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Transport and metabolism of MitoQ,,
a mitochondria-targeted antioxidant,
in Caco-2 cell monolayers

Yan Li, J. Paul Fawcett, Hu Zhang and lan G. Tucker

Abstract

Mitoquinone (MitoQ;, mesylate) is a mitochondria-targeted antioxidant formulated for oral admin-
istration in the treatment of neurodegenerative diseases. We have investigated the absorption and
metabolism of MitoQ,, in Caco-2 cell monolayers. The intracellular accumulation of MitoQ,o was
18-41% of the total amount of MitoQ,, added. Some of the intracellular MitoQ,, was reduced to
mitoquinol and subsequently metabolized to glucuronide and sulfate conjugates. Transport of
MitoQqo was polarized with the apparent permeability (P,,,) from basolateral (BL) to apical (AP)
(PappeL—sap) being >2.5-fold the P,,, from apical to basolateral (P,,,5p—g0)- In the presence of 4%
bovine serum albumin on the basolateral side, the P,,,,p—g, value increased 7-fold compared with
control. The P,oop —>ap value decreased by 26, 31 and 61% in the presence of verapamil 100 m,
ciclosporin 10 and 30 um, respectively, whereas the P, ap—g value increased 71% in the presence
of ciclosporin 30 um. Apical efflux of mitoquinol sulfate and mitoquinol glucuronide conjugates was
significantly decreased by ciclosporin 30 um and the breast cancer receptor protein (BCRP) inhibitor,
reserpine 25 uMm, respectively. These results suggested that the bioavailability of MitoQ;q may be lim-
ited by intracellular metabolism and the action of P-glycoprotein and BCRP. However, the dramatic
increase in absorptive P, , in the presence of bovine serum albumin on the receiver side suggests
these barrier functions may be less significant in-vivo.

Introduction

Mitochondrial oxidative damage is implicated in various diseases including Parkinson’s
disease, Friedreich’s ataxia, diabetes and certain types of cancer (Murphy & Smith 2000).
Targeted delivery of bioactive molecules to mitochondria may be a new therapeutic
strategy for these conditions (Murphy & Smith 2000; Smith etal 2003). Mitoquinone
(10-(4,5-dimethoxy-2-methyl-3,6-dioxo- 1,4-cyclohexadien-1-yl)decyl) triphenylphosphonium
mesylate) (MitoQ;, mesylate) is currently undergoing development as a mitochondria-
targeted antioxidant where the active form is mitoquinol produced by intracellular reduction
(James etal 2005) (Figure 1). The cationic nature of MitoQ;, promotes its selective accu-
mulation within mitochondria due to the large mitochondrial membrane potential (negative
inside) (Kelso etal 2001; Smith etal 2003). This imparts a several hundredfold increase in
potency at preventing mitochondrial oxidative damage compared with an untargeted anti-
oxidant such as idebenone (Kelso etal 2001; Jauslin etal 2003; Asin-Cayuela etal 2004;
Adlam etal 2005). Currently, mitoquinone is undergoing Phase II clinical trials in New
Zealand for treatment of Parkinson’s disease.

Recently, it has been recognized that several neuroprotective agents require a slower and
more prolonged administration schedule to produce optimal neuroprotective effects (Stoof
etal 1999; Nyholm 2006). Oral regimens are generally appropriate for this purpose. In addi-
tion, oral regimens are more acceptable due to their greater safety, cost effectiveness, con-
venience and ability to improve life quality (DeMario & Ratain 1998; Bleyer & Danielson
1999). Although animal studies suggest oral delivery of MitoQ, is feasible (Smith etal
2003; Adlam etal 2005), a better understanding of intestinal absorption mechanisms of this
permanently cationic compound is required. Such mechanism studies can be addressed
through in-vitro studies of drug absorption.
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Figure 1 Chemical structures of MitoQ, (A) and mitoquinol (B).

