








ester PF-06757303 to diacid PF-06649298 in the hepatocytes was included.
PF-06757303 was found to be highly permeable and no active cellular
uptake was observed. Therefore, prodrug PF-06757303 can enter into hepa-
tocytes only by passive diffusion. Time course of medium and hepatocyte
concentrations of diacid PF-06649298 and prodrug PF-06757303 was
simulated using differential eqs. (11) through (14), where “3” represents
PF-06757303, and kdeg is the conversion rate from PF-06757303 to
PF-06649298. All the other symbols were the same as above in eqs. (9)
and (10).

dA8;m

dt
¼ 2P8;in � SA� fu8;m � A8;m

Vm
þ P8;out � SA� fu8;c � A8;c

Vc
ð11Þ

dA8;c

dt
¼ P8;in � SA� fu8;m � A8;m

Vm
2P8;out � SA� fu8;c � A8;c

Vc
þ kdeg;3

� fu3;c � A3;c ð12Þ

dA3;m

dt
¼ 2P3;in � SA� fu3;m � A3;m

Vm
þ P3;out � SA� fu3;c � A3;c

Vc
ð13Þ

TABLE 1

Enantioselectivity of Kpuu in human hepatocytes

Kpuu was measured at hepatocyte cell density of 0.5 million cells/ml, 1 mM test compound concentration, and 4-hour incubation time.

R-Enantiomer Kpuu (R) S-Enantiomer Kpuu (S)

PF-06649298 4.8 PF-06649297 0.4

PF-06794266 15 PF-06793742 0.6

PF-06761281 61 NA NA

PF-06746350 10 NA NA

PF-06741415a 48 NA NA

NA = not available.aS enantiomer due to hydroxyl group replaced with hydrogen.

Kpuu and IVIVE of SLC13A Transporter–Mediated Uptake 1637

 at A
SPE

T
 Journals on D

ecem
ber 2, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 



dA3;c

dt
¼ P3;in � SA� fu3;m � A3;m

Vm
2P3;out � SA� fu3;c � A3;c

Vc
2 kdeg;3 � fu3;c

� A3;c

ð14Þ

Results

Enantioselectivity of Kpuu for Sodium Citrate Transporter. The
Kpuu values of a set of sodium citrate transporter inhibitors in human
hepatocytes, which express high level of SLC13A5, are shown in
Table 1. Kpuu within this paper is defined as the ratio between unbound
intracellular free drug concentration and unboundmedium concentration
(steady state is not assumed). The pharmacologically activeR-enantiomers
all achieved moderate-to-high Kpuu values (from 4.8 to 61) in human
hepatocytes, whereas the pharmacologically inactive S-enantiomers all had
low Kpuu (,1). The data demonstrated that SLC13A5 was highly
enantioselective toward the R-enantiomer by active influx of its substrates
into the hepatocytes. The diacidic sodium citrate transporter inhibitors from
this series had minimal metabolic turnover in the human hepatocytes and
very low transcellular passive permeability (Huard et al., 2016), leading to
high Kpuu through active uptake processes. Enantioselective transport
uptake and inhibition had been reported in literature (Honjo et al., 2011;
Togami et al., 2013); however, the differences in uptake are particularly
striking for the two enantiomers in this case.
Correlation of Kpuu to In Vitro Pharmacological Activity. Human

hepatocytes and HEK293 cells expressing SLC13A transporters were
used to determine the Kpuu and in vitro IC50 values for inhibition of
SLC13A transporters (Huard et al., 2015, 2016) for a pair of
enantiomers, PF-06649298 (R) and PF-06649297 (S) (Table 2).
PF-06649298 (R) is a selective inhibitor and substrate of human
SLC13A5 [mainly in liver, in contrast to SLC13A2 (intestine) and
SCL13A3 (kidney)] and therefore has high Kpuu in SLC13A5-
transfected HEK293 cells and human hepatocytes (29 and 4.8), but
low Kpuu in SCL13A2- and SCL13A3-transfected HEK293 cells (0.1
and 0.2, respectively), which are predominately expressed in the
intestine and kidney. The S-enantiomer, PF-06649297, has low Kpuu

