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ABSTRACT: The drug discovery and development process
is greatly hampered by difficulties in translating in vitro
potency to in vivo efficacy. Recent studies suggest that the
long-neglected drug-target residence time parameter comple-
ments classical drug affinity parameters (KI, Kd, IC50, or EC50)
and is a better predictor of in vivo efficacy. Compounds with a
long drug-target residence time are often more efficacious in
vivo. The impact, however, of the drug-target residence time
on in vivo efficacy remains controversial due to difficulties in
experimentally determining the in vivo target occupancy
during drug treatment. To tackle this problem, an in vivo displacement assay was developed using soluble epoxide hydrolase as a
biological model. In this report, we experimentally demonstrated that drug-target residence time affects the duration of in vivo
drug-target binding. In addition, the drug-target residence time plays an important role in modulating the rate of drug
metabolism which also affects the efficacy of the drug.

■ INTRODUCTION

Our ability to predict accurately which small molecules will be
efficacious in the clinic remains limited even after decades of
research. Several studies showed that lack of efficacy remains a
leading cause of drug failure in Phase II and Phase III clinical
trials.1−3 Although multiple factors often contribute to this
outcome, a poor translation of in vitro potency as determined
with pure enzymes or cell assays to in vivo efficacy in patients is
proposed to be at the heart of this problem.4−6 This
discrepancy between in vitro potency and in vivo efficacy,
particularly for small molecules, is partly because the standard
in vitro potency parameters (Kd, Ki, IC50, and EC50) are
measured in a closed system which is very different from the in
vivo environment where a drug is exposed to an open system.
Here, a drug is constantly interacting with different proteins,
refractory pools, metabolism, and excretion in addition to its
own target. Therefore, a complementary in vitro parameter that
accounts for the kinetic aspect in an open system helps us to
better translate the in vitro potency of the drug to in vivo
efficacy.
Recently, as technologies to measure the kinetic potency of

an inhibitor or a ligand, koff, become more easily accessible,7−10

more studies have suggested that drug-target residence time
(tR), which is the reciprocal of the dissociation rate constant of
a drug-target complex, is a better in vitro parameter to predict
in vivo efficacy of a drug. This is because a drug is only active
when it is bound to its target; therefore, a long tR prolongs the

drug-target interactions and extends the biological effects of
the drug.11−18 Although numerous studies have demonstrated
that a drug with a long tR has improved and extended its in vivo
activity in animal models, which can be translated to its
efficacy, a detailed molecular mechanism on the effect of tR on
in vivo pharmacological activity of a drug remains unclear. For
example, because Kd or Ki is a ratio of koff over kon, an
improvement of the koff of the drug, which dictates the tR of the
drug, often leads to an improvement of the binding affinity (Kd
and Ki) of the drug. In addition, there is no current method
that could estimate the duration of drug-target binding in vivo.
Thus, it is difficult to decipher whether the enhanced in vivo
activity of a drug is due to an improvement in the binding
affinity constant, the tR of the drug, or a combination of both.
Therefore, how the tR affects drug efficacy remains under
investigation.
In this report, we studied the effect of tR on drug-target

interactionin vivo by developing an in vivo displacement assay
to monitor the duration of drug-target binding in vivo. To
develop an assay correlated with our in vitro tR assay, a well-
defined biological system was needed. The soluble epoxide
hydrolase (sEH) was chosen as our model system because
sEH, a tissue localized enzyme, has been well-studied for
decades and has an important regulatory role in inflammation,
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blood pressure, pain perception, and angiogenesis, which
makes it a good drug target.19−22 Over decades of research,
several tools developed for sEH research have proved
invaluable for studying drug-target residence time of sEH
inhibitors, including (1) a large library of sEH inhibitors
(≥3000 compounds), which are highly diversified in potency,
physical properties, and pharmacokinetic (PK) parameters; (2)
an established analytical method with a low limit of
quantification (LOQ ≤ 0.5 nM) that allows for a quantification
of drug concentration in blood and tissues; (3) highly pure
sEH recombinant enzymes from different species; (4) high-
throughput assays for measuring both the Ki and tR of the
inhibitors of sEH that have recently been established;23 and
(5) a sEH knockout mouse that can be used as a negative
control to both validate the results and to decipher the effect of
target occupancy on the PK profile of the inhibitors of sEH.
Here, we report our results using an in vivo displacement

assay which allows us to estimate the amount of target-bound
sEH inhibitor in vivo. With this assay, we demonstrated that
the tR of the inhibitor directly influences the duration of
inhibitor-target protein interaction in vivo. In addition, this PK
study revealed that the tR of the inhibitor affects its PK profile
by protecting it from metabolism. These results suggest that tR
affects the in vivo efficacy of the drug through multiple
pathways.

■ RESULTS
Design and Development of an in Vivo Displacement

Assay to Estimate the Amount of Bound sEH Inhibitor
in VivoAs a Function of Time. To determine whether tR

affects the duration of drug-target occupancy in vivo, it must be
feasible to monitor the amount of drug bound to the target
protein at a specific time point. Therefore, we developed an in
vivo displacement assay that could estimate the amount of
bound drug in vivo as shown in Figure 1. Briefly, the
compound of interest is administrated to the animals to
reach a target in vivo level (Cmax) that is at least 100 times
above the Ki of the compound. This is referred to as the
loading compound and loading dose. This is to ensure near
maximum binding of the compound to the target protein in
vivo. After a long postdosing period, when the compound of
interest has been largely metabolized and/or excreted, a
second compound, which is very potent and selective for the
target enzyme, is administrated to the same animals at a high
dose. This second compound is the displacement compound
given at the displacement dose. We hypothesized that if the
initial loading compound of interest (inhibitor A, Figure 1b)
remains bound to the target protein in vivo after a long
postdosing period, the bound inhibitor will be displaced by the
second high-affinity compound (inhibitor B, Figure 1c), and
the displaced inhibitor A will be returned into the circulation.
Thus, the blood level of the inhibitor A will increase (second
displacement peak) after the administration of a high dose of a
second high-affinity compound (Figure 1c,d). Because of the
sensitivity of our analytical method (LOQ ≥ 0.49 nM), the
compound level in the blood is easily monitored by LC/MS-
MS.

In Vivo Displacement Assay Can Estimate the
Amount of sEH Inhibitor Specifically Bound to sEH in
Vivo. For assay development, the sEH inhibitor, 3-(4-

Figure 1. Schematic diagram of the in vivo displacement assay. (a) Step 1, inhibitor A binds to the target enzyme after administration. (b) Step 2,
the administrated inhibitor A in vivo is metabolized and/or excreted over time. (c) Step 3, high dose of displacement inhibitor B is administrated.
The bound inhibitor A is competed and displaced by high concentration of inhibitor B. Inhibitor A is released to the blood and can be monitored
by LC/MSMS. (d) Step 4, the expected PK profile of the in vivo displacement assay. The first peak in the PK profile corresponds to the blood
concentration of inhibitor A after inhibitor A administration. The second peak of the PK diagram is hypothesized as the bound inhibitor A
displaced by a high dose of inhibitor B. The area-under-the-curve (AUC) of the second peak reflects the amount of soluble epoxide hydrolase
bound inhibitor A in vivo.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.9b00770
ACS Cent. Sci. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acscentsci.9b00770


