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Abstract. Practical food effect predictions and assessments were described using in silico, in vitro, and/or
in vivo preclinical data to anticipate food effects and Biopharmaceutics Classification System (BCS)/
Biopharmaceutics Drug Disposition Classification System (BDDCS) class across drug development
stages depending on available data: (1) limited in silico and in vitro data in early discovery; (2) preclinical
in vivo pharmacokinetic, absorption, and metabolism data at candidate selection; and (3) physiologically
based absorption modeling using biorelevant solubility and precipitation data to quantitatively predict
human food effects, oral absorption, and pharmacokinetic profiles for early clinical studies. Early food
effect predictions used calculated or measured physicochemical properties to establish a preliminary
BCS/BDDCS class. A rat-based preclinical BCS/BDDCS classification used rat in vivo fraction absorbed
and metabolism data. Biorelevant solubility and precipitation kinetic data were generated via animal
pharmacokinetic studies using advanced compartmental absorption and transit (ACAT) models or in
vitro methods. Predicted human plasma concentration–time profiles and the magnitude of the food
effects were compared with observed clinical data for assessment of simulation accuracy. Simulations and
analyses successfully identified potential food effects across BCS/BDDCS classes 1–4 compounds with an
average fold error less than 1.6 in most cases. ACAT physiological absorption models accurately
predicted positive food effects in human for poorly soluble bases after oral dosage forms. Integration of
solubility, precipitation time, and metabolism data allowed confident identification of a compound’s BCS/
BDDCS class, its likely food effects, along with prediction of human exposure profiles under fast and fed
conditions.

KEY WORDS: absorption modeling; BCS/BDDCS; food effect prediction; human PBPK model; oral
bioavailability.

INTRODUCTION

The effect of food on drug absorption can be mediated
through various mechanisms, including enhancement in drug
solubility, change of gastrointestinal (GI) pH and mobility,
delayed stomach emptying, increased bile salt concentration,
or direct interactions with the drug (1, 2). Food effects may
significantly alter the systemic availability of orally dosed
drugs which can impact pharmacological responses or safety
margins (3–5). Fleisher, Wu, and Benet used the Biopharma-
ceutics Classification System (BCS; 6) to predict the direction
and change in the extent of drug exposure affected by food
(1, 7). The Biopharmaceutics Drug Disposition Classification
System (BDDCS; 8, 9) which classifies compounds by

solubility and metabolism has been applied for anticipating
food effects (7). However, the BDDCS is apparently less
frequently used by pharmaceutical scientists (8), possibly due
to its perceived complexity. The BDDCS system assigns a
drug classification using human in vivo drug metabolism data
in lieu of human intestinal permeability to demonstrate that
the extent of absorption is greater than 90% (7). Recently,
Benet et al. utilized in silico/in vitro physicochemical param-
eters (e.g., LogP) to assign BDDCS class and probability of
metabolism for new chemical entities (NCEs; 10). A BDDCS
class could be used to identify likely food effects in early drug
discovery stages. However, concentration–time profiles for
clinical trials could not be predicted (e.g., Cmax as peak
plasma concentration or area under the curve (AUC) as area
under the plasma concentration time curve) after various
dosage forms. The BCS/BDDCS system may only provide a
rough prediction for high-fat meal effects for drug products
with limited formulation optimization. In reality, the effects of
a meal on drug absorption and systemic exposure can be
formulation dependent, and may be exacerbated with higher
doses. The prediction of whether orally dosed drug product
will show a food effect in human can be challenging,
especially when an insoluble compound has undergone
formulation optimization. In theory, a solubility-optimized
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formulation can convert a BCS class 2 drug to exhibit class 1
behavior when the dose number is reduced to less than 1 (6).
For example, solid dispersions, nanocrystals, self-emulsifying
drug delivery systems, and soluble cyclodextrin complexes
have been successfully used to improve solubility for poorly
water-soluble drugs (classes 2 or 4; 11). In such cases,
predictions using the conventional BCS/BDDCS classes can
fail or be inadequate. Traditionally, food effects have been
assessed using dog in vivo studies with some success (12–15).
However, the extent of food effect (changes on Cmax, AUC)
observed in dogs may not always translate directly to the
human situation, and mechanistic understanding can be
limited without the use of mechanistic models (16).

