeled NBuPy-Cl standard (Figure 4.2 C).
The unlabeled NBuPy-Cl was further analyzed by LC-MS to confirm its
chemical structure as described in Section 2.2.4.2. NBuPy-Cl was readily
detected by positive ionization-mass spectrometry (Figure 4.3 A). Collisioninduced fragmentation of each ionic liquid showed a typical loss of 56 AMU, the
atomic mass of the butyl side-chain (Figure 4.3 B). Retention times (rT) were
found to be consistent and repeatable.
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A

B

C

Figure 4.2
Representative HPLC chromatograms of NBuPy-Cl. A: Radiochromatogram of
[14C]NBuPy-Cl,
provided
by
RTI
International;
B:
Representative
14
radiochromatogram of the diluted (1:500) stock solutions of [ C] NBuPy-Cl. 75
µL of sample was injected onto a Prodigy ODS3 column (5 µm, 250x4.6 mm),
eluted with acidified water: acetonitrile using a gradient method and detected by
HPLC-radio (βRAM, In-US, Tampa, Fl); C: Representative reversed-phase
HPLC-UV/Vis chromatogram of NBuPy-Cl in water at 260 nm. 20 µL of sample
was injected onto a Prodigy ODS3 column (5 µm, 250 x 4.6 mm) and eluted with
acidified water: acetonitrile using a gradient method.
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Figure 4.3
LC-MS analysis of NBuPy-Cl. A: Representative total ion chromatogram of a
mixture of NBuPy-Cl (Peak “A”; rT 13.6 min), 1-butyl-1-methylpyrrolidinium
chloride (BmPy-Cl, Peak “B”; rT 14.1 min) and 1-Butyl-3-methylimidazolium
Chloride (Bmim-Cl; Peak “C”; rT 17.1 min); B: Positive electrospray mass
spectrum of NBuPy-Cl in water (upper panel). Collision induced fragmentation of
m/z 136.2 gave a loss of 56 m/z (lower panel).
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4.4

Oral disposition of NBuPy-Cl

4.4.1 Toxicity screen
This experiment was conducted to determine if oral administration of a
single oral dose (50 mg/kg) of NBuPy-Cl is tolerated in male F-344 rats. The
experiment was conducted as described in the Section of 3.4.1.Samples from all
animals showed minimal to mild hepatocellular vacuolization, mild hepatic
periportal fibrosis, minimal to mild multifocal hyaline droplet proximal tubular
nephrosis. However, these were observed in both vehicle-control and test article
group. Therefore, sub-toxic doses of 0.5 mg/kg (0.001 x LD50), 5 mg/kg (0.01 x
LD50) and 50 mg/kg (0.1 x LD50) were chosen for metabolism and disposition
studies.
4.4.2 Single oral administration to rats
Male F-344 rats (8-10 weeks old, 170-200g) were administered [14C]
NBuPy-Cl over a range of sub-toxic doses (0.5, 5, or 50 mg/kg) in the form of a
single oral bolus. The dose was administered in a vehicle of saline solution at 2
ml/kg body weight, and provided 50 µCi/kg [14C] equivalents. The animals in
each group were fasted overnight before administering the dose and the food
was returned 2 h after dose administration. All samples were collected and
analyzed as described in Section 2.2.2 and 2.2.3.
NBuPy-Cl was well absorbed and eliminated rapidly in rats (Figure 4.4).
Dose did not affect the rate or route of excretion of

14

C equivalents (Table 4.1).

For those three doses, 83-88% of the administered radioactivity was recovered
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within 24 h with 55-66% in urine and 20-25% in feces. By 72 h, 87-93% of the
dose was excreted from the body, of which 62-68% was in the urine. The total
14

C remaining in the liver, kidneys and lung at 72 h was less than 0.01% of dose

in the animals administered with 50 mg/kg of NBuPy-Cl.
Urine samples were collected and analyzed by radio-HPLC as described
in Section 2.2.4.1. Urine samples collected at 6 h from rats that received 5 mg/kg
of NBuPy-Cl contained a major peak (96.5% of detected [14C] equivalents) that
co-eluted with the [14C]NBuPy-Cl standard and 4 minor peaks that eluted at 4.1,
6.7, 7.8, and 11.9 minutes. The minor peaks accounted for approximately 0.5,
0.8, 0.4, and 1.9% of detected [14C] equivalents, respectively. In urine samples
collected at 12 h and later time points (24, 36, 48 h), the only detectable [14C]
equivalents were found to co-elute with the [14C]NBuPy-Cl standard. Analysis of
HPLC radio chromatograms of dilute [14C]NBuPy-Cl dosing solutions showed that
the minor peaks that eluted at 4.1, 6.7, and 7.8 min were contaminants present in
the dosing solutions. The peak that eluted at 11.9 min appears to represent a
minor metabolite of a contamination in the dosing solution. Similar urinary
radiochromatograms were observed for the other 2 doses (data not shown).
Thus, it appears that the absorbed NBuPy-Cl is not converted to other chemical
forms and the compound excreted in the urine is NBuPy-Cl.
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Figure 4.4
Cumulative excretion (♦: total; ▼: urine; ●: feces) of radioactivity following a
single oral administration of [14C]NBuPy-Cl (A, 0.5 mg/kg, n=4; B, 5 mg/kg, n=4;
C, 50 mg/kg, n=8) to male F-344 rats. Data are expressed as mean±SEM.
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Dose Recovered (%)
0.5 mg/kg

5 mg/kg

50 mg/kg

N=4

N=4

N=8

Feces

25.0±4.8

21.2±2.7

25.9±2.2

Urine

62.3±6.0

68.0±2.5

66.7±1.9

Blood

<0.05

<0.05

<0.05

Total Recovery

87.3±7.4

89.3±3.8

92.5±2.8

Table 4.1
Dose recovered (%) in 72 h in male F-344 rats following a single oral
administration of [14C]NBuPy-Cl. Data are presented as mean±SEM.
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A

B

C

Figure 4.5
Representative radio-HPLC chromatograms of urine samples from male F-344
rats following a single oral bolus dose of [14C] NBuPy-Cl (5 mg/kg, 50 µCi/kg). A:
[14C] NBuPy-Cl standard; B, urine samples at 6 h; D: urine samples at 12 h.
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4.4.3 Single oral administration to mice

NBuPy-Cl was orally administered to female B6C3F1 mice to characterize
the disposition of NBuPy-Cl in second species. Female B6C3F1 mice (N=6, 8-10
weeks old, 17-20 g) were administered a single oral bolus dose of [14C]NBuPy-Cl
(50 mg/kg, 50 µCi/kg). Feces were collected at 12, 24, 36, 48, 72 and 96 h; urine
was collected at 6, 12, 24, 36, 48, 72 and 96 h after dosing. Samples were
collected and analyzed as described in Section 2.2.2 and 2.2.3.

The urinary elimination profile of NBuPy-Cl in mice was similar to that
observed in rats. Following a single oral dose of [14C] NBuPy-Cl (50 mg/kg, 50
µCi/kg) to female B6C3F1 mice, elimination of [14C] equivalents was rapid, with
the majority of [14C] equivalents excreted within 24 h in urine (Figure 4.6). No
urine samples were collected at 6 h. The recovery at this time point was obtained
from

14

C present in the cage rinse. At 96 h, 82% of the dosed NBuPy-Cl was

found in the urine (72%) and feces (10%) as shown in Table 4.2. The total
amount of radioactivity detected in all tissues after 96 h in mice was less of 0.2 %
of dosed [14C]NBuPy-Cl. The lower recovery of fecal samples observed in mice
(as compared to rats) was related to some contamination of feed with feces. The
urine samples were also analyzed by radio-HPLC and only one peak at the
retention time of 13.5 min was observed, which co-eluted to the NBuPy-Cl
standard (Figure 4.7).
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Figure 4.6
Cumulative excretion of radioactivity following oral administration of [14C]
NBuPy-Cl (50 mg/kg, 50µCi/kg) in female B6C3F1 mice (N=6, mean ± SE)
(♦: total; ●: feces; ▼: urine)
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Dose Recovered
(%)
50 mg/kgM
N=6
Feces

10.3±1.2

Urine

71.6±5.0

Blood

<0.05

Heart

0.001±0.001

Liver

0.026±0.007

Kidney

0.004±0.001

Spleen

0.001±0.000

GI Tract & Contents

0.080±0.040

Total Recovery in Tissues

0.113±0.043

Total Recovery

81.9±4.3

Table 4.2
Dose recovered (%) at 96 h in female B6C3F1 mice following a single oral
administration of [14C]NBuPy-Cl. Data are presented as mean±SEM.
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A