(trifluoromethoxy)-1-(propionlpiperidin-4-yl)-phenyl)urea
(TPPU), was chosen as the compound of interest (loading
compound or inhibitor A) because it is potent (Ki = 2.5 nM)
with reasonable tR (tR = 28.6 min), and the sEH-TPPU
dissociation half-life (sEH-t1/2 = 19.8 min) has a relatively long
PK elimination half-life (PK-t1/2, 13.0 h) and is widely used as
a tool compound in sEH research.23,24 The long PK-t1/2
ensures that the inability to detect TPPU being displaced
from the target protein is not due to rapid metabolism (Table
1). For the ease of comparison between the in vitro kinetic and
in vivo elimination half-life, we will focus our discussion
regarding the data using sEH-t1/2 which is ln 2 *tR instead of tR.
In addition, TCPU was selected as displacement compound or
inhibitor B to displace any bound TPPU in vivo because it is
also very potent (Ki = 0.92 nM, sEH-t1/2 = 23.8 min) with a
reasonable PK exposure at 3 mg/kg (Cmax = 4114 nM, area-
under-the-curve (AUC) = 56 254 nM·h, Table 1). These
properties ensure that the sEH-bound TPPU can be displaced
by a high in vivo concentration of TCPU.24,25 Therefore, one
can ensure that there would be a high level of TCPU for a long

period of time in vivo to displace all the sEH-bound TPPU in
vivo (Table 1). Experiments testing the hypothesis that the
sEH inhibitor loaded on the target enzyme can later be
displaced by a second compound are presented in Figures 2, 3,
and 4 and S1−S18. On the basis of the published PK profile of
TPPU, a 0.3 mg/kg dose was used because it provided a high
exposure of TPPU in vivo with Cmax at 456 nM (∼182-fold of
Ki) and AUC at 8813 nM·h. In addition, this dose of TPPU
has demonstrated pharmacological activity in several animal
models.26−28 As mentioned by Morisseau et al., in order to
have significant effect on epoxide hydrolysis by sEH in vivo, at
least 90% of sEH needs to be inhibited.29 These results
indicated that the majority of sEH is inhibited by TPPU at
dose of 0.3 mg/kg. A PK profile of TPPU at 0.3 mg/kg showed
(Figure 2a) that TPPU reached a sustained near zero level
(∼15 nM) in blood at 168h (Figure 2a, post dosing day 7)
indicating that a majority of free TPPU had been metabolized
or excreted from the body. We refer to this as the terminal
phase. (Figure S1) Here we hypothesize that there is a
significant amount of TPPU remaining in vivo and mostly

Table 1. In Vitro and in Vivo Parameters of sEH Inhibitors Used in the Mouse Study

aLogP, Ki, and t1/2 were reported before, and Ki and t1/2 were measured with murine sEH.22 The results are the average of triplicates with ± SEM.
bPlasma protein binding (%) was reported by Lee et al.23 cThe plasma-to-blood-ratio was an average of duplicates with ± SEM. dThe mice (n = 3−
6) were treated by subcutaneous injection with inhibitor at the desired dose (0.3−20 mg/kg dissolved in PEG400). eThe pharmacokinetic
parameters were calculated by Winonlin based on the best-fitted models. fN.D. stands for not determined. Abbreviation: elogP stands for
experimental log P which was determined by the HPLC method in Lee et al.24 Similar data for compounds used in rat study are provided in Table
S2.
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bound to the sEH. Therefore, it is not available for circulation.
To estimate the amount of sEH-bound TPPU remaining in
vivo, a high dose of displacement compound, TCPU was
administrated to displace the sEH-bound TPPU of the sEH.
Because the level of TPPU in the blood at postdosing day 7

was low, this treatment would enhance our chance to observe
any changes of the blood level of TPPU resulting from the
sEH-bound TPPU displaced by TCPU. In addition, because
the in vivo level of TPPU is stable after postdosing day 7
(Figure 2a), any subtle changes of the time of the

Figure 2. (a) The in vivo displacement assay between the WT mice (black line with solid circle, n = 6) and sEH KO mice (orange line with open
circle, n = 6) of TPPU (0.3 mg/kg in PEG400, 100−110 μL based on the weight of the mouse, subcutaneous injection) indicates that the second
displacement peak of TPPU in WT mice after administration of a high dose of the potent displacement sEH inhibitor (TCPU, 3 mg/kg in PEG400,
100−110 μL based on the weight of the mouse, subcutaneous injection) at 168 h, is the sEH-bound TPPU. For the structure of TPPU and TCPU,
please refer to Table 1. (b) The result from the in vivo displacement assay in rat where the TCU (0.1 mg/kg in PEG400/olelate rich safflower oil/
1:4, 1 mL, oral gavage) was displaced by a high dose of the weak inhibitor, DFPU (green line with open circle, n = 4, 3 mg/kg in PEG400/olelate
rich safflower oil/1:4, 1 mL, oral gavage), or a high dose of potent inhibitor, TIPU (black line with solid circle, n = 4, 3 mg/kg, PEG400/olelate rich
safflower oil/1:4, 1 mL, oral gavage), at 168 h indicates that the second displacement peak of TCU in rats is the sEH-bound TCU. For the structure
of TCU, TIPU, and DFPU, please refer to Table S2. Panels (a, b) indicate that the in vivo displacement assay can be applied to other species. (c)
TPPU level at postdosing day 7 correlated well with specific sEH activity in different tissues in WT mice. Please see Figure S15 for the relationship
between the TPPU tissue level and sEH activity in different tissues in WT mice. R2 was calculated based on the datum point close to the fitted line
(black) except for thigh muscle. (d) The tissue level of TPPU at postdosing day 7 in different organs in WT mouse and sEH KO mouse (n = 6 per
group). Unlike the WT mouse, there was no accumulation of TPPU in the sEH KO mouse. Please see Figure S16 for the tissue level of TPPU at
postdosing day 7 in different organs in the Sprague−Dawley rat. The data are mean ± standard error of the mean (SEM).

Figure 3. tR of the inhibitors impact the AUC of the second displacement peak (referenced to the displaced sEH-bound inhibitor) at day 7. (a) The
AUC of the second displacement peak (the tested inhibitor displaced by a high dose of TCPU) changed with the tR of the tested inhibitor in the in
vivodisplacement assay. The AUC of second peak correlates well with inhibitors tR except APAU which has a much shorter PK-T1/2. The
experimental protocol is detailed in Supporting Information. The data are mean ± SEM. (b) After normalization of the second peak AUC with PK-
T1/2 of the same inhibitor, the normalized AUC of the second peak correlates well (R2 = 0.962) with the tR of the inhibitors.
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administration of TCPU would not lead to a significant change
of the second displacement peak in the PK profile.
As Figure 2a shows, the level of TPPU in the blood

increased immediately (second displacement peak of TPPU)
after a high dose of a displacement compound, TCPU (3 mg/
kg), was administrated indicating that a substantial amount of
TPPU remained bound to the sEH in vivo. We then analyzed
the tissue level of TPPU in order to understand whether TPPU
was stored in specific organs and if the level correlates well
with the sEH activity in the specific tissue. As shown in Figures
2c and S2, the amount of the TPPU found in the specific
tissues correlated very well with the sEH activity of the same
tissue. This work was also repeated with TCU as a loading
compound in rat (Figure S9). Therefore, we hypothesize that

the increase in the level of the second displacement peak of
TPPU followed by administration of a high dose of TCPU
corresponds to the amount of TPPU that is bound to sEH.
To test the hypothesis that the second displacement peak of

TPPU in the in vivo displacement assay discussed above is due
to the sEH-bound TPPU, similar experiments were run with
the following modifications: (1) where TCPU is replaced by 3-
(3-(trifluoromethoxy)-1-(propionlpiperidin-4-yl)-phenyl)urea
(mTPPU) (Figure S3) which is >10000 less potent than
TCPU, and (2) WT mice are replaced with sEH knockout
(KO) mice. As shown in Figures 2a and S3, our results showed
that a much smaller second peak was observed in both
experiments (Figures 2a and S3). In addition, in a similar
experimental setting with sEH knockout mice, an increase in
the dose of TPPU from 0.3 mg/kg to 3 mg/kg and an increase
in the dose of TCPU from 3 mg/kg to 10 mg/kg did not
further increase the area-under-the-curve (AUC) of the second
displacement peak of TPPU (Figure S4). Furthermore, as
shown in Figure 2d, unlike WT mice, at postdosing day 7, no
TPPU is accumulated in sEH KO mice tissues. All results
implied that the second displacement peak of TPPU observed
in the experiment with WT mouse after administration of
TCPU (Figure 2a) is due largely to the sEH-bound TPPU in
vivo.
To determine if a near optimum dose of TCPU was used in

the in vivo displacement assay, a dose response study was
conducted. Our results showed that the AUC of the second
displacement peak reached plateau at 3 mg/kg, which indicates
that majority of the sEH-bound TPPU was displaced and 3
mg/kg of TCPU is a near optimum dose of the displacement
assay (Figures S5−S8).
To test if this assay can also be applied to other model

species, the same assay was additionally performed in rats with
inhibitors optimized for rat enzyme and PK. As shown in
Figure 2b, we were also able to displace specifically the bound
sEH inhibitor (TCU) with a high dose of a second inhibitor
(TIPU) in rats. When a much less potent DFPU (∼16 666-
fold less potent, Table S1) or vehicle alone was used instead of
TIPU, the TCU could not be displaced (Figures 2b, S9 and
S10). These results indicate that the second displacement peak
corresponds to the amount of sEH-bound TCU in vivo.
Therefore, the in vivo displacement assay developed here is
likely broadly transferable to other species and other
compound pairs.