Recently, there has been a growing interest to evaluate
the in vivo drug product performance with simulated
pharmacokinetic (PK) profiles using physiologically based
(PB) absorption models that are combined with a PK
disposition model (17). Now, the integration of in vitro, in
silico, and in vivo data is greatly facilitated due to advances of
physiologically based pharmacokinetic (PBPK) modeling
tools, such as GastroPlus (18, 19), Simcyp (20, 21), and
STELLA (22–24). Integration of in vitro dissolution/solubility
data generated in biorelevant media (25, 26) with in silico
simulation tools (18, 19, 27, 28) may complement or even
substitute animal models for quantitative assessment of the
food effects trends. Although universally predictive food
effect models remain elusive, even with advanced in silico
advanced compartmental absorption transit (ACAT) models,
appropriate model selection, and parameterization of bio-
pharmaceutical properties can enable pharmaceutical scien-
tists to predict food effect risks successfully. Here, several
case examples related to practical food effect predictions and
analyses across all BCS/BDDCS classes, using in silico
predictions, in vitro biorelevant precipitation/solubility data,
in vitro transporter kinetics, and in vivo animal models are
described for all drug development stages.

MATERIALS AND METHODS

Computer Hardware and Software

GastroPlus (version 7.0, Simulations Plus, Inc, CA,
USA) or Simcyp simulator (v11, Simcyp Limited, Sheffield,
UK) were run on a Lenovo computer with Intel® Core™ i5
processor. These programs enable the prediction of rate and
extent of oral drug absorption from the gastrointestinal tract
using ACAT or the advanced drug absorption and metabo-
lism (ADAM) model based on an absorption model original-
ly established by Yu and Amidon (29). With the input of
physicochemical properties (e.g., solubility, permeability,
LogP, pKa, particle sizes), dissolution rates for solid formu-
lations, and systemic PK parameters human concentration
time profiles can be generated.

General Strategy for Human Food Effect Predictions

A flow chart for the qualitative and/or quantitative
evaluations of food effects suitable for early discovery, drug
candidate selection, and clinical development is shown in
Fig. 1.

During early discovery stages, readily available calculat-
ed in silico or in vitro parameters may be used to define a
preliminary BCS/BDDCS (pBCS/pBDDCS). The pBDDCS
can be used to identify a food effect, as in silico predicted
parameters, e.g., the calculated log of the octanol/water
partition coefficient (clog P), correlated with the probability
of extensive metabolism for orally dosed drug (10). The
pBCS/pBDDCS class defined by in silico/in vitro parameters
can be confirmed once metabolism and extent of absorption
have been characterized in rats; the most commonly used
preclinical species (Fig. 1). When in vivo radiolabeled mass
balance and excretion studies have been conducted, a
preclinical BCS/BDDCS classification based on rat data
(rBCS/rBDDCS) can be established. The pBCS/pBDDCS
and rBCS/rBDDCS, if consistent, will provide a rational
estimate of human BCS/BDDCS class (hBCS/hBDDCS) to
qualitatively predict likely human food effects. The practical
approach to qualitatively predict or assess food effects from
early discovery through candidate selection stages is de-
scribed in Table I for seven Novartis compounds across
BCS/BDDCS classes. The predictability of food effects using
BCS/BDDCS relies on appropriate classification using multi-
ple parameters (e.g., fraction absorbed, permeability, dose
number, transporter effects, drug metabolism after intrave-
nous dosing) as shown in Fig. 1 and Table I. As the
conventional four class BCS/BDDCS cannot provide com-
plete mechanistic information, food effects of some drug
products may be not be predicted correctly, e.g., when drug
delivery systems have been designed to improve oral
absorption. To overcome these limitations and to predict
human exposure profiles, physiologically based absorption
models have been used to link drug products properties with
in vivo performance (3).

Physiologically based models which integrate anatomical
and physiological parameters of gastrointestinal tracts in
preclinical species and humans, along with physicochemical
drug product formulation properties, have been used to
predict absorption and disposition (18–24, 30–32). These
approaches have been applied during formulation develop-
ment; yet their practical application in the prediction of
human food effects has not been described extensively.
Heimbach et al. reported the practical application of preclin-
ical and clinical PK/PD modeling by integrating in vitro and
preclinical in vivo data for the anticipation of human doses
(30). Here, we used a similar strategy to predict potential
food effect outcomes that can be conducted by both DMPK
and formulation scientists. Briefly, the projection processes
may include the following steps: (a) characterization of
preclinical PK and related biopharmaceutical parameters
under fasted and fed state; (b) correction interspecies differ-
ences; (c) scaling of preclinical in vitro and in vivo parameters
to human situation; and (d) prediction of human PK profiles
in presence or absence of meals.