B

C

Figure 4.7
Representative radiochromatograms of urine samples obtained from female
B6C3F1 mice after a single oral administration of [14C]NBuPy-Cl (50 mg/kg, 50
µCi/kg). A: [14C]NBuPy-Cl standard; B, urine samples at 12 h; D: urine samples
at 24 h.
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4.4.4 Repeated oral administration to rats
In order to determine if absorption, disposition, metabolism or excretion of
NBuPy-Cl was affected by repeated administration, male F-344 rats (8-10 weeks
old, 200-220 g) were administered an oral dose of [14C] NBuPy-Cl (50 mg/kg, 50
µCi/kg) daily for one or five consecutive days. Urine, cage rinse and feces were
collected as described in Section 3.4.3. Other samples were collected and
analyzed as described in Section 2.2.2 and 2.2.3.
Following each oral dose of [14C] NBuPy-Cl to male F-344 rats, elimination
of [14C] equivalents was rapid, with the majority of administered radioactivity
being eliminated via the urine and cage rinse in each 24 h dosing period (Figure
4.8). Elimination patterns over sequential 24 h periods were consistent following
each dose. In a 24 h period 93-99% of each dose was eliminated (51-59% of
dose eliminated in the urine per 24 h). Summaries of excretory recovery of [14C]
equivalents at end of the experiment are shown in Table 4.3. At 24 h after the
last dose, a 4-fold increase in radioactivity (0.83 vs 2.46 nmol/ml) was noted in
blood. Two-fold increased in radioactivity was noted in liver, kidney, muscle, skin
and GI tissues collected at the time of necropsy at 24 h after the last dose after 1
or 5 daily administrations (Table 4.4). However, the amount of material actually
present represents approximately 1% of the total administered dose(s).
Urine samples were analyzed by HPLC-UV/Vis-radio as described in
section 2.4.1.2. Representative HPLC-radio chromatograms show a major peak
at the retention time of 13 min that co-eluted with the [14C]NBuPy-Cl standard

120
and a minor peak at 11.9 min in both 1 day and 5 days dosing. However, this
minor peak only accounted for approximately 1% of the total radioactivity applied
to the column (Figure 4.9).
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Figure 4.8
Cumulative excretion of radioactivity following serial oral administration of
[14C]NBuPy-Cl (50 mg/kg/day, 50µCi/kg/day) in male F-344 rats (N=4 per dosing
group, mean ± SE, open symbols: 1 day, closed symbols: 5 days) (◊/♦: total; ○/●:
feces; Δ/▼: urine). Stepwise line shows the total administered NBuPy-Cl.
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Dose Recovered (%)
1 administration

5 administrations

N=4

N=4

Feces

45.5±1.7

41.4±1.0

Urine

43.6±2.0

54.0±2.2

Blood

<0.05

<0.05

Tissues

2.4±0.1

0.9±0.1

GI contents

1.8±0.3

0.3±0.1

Total recovery

93.3±0.4

96.6±0.7

Table 4.3
Dose recovered (%) at 24 h post final dose following a single or 5 serial daily oral
administrations of [14C]NBuPy-Cl (50 mg/kg/day) to male F-344 rats. Data are
presented as mean±SE.

123

NBuPy-Cl (nmol/g)
1 administration

5 administrations

N=4

N=4

Adipose

3.6±0.7

3.5±0.4

Blood (nmol/ml)

0.8±0.1

3.2±0.1*

Brain

0.5±0.1

1.5±0.3*

GI Tract Tissues

10.0±1.0

20.9±3.5*

Kidney

3.5±0.3

7.7±0.2*

Liver

5.1±0.3

10.7±0.2*

Muscle

10.1±0.4

17.9±1.1*

Skin

4.7±0.8

10.5±0.6*

Table 4.4
Concentration in nmol/g of [14C]NBuPy-Cl equivalents in selected tissues (except
blood which was given in nmol/ml) at 24 h after a single oral administration or 24
h after the 5th daily oral administration of [14C]NBuPy-Cl (50 mg/kg/day) to male
F-344 rats. Data are presented as mean±SEM. *: p<0.05 compared to single
dose.
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A

B

C

D

Figure 4.9
Representative radio-chromatograms of urine samples obtained from male F-344
rats following oral administration of [14C]NBuPy-Cl (50 mg/kg, 50 µCi/kg). A, 6 h
after single dose; B, 24 h after single dose; C, 6 h after 1st dose of 5
administrations; D, 24 h after 5th dose of 5 administrations.
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4.5

Intravenous disposition of NBuPy-Cl
Male F-344 rats (8-10 weeks old, 170-200 g) were administered [14C]

NBuPy-Cl (5 mg/kg, 50 µCi/kg, 1 ml/kg) in the form of a single i.v. bolus dose.
Samples were collected and analyzed in Section of 2.2.2 and 2.2.3.
Following a single i.v. administration, elimination of [14C] equivalents was
rapid (Figure 4.10). Greater than 80% of the administered radioactivity was
recovered from the urine by 12 h. By 48 h, 97% of the dose was recovered in
urine (93%) and feces (4%). The amount of [14C] equivalents in the feces was
very low compared to the same dose given orally. [14C] equivalents detected in
blood at 48 h were negligible.
Urine was analyzed by radio-HPLC. Urine samples collected at 6 h
contained a major peak (96.8% of detected [14C] equivalents) that co-eluted with
the [14C]NBuPy-Cl standard and 5 minor peaks that eluted at 4.2, 5.0, 6.8, 7.7,
and 12.1 minutes (Figure 4.11). The minor peaks accounted for approximately
0.5, 0.3, 0.8, 0.4 and 0.8% of detected [14C] equivalents, respectively. They are
considered to be contaminates or metabolites of contaminates in the dosing
solution. In urine samples collected at later time points (12, 24, 36, 48 h), all
detectable [14C] equivalents co-eluted with the [14C]NBuPy-Cl standard.
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Figure 4.10
Cumulative excretion of radioactivity following i.v. administration of
[14C]NBuPy-Cl (5 mg/kg, 50µCi/kg) in male F-344 rats (N=7, mean±SEM;
♦: total; ●: feces; ▼: urine).

127

A

B

C

Figure 4.11
Representative HPLC-radio chromatograms of urine samples from male
F-344 rats after a single i.v. administration of [14C]NBuPy-Cl (5 mg/kg, 50
µCi/kg). A, [14C]NBuPy-Cl standard; B, urine samples at 6 h; C, urine
samples at 12 h.
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4.6

Dermal disposition of NBuPy-Cl
Because of the low volatility of NBuPy-Cl, dermal contact would be one of

the most likely exposures. Therefore, these studies evaluated its absorption after
dermal application in three different vehicles.
4.6.1 Toxicity Screen
To assess if NBuPy-Cl caused skin irritation, male F-344 rats were shaved
along the dorsal surface carefully avoiding abrasion of the application area. The
shaved skin was divided into 2 dosing areas as shown in Figure 4.12. NBuPy-Cl
was then applied to the shaved skin area as described below:
50 mg/kg to one site and 5 mg/kg to the other site in ethanol (N=1);
50 mg/kg to one site and 5 mg/kg to the other site in water (N=1);
5 mg/kg in dimethyformamide (DMF) (N=1);
The solubility of NBuPy-Cl in DMF was too low to prepare the 50 mg/kg dosing
solution. For the other two vehicles, 6 h after dosing, irritation was observed at
the application sites with the 50 mg/kg, but not with the 5 mg/kg dose of NBuPyCl (Figure 4.12). No irritation was observed following dermal application of 5
mg/kg NBuPy-Cl in DMF. Therefore, 5 mg/kg of NBuPy-Cl was chosen for the
dermal absorption studies.
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50 mg/kg

5 mg/kg
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50 mg/kg
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Figure 4.12
Representative dermal toxicity following dermal application of NBuPy-Cl
(50 mg/kg or 5 mg/kg) in male F-344 rats in vehicle water (A) and ethanol
(B).
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4.6.2 Disposition study
Due to the radio-labeled compound being stored in water solution, the
dosing vehicles were prepared in the vehicles as DMF/water (55/45, v/v) or
ethanol/water (55/45, v/v). Male F-344 rats (170-200 g) were shaved and
aluminum dermal application traps were then affixed around the application area
using cyanoacrylate glue. Rats were topically dosed with [14C]NBuPy-Cl (5mg/kg,
100 µCi/kg) in the form of a single dermal application. The dosing solution was
spread uniformly using a stainless steel round tipped needle inside the dermal
application trap. All samples were collected and analyzed as described in Section
2.2.2 and 2.2.3. The dosing traps were soaked with 100 ml methanol overnight
and the radioactivity from all samples was quantified in the LSC. Skin from the
application area was analyzed as described in section 3.6.
The total excretion (urinary and fecal) of NBuPy-Cl was variable following
a dermal application (5 mg/kg) in different vehicles (Figure 4.13 A). Total
absorption (presence of

14

C in urine, feces and tissues) was greatest (35% of

dose) after 96 h when NBuPy-Cl (5 mg/kg) was applied in a vehicle of DMF/water
(55/45, v/v), and less (16% and 10% of dose) when applied in vehicles of
ethanol/water (55/45, v/v) or water, respectively (Figure 4.13 B). The majority of
dosed NBuPy-Cl was not absorbed. It was recovered in skin washes, skin strips
and the dosing trap.
Urine samples collected from all time points were prepared for radio-HPLC
analysis. Only one [14C]radioactivity peak was detected in urine at 12 h and 24 h,
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which co-eluted with the [14C]NBuPy-Cl authentic standard, independent of
dosing vehicle (Figure 4.14). Similar radiochromatograms were observed for all
other urine samples (data not shown).
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Figure 4.13
Dermal application of [14C]NBuPy-Cl (5 mg/kg) to male F-344 rats in three
different vehicles. DMF: DMF/water vehicle (55/45, v/v); EtOH: ethanol/water
vehicle (55/45, v/v); water: water vehicle. Data are expressed as mean±SEM;
N=3 per dosing group. A: cumulative excretion of radioactivity in urine and feces
over 96 h; B: absorbed (14C recovered from urine, feces and tissues) and
unabsorbed (14C recovered from skin wash, skin stripping and trap) [14C]NBuPyCl at 96 h.