Drug-Target Residence Time Affects the Duration of
the in Vivo Drug−Target Interactions. This newly
developed in vivo assay allows one to monitor the amount of
bound inhibitor at a specific time after the dosing of the drug.
Such information can be extrapolated to the time-dependent
drug’s pharmacological activity in vivo because the inhibitor is
only active when it is bound to the target. To study the
correlation of in vitro tR on the duration of drug-target
interaction in vivo, a subset of metabolically stable sEH
inhibitors with similar Ki and physical properties but different
sEH-t1/2 (which implies the same as tR) values was identified
from our sEH inhibitor library (Table 1). This set of sEH
inhibitors allows one to study specifically the effect of tR on the
duration of in vivo drug-target interactions with minimal
interference from other factors. This approach is important for
our study because, in most cases, modulating tR will affect the
Ki of the inhibitor because Ki is a ratio of koff over kon. In
addition, similar to previous experiments, we used a dose of
inhibitor where Cmax is at least 100 times higher than the KI,

Figure 4. Drug-target residence time (tR) modulates the pharmaco-
kinetic profile of the inhibitors. The inhibitors with longer tR bind to
the sEH longer as compared to inhibitors with shorter tR, therefore
protecting the inhibitors from being metabolized and/or eliminated
from the body. (a) TPPU, which has a long tR (19.8 min), was
administrated to both WT and sEH KO mice at the same dose
(subcutaneous injection, 0.3 mg/kg). The PK profile of TPPU in WT
mice (PK-T1/2 is 15 h) is very different from one in sEH KO mice
(PK-T1/2 is 9 h) after 48 h. The TPPU is fully eliminated in sEH KO
mouse within 72 h, while the elimination rate of TPPU is much
slower in WT mice and the blood level of TPPU stayed above the Ki
(2.5 nM) even at postdosing day 14. (b) TPAU, which has a short tR
(6.0 min), was administrated to both WT and sEH KO mice at the
same dose (1 mg/kg). Unlike TPPU, the PK profiles of TPAU
between WT (PK-T1/2 is 8.75 h) and sEH KO mice (PK-T1/2 is
8.35 h) is relatively similar to TPAU and is fully eliminated in WT
mice within 168 h, while TPAU is fully eliminated in sEH KO mice
within 144 h. These data suggest that tR of the inhibitors affects its PK
profiles, and inhibitors with a long tR will have a slower PK
elimination rate. Please refer to Figure S17 for a full PK profile of
TPPU and TPAU in WT and sEH KO mice. The data are mean ±
SEM.
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and the AUC (exposure) is ≥8000 nM·h (Table 1) to ensure
the majority of the sEH is bound to the inhibitor.
As shown in Figure 3, our results demonstrated

experimentally that tR affects the duration of in vivo drug-
target binding. The success of studying compounds with a
relatively stable PK-t1/2 (≥6 h) led us to further explore the
possibility of studying a compound that is metabolically
unstable. This also allows us to test whether the PK-t1/2 affects
the duration of in vivo drug-target binding. Therefore, APAU
was tested because it has a much shorter PK-t1/2 (1.4 h) but
relatively long sEH-t1/2 (31.3 min). Our results showed that a
significant second displacement peak was observed in this assay
even with the compound that has a short PK-t1/2 (Figure 3a).
However, the AUC of the second displacement peak of APAU
does not correlate well with the sEH-t1/2 of the APAU. If the
AUC in the PK profile is mainly affected by absorption and
elimination of the drug, we hypothesized that the AUC of the
second displacement peak from the in vivo displacement assay
is affected mainly by elimination of the sEH inhibitor (PK-
t1/2). This is because the second displacement peak
corresponds to the in vivo amount of sEH-bound inhibitor
but not from external administration of the inhibitor.
Therefore, once the AUC of the second displacement peak is
normalized by the PK-t1/2 of the same compound, the
normalized AUC of the second displacement peak is affected
significantly by the tR of the inhibitor which dictates the total in
vivo amount of sEH-bound inhibitor, as we mentioned in the
previous experiment. Our data (Figure 3b) show that the
normalized AUC of the second displacement peak correlates
well with the sEH-t1/2 of the inhibitors. All results imply that
the tR plays a very important role in determining the duration
of in vivo drug-target interaction (target occupancy). A similar
result was also observed in rat studies where a significant
difference of AUC of the second displacement peak was found
between inhibitors with different sEH-t1/2 and potency values
(Table S1, Figure S11).
Drug-Target Residence Time Affects the PK Profile of

the Inhibitor. Having demonstrated that TPPU remains
selectively bound to sEH after a long postdosing period in vivo,
we hypothesized that tR of the sEH inhibitor modulates the
relative duration of drug-target interaction over drug-nontarget
interaction. One such interaction is with drug metabolizing
enzymes. This tight binding to the target protein will affect the
metabolism of the inhibitor and, therefore, affect its PK profile
and biological activity. To test this hypothesis, we compared
the PK profile of TPPU (tR = 20 min) and TAPU (tR = 6 min)
between WT and sEH knockout mice. The results should
indicate the effect of tR on the PK profile of the sEH inhibitor,
which ultimately affects the in vivo activity of the inhibitor.
As shown in Figure 4a and Figure S12, the PK profile of

TPPU in sEH knockout mice is different from that of WT
mice, particularly after 24 h. Our data show that the TPPU was
fully eliminated after 72 h in sEH knockout mice, while a trace
amount of TPPU remained in blood even after 14 days in WT
mice. In addition, unlike the PK profile of TPPU in sEH
knockout mice, the PK profile of TPPU in WT mice displays a
triexponential decline with a terminal phase that persists longer
than 14 days (336 h) (Figure S1), while the PK profile of
TPPU in sEH knockout mice follows a biexponential decline.
Interestingly, the PK profiles of TPAU are not substantially
different between WT and sEH knockout mice. TPAU is fully
eliminated in the blood within 144 h in sEH knockout mouse,
while TPAU is fully eliminated within 168 h in the WT mice

without a long terminal phase (Figure 4b and Figure S12).
Because the most significant difference among all the in vitro
parameters between TPPU and TAPU is the sEH-t1/2 (Table
1), our results suggest that the tR of the inhibitors also
modulates the PK profile of the inhibitor by protecting it from
metabolism and excretion. The studies described above are
facilitated by the high potency of the sEH inhibitors, which
allow doses to be used that are unlikely to saturate and
compete for metabolic pathways.