Differences in physiological conditions between fasted
and fed states can impact oral absorption and food effects (1).
Therefore, physiological parameters, either obtained from the
literature or from default ACAT values, must be carefully
examined and selected. Solubility measured in biorelevant
media can be more predictive for in vivo drug solubilization
than solubility measured in aqueous buffers (33). In vivo
dissolution in ACAT models can be calculated with modified
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Fig. 1. Flowchart for “practical” food effect predictions across BCS/BDDCS classes from early discovery through clinical development
using in silico, in vitro, and preclinical in vivo data

145Practical Food Effect Assessments



Ta
bl
e
I.

In
si
lic
o
,
In

vi
tr
o,

an
d
In

vi
vo

D
at
a
to

P
re
di
ct

th
e
B
C
S/
B
D
D
C
S
C
la
ss

of
Se

ve
n
N
ov

ar
ti
s
C
om

po
un

ds

P
ar
am

et
er

N
V
S7

32
N
V
S4

06
N
V
S5

62
N
V
S7

01
N
V
S0

01
N
V
S1

69
N
V
S1

13

In
si
li
co

pr
el
im

in
ar
y
B
C
S/
B
D
D
C
S

C
al
cu
la
te
d
lo
g
P,

or
L
og

D
p
H
0
7.
4

0.
83

3.
4

5.
0

4.
5

1.
0
(l
og

D
p
H
0
7.
4)

5.
0

4.
6

C
al
c.
hu

m
an

pe
rm

.,
P
ef
f
(1
0−

4
cm

/s
)a

0.
56

(l
ow

)
2.
47

(h
ig
h)

3.
13

(h
ig
h)

1.
34

(l
ow

)
1.
63

(l
ow

)
0.
21

(l
ow

)
1.
24

(l
ow

)
C
al
c.

in
tr
in
si
c
so
lu
bi
lit
y
(m

g/
m
L
)b

14
.1

(h
ig
h)

0.
00
26

(l
ow

)
0.
00
36

(l
ow

)
0.
00
28

(l
ow

)
6.
77

(h
ig
h)

0.
07
7
(l
ow

)
0.
11

(l
ow

)
P
ro
ba

bi
lit
y
of

ex
te
ns
iv
e
m
et
ab

ol
is
m

L
ow

H
ig
h

H
ig
h

H
ig
h

L
ow

H
ig
h

H
ig
h

pB
C
S/
pB

D
D
C
S
cl
as
s

3/
3

2/
2

2/
2

4/
2

3/
3

4/
2

4/
2

R
at

B
D
D
C
S
(A

D
M
E

st
ud

y
w
it
h
ra
di
ol
ab

el
ed

co
m
po

un
ds
)

R
at

do
se

nu
m
be

rc
2.
8

12
86

32
14

85
7

0.
00
7

6.
59

51
.4

F
a
(%

)d
87

45
>
80

26
–3

4
8.
5

29
27

E
lim

in
at
io
n
pa

th
w
ay

in
R
at

(%
of

do
se

re
co
ve
re
d
af
te
r
an

i.v
.
ad

m
in
is
tr
at
io
n)

U
ri
na

ry
ex
cr
et
io
n
of

in
ta
ct

dr
ug

26
.9

0.
1

0.
5e

0.
0

5.
0

2.
54

<
0.
1

B
ili
ar
y
ex
cr
et
io
n
+
G
I
se
cr
et
io
n

8.
6

9.
7

99
.5

e
15
.3

77
.7

15
.4

35
P
er
ce
nt

m
et
ab

ol
is
m

64
.3

90
.2

N
/A

84
.7

17
.3

81
.3

65
rB

C
S/
rB

D
D
C
S
cl
as
s

1
2

2
2

3
2

2
H
um

an
B
C
S/
B
D
D
C
S

D
os
e
nu

m
be

r
fo
r
dr
ug

su
bs
ta
nc
es

(D
S)

f
0.
01
3

60
0

15
00

40
0

0.
00
3

3.
07
,
0.
51

(M
E
)