The human intestinal Caco-2 cell monolayer is a proven
model of drug absorption in the development of potential
drug candidates (Artursson & Karlsson 1991; Yee 1997;
Matsson etal 2005). Functional expression of various drug
transporters and metabolic enzymes in Caco-2 cells allows
elucidation of drug absorption pathways and intestinal meta-
bolic profiles (Gan & Thakker 1997; Artursson etal 2001).
The information provided is useful in guiding formulation
design and predicting potential drug—drug/food—drug interac-
tions. We have investigated the transport and metabolism of
MitoQ across Caco-2 cell monolayers.

Materials and Methods

Materials

Mitoquinone and [*H]mitoquinone mesylate (sp. act.
11.7mCi mmol™'; radiochemical purity, 98.5%) were
provided by Professor Robin R. Smith of the Chemistry
Department, University of Otago, New Zealand. Caco-2 cells
were obtained from the American Type Culture Collection
(Rockville, MD). Dulbecco’s modified Eagle’s medium
(DMEM), Hank’s Balanced Salt Solution (HBSS), fetal
bovine serum (FBS), trypsin-EDTA, non-essential amino
acids, and penicillin-streptomycin-glutamine were all from
Life Technologies (Auckland, New Zealand). Bovine serum
albumin (BSA), N-[2-hydroxyethyl]piperazine-N’-[4-butanesul-
fonic acid] (HEPES), 8-glucuronidase (from Helix pomatia), sul-
fatase (from H. pomatia), ciclosporin (cyclosporine), verapamil,
indometacin, reserpine and decynium 22 were purchased
from Sigma Chemical Co. (Sydney, Australia). ['*C]Mannitol
(sp. act. 51 mCi mmol™'; radiochemical purity, 98.6%) was
purchased from Amersham Pharmacia (Auckland, New
Zealand). Transwell inserts and plates (12mm i.d., 0.4-ym
pore size, 1.13 cm?, polycarbonate filters) were obtained from
Corning Costar Corp (Cambridge, MA). Acetonitrile (HPLC

grade) was purchased from Lab Supply Co. (Auckland, New
Zealand). Distilled water, prepared from demineralized water,
was used throughout the study. Other reagents were of analyt-
ical grade.

Preparation of mitoquinol mesylate

Mitoquinol mesylate was prepared according to James etal
(2005). To a solution of mitoquinone mesylate (1 mM) in
methanol (1.0mL) was added a few mg NaBH,. After incu-
bation on ice in the dark for 5min, excess NaBH, was
consumed with 10% (v/v) methanesulfonic acid (0.2 mL).
The complete conversion of MitoQ, to mitoquinol was con-
firmed by LC-MS analysis.

Cell culture

Caco-2 cells at passage 26 were cultured in complete DMEM
containing 10% FBS, 1% penicillin-streptomycin-glutamine
and 1% nonessential amino acids under an atmosphere of 5%
CO,/95% air at 37°C and 95% relative humidity. Caco-2 cells
at 80-90% confluence were split with 0.05% trypsin—-EDTA
and seeded into Transwell inserts at a density of 2 X 10°
cells/insert. The medium was replaced every two days until
21-26 days. Transepithelial electrical resistance (TEER)
(Qecm?) of the monolayers was measured at room temper-
ature using a Millicell-ERS apparatus (Millipore Corp.
Bedford, MA).

Bidirectional transport studies

Monolayers were washed twice with HBSS at 37 °C before
experiments. For apical (AP) to basolateral (BL) transport,
0.5mL transport buffer (HBSS with 25mm HEPES and
25mM glucose at pH 7.4) containing MitoQ;, (2.5-30 M)
was added to the apical side, and 1.5 mL transport buffer to
the basolateral side. For basolateral to apical transport,
1.5mL MitoQ)q solution (2.5-30 M) was added to the baso-
lateral side and 0.5 mL transport buffer to the apical side. The
effect of various compounds on MitoQ; transport was inves-
tigated by adding them to the mitoquinone solution (10 ym).
To investigate the effect of plasma protein binding on apical
to basolateral transport, transport buffer containing 4% (w/v)
BSA was added to the basolateral side. After incubating for
0.5, 1, 1.5 and 2h at 37°C, a sample (0.4 mL) was collected
from the receiver side and replaced by 0.4 mL prewarmed
transport buffer or 4% BSA in buffer. All samples were
stored at —80°C until analysis. Monolayer integrity was con-
firmed by TEER value >400 Qecm? and transepithelial trans-
port of ['*CJmannitol < 1%/h. A mass balance study was
carried out separately using [3H]MitoQ10 mesylate.