133

A

B

C

D

Figure 4.14
Representative HPLC-radio chromatograms of urine samples obtained from male
F-344 rats after a single dermal administration of [14C]NBuPy-Cl (5 mg/kg, 100
µCi/kg). A: [14C]BmPy-Cl standard; B: water vehicle; C: Ethanol: water vehicle
(63,7%, v/v); D: DMF: water vehicle (63,7%, v/v) at 24h.
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4.7

Blood kinetics and dynamics of NBuPy-Cl

4.7.1 Toxicokinetics of NBuPy-Cl
The blood toxicokinetics of NBuPy-Cl was determined using JVC male F344 rats following a single i.v. administration (5 mg/kg, 50 µCi/kg) or a single oral
administration of [14C]BmPy-Cl (50 mg/kg, 100 µCi/kg). Blood was collected via
JVC, extracted by acetonitrile and analyzed by radio-HPLC as described in
Section 2.2.3.3.
Following a single i.v. administration (5 mg/kg), the blood concentration of
NBuPy-Cl decreased in a biphasic manner and fit a two-compartment model with
a distribution half-life (T1/2α) of 0.22 h and an elimination half life (T1/2β) of 2.2 h
(Figure 4.15). Kinetic parameters are listed in Table 4.5. After oral administration,
NBuPy-Cl (50 mg/kg) was absorbed into the systemic blood and reached its
maximum concentration (2.6 µg/ml) at 1.3 h. The oral systemic bioavailability at 6
h was determined to be 47%, based on AUCoral/AUCi.v. and adjusted for dose
(Shargel and Yu, 1993). Radio-HPLC analysis of the blood extracts following
both i.v. and oral administration showed only one peak, which co-eluted with
[14C]NBuPy-Cl standard (Figure 4.16).
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Figure 4.15
Time course of NBuPy-Cl in blood extracts following i.v. (5 mg/kg, N=7, A)
and oral (50 mg/kg, N=8, B) administration of [14C]NBuPy-Cl to male F344 rats. Data are expressed as mean±SEM. Predicted values (dash
lines) were calculated based on best-fit-analyses using two compartment
model fit for i.v. and one compartment model fit for oral. (WinNonLin,
Pharsight).
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AUC

t1/2α

t1/2β

CL

Vss

Cmax

Tmax

F

(min*μg/ml)

(min)

(h)

(ml/min)

(ml)

(μg/ml)

(min)

(%)

i.v.

119

0.22

2.2

7.0

789

-

-

-

Oral

571

-

0.94

14.8

-

2.6

1.3

47

Table 4.5
Toxicokinetic parameters for NBuPy-Cl following i.v. (5 mg/kg, n=7) or oral (50
mg/kg, n=8) administration to male F-344 rats. All parameters were calculated
based on the blood extracts at 6 h. AUC: area under the blood concentrationtime curve; t1/2α: distribution half life; t1/2β: terminal elimination half life; CL:
systemic clearance; Vss: volume of distribution at steady-state; Cmax: maximum
concentration of NBuPy-Cl in blood; Tmax: time to maximal concentration; F:
systemic bioavailability of NBuPy-Cl; -: data not predicted for by pharmacokinetic
models.
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Figure 4.16
Representative HPLC-radio chromatograms of [14C] NBuPy-Cl in blood
extracts obtained from male F-344 rats. A, Dosing solution spiked with
blood; B, blood sampled at 7.5 min after a single i.v. administration of 5
mg/kg [14C] NBuPy-Cl (50 µCi/kg); C, blood sampled at 90 min after a
single oral administration of 50 mg/kg [14C] NBuPy-Cl (100 µCi/kg).
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4.7.2 Blood binding study
Heparinized blood from male F-344 rats was incubated with [14C]NBuPyCl (0.015, 0.15 and 1.5 mg/ml of blood) for 30 min at 37°C. After incubation,
blood cells were separated from the plasma by centrifugation (GPR centrifuge;
Beckman Coulter, Fullerton, CA) at 750 x g for 15 min. Blood cells were washed
with saline three times. After each wash, the samples were centrifuged at 750 x g
for 15 min and the supernatant (saline solution) was collected and counted
separately. This

14

C was considered part of the plasma fraction. Plasma proteins

were removed by centrifugal filtration (14,000 x g for 30 min) through a filter
device (Millipore YM-10; MW barrier: 5,000 Da). Unbound [14C]NBuPy-Cl was
recovered in the filtrate. Radioactivity in saline washes, plasma and plasma
proteins was counted directly by LSC. The washed blood cells were solubilized
and counted as described in Section 2.2.3.2.
After 30 min incubation of [14C]NBuPy-Cl with rat blood, around 25% of the
applied radioactivity was found to be associated with the blood cells at all three
tested NBuPy-Cl concentrations (Figure 4.17). The other 75% of radioactivity
was recovered in the plasma. Negligible amounts of radioactivity (<1% of total
radioactivity) were associated with plasma proteins. Therefore, NBuPy-Cl is not
bound to the plasma proteins, but appears to be partially associated with blood
cells.
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Figure 4.17
The percent of 14C equivalence in different parts of blood sample spiked
with various concentrations of [14C]NBuPy-Cl (n=3, mean±SE).
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4.7.3 Co-administration of NBuPy-Cl and inulin
This experiment was designed to determine the urinary elimination
pathway of NBuPy-Cl. Inulin is polymer mainly comprised of fructose units and a
terminal glucose, with a molecular weight of 5,000. Since inulin is not bound to
plasma proteins and is cleared by glomerular filtration only, its plasma clearance
reflects glomerular filtration rate (GFR). Normal values for the GFR in rats range
from 0.55-1.20 ml/min/100 gm of body weight (Johnston, 1989). Thus, if the
clearance of NBuPy-Cl exceeds GFR, it is eliminated through the renal secretion,
as well as filtration.
To determine if NBuPy-Cl was secreted, it was coadministered to rats
along with [3H]inulin, which was provided by Dr. William Dantzler (Department of
Physiology, University of Arizona) and purified by dialysis (Appendix A). Male F344 JVC rats (8-10 weeks old, 180-210g) were co-administered [14C] NBuPy-Cl
(50 mg/kg, 50 µCi/kg) and [3H]inulin (0.67 mg/kg, 250 µCi/kg) intravenously. The
Rats were fasted 12 h before administering the dose and food was returned 2 h
after dosing. All samples were collected and analyzed as described in Section
2.2.2 and 2.2.3. Blood was collected via JVC and processed for plasma samples.
The toxicokinetic profile of NBuPy-Cl in the presence of inulin was similar
to that obtained when NBuPy-Cl was administered alone (Figure 4.18). Similar
AUC, T1/2α and T1/2β were observed between NBuPy-Cl and inulin, but NBuPy-Cl
is distributed more widely than that of inulin by 6 fold (Table 4.6). The systemic
clearance of NBuPy-Cl exceeded that of inulin by 3 fold.
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Following a single i.v. co-administration of [14C]NBuPy-Cl and [3H]inulin,
elimination of [14C] equivalents was rapid and similar to that of single
administration (Figure 4.19). 96.1±5.1% of the administered [14C] radioactivity
was found in the urine and cage rinse in 12 h and only 1.9±1.6% of [14C]
radioactivity was eliminated in feces in 12 h. Overall, urine constituted the major
route of elimination of [14C]NBuPy-Cl and only a minor amount of [14C]
equivalents was detected in the feces following i.v. administration. The
elimination of [3H]inulin was also rapid following i.v. co-administration of [14C]
NBuPy-Cl and [3H] inulin. 95.0±4.8% of the administered [3H] radioactivity was
found in the urine and cage rinse in 12 h. Only 1.7±2.3% of administered [3H]
equivalents was eliminated in feces in 12 h. Urine was the major route of
elimination of [3H] inulin and only a minor amount was recovered in the feces
following i.v. administration. Similar results have been reported before (Sugimoto,
1993).
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Figure 4.18
Time course of NBuPy-Cl (5 mg/kg, A) and inulin (0.67 mg/kg, B) in blood
plasma following i.v. co-administration of [14C]NBuPy-Cl and [3H]inulin to
male F-344 rats. Data are expressed as mean±SEM (N=4). Predicted
values (dash lines) were calculated based on best-fit-analyses using two
compartment model fit.
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AUC

t1/2α

t1/2β

CLb

Vss

(µg*min/ml)

(h)

(h)

(ml/min)

(ml)

NBuPy-Cl¶

119

0.22

2.2

7.0

789

NBuPy-Cl§

121

0.21

2.7

8.5

972

Inulin

97

0.28

3.4

2.8

148

Table 4.6
Kinetic parameters for NBuPy-Cl and inulin following i.v. co-administration
in male F-344 rats based on a best-fit-analysis using a two-compartment
model fit. (¶: NBuPy-Cl admissions only; §: NBuPy-Cl co-administration)
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Figure 4.19
Cumulative excretion of NBuPy-Cl (A) and inulin (B) following i.v. coadministration of [14C] NBuPy-Cl (5 mg/kg, 50 µCi/kg) and [3H] inulin (0.67
mg/kg, 250 μCi/kg) to male F-344 rats (N=4) (♦: total; ●: feces; ▼: urine).
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4.8

Summary
NBuPy-Cl was absorbed from the gastrointestinal tract following oral

administration. The oral systemic bioavailability of NBuPy-Cl (50 mg/kg) in rats
was calculated to be 47% at 6 h, based on the blood extracts AUCoral/AUCi.v..
This is in good agreement with the amount of radiolabel excreted in the urine of
rats in 6 h (47±2% of dose, Figure 2-B). However, the overall bioavailability is
greater than this based on the urinary excretion (67% of dose) over 72 h. Blood
at times after 6 h could not be used to determine the oral AUC, as they had