in both SLC13A5 HEK293 cells and human hepatocytes (0.6 and 0.4),
suggesting it is not a substrate for the liver SLC13A5 transporter. Both
the (R) and the (S) enantiomers have low Kpuu (0.1) in the parental
HEK293 cells, in which expression of SLC13A5 is undetectable.
Negative membrane potential, low passive permeability, and pH
gradient potentially contribute to the low Kpuu of the diacids in the
absence of transporter-mediated uptake in cells (e.g., in HEK293 cells).
The Kpuu values are consistent with the in vitro pharmacological

activity of SLC13A5 inhibition (Table 2). Comparing IC50 values
derived from nominal concentration for PF-06649298, the human
hepatocyte IC50 is 39-fold higher than that in the SLC13A5 HEK293
cells (Table 3). However, after correction for intracellular free drug
concentration using Kpuu at each test concentration (data not shown,
Kpuu values varied with concentrations), the IC50 in the two cell-based
systems are comparable (Table 3), suggesting SLC13A5 is inhibited at
least in part from the intracellular domain. This exemplifies the
importance of measuring intracellular free drug concentration to build
a correlation with pharmacological activity for intracellular targets. The
high Kpuu value of PF-06761281 in SLC13A3-transfected HEK293
cells (Table 2) supports the hypothesis that active uptake of this
compound by SLC13A3 in intestine may play a role in oral absorption
and at least partially explains the difference in fraction absorbed (fa)
compared with PF-06649298 (Huard et al., 2016). Both PF-06649298
(R) and PF-06649297 (S) have a rat fa ;0.2, presumably through
passive paracellular diffusion (Huard et al., 2016). Conversely,
PF-06761281 (R), a substrate for SLC13A3, has a rat fa of 1, whereas
its enantiomer PF-06761282 (S) has a rat fa of 0.07, suggesting that
transport of the diacids by SLC13A3 is also enantioselective (Huard
et al., 2016).
Comparison between in Vitro and in Vivo Kpuu. In vivo liver-to-

plasma unbound concentration ratios at the steady state (in vivo Kpuu)
were determined using rat intravenous infusion. The comparison of
in vitro Kpuu in rat hepatocyte suspensions with various amounts of BSA
and in vivo liver-to-plasma Kpuu is shown in Table 4. Differences in
sodium concentrations are small in the system that has various amounts
of BSA, and the impact on the SCL13A5 uptake is expected to be
minimal. In general, the in vitro hepatocyte Kpuu with 4%BSA is in good
agreement with in vivo liver-to-plasma Kpuu. PF-06649298 shows high
Kpuu in vitro and in vivo (14 versus 16), whereas PF-06761281 and
PF-06741415 have low/moderate in vitro and in vivo Kpuu. The
differences are within assay variability from both in vitro (liver and
plasma binding, Kpuu from multiple rat hepatocyte donors) and in vivo
(individual differences). The data suggest that the in vitro suspension
hepatocyte system could potentially be used to predict in vivo Kpuu,

which is important to estimation of liver concentrations in humans
(difficult to measure directly), development of pharmacokinetic/phar-
macodynamic relationships, and prediction of drug-drug interaction
potentials. In vitro Kpuu is sensitive to the amount of BSA in the assay
medium, with 4% (plasma physiologic amount) giving the best
correlation to in vivo data.
Kpuu Measurement for Prodrug and Active Diacid. Prodrug is a

strategy that can be used to enhance oral bioavailability, and the ethyl
ester prodrug (PF-06757303) of diacid PF-06649298 was prepared (Fig.
3). The conversion rate from prodrug PF-06757303 to the active diacid
PF-06649298 and the Kpuu in human hepatocytes are summarized in
Figs. 5 and 6 and Table 5 [model parameters (Supplemental Table 1) and
diagnosis plots of model fitting (Supplemental Fig. 1)]. When human
hepatocytes in suspension were incubated with diacid PF-06649298, the

TABLE 3

Effect of intracellular free drug concentration on SLC13A5 inhibition
for PF-06649298

Cells Nominal IC50 Intracellular Free IC50
a

mM mM

Human SLC13A5 HEK293 0.41 18.3
Human hepatocytes 16 17.5
Fold difference in IC50 39 ;1

aIntracellular free IC50 was calculated on the basis of intracellular free concentrations obtained
from nominal concentrations times Kpuu at the corresponding concentration.