Cellular accumulation and metabolism studies

Following transport studies, monolayers were rinsed with
2x2mL ice-cold HBSS. The washing buffer was subse-
quently monitored for MitoQ;, by LC-MS. Caco-2 cells were
scraped into a 1.5-mL centrifuge tube and 1.0mL ice-cold
acetonitrile added. Mixtures were vigorously vortexed for
10min and then briefly sonicated in an ice bath. After



centrifugation at 12000g for 15min, supernatants were
collected and 20uL injected into the LC-MS system for
analysis. Cellular protein concentration in each culture dish
was determined using the bicinchoninic acid method, and the
cellular uptake of MitoQ,, was expressed as ng (mg cellular
protein)~!. The average intracellular concentration of MitoQ
in Caco-2 cells was estimated using an average Caco-2 cell
volume of 25 pL and an average cell density of 2.1 X 10° cm™
as reported by Doppenschmitt etal (1999).

The presence of phase II metabolites of MitoQ;, was
investigated by analysis after enzymatic hydrolysis. Samples
(100 L) of cellular and receiver buffer contents at 2h were
incubated with and without 3-glucuronidase (4000 U mLfl)
or sulfatase (4000 U mLfl) in 0.2 mL 0.1 M acetate buffer (pH
5.0) at 37°C for 12h. After cooling, ice-cold acetonitrile
(0.4mL) was added and the mixtures vigorously vortexed.
After centrifugation at 12000 g for 15 min, supernatants were
collected and analysed by LC-MS.

LC-MS analysis

Liquid chromatography was carried out on a reversed-phase
C18 column (2.0mm i.d.x150mm, 5um, Phenomenex)
using 44% acetonitrile:56% water containing 0.1% formic
acid (pH 2.8) as mobile phase at a flow rate of 0.2 mL min~ L.
Detection was by an LCQ Deca ion trap mass spectrometer
equipped with a TSP4000 HPLC pump and a TSP AS3000
autosampler (Finnigan, Austin, TX). Electrospray ionization
in the positive ion mode was employed. Mass spectrometer
parameters were: source spray voltage, SkV; capillary volt-
age, 46V, heated capillary temperature, 150°C; sheath gas
(nitrogen), 50 U. The MS? product ion spectra were produced
by collision induced dissociation of the target molecular ions
with optimized relative collision energy of 45% and isolation
width (m/z) of 1. Xcalibur version 1.2 (Finnigan) was used for
data manipulation. The assay was linear in the concentration
range 5-500 ngmL ™!, with acceptable accuracy (85-115% of
true values) and precision (intra- and inter-day coefficients of
variation < 15%).

Data analysis

All data are expressed as mean=s.d. Transport of MitoQ;,
through Caco-2 cell monolayers was expressed as apparent
permeability coefficient (P, ., cms™!), calculated using
equation 1:

pp’

Popp=(AQ/A) X 1/AX 1/C,y (1)
where AQ is the amount of MitoQ, appearing in the receiver
chamber (umol), At the time of incubation (s), A the surface
area of the membrane (1 cm2), and C, the initial loading con-
centration in the donor chamber (uM). The efflux ratio of
MitoQ, was determined as:

Efflux ratio=P,, g —ap (Mean)/Pyy,Ap_sp;. (Mean) 2)
where Py, o5, ap and Pyooap_spy are the mean Py, values for

transport in the basolateral to apical and apical to basolateral
direction, respectively.
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Differences in mean kinetic parameters were tested by
one-way analysis of variance with a post-hoc test (Dunnett’s
multiple comparison test). Student’s unpaired -test was con-
ducted for comparison between two groups and significance
was set at a level of P<0.05.