14

C

levels that were above the limit of detection, but below the accurate limit of
quantification. This extra 20% most likely represents additional NBuPy-Cl
absorption from intestine, as well as dose that had distributed to the tissues.
Because only a small amount of radiolabel appeared in the feces after i.v.
administration of NBuPy-Cl (<5% of dose), it can be concluded that the 22-26%
of the dose excreted in the feces after oral administration represents unabsorbed
compound. Similar results were observed for urinary elimination of NBuPy-Cl
administered orally to female mice. Total recovery of

14

C equivalence was lower

in mice than rats. This may be a result of poor recovery of fecal materials (Sipes
et al., 2008).
Over the dose range studied, the magnitude of a single dose did not affect
the rate or route of NBuPy-Cl excretion. Repeated daily dosing also had a
minimal, if any, effect on the elimination. It appears that nearly the entire daily
dose was eliminated within each 24 h interval as the parent compound. At 24 h
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after the 5th dose, the concentration of NBuPy-Cl increased 2-4 fold in most
tissues, which reflects, in part, the higher NBuPy-Cl concentration in the blood.
However, this does not have a significant influence on the disposition of NBuPyCl, because the total radioactivity recovered in all tissues represents
approximately 1% of the administered dose. In the particular group of rats used
in the repeated dose study, fecal excretion was about 20% higher than the other
studies (Table 1 and Table 2). This occurred in the animals receiving one dose
as well as those receiving five doses. Since these animals were not fasted, the
presence of food most likely reduced absorption.
The extent of NBuPy-Cl absorption following dermal application was affected
by the nature of the vehicle. This is similar to observations with Bmim-Cl (Landry
et al., 2005; Sipes et al., 2008). With a more hydrophobic vehicle (DMF), NBuPyCl was absorbed more extensively. The fast evaporation of ethanol from the
ethanol/water vehicle may explain why no significant difference on dermal
absorption was observed between it and water. Although the increased urinary
elimination observed after 48 h reflects the continued absorption of dose that had
penetrated the skin, why the rate increased is not clear. It may be related to
NBuPy-Cl remodeling the barrier function of the skin, because irritation (redness
and slight edema) was observed at the dosing site when a higher dose of
NBuPy-Cl (50 mg/kg, 1250 μg/cm2) was applied in water and ethanol vehicle
(data not shown).
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As observed with Bmim-Cl and BmPy-Cl, no evidence of metabolism was
noted for the systemically available NBuPy-Cl. As stated above, NBuPy-Cl was
eliminated primarily in the urine as the parent compound in both rats and mice,
independent of dose and route of administration. Also, only NBuPy-Cl was
detected in the blood following i.v. or oral administration. The small peak that
appeared in the urine (retention time of 12 min) might be a metabolite of a
contaminant present in the dosing solution. It was only observed in the 6 h urine
samples and accounted for less than 1% of the total dose.
The blood toxicokinetic parameters obtained for NBuPy-Cl after i.v.
administration are very similar to those obtained for Bmim-Cl (clearance from
blood was 7.4 ml/min for Bmim-Cl and 7.0 ml/min for NBuPy-Cl). NBuPy-Cl was
eliminated from the blood in a biphasic manner with T1/2β > T1/2α. The terminal
elimination half life most likely represents the compound that had distributed to
various tissues. There it may have undergone ionic interactions with tissue
constituents. In support of this are its large volume of distribution and the
retention of

14

C in the sedimented cellular fraction of blood incubated in vitro with

[14C]NBuPy-Cl. It was also observed that the systemic clearance of NBuPy-Cl
exceeded that of inulin, a compound that is only eliminated by glomerular
filtration. Since more than 95% of the NBuPy-Cl was excreted in the urine
following i.v. administration and its clearance exceeded that of inulin, and thus
GFR, NBuPy-Cl excretion includes renal secretion.
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In summary, NBuPy-Cl was readily absorbed from the rodent gastrointestinal
tract and then widely distributed in the body. Its dermal absorption depended on
the vehicle applied. NBuPy-Cl was excreted primarily in the urine as the parent
compound independent of dose and route of administration in both rats and mice.
Its rapid renal elimination is contributed by both glomerular filtration and renal
secretion.
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Chapter 5
Interactions of NBuPy-Cl and its structurally related ILs
on organic cation transporters
5.1

Background
The renal clearances for NBuPy-Cl, Bmim-Cl, and BmPy-Cl exceed the

glomerular filtration rate (the renal clearance of inulin) in rats, suggesting a
secretary mechanism for these ILs. Renal secretion could be mediated by a
variety of transporters in the kidneys. Based on the chemical structures of these
compounds (organic cations), it was speculated that organic cation transporters
(OCTs) could transport these ILs and therefore mediate their renal secretion.
Organic cation transporters (OCTs) belong to the solute carrier family 22
(SLC22), a family of ATP independent transporters. OCTs include the subtypes
of OCT1 (SLC22A1), OCT2 (SLC22A2) and OCT3 (SLC22A3). The first OCT
(OCT1) was cloned in rats in 1994 (Grundemann et al., 1994). Later OCT1 was
cloned from human, mice and rabbit, too (Zhang et al., 1997; Terashita et al.,
1998, Green et al., 1999). Like most other SLC22 members, OCTs have 12 αhelical transmembrane domains, an intracellular N-terminus and C- terminus, a
large glycosylated extracellular loop and a large intracellular loop with
phosphorylation sites (Koepsell et al., 2007). OCTs are widely expressed in the
basolateral membrane of epithelial cells in kidney, liver, intestine and brains, as
well as some neurons. However, the expression of OCT subtypes varies among
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different species and tissues. OCT1 is abundantly detected in both liver and
kidneys in rats, but mainly expressed in human liver (Motohashi et al., 2002).
OCT1 is also expressed in the small intestine where it may facilitate absorption of
organic cation substrates. OCT2 is mainly expressed in human and rat kidneys
and plays a critical role in the renal secretion of organic cations. OCT3 has a
more extensive tissue distribution, with the highest levels in skeletal muscle, liver,
placenta and heart (Koepsell et al., 2007). OCTs transport a wide array of
organic

cations,

including

many

endogenous

chemicals

(dopamine,

norepinephrine), drugs (metformin, cimetidine) and toxicants (1-methyl-4phenylpyridinium (MPP+), nicotine) (Choi and Song, 2008).
The studies here were designed to characterize the interactions of several
structurally related ILs with OCTs. The transport of NBuPy-Cl, BmPy-Cl and
Bmim-Cl was first determined in CHO cells with stable expressed rat kidney
transporters, rOCT1 and rOCT2, since the absorbed ILs are exclusively
eliminated in the urine. In the human, OCT2 is the predominant transporter in the
entry step in renal organic cation secretion (Motohashi et al., 2002). Therefore,
the transport of the 3 ILs was also determined in CHO cells expressing human
OCT2 (hOCT2). In addition, the inhibitory effects of NBuPy-Cl, Bmim-Cl and
BmPy-Cl were investigated on rOCT1/2 and hOCT2 in vitro. In order to
determine how alkyl chain length affects the degree of inhibition, another group
of pyridinium based ILs, pyridine hydrochloride (Py-Cl), 1-ethylpyridinium chloride
(EtPy-Cl) and 1-hexylpyridinium chloride (HePy-Cl), was studied. Furthermore, in
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vivo studies were conducted to determine if NBuPy-Cl could influence the
pharmacokinetics of metformin, a known substrate for OCT1/2.
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5.2

Objectives
The major objective of this study is to characterize the interactions of

NBuPy-Cl and its structurally related ILs by rOCT1/2 and hOCT2. The specific
research aims are described below:
•

To transfect rOCT1 and rOCT2 into CHO cells and confirm the
expression of each transporter in transfected cells.

•

To determine the transport of NBuPy-Cl, Bmim-Cl and BmPy-Cl
over time by each transporter in vitro.

•

To determine the transport kinetics of these 3 ILs in CHO cells with
stably expressed rOCT1, rOCT2 or hOCT2.

•

To characterize the inhibition by the 3 ILs of rOCT1, rOCT2 and
hOCT2 in vitro.

•

To test the inhibitory effects of NBuPy-Cl, Bmim-Cl and BmPy-Cl on
hOAT1 and hOAT3 in vitro.

•

To study if the size of the alkyl chain length (pyridinium based ILs:
Py-Cl, EtPy-Cl and HePy-Cl) alters the inhibitory effects on rOCT1,
rOCT2 and hOCT2 in vitro.

•

To assess the effect of NBuPy-Cl on the pharmacokinetics of
metformin in male F-344 rats.
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5.3

Expression of OCTs in CHO cells
To confirm that OCTs were transfected successfully and expressed in

CHO cells, the mRNA levels of hOCT2 and rOCT1/2 were characterized using
RT-PCR as described in Section 2.3.2. The result showed that only the expected
transporter was detected in each transfected cell line when the respective set of
primers was applied (Figure 5.1 A).
Tetraethylammonium (TEA) is a quaternary ammonium cation and a well
known substrate of OCT1/2. Transport of [3H]TEA over time was determined in
the CHO cells expressing these OCTs. In the absence of inhibitor (5 mM TEA),
[3H]TEA transport was linear at early time before approaching steady state
(Figure 5.1 B). In the presence of 5 mM unlabeled TEA, [3H]TEA uptake at 10
min was totally inhibited in all three transfected cell lines. These results
demonstrated that OCTs were expressed in the CHO cells and were functionally
active.
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Figure 5.1
Characterization of the expression and function of human/rat organic
cation transporters (OCTs) in transfected Chinese Hamster Ovary (CHO)
cells. A: RT-PCR analysis of OCTs mRNA levels in the transfected and
naïve CHO cells with primer sets: h2 (hOCT2), r1 (rOCT1) and r2
(rOCT2). B: [3H]TEA uptake by OCTs following time without (dots with
regression lines) or with (bars) 5 mM of TEA(N=3, mean±SEM).

