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Abstract
2-Methoxyestradiol (2ME2), a metabolite of estradiol, has antitumor activity in vitro.
However, potential clinical applicability has been limited by its low oral bioavailability.
Glucuronidation via UDP-glucuronyl transferases (UGTs) is the major metabolic
pathway that is responsible for the low oral bioavailability of 2ME2. In the present study,
probenecid was evaluated in vitro as an inhibitor of 2ME2 glucuronidation for purposes
of enhancing 2ME2 bioavailability. Human liver microsomes were used to determine
kinetic parameters for transformation of 2ME2 to its glucuronide metabolites (M1, M2),
and inhibition of the reactions by probenecid. According to the study results, M1 and M2
formation from 2ME2 proceeded with features of substrate inhibition. Probenecid
inhibited metabolite formation, with inhibition constant (Ki) values of 0.9 and 2.6 mM,
respectively. Inhibition was reversible, with mixed competitive-noncompetitive
characteristics. In conclusion, the Ki values for probenecid inhibition of 2ME2
glucuronide formation, when compared to maximum probenecid plasma concentrations
anticipated clinically, indicate that probenecid coadministration has the potential to
augment systemic plasma levels of 2ME2 in humans.
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Introduction
1.1 Origination and distribution of 2-methoxyestradiol
2-Methoxyestradiol (2ME2, figure 1) is an endogenous metabolite derived from estradiol.
The metabolic pathway from estradiol to 2ME2 is very complex, involving various
enzymes.[1-3] Estradiol undergoes oxidative processes mediated by cytochrome P450
(CYP) enzymes, which leads to the formation of 2-hydroxyestradiol (2OH-E2) as the
major metabolite and 4-hydroxyestradiol (4OH-E2) as the minor one. 2ME2 is produced
by subsequent methylation on the 2-hydroxyl group of 2OH-E2 by catechol-Omethyltransferase (COMT).

Figure 1 Chemical structure of 2-methoxyestradiol.

2ME2 has distribution in many tissues, partly due to the universal expression of COMT
throughout different organs.[3, 4] Xu et al. measured the total 2ME2 concentrations in the
blood serum of luteal, follicular and postmenopausal women, and the mean 2ME2
concentrations were 9.4, 10.6 and 2.5 pg/ml.[5]
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1.2 In vitro bioactivities of 2-methoxyestradiol
2ME2 was previously considered as a product of estradiol inactivation process. However,
in the recent decades, interest in this compound was regained as it showed several
beneficial effects in humans. Among its biological activities, 2ME2 inhibits proliferation
and tube formation of endothelial cells in vitro,[6] suggesting that it might have antiangiogenesis properties and therefore inhibit tumor growth in vivo. This antitumor
property has been validated in the majority of 60 tumor cell lines from the National
Cancer Institute (NCI).[3, 7] Table 1 summarized the cell lines that were effectively
inhibited by 2ME2 in vitro.[7]

Table 1 In vitro inhibition of cell proliferation by 2ME2.
Cell Type
Human tumor
Lung (HOP-62)
Lung (H460)
Lung (A549)
Colon (HCT-116)
Central nervous system (SH-SY5Y)
Central nervous system (SF-539)
Melanoma (UACC-62)
Ovarian (OVCAR-3)
Renal (SN12-C)
Prostate (DU-145)
Breast (MDA-MB-435)
Breast (MDA 231)
Breast (MCF-7)
Lymphoblast (Jurkat)
Lymphoblast (TK6)
Lymphoblast (WTK1)
Human nontumor
Skin fibroblast (HFK2)
Human endothelial
HUVEC
Nonhuman tumor
Lung (Lewis lung, murine)

Inhibitory
Concentrations (µmol/L)
0.7
5.0
5.0
0.47
1.3
0.32
0.36
0.21
0.95
1.8
0.08-0.61
1.03
0.45
0.3
1-2
1-2
2.0
0.45
1.68

2

Melanoma (B16BL6, murine)
Melanoma (B16F10, murine)
Endothelial (EOMA, murine)
Endothelial (H5V, murine)
Nonhuman nontumor
Lung (V79, hamster)
Ovarian (granulose, porcine)
Smooth muscle (aorta, rabbit)
Adipocytes (murine)
Nonhuman endothelial
Brain capillary (bovine)
Pulmonary artery (bovine)

0.4
0.3
0.89
1.0
3
3
1
1.7
0.19-0.49
0.5

Adapted from reference 7.