TABLE 2

Enantioselectivity of Kpuu and SLC13 inhibition in transfected cells and human
hepatocytes for an enantiomer pair, PF-06649298 (R) and PF-06649297 (S), and

PF-06761281 (R)

Cell Types
PF-06649298 (R) PF-06649297 (S) PF-06761281 (R)

IC50 Kpuu IC50 Kpuu IC50 Kpuu

mM mM mM

Parental HEK293 ND 0.1 ND 0.1 ND BLQ
Human SLC13A5 HEK293 0.41 29 .25 0.6 0.51 1727
Human SLC13A2 HEK293 .100 0.1 .25 ND 13 1.5
Human SLC13A3 HEK293 .100 0.2 .25 ND 14 11
Human hepatocyte 16 4.8 .25 0.4 0.74 36

Methods for IC50 measurement were reported previously (Huard et al., 2015, 2016). Kpuu in
HEK293 transfected cells was measured at cell density of 1 million cells/ml, 0.5 mM test
compound concentration, and 1-hour incubation time.

BLQ, below limit of quantification; ND, not determined.
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medium concentration remained relatively unchanged at 1 mM over
2 hours (Fig. 5A, owing to the large volume difference between cells and
medium), whereas the intracellular free drug concentration increased
gradually to a Kpuu of 3 at 2 hours (Fig. 5B, Table 5). When human
hepatocytes in suspensionwere incubated with ethyl ester PF-06757303,
the medium and cell concentration of the ester decreased as a result of
conversion to the corresponding diacid (Fig. 6, C and D), but the
concentration of the diacid increased in both the medium and hepato-
cytes (Fig. 6, A and B). The respective Kpuu of ester PF-06757303 and
diacid PF-06649298 were 0.07 and 59 at 2 hours (Table 5). The Kpuu

value measured for diacid PF-06649298 was higher when the cells were
treated with the prodrug rather than the diacid directly (59 versus 3). The
combination of high formation rate (rapid entry of the prodrug into
the hepatocytes and fast conversion to the diacid by esterases within the
cells) and the slow disappearance rate (low passive diffusion, no active
efflux out, and minimal metabolism) lead to a high Kpuu value for the
diacid. For the prodrug, its disappearance rate (passive diffusion out of
the cells and rapid conversion to the diacid) is much faster than its
appearance rate (passive diffusion into the cells), leading to a Kpuu value
less than one for the prodrug (0.07). Theoretically, after adequate
incubation time for the ester to completely convert to the corresponding
diacid, the Kpuu value of the diacid will drop to a value similar to that
observed when the cells are incubated with the diacid itself.

To quantitatively understand the cellular distribution process of the
ester and the diacid, a computational model was developed to evaluate
the Kpuu and the half-life of both molecules in human hepatocytes (Fig.
4). The Kpuu of the diacid was estimated to be 3, and its half-life in the
hepatocytes to be 40 minutes. The passive permeability of the prodrug
was 60 times higher than that of diacid (0.012 versus 2� 1024 mm/min),
consistent with negatively charged characteristics of the diacid and
increased lipophilicity of the ester. The hydrolysis rate constant of the
prodrug was predicted to be as high as 57 minute21, resulting in a very
short half-life of a few seconds. This disappearance rate of the prodrug
was much higher than the appearance rate, leading to a low Kpuu (0.07).
Time to Steady State for Kpuu Measurement. The ratio between

unbound drug concentration in cells and unbound drug concentration in
medium (Cu,cell/Cu,mdium) of PF-06649298 was determined using
SLC13A5 HEK293 cells at different time points to assess how much
time is required to reach steady state in this system (Fig. 7). Cu,cell/
Cu,mdium increases with incubation time as molecules continue to be
actively transported into the cells by SLC13A5. For PF-06649298 in
SLC13A5 HEK293 cells, steady state is achieved in approximately
4 hours (estimated t1/2 ;1 hour). The time to reach steady state for Kpuu

measurement is compound- and cell system–dependent. At steady state,
multiple processes (uptake, efflux, metabolism, electrochemical, and
pH gradient, etc.) have reached a state where intracellular free drug