155

5.4

ILs transport by OCTs

5.4.1 Time course of ILs transport
The transport of ILs by OCTs was first determined over time. [14C]NBuPyCl (18 μM) was incubated with CHO cells expressing rOCT1, rOCT2 or hOCT2.
As shown in Figure 5.2, the transport rates of NBuPy-Cl by OCTs were linear at
early time points before approaching steady-state. Based on this time-transport
curve, the uptake time of 2 min was used to determine the transport kinetics of
NBuPy-Cl by rOCT1 and rOCT2. 30 s was selected for hOCT2. The same
experiments were conducted with Bmim-Cl and BmPy-Cl, and similar results
were observed (data not shown). Therefore, the uptake time of these 2 ILs for
kinetic studies was same as that for NBuPy-Cl.
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Figure 5.2
Time course of [14C]NBuPy-Cl (18 μM) transport in CHO cells expressing
rOCT1 (∆), rOCT2(■) or hOCT2 (○). n=3, mean±SEM.
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5.4.2 Kinetics of ILs transport
The transport of NBuPy-Cl was investigated in naïve CHO cells and CHO
cells with stably expressed rOCT1, rOCT2 or hOCT2. In naive CHO cells,
increasing concentration of unlabeled NBuPy-Cl (0-1000 µM) did not affect the
intracellular uptake of [14C]NBuPy-Cl (Figure 5.3 A). However, in CHO cells
expressing OCTs, the intracellular accumulation of [14C]NBuPy-Cl was
decreased dramatically by increasing concentrations of unlabeled NBuPy-Cl
(Figure 5.3 B, C, D). The Kt values, concentration of substrate that results in half
of the maximum transport rate, were determined to be 9.0±1.3, 14.4±3.5 and
17.6±3.0 µM for rOCT1, rOCT2 and hOCT2, respectively. The transport kinetics
of Bmim-Cl and BmPy-Cl were also characterized in CHO cells with stably
expressed rOCT1, rOCT2 or hOCT2. The transport profile of Bmim-Cl was
similar to that of NBuPy-Cl, but BmPy-Cl had lower affinities for all OCT1 and
hOCT2. Their Kt values are listed in Table 5.1.
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Figure 5.3
Kinetics of NBuPy-Cl transport in the CHO cells (A) and CHO cells expressing
rOCT1(B), rOCT2 (C) and hOCT2 (D). Data are expressed as mean±SEM (N=34).
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Kt (µM)
rOCT1

rOCT2

hOCT2

NBuPy-Cl

9.0±1.3

14.4±3.5

17.6±3.0

Bmim-Cl

13.2±1.7

16.5±2.0

24.2±3.0

BmPy-Cl

277±2.5** 42.8±8.4 36.5±3.6*

Table 5.1
Transport constants (Kt) of NBuPy-Cl, Bmim-Cl and BmPy-Cl by OCT1/2 and
hOCT2. Data are expressed as mean±SEM (N=3-4). *, p<0.05; **, p<0.01
comparing to NBuPy-Cl.
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5.5 Inhibitory effects of NBuPy-Cl and its structurally related ILs
on OCTs
TEA and metformin were used as the probe substrates to determine the
inhibitory effects of ILs on OCTs. As mentioned above, TEA is a standard
compound for study OCT1/2. Metformin, a widely prescribed oral drug for type 2
diabetes, is also a substrate of OCT1/2 (Kimura et al., 2005; Choi et al., 2007).
As shown in Figure 5.1, CHO cells containing any of the three transporters
accumulated [3H]TEA. hOCT2 and rOCT2 transported [14C]metformin in a similar
manner as that of [3H]TEA, but the transport rate of [14C]metformin by rOCT1
was too low to conduct an inhibition study (data not shown). This may reflect the
low transfection efficiency of rOCT1 and/or that metformin is a poor substrate for
OCT1 (Kimura et al., 2005). Therefore the inhibitory effects of all tested ILs
towards rOCT2 and hOCT2 were characterized on [14C]metformin uptake.
[3H]TEA was used to determine the inhibitory effects of ILs to rOCT1. In addition,
[3H]TEA was tested on hOCT2 to determine the inhibitory effects of ILs to
different probe substrates.
5.5.1 Inhibitory effects of NBuPy-Cl, Bmim-Cl and BmPy-Cl on OCTs in vitro
The inhibitory effects of NBuPy-Cl on TEA and/or metformin transport were
determined in CHO cells expressing rOCT1/2 and hOCT2. In the presence of
NBuPy-Cl, the intracellular uptake of [3H]TEA by rOCT1 was inhibited in a
concentration dependent manner (Figure 3-A). Similar inhibitory kinetics of
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NBuPy-Cl were observed for rOCT2 and hOCT2 mediated transport of
[14C]metformin (Figure 3-B, C). When the probe substrate was [3H]TEA for
hOCT2, NBuPy-Cl displayed a weaker inhibitory effects than that of
[14C]metformin. The IC50 values, which are the concentrations of inhibitors (ILs)
that result in reducing OCT-mediated half-maximum transport of [3H]TEA or
[14C]metformin by 50%, are presented in Table 5.2. Bmim-Cl and BmPy-Cl were
also determined to be potent inhibitors for rOCT1/2 and hOCT2, with IC50 values
ranging from 0.15 to 7.5 µM (Table 5.2).
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Figure 5.4
Intracellular uptake of [3H]TEA by rOCT1 (A, 120s), [14C]metformin by rOCT2 (B,
120 s), [14C]metformin by hOCT2 (B, 60 s) and [3H]TEA by hOCT2 (D, 30 s) in
the presence of increasing concentrations of NBuPy-Cl (N=3-5, mean±SEM).
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rOCT1
TEA

IC50 (µM)
rOCT2
hOCT2
metformin
TEA
metformin

NBuPy-Cl 4.74±0.66

3.78±0.23

2.30±0.63

0.69±0.08

BmPy-Cl

4.70±1.37

1.80±0.26

0.48±0.05

0.15±0.01

Bmim-Cl

7.53±0.97 1.81 ±0.08 1.50±0.43 0.44 ±0.04

Table 5.2
Inhibitory parameters (IC50) of NBuPy-Cl, Bmim-Cl and BmPy-Cl on OCTs
mediated TEA or metformin transport (mean±SEM, n=3-5).
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5.5.2 Inhibitory effects of NBuPy-Cl, Bmim-Cl and BmPy-Cl on hOAT 1/3 in
vitro
The inhibitory effects of NBuPy-Cl, Bmim-Cl and BmPy-Cl were also
characterized on another class of transporters, human organic anion transporter
1 and 3 (hOAT1/3). OATs belong to the family of SLC 22, as well. Comparing
with OCTs, OATs usually transport organic anions. Some uncharged molecules
and some organic cations are also reported to be transported by OATs
(Burckhardt and Burckhardt, 2003). Many drugs have been determined to be
substrates of OATs, such as β-lactam antibiotics, antivirals, ACE inhibitors,
diuretics and NSAIDs. OAT1 and OAT3 are mainly expressed in the basolateral
membrane of proximal tubule and are responsible for the first step of renal
organic anion secretion.
In order to determine if NBuPy-Cl, Bmim-Cl and BmPy-Cl interact with
other transporters, their inhibitory effects were also determined on hOAT1 and
hOAT3. The intracellular uptake of [3H]p-aminohippuric acid ([3H]PAH) by hOAT1
and [3H]estrone sulfate ([3H]ES) by hOAT3 was evaluated at 60 s in the absence
or presence of serial concentrations of NBuPy-Cl, Bmim-Cl and BmPy-Cl. As
shown in Figure 5.5, [3H]PAH and [3H]ES uptake were dramatically decreased in
the presence of 1000 µM of PAH and ES, respectively. Comparing the control
group, intracellular level of radiolabeled compound was not influenced at any
concentration of NBuPy-Cl. Similar inhibitory profiles were observed for Bmim-Cl
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and BmPy-Cl. These data demonstrate that the tested ILs do not interact with
hOAT1 and hOAT3.
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Figure 5.5
Intracellular uptake of [3H]PAH in CHO cells expressing hOAT1 and [3H]ES in
CHO cells expressing hOAT3 in the presence of increasing concentration of
NBuPy-Cl. Control group was treated with [3H]PAH or [3H]ES only. 1000 µM of
PAH or ES was used as positive control. Data were normalized to percent of
control uptake.
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5.5.2 Inhibition of alkyl substituted pyridinium ILs to OCTs in vitro
To determine the relationship between structure of ILs and their inhibitory
effects (structure activity relationship) on OCTs, pyridinium based ILs with
different alkyl chain lengths were investigated (Figure 5.5). Uptake of TEA or
metformin by OCTs was measured in the presence of increasing concentrations
of Py-Cl, EtPy-Cl and HePy-Cl. As shown in Figure 5.6 A, all the tested
pyridinium compounds displayed inhibitory effects on the rOCT2 mediated
[14C]metformin transport. Py-Cl was the weakest inhibitor with an IC50 of 671 μM.
The inhibition curve shifted left gradually and the IC50 value decreased around 10
fold for each additional 2 carbons on the alkyl chain. HePy-Cl showed the
strongest inhibitory activity (IC50: 0.1 μM). The structurally related inhibitory
effects of these pyridinium ILs on rOCT1 and hOCT2 were similar to those of
rOCT2 (Figure 5.6 B). All the IC50 values were presented in Table 5.3.
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Chemical structures of pyridinium based ionic liquids.
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Inhibitory effects of pyridinium (Py) based ILs (RPy-Cl: Py-Cl, EtPy-Cl,
NBuPy-Cl and HePy-Cl) on OCTs. A: Intracellular uptake of
[14C]metformin (B, 60s) by CHO_rOCT2 in the presence of increasing
concentrations of RPy-Cl (N=3-5, mean±SEM); B: Relationship between
inhibitory effects (IC50) and alkyl chain length of RPy-Cl.
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rOCT1
TEA