1.3 In vivo and clinical studies on 2-methoxyestradiol
Despite the favorable outcomes in the in vitro studies, a number of clinical trials of 2ME2
have shown inconsistent results. In the phase II clinical studies attempting to treat
hormone-refractory prostate cancer,[8] multiple myeloma,[9] and metastatic carcinoid
tumor,[10] no major expected response was observed, although some minor antitumor
activities were shown.

1.3.1 2-Methoxyestradiol pharmacokinetics in rodents
In rats, Ireson et al. compared the pharmacokinetic profiles between 2ME2 and 2methoxyoestradiol-bis-sulphamate (2ME2bisMATE), the sulphamoylated derivative of
2ME2 that are less susceptible to metabolism.[11] After a single oral dose of 10 mg/kg to
female rats, 2ME2 was undetectable in the plasma. After an intravenous injection with a
same dose, 2ME2 was cleared rapidly from the plasma and was below limits of detection
(LOD) 1 hour after administration, while 2ME2bisMATE plasma level kept above LOD
until 8 hours after. (Figure 2[11])
3

Figure 2 Concentrations of 2ME2 in rat plasma following a single intravenous dose (Obtained from
reference 11).

1.3.2 2-Methoxyestradiol pharmacokinetics in humans
In humans, 2ME2 has extremely low oral bioavailability, with peak plasma
concentrations only in the low ng/ml range even after oral doses as high as 3000 mg.[8, 9,
12]

Vey high CL and Vd were estimated, with median half time of about 1-2 days. Such

relatively long half time may be due to extensive protein binding in the plasma. However,
Lakhani et al. found comparable numbers between total 2ME2 and unbound 2ME2
concentrations in patients receiving single oral dose of 2ME2, indicating the protein
binding of 2ME2 in plasma is not a notable consideration.[13]

The low bioavailability of 2ME2 in vivo may be explained by low aqueous solubility and
extensive presystemic first-pass. Tevaarwerk et al.[14] addressed the problem of low
4

solubility by using a more water soluble formulation based on nanocrystal dispersion
(2ME2 NCD) technology. However, a high dose is still required, and significant toxicity
was observed in a Phase II clinical trial using 2ME2 NCD.[15]

In addition, the estimated hepatic clearance of 2ME2 is 712 ml/min,[16] which is about
half of hepatic blood flow. This indicates 2ME2 as a high extraction ratio drug, and
metabolic clearance may play a major role in 2ME2 disposition.

1.4 Metabolism of 2-methoxyestradiol
Glucuronidation via UDP-glucuronyl transferases (UGTs)[17] is considered to be the
principal pathway responsible for 2ME2 metabolism, although hydroxylated and
dimethylated metabolites were also detected in vitro but in minor fraction.[16] In vitro
reaction activities were shown in the incubation of 2ME2 with recombinant CYP450
enzymes, namely CYP1A1, 1A2, 3A4, 3A5 and 2E1.[3] In addition, 2ME2 also
underwent sulfonation mediated by SULT1A1.[18] However, sulfated metabolites were
not observed in either urine samples or in vitro experiments in other studies.

UGTs are a family of metabolic enzymes that mainly express in human liver, intestine
and kidney.[19] UGTs catalyze the conjugation of glucuronic acid from UDP-glucuronic
acid (UDPGA) to xenobiotics and endogenous compounds. The resulted metabolites are
more water-soluble, mostly less active in biological activity compared to the parent
compounds, and more readily to be transported out of the cells and subsequently excreted
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via urine or bile.[20] Among the top 200 drugs prescribed in the United States in 2002,
approximately 1 in 10 drugs undergo clearance by glucuronidation.[21]

Basu et al. and Le ́pine et al. reported the UGT isoforms that catalyzed 2ME2
glucuronidation (Table 2).[22, 23] Discrepancy existed in these two studies, which might be
attributed to the different expression and incubation systems.