Results

Cellular accumulation of MitoQ,

The apical and basolateral uptake of MitoQ;, by Caco-2 cells
was linear in the concentration range 2.5-30uM (Figure 2),
with the basolateral uptake being 2—5-fold higher than the api-
cal uptake at the same loading concentration. With apical load-
ing of 5 ;M MitoQ ), the uptake was found to be approximately
9.7%x1073 pmol pL_1 after 2h, whereas for basolateral loading
it was 2.4x10~* pmol pL™'. The percentage apical uptake of
MitoQ, was relatively constant at all concentrations, being
26+3, 2513, 18%1, 27+3 and 25+3% of the total added
amount at the loading concentrations of 2.5, 5, 10, 20 and
30 M, respectively. At these concentrations the percentage
basolateral uptake was more variable being 41+5, 313,
18%2, 35+3 and 41 £5% of the loading dose. At equilibrium,
the intracellular (average)/extracellular MitoQ;, concentration
ratios were 9012, 140+16, 4316, 70+ 15 and 47+8 after
2-h apical loading of 2.5, 5, 10, 20 and 30 zM, respectively.

Metabolism of MitoQ4, by Caco-2 cells

Incubation of MitoQ); with Caco-2 cell monolayers produced
two intracellular species with protonated molecular ions at m/z
585 (M1) and 665 (M2) (Figure 3a), and two species in extra-
cellular buffer with molecular ions at m/z 761 (M3) and 665
(M2) (Figure 3b). M1, M2 and M3 were tentatively identified
as mitoquinol (m/z 585), monosulfated mitoquinol (m/z 665)
and monoglucuronidated mitoquinol (m/z 761). When extra-
cellular buffer was treated with 3-glucuronidase, the M3 peak
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Figure 2 Cellular accumulation of MitoQ, 2h after apical () and
basolateral (A) loading. Data are mean +s.d. (n=3).
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Figure 3 LC-MS chromatograms and spectra of the samples from cell homogenates (A) and apical buffer (B) at the end of a transport experiment

with MitoQ,.

disappeared and the MitoQ, peak increased. However, there
was no significant change in the M2 peak after treatment with
sulfatase.

The identity of these metabolites was further confirmed
by LC-MS? experiments. The MS? product ion spectrum
(Figure 4b) of M1 was identical to that of an authentic specimen
of mitoquinol (Figure 4a). Fragment ions were present at m/z
570, 555 and 387, indicative of the loss of: one CHj; one
CH,O0; one CH,, one CH,O and two CgHjs, respectively.
The MS? product ion spectrum of M2 and M3 showed an ion
at m/z 585 (Figure 5), corresponding to the loss of one sulfate
and one glucuronic acid, respectively. Both phase II metabo-
lites were found in the donor and receiver chambers of the
Caco-2 transport system (Figure 5).

Transport of MitoQ, and its phase Il
metabolites

As shown in Table 1, transport of MitoQ;, was polarized with
efflux ratios of 4.1, 3.8 and 2.7 at concentrations of 10, 20
and 30 M, respectively. In the presence of P-glycoprotein
(P-gp) inhibitors, the P,,p;_,ap value of MitoQ;, was
decreased 26% by verapamil (100 M), and 31 and 61% by
ciclosporin 10 and 30 M, respectively. The Py ap_,pp. value
of MitoQ, was increased 71% by ciclosporin (30 ;M). How-
ever, the effects of decynium 22 (4 ;M) (a potent inhibitor of
the organic cation transporter (OCT) (Grundemann etal
1999)), indometacin (150 xM) (an inhibitor of multiple resist-
ance protein (MRP) (Petri etal 2004)) and reserpine (25 yM)
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Figure 4 LC-MS/MS fragment ion spectra of synthesized mitoquinol (A) and M1 (B) in Figure 3.
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Figure 5 LC-MS chromatograms of samples taken from the donor (I) and receiver (II) sides at the end of a transport experiment. Ia, Apical loading
and sampling; Ib, basolateral loading and sampling. Both upper traces of IA and IB show LC-MS chromatograms, and middle and lower traces show
tandem MS product ion chromatograms of the metabolites (M2, monosulfated mitoquinol; M3, monoglucuronidated mitoquinol) found on the loading
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Table 1 P,,p values (meants.d., n=3) of MitoQ, (10 ™) in the
absence and presence of various drug transporter inhibitors. The results

for 20 and 30 ;M MitoQ), concentrations are also shown

Apical to Basolateral Efflux

basolateral to apical ratio

P,,,ts.d. P,,,ts.d.