■ DISCUSSION

Drug-target residence time (tR) is proposed to be a key in vitro
parameter that can complement the common potency
measurements such as Ki, Kd, IC50, and EC50, to predict
the in vivo efficacy of a drug.4−6,17,30 This is because tR is a
kinetic parameter of a drug that is independent of enzyme and
drug concentration and closely resembles an in vivo environ-
ment where equilibrium is never reached. In addition, even
when a drug is bound to its target, in reality, it constantly
associates and dissociates from the target. Therefore, in an
open system, a kinetic parameter such as tR is more important.
Although numerous previous studies showed that compounds
with a long tR have better in vivo pharmacological activity in
animal models, these studies rarely demonstrate that
compounds with a long tR prolong the drug-target binding in
vivo.13,14,16,18,31−35 Thus, it was very difficult to predict the
impact of tR on in vivo efficacy of a drug. For example, one
would expect the tR should have a minimal effect on the drug
which has an elimination half-life longer than the tR.

36 This
observation is because the concentration of a drug in vivo
should dictate the ultimate pharmacological activity of a drug
when it is above the binding affinity of a drug. Therefore, the
concentration should be the major factor that drives the in vivo
activity. However, the tR measured with diluted enzymes in
vitro do not address the possibility of a rebinding mechanism
which can further extend the in vivo duration of drug-target
binding. This is because most of the in vitro kinetic assays are
optimized to use a dilute solution to minimize this possibility.
However, our data suggest that the rebinding mechanism
should be considered, and this is a topic we will address later.
In addition, the tR has a significant impact on the relative
accessibility of endogenous substrates to the enzyme even
though the tR is significantly shorter than the PK-t1/2. For
example, when the tR of the drug is longer than the rate of
substrate binding, it affects the biological outcome signifi-
cantly.30 On the other hand, one would expect a covalent
inhibitor to have infinite in vivo activity on target. However,
Schwartz et al. reported that the drug-target residence time of
the reversible interaction of covalent inhibitors is equally if not
more important to determine the potency of the covalent
inhibitors.37 For example, the reactivation rates for acetylcho-
linesterase following kinetically irreversible inhibition by N-
methyl carbamate insecticides is far faster that the tR values
reported here.38 We will further discuss how our data can
address the differences between covalent and reversible
inhibitors. Besides, in most cases, modification of tR, which is
calculated from koff, changes the drug binding affinity (Kd or
KI) because Kd is a ratio of koff over kon. Therefore, an approach
that can experimentally show the effect of tR on the duration of
drug-target binding could shed light on how tR affects the in
vivo activity of a drug. With the technologies developed from
previous research and this study, we are able to tackle some of
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the limitations in recent studies regarding drug-target residence
time. This will be discussed further in the following paragraphs.
One of the limitations of the studies on drug-target

residence time is the availability of techniques to study in
vivo drug-target binding which often refers to target occupancy.
Recent developed technologies, like fluorescence, surface
plasma resonance, isothermal titration calorimetry, and
biolayer interferometry, make determination of in vitro tR
accessible.7,24,39,40 However, these technologies are not
compatible for in vivo studies. In order to experimentally
probe the duration of drug-target interaction in vivo, we
developed an in vivo displacement assay that allows us to
estimate the amount of target-bound drug at different
postdosing times. As a proof of concept, sEH was used as a
biological model because the tools developed for research on
the sEH to control inflammation, pain, and other clinical
targets include a library of inhibitors, recombinant sEH from
different species, a sEH knockout mouse, sensitive analytical
methods for the inhibitors, and a high-throughput screening
assays to fully validate this study. TPPU was used as our model
compound because of its wide use in research, potency, long tR,
and in vivo stability. As shown in Figure 2a, even at postdosing
day 7, a very strong second displacement peak of the TPPU
was immediately observed in the blood after administration of
a high dose of TCPU. Our results with the sEH knockout
mouse and weak inhibitors also indicated that this strong
second displacement peak corresponds largely to the amount
of sEH inhibitor specifically bound to sEH in vivo but is not
due to nonspecific binding to other proteins (Figures 2a and
S3). The substantial second displacement peak observed in this
in vivo displacement assay could be a result of a high
abundance of sEH (the total pool of sEH in mice is estimated
to be 10 nmol based on the determined sEH amount (Figure
2C) in several key sEH expressing organs which we assume to
account for >80% of sEH in mouse). This amount of sEH
should be equivalent to the maximum amount of sEH inhibitor
that can be displaced, particularly in liver (1 μmol/kg of liver
tissue) which leads to a strong displacement peak being
observed.
To understand the importance of tR alone on in vivo

duration of drug-target binding, we used a class of sEH
inhibitors, where their Ki is similar but significantly different
than their tR. This series of sEH inhibitors helped us to dissect
the importance of tR while minimizing interference from Ki or
Kd. With these tools, we demonstrated experimentally the
importance of tR on the duration of in vivo drug-target binding.
Compounds with long tR bind to the in vivo target with
extended residence (Figures 3, S13−S16). As Dr. Paul Ehrlich
stated, “corpora non agunt nisi” (“a substance will not work
unless it is bound”). The extended duration of drug-target
binding leads to a prolonged biological effect which enhances
in vivo efficacy. Our results showed that tR affects thein vivo
activity of drugs through prolonging the in vivo drug-target
interactions. Because the data on actual target occupancy
throughout the dosing period are very limited or absent, the
data obtained, and the method developed in this report, could
very well be the first step in comprehending and modeling the
relationship between tR and the in vivo target occupancy.
While studies show that tR plays an important role in the in

vivo activity of a drug, as discussed previously, there is still
controversy regarding the relative importance of tR and PK-t1/2
on drug efficacy.36,41 In this report, to our surprise, the
inhibitor still binds to the sEH at postdosing day 7 which is

504-fold longer than tR of the sEH inhibitors determined from
in vitro studies in a dilute solution. This result is due to the
existence of a drug rebinding mechanism as Vauquelin et al.
also suggest in their studies.42,43 Particularly, we found that a
significant amount of sEH is expressed in mammals, especially
in the liver (∼1 μmol/kg, See Supporting Information Figures
2c, S2 and S17). Therefore, in vivo tR can last longer than the
one found in vitro. This result also implies that unlike other
studies, kobs, which is the product of kon and target protein
concentration, should also be included if one wants to
accurately translate the in vitro potency to in vivo efficacy
because the rebinding mechanism plays an important role as to
how long a drug will stay bound to the target protein. These
observations also indicate that the in vivo activity of a drug
which translate to its in vivo efficacy could also greatly be
affected by the local concentration of the target protein as one
suggested by van Waterschoot et al. especially in our case in
which we estimate the concentration of sEH in liver is around
1 μmol/kg or μM.44

Although this assay was specifically developed using sEH as
a sole biological system, on the basis of our knowledge
obtained over decades of sEH research, we believe this assay
can also be applied to other therapeutic targets upon fulfilling
the following criteria, and we separate the criteria into target-
related and technical related. For target-related requirements:
(1) Relatively high levels of target protein in vivo are needed. A
high level of target in tissue ensures a significant amount of
drug is bound; thus, the amount of displaced drug is large
enough to be detected easily. In addition, a high level of target
also facilitates the binding of ligand because drug-target
binding is a bimolecular reaction. As a result, it will also
facilitate the rebinding mechanism of the drug dissociated from
the target which is another important factor, and we will
discuss in a later paragraph. (2) The target is expressed in well-
perfused tissue. This facilitates the ligand binding to the target
and also facilitates the bound ligand being displaced easily
during the assay period. (3) A similar rate of synthesis and
degradation of the enzyme is needed because the level of the
target affects the amount of ligand bound to the target, which
affects the amount of displaced the ligand. A stable in vivo level
of the target throughout the assay period will, therefore,
minimize the artifact of the assay results from the increase or
decrease of the in vivo level of the target. However, if the
binding of the ligand affects the rate of either synthesis or
degradation of the target, one can determine the maximum
target occupancy after the experiment and use this information
to normalize the data. For technical requirements: (1) A
potent displacement ligand with good bioavailability is needed
to ensure that the ligand is potent and highly available in vivo
to displace the tested ligand that is bound to the target in vivo.
(2) A sensitive detection method for the tested ligand is
required because this will allow us to determine the level of the
displaced ligand. However, we do anticipate the detection
method will be no longer a limitation in the near future
because the technologies for monitoring a drug in vivo has
been improved substantially over the last decades. For
example, with accelerator mass spectrometry, we can detect
the drug at the attomole level. In addition, once the technology
of detecting compounds in vivo is no longer a limitation, we
can then apply this assay to a less abundant target.
We also believe this assay can be further extended to other