Table 2 Glucuronide formation rates of 2ME2 catalyzed by UGT isoforms.
pmol/h/mg protein
UGTs

Basu et al.[22]

Le ́pine et al.[23]

1A1

160 ± 30

1306-2612

1A3

621 ± 21

261-1305

1A7

2504 ± 95

1A8

2045 ± 77

1306-2612

1A9

~52.5

261-1305

1A10

7933 ± 267

261-1305

2B4

131-260

2B17

26-130

Adapted from reference 3.

1.5 Assumption in this study
In the present study, we have evaluated another possible approach to increase the oral
bioavailability of 2ME2 by reducing presystemic extraction. Probenecid (PRB, figure 3),
which is mainly used for gout treatment,[24, 25] is also a known inhibitor of UGTs.[26-35] In
the previous clinical studies in our lab, we found that probenecid could impair the
clearance of acetaminophen and lorazepam by inhibiting glucuronide formation (figure 4
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and 5).[26] Therefore, we evaluated the inhibitory effect of probencid on 2ME2
glucuronidation using an in vitro model of human liver microsomes (HLMs).

Figure 3 Chemical structure of probenecid.

Figure 4 Plasma concentrations of acetaminophen in a healthy male volunteer after intravenous doses
before and during probenecid treatment (Obtained from reference 26).
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Figure 5 Plasma concentrations of lorazepam in a healthy female volumteer after intravenous doses in the
control state and during concurrent probenecid treatment (Obtained from reference 26).
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Materials and Methods
2.1 Human liver microsomes
Liver microsomes were prepared from human liver tissue samples as described
previously.[36] Briefly, microsomes were prepared by ultracentrifugation; microsomal
pellets were suspended in 0.1 M potassium phosphate buffer containing 20% glycerol and
were stored at -80°C until use. One set of pooled HLMs and three individual HLMs were
used in this study.

2.2 Chemicals and reagents
2ME2, alamethacin, phenacetin, uridine 5′-diphosphoglucuronic acid (UDPGA), βglucuronidase and magnesium chloride were purchased from Sigma-Aldrich (St. Louis,
MO). Methanol, acetonitrile and phosphoric acid were purchased from Thermo Fisher
Scientific (Waltham, MA).

2.3 Deconjugation of 2ME2 glucuronides
For identification of glucuronide conjugates from 2ME2, β-glucuronidase was used to
deconjugate the metabolites. The incubation pre-mixture contained 5 mM MgCl2, 50 mM
phosphate buffer, 12.5 µg/ml alamethacin and 0.25 mg/ml human liver microsomes. The
pore-forming agent alamethacin was used to make UGTs accessible to substrate. The premixture was put on ice for 10 minutes. 0.05 mM 2ME2 in methanol was then added to
the pre-mixture. The reactions were started by the addition of UDPGA at 37°C. After
incubation for 20 minutes, 1M KH2PO4 buffer (pH 4.0) was added into both experimental
and control samples to adjust the pH to ~ 5.0. β-glucuronidase was then added to the
9

experimental samples, while phosphate buffer to control samples. Samples were
incubated overnight in 37°C water bath. Then reaction was stopped by addition of 100 µl
acetonitrile containing 0.3 mM phenacetin as internal standard. The mixture was
centrifuged at 12000 rpm for 8 minutes, and the supernatant was transferred to HPLC
vials for analysis.