IC50 (µM)
rOCT2
hOCT2
metformin
TEA
metformin

Py-Cl

762±254

671±92

744±96

555±40

EtPy-Cl

72.1±13.3

14.4±0.9

36.7±3.7

20.1±2.2

NBuPy-Cl 4.74±0.66 3.78±0.23 2.30±0.63 0.69±0.08
HePy-Cl

2.21±0.23 0.10±0.01 0.35±0.03 0.10±0.01

Table 5.3
Inhibitory parameters (IC50) of pyridinium based ILs with increasing alkyl chain
length on OCTs mediated TEA or metformin transport (mean±SEM, n=3-5).
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5.5.3 Inhibitory effects of NBuPy-Cl on the pharmacokinetics of metformin
Following administration of a single i.v. dose of [14C] metformin (5 mg/kg)
to male F-344 rats, the plasma concentration of metformin decreased in a
biphasic mode. Analysis by a two-compartment model resulted in a distribution
half-life of 0.28 h and an elimination half life of 3.2 h (Figure 5.7). The volume
distribution was 599 ml and the systemic clearance was 2.8 ml/min. Since the
liver excretion of metformin is negligible, its systemic clearance approximately
equals renal clearance (Scheen, 1996).
Infusion of NBuPy-Cl increased the plasma level of metformin in a dose
dependent manner (Figure 5.7). Both the AUC and elimination half-life of
metformin were increased due to the reduced renal clearance (Table 5.4).
Following radio-HPLC analyses, only one peak was detected in the plasma
samples from both saline and NBuPy-Cl treated rats. This peak co-eluted with
the [14C]metformin standard (data not shown). This observation is consistent with
previous report that metformin was not metabolized in rats (Tucker et al., 1981).
At the terminus of the experiment, the concentrations of [14C]metformin
equivalents in selected tissues were determined (Table 5.6). Compared to the
saline treated rats, the lower two doses of NBuPy-Cl (0.5 and 2 mg/kg/h) had no
significant effect on the tissue distribution of metformin. However, metformin
concentration in all studied tissues, except adipose and kidneys, were
significantly increased when NBuPy-Cl (5 mg/kg/h) was dosed.
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Figure 5.8
Plasma concentrations of metformin (n=4-5, mean±SE) following a single
i.v. administration (5 mg/kg) to male F344 rats with saline (▲, 2 ml/h) or
NBuPy-Cl (■, 0.5 mg/kg/h; ●, 2 mg/kg/h; ♦, 5 mg/kg/h) infusion through
jugular vein. Predicted values (lines) were calculated based on best-fitanalyses using two compartment model fit.
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Saline
NBuPy-Cl

AUC

T1/2α

T1/2β

Cl

Vss

min*µg/ml

h

h

ml/min

ml

2 ml/kg/h

585

0.28

3.2

2.8

599

0.5 mg/kg/h

811

0.22

4.0

2.0

585

2 mg/kg/h

3604

0.18

13

0.47

497

>10000

0.12

>100

<0.01

434

a

5 mg/kg/h

Table 5.4
Kinetic parameters of metformin in male F-344 rats following i.v. administration
(5mg/kg) with NBuPy-Cl or saline infusion. AUC: area under the curve; T1/2α:
distribution half life; T1/2β: terminal half life; CL: systemic clearance; Vss: volume
of distribution.
a
: The parameters of this dose was based on plasma concentration from 0 to
150 min. The time point of 180 min was not applied because of the
pharmacokinetic model fit.

174

Metformin concentration (µg/g tissue)
Saline

NBuPy-Cl

2 ml/kg/h

0.5 mg/kg/h

2 mg/kg/h

5 mg/kg/h

N=4

N=4

N=4

N=5

Adipose

4.2±2.3

1.8±0.4

7.3±0.9

5.7±1.7

Heart

41.3±4.4

31.6±2.5

45.8±8.4

46.8±4.2*

Kidneys

204±73

151±47

756±192

870±255

Liver

16.9±2.9

13.7±0.3

44.9±11.1

81.4±16.1**

Lung

14.5±2.7

15.0±0.8

28.7±4.8

42.3±5.7*

Muscle

7.1±2.0

5.8±0.4

12.8±1.2

14±1.8**

Spleen

8.8±1.6

8.5±0.5

18.3±3.4

23.0±2.8**

Testes

3.9±0.3

4.6±0.4

7.4±1.2

10.4±7.8*

Table 5.5
Metformin concentration in selected tissues (µg/g) in F-344 rats following i.v.
administration of metformin (5 mg/kg) with saline or NBuPy-Cl infusion
(Mean±SEM).
*: p<0.05; **: p<0.01 when comparing with saline group using student t-test.
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5.6

Summary
NBuPy-Cl, Bmim-Cl and BmPy-Cl are ILs composed of an organic cation and

a simple anion, chloride (Cl-). Chloride is an essential anion for the body and is
carefully regulated by various transporters in the kidneys. Organic cations are
unlikely to permeate membrane freely, so their intestinal absorption and renal
secretion are largely dependent on membrane transporters. Based on
physiological (rapid renal clearance) and chemical (organic cation) factors, it was
hypothesized that these ILs would serve as substrates for OCTs. This hypothesis
is consistent with published results that other cationic pyridinium compounds,
such as 1-methyl-4-phenylpyridinium and paraquat, are substrates for OCTs
(Koepsell et al., 2007; Chen et al., 2007).
Data provided in this section support the hypothesis that these three ILs are
substrates for OCTs. When the 3 ILs were incubated with CHO cells expressing
rOCT1, rOCT2 and hOCT2, they were transported into the cells. Such uptake
was not observed in naïve CHO cells.
OCTs transport various physiological, pharmacological and toxic chemicals
(Wright, 2005). Therefore, being substrates of OCTs, NBuPy-Cl, BmPy-Cl and
Bmim-Cl could compete with other substrates. The results demonstrated that
these three ILs were potent inhibitors of rOCT1/2 and hOCT2. The IC50 values for
inhibition of hOCT2 mediated TEA transport range from 0.5 to 2.3 µM. These
values are similar to those observed for MPP+ (2 µM) and tetrapentylammonium
(10 µM), compounds considered to be highly potent inhibitors of hOCT2 (Suhre
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et al., 2005). When metformin, the widely prescribed Type 2 anti-diabetic drug,
was used as the probe substrate for hOCT2, these ILs demonstrated even
stronger

inhibitory

effects.

This

observation

was

also

noted

when

tetraalkylammonium was used to inhibit hOCT2 mediated MPP+ and metformin
(Dresser et al., 2002; Choi et al., 2007). Transport of metformin was inhibited to a
greater degree. Why the different inhibitory effects were observed for the two
probe substrates is still not clear. It might be related to the different binding area
of these two substrates on OCTs and/or the involvement of some noncompetitive interactions.
ILs are called “designable chemicals” because they can be customized
structurally to fit specific applications. These alternations in structure will change
not only the chemical and physical properties, but may also alter the disposition,
transport and toxicity of ILs. As demonstrated by the SAR results presented here,
the inhibitory effects of the pyridinium based ILs changed dramatically as the size
of the alkyl side chain was altered. The IC50 values decreased significantly with
an increase in the number of carbons on the alkyl chain. This result is similar to
the inhibitory effects of tetraalkylammonium on hOCT1/2 (Choi et al., 2007). The
inhibition of transport became greater as the size of the alkyl chain increased.
OCTs in kidneys play a critical role in the renal secretion of organic
cations. Thus disruption of OCTs will alter the elimination profile of their
substrates. For example, renal clearance of TEA was significantly decreased in
both rats and mice with impeded OCT1/2 function (Jonker et al., 2003; Matsuzki
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et al., 2008). Similarly, the renal clearance of metformin in humans, which is
eliminated in the urine partially through tubular secretion by OCT2, was reduced
when coadministered with cimetidine, a known inhibitor of OCT1/2 (Somogyi et
al., 1987; Sambol et al., 1995, Kimura et al., 2005). Results presented here show
that the area under the curve and elimination half life of metformin was
increased, in a dose dependent manner, when NBuPy-Cl was infused i.v. into the
systemic circulation of rats. These pharmacokinetic alterations reflect the
reduced renal clearance of metformin as a result of inhibition of rOCT1/2.
Theoretically, these results can be extrapolated to humans. OCT2 is expressed
predominantly in the human kidneys, mediates the transport of metformin
(Kimura et al., 2005), and was shown to be inhibited in vitro by micromolar
concentrations of NBuPy-Cl.
NBuPy-Cl appears to have minimum influence on the systemic volume of
distribution of metformin in rats. In most tissues (except adipose), metformin
concentration was increased 2.5-5 fold when NBuPy-Cl (5 mg/kg/h) was coadministered.
In summary, NBuPy-Cl was able to inhibit strongly the kidney OCTs
(hOCT2 and rOCT1/2). In rats, this inhibition altered the in vivo pharmacokinetics
of metformin. The structurally related ILs, Bmim-Cl and BmPy-Cl, and pyridinium
based ILs with increasing alkyl chain length, are also determined to be inhibitors
of OCTs. In addition, this inhibitory effect is proportional to the alkyl chain length
of ILs.
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Chapter 6
Discussion
Room temperature ionic liquids (ILs) have been investigated extensively in
the past few years because of the growing interest in developing cleaner solvents
across industrial processes. This interest stems from both environmental and
economical concerns. Because of the lack of sufficient data on the disposition of
ILs, this research represents a continuation of studies that explored their
absorption, distribution, metabolism and elimination in mammalian systems. The
ILs under investigation were a series of structurally related ILs (Bmim-Cl, BmPyCl and NBuPy-Cl). The results presented in this dissertation support the
hypothesis that these ILs are partially absorbed through GI track and then
excreted rapidly as parent compounds by both glomerular filtration and
organic cation transporter-mediated renal secretion . The key findings were
that:
 these ILs were absorbed readily following oral administration independent of
size and frequency of dosing
 they were moderately absorbed after dermal application
 the absorbed ILs were distributed widely in the body
 no metabolites were detected in either blood or urine
 the systemically available ILs were eliminated exclusively in the urine and the
unabsorbed dose was recovered in the feces
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 their rapid renal elimination was the result of both glomerular filtration and
renal secretion
 these ILs were substrates, as well as inhibitors, of organic cation transporters
 the inhibitory effects of alkyl substituted pyridinium ILs on OCTs increased
dramatically as the length of the alkyl chain increased
 NBuPy-Cl, as a result of inhibition of rOCT1/2, prolonged the plasma half-life
and reduced the renal clearance of metformin in a dose dependent manner