clinically relevant species and ultimately to humans as long as it
fulfills the above-mentioned criteria for the assay. However,
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there are several limitations that should be considered: (1) The
enzyme from different species may have different selectivities
toward the inhibitors. The sEH is one of the examples at a
large variation in potency among species. Therefore, we should
measure the in vitro parameters with the enzyme or receptor
from the target species.24,45−47 (2) The metabolism between
species could be different, which affects the bioavailability of
the tested compounds. (3) The safety concern of using a high
concentration of a displacement compound in clinically
relevant species and humans. To circumvent these limitations,
one can apply this displacement assay using human and rodent
primary cells in which the target enzyme is stably expressed;
unfortunately, there is no cell line that stably expresses sEH at
levels consistent with in vivo expression. Alternatively, one can
conduct an in vivo displacement assay in rodents followed by
obtaining in vitro parameters from in vitro assays in both rodent
and target species. Then, one can use advanced PK modeling
to extrapolate the rodent data to predict target occupancy of
the drug candidates in humans. In this case, the in vivo
displacement assay in rodent will help us to build a PK model
to determine the impact of tR and other factors on target
occupancy. The data from in vitro assays in both human and
rodent enzymes or tissues such as Ki and tR of the inhibitors, in
vitro metabolism, and the relative expression levels of the
target, allow us to extrapolate the rodent data to predict human
target occupancy. Our laboratory is currently conducting both
studies and will report the results soon. We believe this
relatively noninvasive in vivo displacement assay could also be
applied widely to other pharmaceutical targets as well as to
environmental toxicants as long as they fit the above-
mentioned criteria. This will also help us to investigate other
biological phenomena. For example, while it has been shown
that prolonged inhibition of sEH inhibitor does not affect the
sEH level in rodents,48 one could use this technique to
investigate whether extended drug-target binding affects the in
vivo level of the other target over time, which ultimately affects
the dose of the ligand for chronic treatment. One could also
combine advanced PET scanning technology with the in vivo
displacement assay to investigate (1) whether the distribution
of the drug is due to binding of target or nonspecific binding;
(2) estimate the in vivo target enzyme distribution; and (3)
determine, for example, the blood−brain barrier penetration.
Much to our surprise, there is only limited recent research

into the impact of tR on the PK profile of a drug. With the sEH
knockout mice and sensitive analytical methods, we were able
to demonstrate that tR also affects the in vivo activity of the
drug through modulating its PK profile. By comparing the PK
profile between the WT and sEH knockout mice of the same
inhibitor, we have shown that the binding on the target
enzyme in vivo clearly affects the rate of elimination and
metabolism of the sEH inhibitor (Figure 4). In addition, our
data show that the difference in PK profiles between WT and
sEH knockout mice becomes more significant when the drug
has a long tR. As Callan et al. indicated, tR also affects the
kinetic selectivity of the drug interacting with pharmacological
proteins including nontarget-related binding. For example, the
duration of drug interacting with target will impact the
duration of drug metabolizing by metabolic enzymes.49 Our
results showed that the extended duration of drug-target
binding in vivo protects the drug from metabolism because it
minimizes the binding of the drug by other proteins such as
metabolic enzymes or by excretion. This could explain why
some compounds or environmental contaminants have an

unexpectedly long PK elimination half-life. This finding will
help us better understand how tR affects PK profile of the drug
which affects its in vivo activity from a different perspective.
The results reported here also address whether a covalent/

irreversible inhibitor has significant advantages over a
reversible inhibitor. The irreversible or covalent inhibitors
which have infinite drug-target residence time are believed to
have prolonged biological effects and therefore could
potentially lower the dosing regimen and the dosage which
is generally considered as important advantages and lower
toxicity.50,51 For example, in patients, clopidogrel maintains the
effect beyond 24 h until 7 days even when the majority of the
clopidogrel is cleared within 6 h from dosing. Because of this
unique property, clopidogrel is often administered with a high
loading dose followed by a much lower maintenance dose.52

However, this does not apply to all covalent inhibitors. For
example, several (Bruton tyrosine kinase) Btk irreversible
inhibitors have been developed and used to treat several
specific cancers.53−56 It was reported that the dosing frequency
for these inhibitors is not well predicted based on the kinetics
of inactivation of the target.10,53 Several factors are suggested
to contribute to this outcome. One of the most important
factors could be the turnover rate of the target. Unlike
reversible inhibitors, where once the target which the inhibitor
covalently binds to is degraded, the bound inhibitor can no
longer be regenerated. In this case, if the turnover rate of the
target is fast, the target occupancy will decrease significantly
over time; thus, a repeat dose is needed. This phenomenon has
also been shown in irreversible EGFR inhibitors.57 Therefore,
the rate of target synthesis and degradation should be included
in the prediction of a dosing regimen for the irreversible
inhibitor.53,58 Therefore, as we showed, the reversible
inhibitors would be beneficial because the dissociated inhibitor
can, in fact, rebind to the newly synthesized target, and it can
maintain the binding to the target in vivo much longer than the
measured drug-target dissociation half-life because the target
acts as a refectory pool of the inhibitor in vivo. Once the
inhibitor is released, it will bind to the newly synthesized target
in vivo. Unfortunately, in this study, we cannot test whether
inhibitors with a higher target occupancy at day 7 are more
potent than the inhibitor with less target occupancy because
sEH is a low vulnerability target58 where high inhibition of the
sEH (≥90%) is required for inhibitors to show the effect.29

However, we have recently published studies to demonstrate
that the inhibitors with a long tR are more potent and have
extended in vivo activity, but the limitation in these studies is
we have not considered the PK profiles of the tested
inhibitors.24,59 In fact, we are currently testing this assay at
earlier time points where 99% of sEH is inhibited and will use
this assay to study in detail the effects of inhibitors’ PK profile,
tR, target occupancy time profile on their activity in vivo.
How tR influences the pharmacology of drug action of

course depends in part upon the biology of the system. This
topic is not addressed in detail here; however, it is clear that
the tR of inhibitors of the sEH will be major factors influencing
the epoxide hydration and inactivation of the epoxy-fatty acids.
Most of these substrates are bioactive at low nanomolar to
picomolar concentrations and are degraded with a high kcat/Km
ratio. Under such conditions, one expects the tR to be an
important predictor of in vivo activity because the high kcat/Km
ratio is dominated by the low Km term coupled with the very
low in vivo abundance epoxy-fatty acid substrates. Thus, even
small amounts of uninhibited sEH could have a large impact
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on the titer of epoxy-fatty acids. One would expect tR to have a
greater impact on sEH biology than on acetylcholine esterase,
which also metabolizes a chemical mediator with a high kcat/
Km ratio. However, the kcat/Km ratio is dominated by a high
kcat, and its substrate acetylcholine is present at a relatively high
concentration within the synaptic cleft. Therefore, the effect of
tR on the biology of the system will be context dependent.
In summary, we generated a new assay that facilitates

estimation of the amount of target-bound compound in vivo.
This assay allows us to study how tR affects duration of in vivo
target binding in a relatively easy manner. Although one may
argue that it could be difficult to address other drug candidates
with an analogous assay because of a low receptor level or
target protein, mass spectrometry technology has been
significantly improved during the last few decades and
improvement continues. Alternately, one can either use
positron emission tomography or a C14 mass label with
accelerator mass spectrometry to substantially enhance
sensitivity to detect the displaced low levels of compounds.
This assay could also potentially be used for the exploration of
different pharmacological phenomena; for example, the in vivo
displacement assay could be used to address the different
pharmacological activities of drugs among species.
Most importantly, the results presented in this study clearly

demonstrate the effects of tR on the duration of target binding.
Our data also suggest that tR affects its drug efficacy in vivo not
only through target interaction but also through modulating
the PK profile of the drug, which, to our knowledge has not
been approached to date. Although one may argue the success
of this study is mainly because sEH is well-expressed in vivo, as
we continue improving the potency of the drug candidates
which also improves the tR, our findings will be able to be
applied to other drug targets. In fact, more PK studies and in
vitro studies have reported similar observations with small
molecules, which sometimes refer to a phenomenon called
target-mediated drug disposition (TMDD).44,60−62 In addition,
our study provides important data on looking at the unclear
relationship between tR, the duration of in vivo target binding
and PK profile, as well as the factors that could affect the
contributions of tR to its in vivo activity that translate to its
efficacy. The data generated from this study and the assay
described will help to better model and predict drug efficacy
using data obtained from in vitro studies as well as in vivo
animal studies.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscents-
ci.9b00770.