2.4 Evaluation of time-dependent inhibition by probenecid
For determination of whether probenecid produces time-dependent (mechanism-based)
inhibition of UGTs, the inhibitory potency of probenecid was evaluated without and with
preincubation of probenecid with microsomes prior to addition of substrate. The
incubation pre-mixture was prepared identically to the deconjugation study described
above. After the pre-mixture was put on ice for 10 minutes, UDPGA and probenecid at
varying concentrations were added to the pre-mixture in the experimental samples.
UDPGA, but not probenecid, was added to the control samples. Both sets of samples
were then preincubated at 37°C for 20 minutes. After this, corresponding concentrations
of probenecid were added to the control samples. The reaction was initiated by addition
of 0.05 mM substrate (pre-dissolved in methanol due to its insolubility in aqueous
buffer). The final incubation volume was 100 µl. After incubation for 20 minutes,
reactions were stopped by addition of 50 µl acetonitrile containing 0.3 mM phenacetin as
internal standard. The mixture was centrifuged at 12000 rpm for 8 minutes, and the
supernatant was transferred to HPLC vials for analysis.
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2.5 In vitro inhibition study with probenecid
The incubation pre-mixture was prepared identically to the deconjugation study described
above, with the exception that varying concentrations of 2ME2 was added to the premixture. After the pre-mixture was put on ice for 10 minutes, probenecid at different
concentrations in methanol was added directly to the pre-mixture, followed by a preequilibration in a water bath at 37 °C for 3 minutes. Reactions were initiated by addition
of UDPGA. The final incubation volume was 100 µl. After incubation for 20 minutes,
reactions were stopped, and the mixture was analyzed using the same procedure as
described in time-dependent inhibition study.

2.6 HPLC analysis methods
Metabolite formation in microsomal incubations was measured using a Thermo Finnigan
Surveyor HPLC. ChromQuest version 4.0 (Thermo Finnigan) was used for the data
acquisition and remote control. The UV wavelength detector was set at 288 nm. The
analytic column was Nova-Pak® C18, 3.9×150 mm, from Waters Associates (Milford,
MA, USA). A gradient mobile phase was used, with the aqueous phase (solvent A)
containing 0.01% phosphoric acid in deionized water, and the organic phase (solvent B)
containing methanol. The total flow rate was maintained at 1 ml/min. The elution circle
started with 4% solvent B in the first 3 minutes, followed by a linear gradient increasing
solvent B to 80% at 20 minute. 80% solvent B was maintained for 4 minutes and changed
back to 4% at 25 minute. The heights of the peaks presumed to be the two glucuronide
metabolites of 2ME2 (M1, M2) from incubation mixtures were measured together with
internal standard (Figure 6).
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Figure 6 Chromatography of 2ME2 metabolites. M1 and M2 were both glucuronides from 2ME2.
Phenacetin was used as internal standard. Probenecid also showed absorption under 288 nm.

2.7 Analysis of data
For determination of IC50 in the time-dependent inhibition study of probenecid,
metabolite formation velocity was expressed as percentage ratio (Rv) relative to the
velocity in the control sample without inhibitor. Nonlinear regression analysis was
performed to fit the following equation (Eq. 1) to the experimental data:

Emax ⋅[I ]b
Rv = 100(1− b
)
[I ] + IC b
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[Eq. 1]

Iterated variables were: Emax, the maximum degree of inhibition; IC, the inhibitor
concentration reducing Rv to 50% of (100-Emax); b, an exponent. The actual IC50 was
calculated as follow (Eq. 2):

IC50 = IC / (2Emax −1)1/b

[Eq. 2]

For determination of inhibition constants for probenecid versus 2ME2 metabolite
generation, the relative metabolite formation velocities (V) were calculated at different
concentrations of substrate ([S]) and inhibitor ([I]). Nonlinear regression analysis was
performed using SAS PROC NLIN or GraphPad Prism 6. Both programs yielded
identical solutions.

Under usual circumstances, metabolite formation kinetics with single xenobiotic
inhibition can be evaluated using a mixed competitive-noncompetitive inhibition model
derived from Michaelis-Menten kinetics (Eq. 3):[37, 38]

V=

Vmax ⋅[S]
[I ]
[I ]
K m (1+ ) +[S](1+
)
Ki
α ⋅ Ki

[Eq. 3]