24
,
1.
7
(S
F
)

F
or

F
a
(%

),
fa
st
ed

co
nd

it
io
n

F
:
85

F
:
20

(s
us
p.
)

F
a
:5

0–
97

(G
+
pr
ed

.)
F
a
<
30

(G
+
pr
ed

.)
F
:
∼
3.
0

F
a
>
90

(M
E
)
Si
m
cy
p
pr
ed

.
F
a
>
92

(S
F
)
G

+
pr
ed

.
T
ra
ns
po

rt
er

ef
fe
ct
s

W
ea
k
P
-g
p
su
bs
tr
at
e

P
-g
p
su
bs
tr
at
e

M
in
im

al
P
-g
p
ef
fe
ct
s

W
ea
k
P
-g
p
su
bs
tr
at
e

Su
bs
tr
at
e
fo
r
up

ta
ke

tr
an

sp
or
te
rs

P
-g
p
su
bs
tr
at
e

W
ea
k
P
-g
p
su
bs
tr
at
e

P
re
d.

hB
C
S/
B
D
D
C
S
C
la
ss

g
1

2
2

2
3

2
2

P
re
d.

hu
m
an

fo
od

ef
fe
ct
s

N
o

P
os
it
iv
e

P
os
it
iv
e

P
os
it
iv
e

N
eg
at
iv
e

N
o

N
o

O
bs
.
hu

m
an

fo
od

ef
fe
ct
sh

N
o

P
os
it
iv
e

P
os
it
iv
e

P
os
it
iv
e

N
eg
at
iv
e

N
o

N
eg
at
iv
e

O
bs
.
hB

C
S/
hB

D
D
C
S
C
la
ss

g
1

2
2

2
3

2i
4j

a
H
um

an
ef
fe
ct
iv
e
pe

rm
ea

bi
lit
y
w
as

ca
lc
ul
at
ed

by
G
as
tr
oP

lu
s
A
D
M
E
T
pr
ed

ic
to
r.
M
et
op

ro
lo
lw

as
us
ed

as
a
hi
gh

pe
rm

ea
bi
lit
y
m
ar
ke

r,
th
us

ca
lc
ul
at
ed

P
ef
f>

1.
8
×
10

−
4
cm

/s
in
di
ca
te

hi
gh

pe
rm

ea
bi
lit
y

b
L
ow

es
t
w
at
er

so
lu
bi
lit
y
(m

ill
ig
ra
m
s
pe

r
m
ill
ili
te
r)