Supporting Figures S1−S19, Supporting Tables S1−S3,
Experimental methods and materials (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*(B.D.H.) E-mail: bdhammock@ucdavis.edu.
*(K.S.S.L.) E-mail: sing@msu.edu.
ORCID
Bruce D. Hammock: 0000-0003-1408-8317
Notes
The authors declare the following competing financial
interest(s): The University of California holds patents on the

sEH inhibitors to treat disease. Some of these patents have
been licensed by EicOsis L.L.C., a startup company advancing
sEH inhibitors as potential therapeutics. BDH is cofounder
and JY and KW are employees of EicOsis L.L.C.

■ ACKNOWLEDGMENTS

This work was supported by the National Institute of
Environmental Health Sciences (NIEHS) R01 ES002710,
R35 ES030443 (NIEHS River Award), R00 ES024806 (to
K.S.S.L) and NIEHS Superfund Research Program P42
ES004699. This work was also supported by National Science
Foundation DMS-1761320 (to K.S.S.L). We also would like to
thank Dr. Guohua An at University of Iowa for reviewing the
paper. The author would like to thank Dr. Karen Liby for
donating the mouse blood and Katayoon Maghami for
analyzing the LC/MSMS data from plasma-to-blood ratio
experiment.

■ REFERENCES
(1) Bayliss, M. K.; Butler, J.; Feldman, P. L.; Green, D. V. S.; Leeson,
P. D.; Palovich, M. R.; Taylor, A. J. Quality guidelines for oral drug
candidates: dose, solubility and lipophilicity. Drug Discovery Today
2016, 21 (10), 1719−1727.
(2) Kaitin, K. I. Causes of Clinical Failures Vary Widely by Therapeutic
Class, Phase of Study; Tufts University, 2013.
(3) Harrison, R. K. Phase II and phase III failures: 2013−2015. Nat.
Rev. Drug Discovery 2016, 15 (12), 817−818.
(4) Copeland, R. A. Drug-target interaction kinetics: underutilized in
drug optimization? Future Med. Chem. 2016, 8 (18), 2173−2175.
(5) Copeland, R. A. The drug-target residence time model: a 10-year
retrospective. Nat. Rev. Drug Discovery 2016, 15 (2), 87−95.
(6) Swinney, D. C. The role of binding kinetics in therapeutically
useful drug action. Curr. Opin. Drug Discovery Dev. 2009, 12 (1), 31−
39.
(7) Cooper, M. A. Label-free screening of bio-molecular interactions.
Anal. Bioanal. Chem. 2003, 377 (5), 834−842.
(8) Renaud, J. P.; Chung, C. W.; Danielson, U. H.; Egner, U.;
Hennig, M.; Hubbard, R. E.; Nar, H. Biophysics in drug discovery:
impact, challenges and opportunities. Nat. Rev. Drug Discovery 2016,
15 (10), 679−698.
(9) Quinn, J. G.; Pitts, K. E.; Steffek, M.; Mulvihill, M. M.
Determination of affinity and residence time of potent drug-target
complexes by label-free biosensing. J. Med. Chem. 2018, 61 (12),
5154−5161.
(10) Georgi, V.; Schiele, F.; Berger, B. T.; Steffen, A.; Marin Zapata,
P. A.; Briem, H.; Menz, S.; Preusse, C.; Vasta, J. D.; Robers, M. B.;
Brands, M.; Knapp, S.; Fernandez-Montalvan, A. Binding kinetics
survey of the drugged kinome. J. Am. Chem. Soc. 2018, 140 (46),
15774−15782.
(11) Amaral, M.; Kokh, D. B.; Bomke, J.; Wegener, A.; Buchstaller,
H. P.; Eggenweiler, H. M.; Matias, P.; Sirrenberg, C.; Wade, R. C.;
Frech, M. Protein conformational flexibility modulates kinetics and
thermodynamics of drug binding. Nat. Commun. 2017, 8, 2276.
(12) Bradshaw, J. M.; McFarland, J. M.; Paavilainen, V. O.; Bisconte,
A.; Tam, D.; Phan, V. T.; Romanov, S.; Finkle, D.; Shu, J.; Patel, V.;
Ton, T.; Li, X. Y.; Loughhead, D. G.; Nunn, P. A.; Karr, D. E.;
Gerritsen, M. E.; Funk, J. O.; Owens, T. D.; Verner, E.; Brameld, K.
A.; Hill, R. J.; Goldstein, D. M.; Taunton, J. Prolonged and tunable
residence time using reversible covalent kinase inhibitors. Nat. Chem.
Biol. 2015, 11 (7), 525−531.
(13) Daryaee, F.; Chang, A.; Schiebel, J.; Lu, Y.; Zhang, Z.;
Kapilashrami, K.; Walker, S. G.; Kisker, C.; Sotriffer, C. A.; Fisher, S.
L.; Tonge, P. J. Correlating drug-target kinetics and in vivo
pharmacodynamics: long residence time inhibitors of the FabI
enoyl-ACP reductase. Chemical Science 2016, 7 (9), 5945−5954.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.9b00770
ACS Cent. Sci. XXXX, XXX, XXX−XXX

I

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00770
http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00770
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00770/suppl_file/oc9b00770_si_001.pdf
mailto:bdhammock@ucdavis.edu
mailto:sing@msu.edu
http://orcid.org/0000-0003-1408-8317
http://dx.doi.org/10.1021/acscentsci.9b00770