Iterated variables were: Vmax, the maximum metabolite formation velocity; Km, the
Michaelis-Menten constant; Ki, the inhibition constant for the xenobiotic inhibitor; α, an
indicator of the inhibition mechanism (competitive, noncompetitive, or mixed).
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However, we observed apparent substrate inhibition at high concentrations of 2ME2
exceeding 0.2 mM. Copeland described substrate inhibition as a second substrate
molecule binding to ES complex and forming an inactive ternary complex.[39] Based on
this, we proposed a new inhibition model combining substrate inhibition together with
inhibition by an exogenous inhibitor (Figure 7). In this model, an active and an inhibitory
site for substrate on the enzyme are assumed. The substrate bound to the inhibitory site
results in inactivation of the enzyme. Kss is used to define the affinity between substrate
and the inhibitory site. This model leads to the following equation (Eq. 4):

V=

Vmax ⋅[S]
[I ]
[I ] [S]
[S]⋅[I ]
K m (1+ ) +[S](1+
+
+
)
Ki
α ⋅ Ki K ss α ⋅ Ki ⋅ K ss
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[Eq. 4]

Figure 7 Mixed inhibition model integrating xenobiotic inhibition with substrate inhibition. When substrate
(S) binds to the active site on enzyme (E), ES complex is formed and the formation rate of product (P) is
determined as Kp[ES]. Inhibitor (I) can bind to either E or ES, depending on the inhibition mechanism of
inhibitor. When ES is already formed, another substrate can further bind to inhibitory site of the enzyme,
forming SiES complex. Binding of substrate to enzyme inhibitory site is assumed to be not interacting with
the binding of inhibitor. Upon the binding of inhibitor or inhibitory substrate can lead to the inactivation of
the enzyme. Km, Kss, Ki and α are parameters described in Eq. 4.
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Results
3.1 In vitro metabolism of 2ME2
Based on previous reports, two glucuronide metabolites are formed when 2ME2 is
incubated with HLMs.[16] In this study, chromatography of incubations of 2ME2, HLMs
and co-factors yielded peaks presumed to correspond to the 2ME2 metabolites, termed
M1 and M2 (Figure 6). These two peaks disappeared after the overnight incubation of βglucuronidase (Figure 8), indicating that M1 and M2 were metabolites from glucuronic
acid conjugation.

Figure 8 Deconjugation of M1 and M2 by β-glucuronidase. M1 and M2 disappeared after overnight
incubation with β-glucuronidase, while in the control samples without β-glucuronidase, M1 and M2 still
existed. Red line: incubation without β-glucuronidase. Black line: incubation with β-glucuronidase.

3.2 Inhibition by probenecid is reversible
Probenecid reduced the formation rates of both M1 and M2. The IC50 for probenecid was
compared between samples pre-incubated with probenecid and those without probenecid.
16

For both M1 and M2, very similar IC50 values were observed between these two
conditions (Figure 9). This indicated that the inhibition of 2ME2 glucuronidation by
probenecid was not time-dependent.

Figure 9 Inhibition curves for probenecid on 2ME2 glucuronides (M1, M2) formation. The 2ME2
concentration was 0.05mM. Points represent mean (± SD) of duplicate samples. Solid line: nonlinear
regression curve for pre-incubation with probenecid (PRB). Dotted line: nonlinear regression curve for
pre-incubation without PRB.

3.3 In vitro kinetic study on probenecid inhibition and substrate inhibition
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In vitro incubations were conducted at various concentrations of 2ME2 (0 to 0.3 mM)
and probenecid (0 to 7 mM). Because apparent substrate inhibition was observed at
2ME2 concentration higher than 0.2 mM, the conventional inhibition model (Eq. 3)
yielded a poor fit to the data points. By using the new model (Eq. 4), goodness of fit was
improved (Figure 10). Table 3 summarizes kinetic parameters from nonlinear regression
analysis by using Eq. 4, while table 4 summarizes the parameters by using Eq. 3. For
parameters derived from Eq. 4, Mean Km values for M1 and M2 formation were similar,
but Vmax values for M1 were greater. Based on Ki values, probenecid was a more potent
inhibitor of M1 compared to M2. Values of alpha indicated that inhibition of M1
formation was mixed competitive-noncompetitive, whereas inhibition of M2 formation
was largely noncompetitive.