TABLE 5

Kpuu of ethyl ester prodrug (PF-06757303) and its corresponding active diacid (PF-06649298) in human hepatocytes

Incubation
Time (min)

Kpuu of Active Diacid
(PF-06649298)

When Incubated Diacid

Kpuu of Prodrug
(PF-06757303)

When Incubated Prodrug

Kpuu of Active Diacid
(PF-06649298)

When Incubated Prodrug

15 1.1 6 0.2 0.07 6 0.01 71 6 21
40 1.5 6 0.1 0.07 6 0.01 71 6 6

120 3.0 6 0.2 0.07 6 0.001 59 6 2

Kpuu was measured at hepatocyte cell density of 0.5 million cells/ml and 1 mM test compound concentration.

TABLE 4

In vitro and in vivo correlation of Kpuu in WH rat and impact of BSA on Kpuu

Compounds
In Vitro Kpuu Hepatocyte

In Vivo Kpuu IV Infusion
0% BSA 0.2% BSA 2% BSA 4% BSA

PF-06649298 4.6 6 0.4 5.5 6 0.7 9.5 6 2.2 14 6 2.6 16 6 1.3

PF-06761281 0.8 6 0.1 1.0 6 0.2 1.2 6 0.3 1.5 6 0.3 1.7 6 0.4

PF-06741415 1.0 6 0.1 0.7 6 0.03 0.5 6 0.2 0.5 6 0.2 2.4 6 0.6

Kpuu was measured at hepatocyte cell density of 0.5 million cells/ml, 1 mM test compound concentration, and 4-hour incubation time.
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concentration does not change anymore. Typically, at least two time
points are taken for Kpuu measurement to ensure steady state has been
achieved, meaning that Kpuu no longer changes with time.
Impact of Substrate Concentration on Kpuu. Impact of substrate

concentration on Kpuu was evaluated using PF-06649298 in human
hepatocytes. Above a certain concentration (;5 mM in this case), lower
Kpuu values were observed in human hepatocytes with increasing test
compound concentrations (Fig. 8). This is potentially attributable to
saturation of the SLC13A5 transporter at high concentrations, leading to
decrease in Kpuu. The estimated Km value of PF-06649298 in human
hepatocytes is 24mM (unboundKm 20mM). Under typical experimental
conditions, test compound concentrations are set below Km for Kpuu

measurement.

Discussion

Drug disposition and trafficking in cells is intricate and complex (Fig. 1).
Uptake transporters can increase the intracellular free drug concen-
tration, whereas efflux transporters can reduce it. Cell membrane
potential, pH gradient, binding to proteins and lipids, metabolism,

lysosomal trapping, and disposition in other subcellular compartments
can affect the intracellular free drug concentration and Kpuu. Intracellular
free drug concentration measured by most methods represents an
average free drug concentration of all the subcellular compartments.
For carboxylic acids, since they have minimal lysosomal trapping and
mitochondria accumulation, intracellular free drug concentration is a
good surrogate for cytosolic drug concentration in hepatocytes. A
number of in vitro methods have been developed to measure in vitro
Kpuu (Fig. 2); however, validation of the methods with in vitro or in vivo
pharmacology or pharmacokinetic data has not been thoroughly in-
vestigated. One of the validation studies used HMG-CoA reductase
inhibition IC50 ratio from both rat hepatocytes and liver microsomes as a
surrogate for Kpuu of statins (OATP substrates) and compared it to both
the kinetic (Yabe et al., 2011) and temperature Kpuu methods (Shitara
et al., 2013). The results showed that the kinetic method tended to
overestimate the Kpuu, because metabolism and efflux were not
considered in the method. Clearly, cross-validation of the Kpuu methods
is important using various in vitro and in vivo pharmacological and
pharmacokinetic approaches. In this study, a number of diacids were
evaluated in the SLC13A transporter systems. These are ideal

Fig. 6. Modeling results of human hepatocyte incu-
bation with prodrug PF-06757303, for 2 hours at 0.5
million cells/ml, 1 mM. (A) PF-06649298 concentration
in medium; (B) PF-06649298 concentration in hepato-
cytes; (C) PF-06757303 concentration in medium; (D)
PF-06757303 concentration in hepatocytes. LB, 95%
lower prediction bound; UB, 95% upper prediction
bound. Solid line represents predicted median. Dash
lines represent 95% lower and upper prediction bound.