(: plp()‘6 ems (;’%—6 ems
MitoQ, (30 pam) 0.71£0.07* 1.91£0.23* 2.67
MitoQ (20 im) 0.50£0.09 1.99£0.13* 3.76
MitoQ, (10 pm) (Control)  0.38+0.05 1.57+£0.24 4.11
+ Ciclosporin (10 M) 0.47£0.05 1.08 £0.14* 2.30
+ Ciclosporin (30 M) 0.65£0.08* 0.64 £0.13%* 0.99
+ Verapamil (100 m) 0.48£0.11 1.16 £0.07* 2.42
+ Decynium 22 (4 uM) 0.4710.12 1.36+0.18 2.89
+ Indometacin (150 M) 0.44+0.09 1.62+£0.23 3.68
+ Reserpine (25 ;M) 0.51+0.12 1.38+0.29 2.71

*P <0.05; **P<0.01, compared with control.

(an inhibitor of breast cancer receptor protein (BCRP) (Ebert
etal 2005)), on bidirectional transport were not significant
(Table 1). In another set of experiments, the P, p_,p; for
MitoQ;, (20 M) was increased 7-fold (4.52+£0.92 x 1076
em s ! vs 0.6240.12%x 1070 cm sfl, n=3) in the presence
of 4% BSA on the receiver side without concomitant
change of ['*C]mannitol permeability (0.77 +0.08 x 1076
vs 0.69+0.07x 107 cm s7!, n=3).

Both sulfate and glucuronide metabolites were preferen-
tially excreted to the apical side of Caco-2 cell monolayers
after apical loading of MitoQ (Figure 5). The excretion of
monosulfated mitoquinol to the apical side was significantly
decreased by ciclosporin (30 uM), and apical efflux of
monoglucuronidated mitoquinol significantly decreased by
reserpine (25 M) (Figure 6).

Mass balance of [3H]MitoQ;,

The [3H]Mit0Q 10 Mass balance (without BSA on the receiver
side) determined after transport studies was 82.9%+5.9%
(n=3) and 103.1%+11.3% (n=3) at loading concentrations
of 10 and 20 zM, respectively.

Discussion

The extent of cellular uptake of MitoQ,q is presumably
described by the Nernst equation (Smith etal 2003). Kelso
etal (2001) reported that the accumulation of MitoQ;, at a
loading concentration of 5 ;M by osteosarcoma 143-B cells
was up to 450 pmol/5 x 10° cells in 2h. Using a cell volume
of 0.88 pL/cell (Porteous etal 1998), this corresponded to
10.2x107 pmol pol, in close agreement with the uptake of
MitoQ, (9.7x 107> pmol pL™!) by Caco-2 cells. The accu-
mulation of MitoQ after apical loading was approximately
2~5-fold lower than after basolateral loading. This difference
was possibly due to apical active efflux mediated by drug
transporters such as P-gp rather than to any effect of OCTs,
since the potent OCT inhibitor, decynium 22 (4 ;M) had little
effect on either apical or basolateral uptake (data not shown)
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Figure 6 Extract ion chromatograms of samples taken from the apical
side 1h after apical loading of MitoQ;,. A, Monosulfated mitoquinol
(M2) on the apical side with (solid line) and without (dashed line)
ciclosporine (30 M); B, monoglucuronidated mitoquinol (M3) on the
apical side with (solid line) and without (dashed line) reserpine (25 ;M).

or bidirectional transport (Table 1) of MitoQ,. As P-gp is
localized on the apical membrane of Caco-2 cells, uptake of
substrate from the apical side may be more difficult than from
the basolateral side.