(14) Guo, D.; Hillger, J. M.; Ijzerman, A. P.; Heitman, L. H. Drug-
target residence time-A case for G protein-coupled receptors. Med.
Res. Rev. 2014, 34 (4), 856−892.
(15) Martella, A.; Sijben, H.; Rufer, A. C.; Grether, U.; Fingerle, J.;
Ullmer, C.; Hartung, T.; Ijzerman, A. P.; van der Stelt, M.; Heitman,
L. H. A novel selective inverse agonist of the CB2 receptor as a
radiolabeled tool compound for kinetic binding studies. Mol.
Pharmacol. 2017, 92 (4), 389−400.
(16) Soethoudt, M.; Hoorens, M. W. H.; Doelman, W.; Martella, A.;
van der Stelt, M.; Heitman, L. H. Structure-kinetic relationship studies
of cannabinoid CB2 receptor agonists reveal substituent-specific
lipophilic effects on residence time. Biochem. Pharmacol. 2018, 152,
129−142.
(17) Tonge, P. J. Drug-target kinetics in drug discovery. ACS Chem.
Neurosci. 2018, 9 (1), 29−39.
(18) Walkup, G. K.; You, Z.; Ross, P. L.; Allen, E. K. H.; Daryaee, F.;
Hale, M. R.; O’Donnell, J.; Ehmann, D. E.; Schuck, V. J. A.; Buurman,
E. T.; Choy, A. L.; Hajec, L.; Murphy-Benenato, K.; Marone, V.;
Patey, S. A.; Grosser, L. A.; Johnstone, M.; Walker, S. G.; Tonge, P. J.;
Fisher, S. L. Translating slow-binding inhibition kinetics into cellular
and in vivo effects. Nat. Chem. Biol. 2015, 11 (6), 416−423.
(19) Imig, J. D. Epoxides and soluble epoxide hydrolase in
cardiovascular physiology. Physiol. Rev. 2012, 92 (1), 101−130.
(20) Imig, J. D.; Hammock, B. D. Soluble epoxide hydrolase as a
therapeutic target for cardiovascular diseases. Nat. Rev. Drug Discovery
2009, 8 (10), 794−805.
(21) Yang, G. Y. Proinflammatory enzyme soluble epoxide hydrolase
bridges obesity to colonic inflammation and potential carcinogenesis.
Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (23), 5827−5828.
(22) Zhang, G. D.; Panigrahy, D.; Mahakian, L. M.; Yang, J.; Liu, J.
Y.; Lee, K. S. S.; Wettersten, H. I.; Ulu, A.; Hu, X. W.; Tam, S.;
Hwang, S. H.; Ingham, E. S.; Kieran, M. W.; Weiss, R. H.; Ferrara, K.
W.; Hammock, B. D. Epoxy metabolites of docosahexaenoic acid
(DHA) inhibit angiogenesis, tumor growth, and metastasis. Proc. Natl.
Acad. Sci. U. S. A. 2013, 110 (16), 6530−6535.
(23) Lee, K. S. S.; Morisseau, C.; Yang, J.; Wang, P.; Hwang, S. H.;
Hammock, B. D. Foerster resonance energy transfer competitive
displacement assay for human soluble epoxide hydrolase. Anal.
Biochem. 2013, 434 (2), 259−268.
(24) Lee, K. S. S.; Liu, J.-Y.; Wagner, K. M.; Pakhomova, S.; Dong,
H.; Morisseau, C.; Fu, S. H.; Yang, J.; Wang, P.; Ulu, A.; Mate, C. A.;
Nguyen, L. V.; Hwang, S. H.; Edin, M. L.; Mara, A. A.; Wulff, H.;
Newcomer, M. E.; Zeldin, D. C.; Hammock, B. D. Optimized
inhibitors of soluble epoxide hydrolase improve in vitro target
residence time and in vivo efficacy. J. Med. Chem. 2014, 57 (16),
7016−7030.
(25) Liu, J.; Lin, Y.-P.; Qiu, H.; Morisseau, C.; Rose, T. E.; Hwang,
S. H.; Chiamvimonvat, N.; Hammock, B. D. Substituted phenyl
groups improve the pharmacokinetic profile and anti-inflammatory
effect of urea-based soluble epoxide hydrolase inhibitors in murine
models. Eur. J. Pharm. Sci. 2013, 48 (4−5), 619−627.
(26) Chen, Y. X.; Tian, H.; Yao, E. S.; Tian, Y. Y.; Zhang, H. Q.; Xu,
L.; Yu, Z. Y.; Fang, Y. K.; Wang, W.; Du, P.; Xie, M. J. Soluble epoxide
hydrolase inhibition promotes white matter integrity and long-term
functional recovery after chronic hypoperfusion in mice. Sci. Rep.
2017, 7, 7758.
(27) Islam, O.; Patil, P.; Goswami, S. K.; Razdan, R.; Inamdar, M.
N.; Rizwan, M.; Mathew, J.; Inceoglu, B.; Lee, K. S. S.; Hwang, S. H.;
Hammock, B. D. Inhibitors of soluble epoxide hydrolase minimize
ischemia-reperfusion-induced cardiac damage in normal, hypertensive,
and diabetic rats. Cardiovasc. Ther. 2017, 35 (3), No. e12259.
(28) Sasso, O.; Wagner, K.; Morisseau, C.; Inceoglu, B.; Hammock,
B. D.; Piomelli, D. Peripheral FAAH and soluble epoxide hydrolase
inhibitors are synergistically antinociceptive. Pharmacol. Res. 2015, 97,
7−15.
(29) Morisseau, C.; Wecksler, A. T.; Deng, C.; Dong, H.; Yang, J.;
Lee, K. S. S.; Kodani, S. D.; Hammock, B. D. Effect of soluble epoxide
hydrolase polymorphism on substrate and inhibitor selectivity and
dimer formation. J. Lipid Res. 2014, 55 (6), 1131−1138.

(30) Swinney, D. C. Molecular mechanism of action (MMoA) in
drug discovery. In Annual Reports in Medicinal Chemistry; Macor, J. E.,
Ed.; Elsevier, 2011; Vol. 46, pp 301−317.
(31) Maschera, B.; Darby, G.; Palu, G.; Wright, L. L.; Tisdale, M.;
Myers, R.; Blair, E. D.; Furfine, E. S. Human immunodeficiency virus -
Mutations in the viral protease that confer resistance to saquinavir
increase the dissociation rate constant of the protease-saquinavir
complex. J. Biol. Chem. 1996, 271 (52), 33231−33235.
(32) Gooljarsingh, L. T.; Fernandes, C.; Yan, K.; Zhang, H.;
Grooms, M.; Johanson, K.; Sinnamon, R. H.; Kirkpatrick, R. B.;
Kerrigan, J.; Lewis, T.; Arnone, M.; King, A. J.; Lai, Z. H.; Copeland,
R. A.; Tummino, P. J. A biochemical rationale for the anticancer
effects of Hsp90 inhibitors: Slow, tight binding inhibition by
geldanamycin and its analogues. Proc. Natl. Acad. Sci. U. S. A. 2006,
103 (20), 7625−7630.
(33) Lu, H.; England, K.; am Ende, C.; Truglio, J. J.; Luckner, S.;
Reddy, B. G.; Marlenee, N. L.; Knudson, S. E.; Knudson, D. L.;
Bowen, R. A.; Kisker, C.; Slayden, R. A.; Tonge, P. J. Slow-onset
inhibition of the Fabl enoyl reductase from Francisella tularensis:
Residence time and in vivo activity. ACS Chem. Biol. 2009, 4 (3),
221−231.
(34) Tillotson, B.; Slocum, K.; Coco, J.; Whitebread, N.; Thomas,
B.; West, K. A.; MacDougall, J.; Ge, J.; Ali, J. A.; Palombella, V. J.;
Normant, E.; Adams, J.; Fritz, C. C. Hsp90 (Heat Shock Protein 90)
Inhibitor occupancy Is a direct determinant of client protein
degradation and tumor growth arrest in vivo. J. Biol. Chem. 2010,
285 (51), 39835−39843.
(35) Guo, D.; Mulder-Krieger, T.; Ijzerman, A. P.; Heitman, L. H.
Functional efficacy of adenosine A2A receptor agonists is positively
correlated to their receptor residence time. Br. J. Pharmacol. 2012, 166
(6), 1846−1859.
(36) Dahl, G.; Akerud, T. Pharmacokinetics and the drug-target
residence time concept. Drug Discovery Today 2013, 18 (15−16),
697−707.
(37) Schwartz, P. A.; Kuzmic, P.; Solowiej, J.; Bergqvist, S.; Bolanos,
B.; Almaden, C.; Nagata, A.; Ryan, K.; Feng, J.; Dalvie, D.; Kath, J. C.;
Xu, M.; Wani, R.; Murray, B. W. Covalent EGFR inhibitor analysis
reveals importance of reversible interactions to potency and
mechanisms of drug resistance. Proc. Natl. Acad. Sci. U. S. A. 2014,
111 (1), 173−178.
(38) Hodgson, E. S.; Robert, C. Introduction to Biochemical
Toxicology; Wiley, 2001; p 752.
(39) Uitdehaag, J. C. M.; de Man, J.; Willemsen-Seegers, N.;
Prinsen, M. B. W.; Libouban, M. A. A.; Sterrenburg, J. G.; de Wit, J. J.
P.; de Vetter, J. R. F.; de Roos, J.; Buijsman, R. C.; Zaman, G. J. R.
Target residence time-guided optimization on TTK kinase results in
inhibitors with potent anti-proliferative activity. J. Mol. Biol. 2017, 429
(14), 2211−2230.
(40) Di Trani, J. M.; De Cesco, S.; O’Leary, R.; Plescia, J.; do
Nascimento, C. J.; Moitessier, N.; Mittermaier, A. K. Rapid
measurement of inhibitor binding kinetics by isothermal titration
calorimetry. Nat. Commun. 2018, 9, 893.
(41) Folmer, R. H. A. Drug target residence time: a misleading
concept. Drug Discovery Today 2018, 23 (1), 12−16.
(42) Vauquelin, G. Rebinding: or why drugs may act longer in vivo
than expected from their in vitro target residence time. Expert Opin.
Drug Discovery 2010, 5 (10), 927−941.
(43) Vauquelin, G.; Charlton, S. J. Long-lasting target binding and
rebinding as mechanisms to prolong in vivo drug action. Br. J.
Pharmacol. 2010, 161 (3), 488−508.
(44) van Waterschoot, R. A. B.; Parrott, N. J.; Olivares-Morales, A.;
Lave,́ T.; Rowland, M.; Smith, D. A. Impact of target interactions on
small-molecule drug disposition: an overlooked area. Nat. Rev. Drug
Discovery 2018, 17, 299−301.
(45) Tsai, H. J.; Hwang, S. H.; Morisseau, C.; Yang, J.; Jones, P. D.;
Kasagami, T.; Kim, I. H.; Hammock, B. D. Pharmacokinetic screening
of soluble epoxide hydrolase inhibitors in dogs. Eur. J. Pharm. Sci.
2010, 40 (3), 222−238.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.9b00770
ACS Cent. Sci. XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/acscentsci.9b00770