The following discussion will first focus on the similarities and differences
in the disposition of these three ILs in rats and explore the roles of OCTs on their
disposition. Then it will describe the in vitro and in vivo inhibitory effects of ILs on
OCTs and speculate about the potential toxicity as a result of the drug chemical
interaction. Attention is also paid to comparing the disposition/toxicity of the
hydrophilic ILs with one of the most widely used organic solvents, benzene.
Recently, our laboratory reported how dose and route of administration
affect the disposition of Bmim-Cl in rats and mice (Sipes et al., 2008). Similar to
that reported for Bmim-Cl, extent of dermal absorption of NBuPy-Cl and BmPy-Cl
was dependent on the nature of the vehicles. The absorption was poor when
they were applied in an aqueous vehicle. Absorption increased when using a
hydrophobic vehicle, DMF. Following oral administration, these three chemicals
were absorbed rapidly and reached the maximum blood concentration in less
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than 1 h. Most of the orally dosed NBuPy-Cl was absorbed (62-68%). However,
the oral bioavailability of BmPy-Cl (47%) is lower than that of Bmim-Cl (67%).
Based on the chemical structures of these ILs (positively charged
moieties), it is highly unlikely for them to across the cell membrane by simple
diffusion. Therefore, their absorption from GI tract is most likely mediated by
transporters across the cell or by para-cellular diffusion. OCT1 is abundantly
expressed in the small intestine, and with some expression in stomach and large
intestine (Koepsell et al., 2007). Since these 3 ILs are substrates of rOCT1, their
absorption following oral administration might be mediated by rOCT1. Compared
with Bmim-Cl and NBuPy-Cl, BmPy-Cl is a poor substrate for rOCT1, which is in
a good agreement with its lower oral absorption. However, since the size of the
dose does not change the absorption profiles of ILs, they may also be absorbed
by para-cellular diffusion.
Following both i.v. and oral administration, NBuPy-Cl, BmPy-Cl and BmimCl were distributed widely in rats (large volumes of distribution).

14

C equivalents

of these ILs were detected in all the tested tissues. Higher concentrations were
found in tissues with large blood flow. Due the hydrophilic property of ILs, they
were not distributed significantly to adipose tissue. In addition, NBuPy-Cl did not
bind considerably to plasma proteins, but it was partially associated with blood
cells (25%) in a concentration independent mode. This suggests that NBuPy-Cl
may distribute in a balance between plasma and blood cells. After 72 h, the
amount of ILs remained in the tissues was negligible.
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The three tested ILs share a common group, a butyl substitution, on
different nitrogenous bases. This butyl substitution provided opportunities for
cytochrome P450 to form hydroxyl derivatives. However, the results of the in vivo
disposition studies provided no evidence for metabolism of any of these three
compounds in rats. Following all routes of administration, each compound was
excreted in the urine as parent. In addition, no circulating metabolites of BmimCl, NBuPy-Cl, or BmPy-Cl were detected in the blood. Disposition and
elimination studies of Bmim-Cl and NBuPy-Cl in mice also failed to detect any
metabolites in the urine. Therefore, it can be concluded that the metabolism of
these ILs is minimal, if it occurred at all.
Several groups have reported the metabolism of imidazolium and
pyridinium based ILs by microorganisms. It was shown that pyridinium based ILs
could be degraded by the microbial community presenting in activated sludge
(Pham et al., 2009b). The proposed metabolic pathway of 1-butyl-3methylpyridinium entity is shown in Figure 6.1. Further studies are needed to
characterize the enzymes for each metabolic process. BmimBF4 was broken
down to 1-H-methylimidazole and 1-H-butylimidazole by Pesudomonas putida
after 15 days of incubation (Kumar et al., 2006). However, various intermediate
metabolites were determined following incubation with different microorganisms,
which indicate that BmimBF4 follows the specific metabolic pathway to certain
microbe.
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Sipes et al. (2008) also observed some evidence of biotransformation
products in the extractions of fecal samples from rats that received an oral
administration of Bmim-Cl. Since no metabolites of Bmim-Cl were detected in
blood or urine, it was suggested that these metabolites were formed by gut
microflora. However, no attempts were made to identify these metabolites.

Figure 6.1
Predicted metabolic pathway of 1-butyl-3-methylpyridinium by microorganisms
from activated sludge (Pham et al., 2009).

These three ILs were eliminated rapidly following all routes of
administration. Most of the dose (> 60%) was recovered in the urine within 6 h
after i.v. administration. Following dermal application, slow excretion occurred
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through 96 h. This slower elimination process most likely resulted from a slower
absorption process. More than 90% of the orally dosed compounds were
excreted in 72 h in the urine and feces. BmPy-Cl was eliminated somehow
differently than Bmim-Cl and NBuPy-Cl following oral administration. Most of the
dosed Bmim-Cl and NBuPy-Cl was excreted in the urine (62-68%), but the major
route of BmPy-Cl elimination is fecal excretion (51-67%). The higher fecal
excretion of BmPy-Cl is primarily due to its poor absorption from GI track (oral
bioavailability 47%).
The blood toxicokinetic profile of NBuPy-Cl is similar to that of Bmim-Cl.
Following i.v. administration, NBuPy-Cl was eliminated from the blood in a
biphasic manner with an elimination half life of 2.2 h. BmPy-Cl was eliminated in
a biphasic manner, as well. However, its blood clearance was two-fold lower than
those of NBuPy-Cl and Bmim-Cl. Since the systemic available ILs are only
eliminated by kidneys, their blood clearances reflect renal clearances. The renal
clearances of Bmim-Cl, NBuPy-Cl and BmPy-Cl exceeded the published values
for the glomerular filtration rate in rats (0.5-1.2 ml/min/100 g) (Corley et al.,
2005). The co-administration of NBuPy-Cl and inulin revealed that the plasma
clearance of NBuPy-Cl is greater than that of inulin, a compound that is only
eliminated by glomerular filtration. These results suggest a secretary mechanism
for the renal elimination of these ILs.
Based on their chemical structures, it was hypothesized that the renal
secretion of ILs was mediated by OCTs. The transport of these three ILs were
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then determined in CHO cells expressing rOCT1/2. They were excellent
substrates for these OCTs. Kinetic analysis showed that they have kinetic
properties similar to those of the model substrate of OCTs, TEA. This suggests
that the processing of ILs urinary elimination would be the same as TEA, which
is secreted by OCTs in the kidney (Jonker et al., 2003). The observed renal
secretion of ILs in the rat argues that these compounds are likely to be eliminated
rapidly in the human. In the human, OCT2 is the predominant transporter in the
renal secretion of organic cations (Motohashi et al., 2002). Consequently, the
high affinity interaction of ILs with hOCT2 supports the hypothesis that they will
be rapidly cleared by the human kidney.
Because of their ability to be effective inhibitors of OCTs, ILs could
influence the disposition/toxicity of other chemicals. The data presented in this
dissertation demonstrated all the tested ILs were able to inhibit OCT-mediated
TEA or metformin transport in vitro. Evidence was obtained that such inhibition
could also occur in vivo. The plasma concentration of metformin following i.v.
administration was increased in rats which also were infused with NBuPy-Cl. This
reduced secretion of metformin was the result of NBuPy-Cl inhibitory effects on
OCTs.
However, it should be noted that the doses infused into rats were quite
high and most likely resulted in blood levels that would not be achieved in
humans exposed orally or dermally to environmental/occupational levels of
NBuPy-Cl or other ILs. Clearly, additional studies are needed to determine how
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alterations in structure affect absorption of ILs after oral dosing or dermal
application. More lipophilic ILs may achieve higher internal concentrations. This,
coupled with the increased inhibitory effects (ILs with longer alkyl chain), could
influence the pharmacokinetic s and toxicities of a variety of chemicals that are
substrates of OCTs.
As mentioned earlier, OCTs are expressed on the basolateral membrane
of the epithelium cells. They only influence the uptake of substrates from the
systemic circulation to the proximal tubular cells in the kidneys. There are other
transporters expressed on the apical membrane, such as the multidrug and toxin
extrusion transporters, MATE1 and/or MATE2k, to export such chemicals to the
tubular lumen. TEA and the pyridinium compound, 1-methyl-4-phenylpyridinium,
were determined to be substrates of these two MATE transporters (Tanihara et
al., 2007). As a pyridinium compound, NBuPy-Cl could also be a substrate of
these two MATE transporters. Therefore, it is possible that MATEs contribute to
the overall excretion of ILs into the tubular lumen. In addition, the decreased
renal clearance of metformin in rats could also be enhanced by the competition
between NBuPy-Cl and metformin for MATE and MATE2-K at the apical
membrane, since metformin is also a substrate of MATEs (Tanihara et al. 2007).
The results presented here showed that NBuPy-Cl had minimal influence
on the systemic volume of distribution of metformin in rats. However, the
metformin concentration was increased 5 fold in the liver of rats when NBuPy-Cl
(5 mg/kg/h) was coadministered. OCT1 also involves the uptake and secretion of
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organic cations in the liver (Meyer-Wentrup et al., 1998). Inhibition of OCT1,
which is presumably responsible for mediating uptake of substrates into liver
cells, would be expected to result in a decrease in metformin content of hepatic
tissue.