P-gp (MDR1 in man) is a multidrug efflux transporter that
pumps lipophilic, mostly cationic, solutes out of the cell
(Litman etal 2001). P-gp is expressed on the apical side of
the intestinal epithelium and its activity results in limited oral
absorption of several cationic compounds (such as vinblast-
ine, epirubicin and talinolol) in man (Sikic etal 1997;
Schwarz etal 2000; Bogman etal 2005). Evidence for the
involvement of P-gp in the efflux of MitoQ; includes: polar-
ized transport, as indicated by a 2—4-fold greater basolateral-
to-apical than apical-to-basolateral transport; a significant
inhibition in basolateral to apical transport by ciclosporin
and verapamil; and a significant increase in apical to basola-
teral transport by ciclosporin. It is reported that P-gp-medi-
ated efflux activity may be inhibited more readily when the
substrate approaches from the basolateral side rather than the
apical side (Troutman & Thakker 2003). This may explain
why verapamil (100 ;) inhibited basolateral-to-apical efflux
of MitoQ), but had little effect on apical-to-basolateral transport.

However, even with complete inhibition of P-gp activity
by ciclosporin (efflux ratio decreased to 0.99, Table 1), the



Pyppap—spr Value was still low and similar to model com-
pounds with incomplete oral absorption (Artursson & Karlsson
1991). This suggested other factors may have limited the
transport of MitoQ, across Caco-2 monolayers. MitoQ is a
lipophilic (log P 3.4) (Asin-Cayuela etal 2004) and a highly
protein bound compound (plasma protein binding>95%,
unpublished data). After transport studies, the apical uptake
of MitoQ;, was 18-26% of the total added amount at the
loading concentrations of 2.5-30;M. The low Py oap_,BrL
value and significant cellular accumulation of MitoQ,, sug-
gests it undergoes slow partitioning from the Caco-2 basola-
teral membrane to the basolateral buffer. Our results were
similar to those reporting that increased cellular accumulation
led to decreased transcellular diffusion across Caco-2 cell
monolayers (Wils etal 1994; Aungst etal 2000). In another
permeability study using Madin-Darby canine kidney (MDCK)
cell monolayers, when the cellular accumulation of lipophilic
pyrrolopyrimidines was >2% of loading dose (7.5-fold the
MitoQ);, loading dose), decreased permeability was observed
(Sawada etal 1999).

However, in the presence of 4% BSA in the basolateral
buffer (mimicking the plasma albumin level in man), the
MitoQo Pyppap_spr. Value increased 7-fold without a con-
comitant change in ['*C]mannitol permeability. Similarly, it
was reported that basolateral BSA increased absorptive per-
meability of compounds with log P>3 and plasma protein
binding >95% (Aungst etal 2000). Therefore, it has been
suggested that the presence of BSA on the basolateral side
provides a better in-vitro—in-vivo correlation when predicting
in-vivo oral absorption of lipophilic, highly protein bound
compounds (Sawada etal 1999; Aungst etal 2000; Saha &
Kou 2002). MitoQ) is such a compound with a log P of 3.4
and plasma protein binding >95%. With BSA in the basola-
teral side, the MitoQ, o Pyyoap_spr. Was 4.52+0.92x 10 cms™".
Drugs with P, p_,py in this range are reported to be highly
absorbed in man (Artursson etal 2001; Saha & Kou 2002),
suggesting that MitoQ;, may be well absorbed orally. In the
presence of BSA, intracellular MitoQ), decreased, and both
intracellular and extracellular monosulfated mitoquinol dra-
matically dropped (data not shown). Published results sug-
gested that the BSA increased absorptive permeability by
reducing cellular accumulation (Sawada etal 1999; Aungst
etal 2000). Decreased cellular accumulation may also lead to
limited efficiency of intestinal metabolism of a drug. For
example, intestinal metabolism of midazolam by CYP3A4-
expressing Caco-2 cells was decreased in the presence of
basolateral BSA (Fisher etal 1999). Thus the presence of
BSA in the basolateral side could have provided a sink simi-
lar to in-vivo. An alternative role of BSA is that it could
reduce adsorption of MitoQ, to the plastic well (Krishna et al
2001). However, our [3H]MitoQ10 mass balance study
showed limited non-specific drug binding to the plastic wells,
thus the effects of BSA are most likely due to better sink
conditions.