18

Figure 10 Rates of M1 and M2 formation from 2ME2. Pooled HLMs were used. Points represent mean (±
SD of duplicate samples). Solid line: nonlinear regression using model described in Eq. 4. Dotted line:
nonlinear regression using model described in Eq. 3.
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Table 3 Enzyme kinetic parameters for M1 and M2 formation from 2ME2 with co-addition of probenecid
(based on Eq. 4).
HLMs #a

Product

Km (mM)

Kss (mM)

Ki (mM)

α

Vmaxb

R2

Pooled

M1

0.087

0.28

0.95

11.8

0.20

0.994

866

M1

0.044

0.39

0.68

10.1

0.20

0.988

870

M1

0.061

0.23

0.88

10.2

0.20

0.991

871

M1

0.046

0.41

0.96

17.0

0.28

0.990

0.060 ± 0.020c

0.33 ± 0.09c

0.87 ± 0.13c

12.3 ± 3.2c

Mean (± SD)
Pooled

M2

0.056

0.59

2.56

1.39

0.031

0.994

866

M2

0.118

0.58

2.81

0.45

0.065

0.996

870

M2

0.068

0.33

1.39

2.28

0.029

0.979

871

M2

0.055

0.65

2.29

1.37

0.033

0.994

0.074 ± 0.030c

0.54 ± 0.14c

2.26 ± 0.62c

1.37 ± 0.75c

Mean (± SD)
a

HLMs were numbered as in the liver bank.

b

Vmax is presented in arbitrary units, as the metabolite peak height divided by internal standard height.

c

Mean ± SD of parameter estimates in four groups of HLMs.

Eq. 4 was used as inhibition model.
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Table 4 Enzyme kinetic parameters for M1 and M2 formation from 2ME2 with co-addition of probenecid
(based on Eq. 3).
HLMs #a

Product

Km (mM)

Kss (mM)

Ki (mM)

α

Vmaxb

R2

Pooled

M1

0.029

--

0.70

11.0

0.11

0.980

866

M1

0.018

--

0.53

9.73

0.12

0.973

870

M1

0.018

--

0.68

8.48

0.10

0.964

871

M1

0.020

--

0.78

13.6

0.18

0.977

0.021 ± 0.005c

--

0.67 ± 0.10c

10.7 ± 2.2c

Mean (± SD)
Pooled

M2

0.029

--

2.42

1.44

0.021

0.985

866

M2

0.062

--

2.84

0.47

0.043

0.992

870

M2

0.026

--

1.27

2.27

0.016

0.964

871

M2

0.031

--

2.16

1.44

0.023

0.988

0.037 ± 0.017c

--

2.17 ± 0.66c

1.41 ± 0.74c

Mean (± SD)
a

HLMs were numbered as in the liver bank.

b

Vmax is presented in arbitrary units, as the metabolite peak height divided by internal standard height.

c

Mean ± SD of parameter estimates in four groups of HLMs.

Eq. 3 was used as inhibition model.
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Discussion and Future Directions
In our study, inhibition of biotransformation by coadministration of probenecid was
evaluated as a possible approach to increase oral bioavailability. Probenecid is a drug that
has been clinically used to inhibit antibiotic excretion and uric acid reabsorption in the
kidney.[24, 25] Therefore, drug-drug interactions with probenecid have been studied at the
level of renal transporters.[25] A number of studies have also showed that probenecid
inhibits the activity of UGTs.[27-34] We have previously reported the inhibitory effect of
probenecid on acetaminophen and lorazepam glucuronidation in vitro and in vivo.[26, 35]

Besides the inhibition of metabolic clearance, probenecid also has inhibitory effects on
the renal excretion of drug glucuronide conjugates in clinical studies. For example,
probencid decreased renal clearance of zomepirac glucuronide, resulting in 2.8-fold
increase in the AUC of the conjugate.[32] Plasma concentrations of diflunisal glucuronides
were increased by 3.1-fold, due to the reduction of renal excretion of the glucuronides by
probenecid.[30] In a clinical study, pretreatment of probenecid decreased renal excretion
of acetaminophen glucuronides, but not that of acetaminophen.[29] Therefore, inhibition
of renal excretion should also be considered as part of drug-drug interactions by
probenecid. Meanwhile, whether the inhibition is on parent drugs or their glucuronides
need to be further clarified, and its effects on AUC of parent drugs need to be further
evaluated.