(46) Wagner, K.; Inceoglu, B.; Dong, H.; Yang, J.; Hwang, S. H.;
Jones, P.; Morisseau, C.; Hammock, B. D. Comparative efficacy of 3
soluble epoxide hydrolase inhibitors in rat neuropathic and
inflammatory pain models. Eur. J. Pharmacol. 2013, 700 (1−3),
93−101.
(47) Inceoglu, B.; Wagner, K.; Schebb, N. H.; Morisseau, C.; Jinks,
S. L.; Ulu, A.; Hegedus, C.; Rose, T.; Brosnan, R.; Hammock, B. D.
Analgesia mediated by soluble epoxide hydrolase inhibitors is
dependent on cAMP. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (12),
5093−5097.
(48) Ulu, A.; Lee, K. S. S.; Miyabe, C.; Yang, J.; Hammock, B. G.;
Dong, H.; Hammock, B. D. An omega-3 epoxide of docosahexaenoic
acid lowers blood pressure in angiotensin-II-dependent hypertension.
J. Cardiovasc. Pharmacol. 2014, 64 (1), 87−99.
(49) Callan, O. H.; So, O.-Y.; Swinney, D. C. The kinetic factors that
determine the affinity and selectivity for slow binding inhibition of
human prostaglandin H synthase 1 and 2 by indomethacin and
flurbiprofen. J. Biol. Chem. 1996, 271 (7), 3548−3554.
(50) Bauer, R. A. Covalent inhibitors in drug discovery: from
accidental discoveries to avoided liabilities and designed therapies.
Drug Discovery Today 2015, 20 (9), 1061−73.
(51) Claxton, A. J.; Cramer, J.; Pierce, C. A systematic review of the
associations between dose regimens and medication compliance. Clin.
Ther. 2001, 23 (8), 1296−1310.
(52) Danese, E.; Fava, C.; Beltrame, F.; Tavella, D.; Calabria, S.;
Benati, M.; Gelati, M.; Gottardo, R.; Tagliaro, F.; Guidi, G. C.;
Cattaneo, M.; Minuz, P. Relationship between pharmacokinetics and
pharmacodynamics of clopidogrel in patients undergoing percuta-
neous coronary intervention: comparison between vasodilator-
stimulated phosphoprotein phosphorylation assay and multiple
electrode aggregometry. J. Thromb. Haemostasis 2016, 14 (2), 282−
293.
(53) Barf, T.; Covey, T.; Izumi, R.; van de Kar, B.; Gulrajani, M.; van
Lith, B.; van Hoek, M.; de Zwart, E.; Mittag, D.; Demont, D.; Verkaik,
S.; Krantz, F.; Pearson, P. G.; Ulrich, R.; Kaptein, A. Acalabrutinib
(ACP-196): A covalent Bruton tyrosine kinase inhibitor with a
differentiated selectivity and in vivo potency profile. J. Pharmacol. Exp.
Ther. 2017, 363 (2), 240−252.
(54) Evans, E. K.; Tester, R.; Aslanian, S.; Karp, R.; Sheets, M.;
Labenski, M. T.; Witowski, S. R.; Lounsbury, H.; Chaturvedi, P.;
Mazdiyasni, H.; Zhu, Z.; Nacht, M.; Freed, M. I.; Petter, R. C.;
Dubrovskiy, A.; Singh, J.; Westlin, W. F. Inhibition of Btk with CC-
292 provides early pharmacodynamic assessment of activity in mice
and humans. J. Pharmacol. Exp. Ther. 2013, 346 (2), 219−228.
(55) Akinleye, A.; Chen, Y.; Mukhi, N.; Song, Y.; Liu, D. Ibrutinib
and novel BTK inhibitors in clinical development. J. Hematol. Oncol.
2013, 6, 59.
(56) Advani, R. H.; Buggy, J. J.; Sharman, J. P.; Smith, S. M.; Boyd,
T. E.; Grant, B.; Kolibaba, K. S.; Furman, R. R.; Rodriguez, S.; Chang,
B. Y.; Sukbuntherng, J.; Izumi, R.; Hamdy, A.; Hedrick, E.; Fowler, N.
H. Bruton tyrosine kinase inhibitor ibrutinib (PCI-32765) has
significant activity in patients with relapsed/refractory B-cell
malignancies. J. Clin. Oncol. 2013, 31 (1), 88−94.
(57) Yates, J. W.; Ashton, S.; Cross, D.; Mellor, M. J.; Powell, S. J.;
Ballard, P. Irreversible inhibition of EGFR: Modeling the combined
pharmacokinetic-pharmacodynamic relationship of osimertinib and its
active metabolite AZ5104. Mol. Cancer Ther. 2016, 15 (10), 2378−
2387.
(58) Tonge, P. J. Drug-target kinetics in drug discovery. ACS Chem.
Neurosci. 2018, 9 (1), 29−39.
(59) Wagner, K.; Inceoglu, B.; Dong, H.; Yang, J.; Hwang, S. H.;
Jones, P.; Morisseau, C.; Hammock, B. D. Comparative efficacy of 3
soluble epoxide hydrolase inhibitors in rat neuropathic and
inflammatory pain models. Eur. J. Pharmacol. 2013, 700 (1−3),
93−101.
(60) An, G. H.; Liu, W.; Dutta, S. Small-molecule compounds
exhibiting target-mediated drug disposition A case example of ABT-
384. J. Clin. Pharmacol. 2015, 55 (10), 1079−1085.

(61) Bot, I.; Zacarias, N. V. O.; de Witte, W. E. A.; de Vries, H.; van
Santbrink, P. J.; van der Velden, D.; Kroner, M. J.; van der Berg, D. J.;
Stamos, D.; de Lange, E. C. M.; Kuiper, J.; Ijzerman, A. P.; Heitman,
L. H. A novel CCR2 antagonist inhibits atherogenesis in apoE
deficient mice by achieving high receptor occupancy. Sci. Rep. 2017, 7
(1), 52.
(62) Gebre, S. T.; Cameron, S. A.; Li, L.; Babu, Y. S.; Schramm, V.
L. Intracellular rebinding of transition-state analogues provides
extended in vivo inhibition lifetimes on human purine nucleoside
phosphorylase. J. Biol. Chem. 2017, 292 (38), 15907−15915.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.9b00770
ACS Cent. Sci. XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.1021/acscentsci.9b00770