Mitoquinol was identified in Caco-2 cell homogenates
suggesting that the quinone moiety was reduced during trans-
cellular transport of MitoQ,,. Quinone reductase (NQO1)
mostly resides in the cytosolic fraction of the cell where it can
reduce ubiquinone to ubiquinol (Beyer etal 1996). However,
the reduction of MitoQ, in Caco-2 cells could not have been
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catalysed by NQOI since it was inactive in Caco-2 cells
(Karczewski etal 1999). It was recently demonstrated that
MitoQ, was reduced to mitoquinol by Complex II and glyc-
erol 3-phosphate dehydrogenase inside mitochondria (James
etal 2005). Zhang et al (1996) reported functional expression
of mitochondrial Complex II succinate dehydrogenase in
Caco-2 cells. As MitoQ;, can significantly accumulate into
mitochondria (Kelso etal 2001), mitochondrial metabolism of
MitoQ, to mitoquinol may occur inside Caco-2 cells.

The identity of monoglucuronidated mitoquinol was con-
firmed by enzymatic hydrolysis and LC-MS?, whereas mono-
sulfated mitoquinol, identified by LC-MS?, was not cleaved
by sulfatase. It has been shown that the presence of substitu-
ent groups ortho to the position of a sulfate ester group can
hinder its hydrolysis by some sulfatases (Mulder 1984). This
may explain the resistance to hydrolysis of monosulfated
mitoquinol.

Accumulating evidence has demonstrated that Caco-2
cells retain functionally-active phase II metabolic enzymes,
including uridine diphosphoglucuronosyl transferase (UGT),
sulfotransferase (SULT) and glutathione-S-transferase (GST)
(Chikhale & Borchardt 1994; Prueksaritanont etal 1996;
Zhang etal 2004). The metabolites found in this study
suggested that MitoQ;, may undergo similar metabolism dur-
ing absorption in the human small intestine. However, both
the amounts (Sun etal 2002) and activity (Prueksaritanont
etal 1996) of these phase II metabolizing enzymes in Caco-2
cells appeared to be lower than in-vivo. On the other hand,
binding of MitoQ, to plasma protein in-vivo may accelerate
absorptive transport, leading to decreased cellular accumula-
tion and thus limited intestinal metabolism. Thus the data
generated in the Caco-2 cell model may not quantitatively
predict the extent of intestinal metabolism of orally adminis-
tered MitoQ, in man.

Efflux of phase II metabolites of MitoQ;, was preferen-
tially to the apical side. According to our inhibition studies,
monoglucuronidated mitoquinol was a BCRP substrate
whereas monosulfated mitoquinol was a P-gp substrate.
BCRP, like P-gp, is an efflux pump expressed on the apical
side of the human small intestine and Caco-2 cells (Xia etal
2005). It can transport drugs as well as several phase II
metabolites such as estrone sulfate, benzo[a]pyrene-3-
glucuronide and 4-methylumbelliferone glucuronide (Suzuki
etal 2003; Ebert etal 2005). Thus P-gp and BCRP may func-
tion as barriers to absorption of MitoQ in-vivo by cooperat-
ing with phase II metabolic enzymes.

Conclusion

During transport, MitoQ;, accumulated in human intestinal
Caco-2 cells where it underwent metabolism to mitoquinol,
monoglucuronidated mitoquinol and monosulfated mitoquinol.
In-vitro transport studies in Caco-2 cell monolayers sug-
gested MitoQ,, and monosulfated mitoquinol would be sub-
ject to intestinal efflux by P-gp, whereas monoglucuronidated
mitoquinol would undergo a similar fate due to BCRP. How-
ever, the dramatic increase in absorptive P, in the presence
of BSA on the receiver side suggests these barrier functions
may have been less significant for orally administered
MitoQ in-vivo than predicted in-vitro.
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