Alternatively, NBuPy-Cl may exert a marked inhibitory effect on the

second step in hepatic (and renal) organic cation secretion, namely, apical exit of
organic cation (i.e., metformin) from the cell into the bile/plasma (liver) or tubular
filtrate (kidney). In both organs, this step is currently believed to be mediated by
the OC/H+ exchanger, MATE1 in the liver (Otsuka et al., 2005; Terada et al.,
2006) and MATE2-K in the human kidney (Masuda et al., 2006). Tanihara et al.
(2007) reported that metformin is a substrate of both transporters (hMATE1; Kt:
0.78 mM) and hMATE2-K (Kt: 1.98 mM). They also showed that one pyridinium
compound, MPP+, is transported by these two apical transporters with Kt values
around 1 mM. Since NBuPy-Cl is a pyridinium compound, it could also be a
substrate of these two MATE transporters. If NBuPy-Cl (and other ILs) exert the
same (or greater) degree of inhibition of MATE-mediated metformin transport as
they do through the OCTs, then these compounds could result in trapping
accumulated substrate in hepatic and renal tissues by limiting its apical efflux.

A major reason for the rapid development of ILs is to replace or reduce the
usage of conventional volatile organic solvents. Benzene is one of such solvents
that has been heavily applied in industrial applications. Benzene is an aromatic
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hydrocarbon and is widely used as an intermediate to make polymers, plastics,
nylon, rubber, lubricants, dyes and other industrial chemicals.
Compared to NBuPy-Cl, BmPy-Cl and Bmim-Cl, benzene is more
extensively absorbed after oral (> 95% of dose) and dermal (0.4 mg/cm2/h)
exposure (Mathews et al. 1998; World Health Organization report, 1982).
Because of the extreme low volatility, the inhalation exposure of ILs would rarely
occur. However the most frequent route of benzene exposure to humans is from
inhalation. Benzene is readily absorbed via lung and 40-50% of that inhaled is
retained. After absorption, benzene is taken up preferentially by fatty and
nervous tissues (World Health Organization report, 1974). It was reported that
benzene was eliminated more slowly and stored longer in adipose tissue than in
the lean tissues of rats (Clayton, 1993).
ILs were not metabolized in rodents. However, the metabolic profile of
benzene is complicated (Figure 6.2). In addition, its metabolic profile varies
among different species (Snyder and Hedli, 1996). For example, phenyl sulfate
was the predominant metabolite (64-73%) in the urine of rats; in hamsters, the
major metabolites are hydroquinone glucuronide (24-29%) and muconic acid (1931%) (Mathews et al., 1998). It is believed that this is a result of varying amounts
of hepatic enzymes expressed in different species. The absorbed ILs are
eliminated predominantly in the urine in rat and mice in a dose independent
manner. Benzene is also excreted rapidly in the urine as metabolites at a low
dose (<10 mg/kg). However, a significant amount of benzene was exhaled
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unchanged in rats, mice and hamsters at the dose of 100 mg/kg (Mathews et al.,
1996). Very little was recovered from fecal samples in all doses.
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Figure 6.2
Benzene metabolic schema.
1: Arene oxidation (CYP2E1); 2: epoxide hydration (epoxide hydrolase); 3:
Aromatic ring opening; 4: Oxidation (aldehyde dehydrolase); 5: Glucuronic acid
conjugation (UGT), 6: Sulfate conjugation (Sulfotransferase), 7 Parahydroxylation (CYP2E1). Adapted from Sabourin et al. (1998) and Sanders et al.
(2001).
The LD50 value of benzene was reported to be 930 mg/kg following oral
administration to rats (MSDS). Based on this value, Bmim-Cl (LD50=550 mg/kg)
is actually more toxic than benzene when injected in a large dose. Following
chronic exposure, benzene is well known to cause aplastic anaemia, leukaemia,
and multiple myeloma by its metabolites (Smith, 2010). By far there are still no
toxicity data about these three ILs following long term exposure. However,
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didecyldimethylammonium acesulfamate, with a LD50 value (500 mg/kg) close to
Bmim-Cl, has been investigated in rats following 28 days of sub acute oral
administration (10, 50, 100 mg/kg/d). Reduced body weight gain and good
consumption was observed in mid- and high-dose rats. The highest dose (100
mg/kg/d) also caused significant increases in hematocrit, mean corpuscular
volume, mean platelet volume, activities of GGT, SDH and LDH, and bilirubin
concentration. The concentrations of triglycerides, glucose, and inorganic
phosphorus were statistically decreased. However, no evidence of treatment
related gross toxicity was identified during clinical observations of rats exposed to
all doses.
Compared to benzene, the low vapor pressure and poor dermal
absorption of these three ILs reduced their risk for systemic exposure. In
addition, the hydrophilic nature promotes their rapid clearance from the body.
Furthermore, the fact that they were not metabolized reduces their potential for
bio-activation. Thus, it is expected that they will be less toxic than benzene
following long term exposure. However, the hydrophobic ILs (ILs with long alkyl
chain or with hydrophobic group) may have higher skin absorption and could
accumulate in selected tissues. More studies are necessary to determine the
disposition and toxicity of hydrophobic ILs in mammalian systems. As pointed
earlier, ILs can be designed with specific chemical characteristics. Gathergood
and Scammells (2004) suggested adding biodegradable sites to ILs. These
included adding (A) ester and amides for enzymatic hydrolysis, (B) hydroxyl,
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aldehyde or carboxylic acid group, and (C) linear alkyl chains (>4 carbons) or
phenyl rings for oxygenases. It has determined that imidazolium based ILs
containing ester group can be readily biodegraded (Gathergood et al., 2006).
It is often stated that ILs are less toxic than conventional organic solvents.
However, the data base on ILs is still not robust. Acute toxicity may occur at
lower doses of certain ILs. However, minimal toxicity data are available in
mammalian system following chronic doses.

Because of the overwhelming

diversity of ILs, more comprehensive data about their disposition, metabolism
and toxicities are required immediately, especially categorized by their chemical
structures.
This is the first report characterizing the dispositions and toxicities of ILs in
mammalian systems. Two representative ILs were investigated in rats and mice.
The results obtained here demonstrated that these ILs are absorbed from GI
track and then excreted rapidly as parent form in the kidney by both glomerular
filtration and renal secretion. It was further found that ILs are substrates for and
potent inhibitors of OCTS. These potent inhibitory effects, particularly for more
lipophilic ILs, are of concern because of the potential to alter the
pharmacokinetics of other compounds transported by OCTs.
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Appendix A
Inulin Purification
[3H] Inulin was purchased from Perklint (lot # 3538-003). The stock
solution was assayed on May 5th , 2004, containing 2 mCi of [3H] equivalents in 1
ml water solution. Its specific activity was reported to be 250 mCi/mmol and the
radiochemical purity was reported greater than 97%. However, it was determined
that the stock solution only contained 1.2 mCi of [3H] equivalents in 1 ml solution
with the radiochemical purity of 69% (Appendix A Figure 1 A). The gradient
system used for HPLC separations of inulin is shown in Appendix A Table 1.
The [3H] inulin solution was purified by dialysis. Briefly, 500 µL of stock
solution was injected into a Slide-A-Lyzer dialysis cassette (Pierce, lot#
IF114778) with 3,500 molecular weight cut off. It was dialyzed in 1 L of nano-pure
water 2 hours twice and then 12 hr at 4 oC. The purity of dialyzed sample was
then determined by the radiochemical HPLC as described above. It was noted
that there was only one peak in the HPLC radio-chromatograms (Appendix A
Figure 1 A B), which accounted more than 99% of the detected radioactive
equivalents. Therefore, this dialyzed [3H] inulin solution was applied for
determining the GFR in rats.
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Appendix A Figure 1
Representative HPLC-radio chromatograms of [3H] Inulin. Samples were injected
onto a Prodigy ODS3 column (5 µm, 250x4.6 mm), eluted with acidified water:
acetonitrile using a gradient method and detected by HPLC-radio (βRAM, In-US,
Tampa, Fl) (A: Pre-dialysis; (B) post-dialysis)
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Time (min) A (%) B (%)
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Appendix Table 1
High performance liquid chromatography gradient elution for the detection and
separation [3H] Inulin. (A: 0.1% formic acid in water; B:0.05% formic acid in
acetonitirle)
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