Fig. 5. Modeling results of human hepatocyte incu-
bation with diacid PF-06649298, for 2 hours at 0.5
million cells/ml, 1 mM. (A) PF-06649298 concentration
in medium; (B) PF-06649298 concentration in hepato-
cytes. LB, 95% lower prediction bound; UB, 95%
upper prediction bound. Solid line represents predicted
median. Dash lines represent 95% lower and upper
prediction bound.
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compounds for the study, as they are metabolically stable and have low
passive permeability. Uptake is the main process governing the Kpuu of
the compounds. In some of the studies, steady state was assumed to have
been achieved on the basis of time course data. Both the in vitro
SLC13A5 inhibition data and in vivo liver-to-plasma ratio data suggest
that the in vitro binding Kpuu method provides a reliable measure of the
intracellular free drug concentration, and good IVIVE has been
established with rat suspension hepatocytes containing 4% fatty acid
free BSA. This is the first time that a direct validation of the method is
reported with in vitro and in vivo pharmacological and exposure/phar-
macokinetic data.
A direct translation of the in vitro Kpuu to the in vivo Kpuu (measured

from intravenous infusion study) is possible when a number of
assumptions are met. The in vitro Kpuu can be expressed using the
sequential clearance equation (Shitara et al., 2006; Watanabe et al.,

2010; Yabe et al., 2011). The in vivo Kpuu between the hepatocytes and
the hepatic capillary is expressed by the same equation. However, in an
intravenous infusion, artery blood is sampled rather than hepatic
capillaries. Since liver blood flow is only about 20% of cardiac output,
the concentration difference at the two different locations will lead to
different estimation of the in vivo Kpuu. However, in special cases,
in vivo and in vitro Kpuu is similar. For example, if the compound has
minimal metabolism by the liver and no biliary clearance, the in vivo
Kpuu will be a result of drug partition between hepatocytes and hepatic
capillaries, and the blood flow in (arterial blood) and out of the liver
(hepatic capillary blood) will have the same drug concentrations at the
steady state. Therefore, the in vivo Kpuu measured in an intravenous
infusion study can be expressed using the same equation as that from the
in vitro assay. Under these conditions, when the passive permeability
and active uptake rates are comparable in the in vitro and in vivo settings,

Fig. 8. Kpuu–concentration profile of PF-06649298 in human
hepatocytes. Km is estimated to be 24 mM based upon nominal
concentration in medium. LB: 95% lower prediction bound; UB:
95% upper prediction bound. Dash lines represent 95% lower and
upper prediction bound.

Fig. 7. Time course of PF-06649298 in human SLC13A5 HEK293
cells as free cell concentration to free medium concentration. Kpuu

was measured at cell density of 1 million cells/ml and 1 mM test
compound concentration. LB, 95% lower prediction bound; UB,
95% upper prediction bound. Dash lines represent 95% lower and
upper prediction bound.
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the Kpuu values will be similar as well. This appears to be the case for the
SLC13A transport of the diacids.
A number of studies have shown that certain transporters are

downregulated or internalized in cryopreserved hepatocytes (Bow
et al., 2008). In vitro hepatocyte systems tend to underestimate in vivo
Kpuu for OATP substrates (Morse et al., 2015), and typically, scaling
factors are needed to more accurately predict in vivo outcomes (Li et al.,
2014). However, in this case, the in vitro cryopreserved-suspension rat
hepatocyte system appears to be able to predict in vivo rat Kpuu

reasonably well. This might be owing to the unique properties of the
SLC13A transporters, which may behave differently than OATPs.
Further investigation of IVIVE mediated by OATP transporter uptake
using hepatocyte suspension systems will provide additional insight.
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