ov
er

th
e
pH

ra
ng

e
1–
8
ca
lc
ul
at
ed

by
G
as
tr
oP

lu
s
A
D
M
E
T
pr
ed

ic
to
rs
.
A

va
lu
e
>
0.
5
m
g/
m
L
w
as

de
fi
ne

d
as

hi
gh

so
lu
bi
lit
y

c
D
os
e
nu

m
be

r
(r
at
)0

hu
m
an

eq
ui
va
le
nt

do
se

(m
ill
ig
ra
m
s
pe

r
ki
lo
gr
am

)/
w
at
er

so
lu
bi
lit
y
of

dr
ug

su
bs
ta
nc
e
(m

ill
ig
ra
m
s
pe

r
m
ill
ili
te
r)
/m

ax
im

um
do

se
vo

lu
m
e
(1
0
m
L
/k
g)
.T

he
eq

ui
va
le
nt

do
se

in
ra
ts
is

ap
pr
ox

im
at
el
y
6
fo
ld

of
th
e
hi
gh

es
t
hu

m
an

do
se

te
st
ed

in
cl
in
ic
al

fo
od

ef
fe
ct
s
st
ud

y
d
F
ra
ct
io
n
ab

so
rb
ed

ca
lc
ul
at
ed

ba
se
d
on

th
e
fo
llo

w
in
g
eq

ua
ti
on

(4
1)
.
If

no
n-
ra
di
ol
ab

el
ed

co
m
po

un
ds

ar
e
us
ed

,
F
a
ca
n
be

es
ti
m
at
ed

by
eq

ua
ti
on

of
“F

a
¼

F
=
1
�
C
L
b
=
Q

H
ð

Þ”
,
w
he

re
Q

H
(h
ep

at
ic

bl
oo

d
fl
ow

)0
3.
3
L
/h
/k
g
an

d
C
L
b
is
th
e
bl
oo

d
cl
ea
ra
nc
e

e
C
om

po
un

d
re
la
te
d
ra
di
oa

ct
iv
it
y
re
co
ve

re
d

f
D
os
e
nu

m
be

r
(h
um

an
)0

do
se

(m
ill
ig
ra
m
s)
/w
at
er

so
lu
bi
lit
y
of

dr
ug

su
bs
ta
nc
e
or

fo
rm

ul
at
io
n
(m

ill
ig
ra
m
s
pe

r
m
ill
ili
te
r)
/m

ax
im

um
do

se
vo

lu
m
e
(2
50

m
L
).
W
at
er

so
lu
bi
lit
y
of

ea
ch

co
m
po

un
d
is
lis
te
d

in
T
ab

le
II

g
T
he

hB
C
S/
B
D
D
C
S
cl
as
s
is

pr
ed

ic
te
d
ba

se
d
on

es
ti
m
at
ed

or
ob

se
rv
ed

hu
m
an

bi
oa

va
ila

bi
lit
y
fo
r
cl
in
ic
al

se
rv
ic
e
do

sa
ge

fo
rm

.
T
he

ca
te
go

ry
of

hu
m
an

B
D
D
C
S
cl
as
s
fo
r
a
co
m
po

un
d
ca
n
be

fo
rm

ul
at
io
n
an

d
do

se
de

pe
nd

en
t.
T
he

hB
C
S/
B
D
D
C
S
of

a
dr
ug

pr
od

uc
t
is
fi
na

liz
ed

or
co
nfi

rm
ed

by
th
e
di
re
ct
io
n
of

ob
se
rv
ed

hu
m
an

fo
od

ef
fe
ct
s

h
T
he

ob
se
rv
ed

m
ag

ni
tu
de

s
fo
r
cl
in
ic
al

fo
od

ef
fe
ct
s
fo
r
ea

ch
co
m
po

un
d
w
er
e
lis
te
d
in

T
ab

le
II
I

i
L
ac
k
of

fo
od

ef
fe
ct

de
m
on

st
ra
te
s
po

te
nt
ia
l
cl
as
s
1
be

ha
vi
or
,
du

e
to

lo
w

do
se

an
d
op

ti
m
iz
ed

fo
rm

ul
at
io
n

j
N
eg
at
iv
e
fo
od

ef
fe
ct

m
ay

be
th
e
re
su
lt
of

op
ti
m
iz
ed

so
lu
bi
lit
y
in

fa
st
ed

st
at
e

D
S
dr
ug

su
bs
ta
nc
e,

M
E

m
ic
ro
em

ul
si
on

,
S
F
so
lid

fo
rm

ul
at
io
n

146 Heimbach, Xia, Lin and He



Noyes–Whitney equations or be described by in vitro
dissolution data (19). The latter approach predicted the
dissolution process for formulations containing various exci-
pients and complex matrices when in vitro and in vivo
dissolution rate could be correlated (25, 26). Precipitation in
the intestinal lumen can occur for poorly water soluble basic
drugs at low gastric pH in the stomach (1, 22). With a meal, in
vivo precipitation can be delayed due to a higher degree of
supersaturation as the fed state pH is slightly lower and bile
salt concentration is elevated (22). In the ACAT model, the
precipitation process can be characterized by the precipita-
tion time, which represents the time for drug particles to
precipitate from solution when the local concentration
exceeds the drug solubility. Direct measurements of in vivo
precipitation time are impractical and difficult. Here, we
describe how precipitation time can be estimated from
physiologically based absorption models for BCS 2 drugs.
An in vitro model for predicting the precipitation process of
poorly soluble weak bases in the fasted and fed intestinal
fluid has been reported, and a correlation between in vitro
precipitation and in vivo absorption has been observed (34),
suggesting that precipitation time could be estimated using in
vitro methods. Alternatively, since dog studies are often used
to predict human food effects (15), a method which estimates
human precipitation time under fasted and fed condition by
fitting PK data from dog food effect studies is proposed
(Fig. 2).