Two glucuronide peaks were observed in the HPLC chromatography in our study, which
is consistent with previous research literature.[16] As was shown in figure 1, 2ME2
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contains two hydroxyl groups at the position of C-3 and C-17. Therefore, these two
hydroxyl groups might be the places where glucuronidation proceeds. However, studies
are yet to be conducted to confirm the chemical structures of 2ME2 glucuronides.

In the present study, substrate inhibition was observed at high concentrations of 2ME2
exceeding 0.2mM. Ignoring this issue or omitting data points at high substrate
concentrations might lead to biased estimates of kinetic parameter values. Assuming that
two substrate-binding sites existed on enzymes, Copeland proposed a kinetic model of
substrate inhibition.[39] In this model, substrate can bind to the inhibitory site after the
catalytic site is occupied, and binding of substrate to the inhibitory site leads to
inactivation of the enzyme. One possible explanation is that binding of substrate alters the
conformation of the enzyme, which subsequently leads to the formation of inhibitory site.
Based on this, we modified the conventional mixed competitive-noncompetitive
inhibition model (Eq. 3) to derive a new model (Eq. 4) with an extra parameter Kss,
describing the affinity of a second substrate for the inhibitory site. The new equation
provided an improved fit for the experimental data.

Lin et al. proposed a more complicated model for substrate inhibition, with three extra
parameters.[40] In this model, substrate is assumed to be able to bind to the inhibitory site
of the enzyme even at the absence of substrate on the catalytic site. In addition, binding
of substrate on the inhibitory site does not completely inactivate the enzyme. Therefore,
for certain substrates, partial substrate inhibition might be observed, depending on if high
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concentrations of substrate can lead to zero reaction velocity. This model provides more
comprehensive information about the mechanism of substrate inhibition.

However, application of this model in the present study required an increased number of
parameter estimates, and reduced stability of the solutions. Our proposed model exerted
very good fit and stable solutions, indicating the applicability of the simplified model in
our study. The exact mechanism of substrate inhibition is yet to be clarified, and further
studies are required to evaluate the possible interaction between the binding of substrate
on the inhibitory site and that of the inhibitor.

M1 was the major metabolite of 2ME2 biotransformation, with higher formation rates
(Vmax ~5 times that of M2). For M1, mean α for probenecid inhibition averaged 12.3,
indicating that the inhibition mechanism is mixed competitive and noncompetitive. For
M2, α averaged 1.4, indicating the inhibition is mainly noncompetitive. Based on
previous clinical studies of probenecid,[25, 41] the maximum plasma concentration is
approximately 0.52 mM (149 µg/ml) after a 2 gram oral dose. The probability of clinical
drug-drug interactions can be estimated using the [I]/Ki ratio, where [I] is the maximum
plasma level encountered in vivo, and Ki is the in vitro inhibition constant.[42] In
accordance with FDA guidance, a [I]/Ki value > 0.1 is considered to indicate that a
clinical drug interaction is possible. In this study, Ki values of 0.87 and 2.26 mM were
obtained for M1 and M2, respectively, yielding [I]/Ki values of 0.60 and 0.23. This
indicates that probenecid, when coadministrated with 2ME2, may inhibit glucuronidation
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of 2ME2. We thereby conclude that probenecid can be potentially used as a booster for
2ME2. The in vivo inhibitory effect remains to be evaluated by clinical studies.

The future clinical studies can be designed on two occasions: on the control occasion,
volunteers will be given a single oral dose of 2ME2 at the drug-free state, without
receiving probenecid prior or concurrently; one the experimental occasion, the same
group of volunteers will take probenecid 12 hours before receiving 2ME2 dose.
Probenecid will continue to be taken every 6 hours through the administration of 2ME2.
After the oral dose of 2ME2 on both occasions, plasma samples will be collected at the
time point of 5, 15, 30, 60, 120 minute. 2ME2 level in the plasma will then be analyzed
by LC-MS, and pharmacokinetic parameters will be compared between these two
occasions.
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