For some drugs, absorptive transporters are involved in
oral absorption. For a BCS class 3 drug which is a substrate
for intestinal absorptive transporters, a “reverse pharmacoki-
netic” approach was used retrospectively to understand the
underlying mechanism because the scaling factors of enzyme
expression level from in vitro cell lines to the in vivo values in
intestines remain unknown. In vitro Michaels–Menten kinetic
data obtained from transfected expressed cells together with

appropriated scaling factors (SF) that were optimized using
existing clinical data under the fasted state are included in the
PBPK model. When food inhibits absorptive transporters, SF
can be optimized by fitting the observed fed PK profiles. This
was done via increasing SF for the Michaels constant (Km) or
decreasing SF for maximal velocity of drug uptake (Jmax). For
BCS class 4 compounds, it is challenging to anticipate the
direction of food effects, as food effects can be formulation
and dose dependent as both solubility and permeability can
be the rate limiting steps for absorption. For BCS 4 class
drugs, our PBPK models obtained key absorption parameters
(e.g., solubility and permeability) by fitting observed PK
profiles from preclinical animal studies in which clinically
relevant formulations had been administered prior to clinical
trials. The optimized parameters were then used for prospec-
tive prediction of human food effects in human PBPK
models. A general flow chart for quantitative food effect
prediction using preclinical in vitro and in vivo data by
physiologically based absorption modeling is shown in Fig. 2.

PBPK Modeling and Human Pharmacokinetics Predictions

Simulated human PK profiles were compared with
observed data for each dose cohort from fasted and fed
studies (Table III). Noncompartmental analysis was used to
calculate PK parameters for predicted and observed human
PK profiles using the WinNonlin Phoenix v6.1 (Pharsight,
Sunnyvale, CA, USA). Area under the plasma concentration
time curve (AUC) was calculated using trapezoidal calcula-
tion method, and peak plasma concentration (Cmax) was
directly determined from the observed and predicted plasma
concentration time curves. The magnitude of food effect was
measured in terms of the fold changes of AUC and Cmax

under fed state versus fasted state. The accuracy of prediction
for food effect magnitude was evaluated by the fold error

Fig. 2. General flowchart for quantitative food effect prediction using physiologically based absorption modeling
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which has been published previously (Eq. 1; 33, 35–37). A
prediction fold error that falls below 2 was defined as an
accurate prediction.

FE ¼ 10 log Predicted
Observedð Þj j ð1Þ

Models and Modeling Parameters Used

A PBPK model was established for each compound to
simulate PK profile under fasted and fed condition, using
available in vitro and in vivo parameters summarized in
Table II for seven compounds. Table III lists the modeling
approaches as “prospective prediction” or/and “retrospective
analysis”. The GastroPlus default human or dog physiology
(Opt-Log D model) or Simcyp default ADAM model in v11
were used, except for lower gastric pH values (pH02, default
pH03–5) in pentagastrin-treated dogs. The compound’s
PBPK disposition parameters were calculated directly from
available intravenous PK profiles obtained from clinical
studies or were projected from preclinical PK parameters
and profiles (see Electronic Supplementary Material). For
selected case studies, parameter sensitivity analyses were
performed in two- or three-dimension response plots to
explore the interaction between parameters and their influ-
ence on extent of absorption (Fa) under fasted and/or fed
conditions.

Case Study 1: Food Effect Predictions for a BCS/BDDCS
Class 1 Drug

NVS732 is a weak base with high solubility and moderate
permeability (Tables II and III). The oral bioavailability (F)
was moderate-to-high after dosing solutions with 94%, 64%,
and 96%, in mice, rats, and dogs, respectively. Clinical food
effect studies were conducted using a two-period, open label,
single dose, and cross-over design in healthy volunteers.
Subjects were randomized to receive single oral doses of
100 mg (fasted and fed). In this model, the default mean
precipitation time of 900 s was used. The solubility of NVS732
was also measured in biorelevant media, i.e. simulated gastric
fluid (SGF, pH1.6 with 0.08 mM sodium taurocholate),
FaSSIF (pH6.5 with 3 mM sodium taurocholate), and FeSSIF
(pH5 with 10 mM sodium taurocholate), and the measured
values were incorporated in the ACAT model.

Case Study 2: Food Effect Prediction using Biorelevant
Solubility Data

NVS406 is a weak base with low, pH-dependent solubil-
ity and high permeability. In human, PK studies after IV
dosing were conducted and CL and Vss were determined as
0.044 L/h/kg and 2.0 L/kg. NVS406 was mainly eliminated by
hepatic metabolism and renal excretion was a minor elimina-
tion pathway (<10% of dose), regardless of the dosing route.
A single dose of 150 or 450 mg was given as a coarse
suspension formulation in fasted and fed condition in a
clinical study. The default fasted or fed human ACAT
physiology model was selected for the predictions. Solubility
in different biorelevant media (SGF, FaSSIF, and FeSSIF)

were measured and incorporated in ACAT model for the
prediction of in vivo solubility in each gastrointestinal region.

Case Study 3: Food Effect Prediction using Two-Step
Dissolution and Precipitation Data

NVS562 is a poorly soluble, lipophilic weak base (pKa0
5.0) with high calculated human effective permeability and
high in vivo absorption (80%) in the rat (Table I). For-
mulations used in the clinical trials included a self-emulsifying
solution (SEDDS) of the free base and a tablet of a stable
salt. Solubility values for tablet or SEDDS formulations were
measured in different biorelevant media (Table II). NVS562
dissolution and supersaturation behaviors were evaluated
using a two-step dissolution method for each formulation.
Initially, the drug release profile was investigated in 500 ml of
simulated gastric fluid (pH1.6) using the U.S. Pharmacopeia
(USP) paddle method at a rotating speed of 50 rpm at 37°C.
After 60 min, the prewarmed (37°C) FaSSIF or FeSSIF
medium (2×, 500 mL) was added and drug started to
precipitate. A 5 mL sample of the solution was taken out
periodically from 0 to 180 min, and the same amount of the
medium at the same temperature was replaced. To quantita-
tively compare the precipitation kinetics of both formulations,
the area under the curve (AUCP, in vitro) and the area under
the first moment-versus-time curve (AUMCP, in vitro) of the
remaining soluble compound (%) versus time in precipitation
profile were calculated from 60 min to 180 min of the
incubation time. A higher AUC for a precipitation profile
represented less precipitation after medium changes. The in
vitro mean precipitation time (MPT) was defined as the
average time for the drug to solubilize or supersaturate in the
solution, and was calculated by the Eq. 2.

MPT ¼ AUMCP;in vitro

AUCP;in vitro
ð2Þ

NVS562 human food effect was studied after a 50 mg
single dose given as either SEDDS capsule or tablet under
fasted and fed conditions. The calculated values of in vitro
MPTwere used as initial estimates of the in vivo precipitation
time in the GastroPlus ACAT model.

Case Study 4: Food Effect Predictions Using the Dog Model
for Weak Bases

NVS701 is a weak base with moderate to high perme-
ability based on Caco-2 permeability and calculated human
effective permeability (Peff) as listed in Tables I and II.
NVS701 has low and pH-dependent solubility (Tables I and
II). A significant positive food effect was observed with a
capsule formulation (capsule F1) of 200 mg dose as Cmax and
AUC increased by about twofold when administered 30 min
after a high fat meal. As a positive food effect was
undesirable, formulation approaches were proposed to slow
drug precipitation in the intestine to maximize the bioavail-
ability under the fasted state. A microemulsion formulation
(Capsule F2) was developed with the expectation to provide
higher solubility and to prevent precipitation. Both F1 and F2
capsules (50 mg) were tested in dogs under fasted and high
fat meal conditions. GastroPlus ACAT models were
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developed by fitting the corresponding concentration-time
profiles for each dog cohort with an optimized MPT. The
obtained MPT values from the dog models were directly
used in the human model to simulate the absorption under
corresponding dosing scenarios. The human food effect was
studied in healthy volunteers in a two-period, open label,
single dose, cross-over clinical trial for both formulations. In
two study periods, subjects were randomized to receive a
single 200 mg dose under fasted and fed condition. Absorp-
tion modeling was performed for each formulation under
fasted or fed conditions.

Case Study 5: Negative Food Effect for a BCS/BDDCS Class
3 Drug

NVS001 is a moderate to strong base (pKa08.4) with a
relatively low lipophilicity at physiological pH (log DpH07.40
1.01) (Table II). NVS001 has a high water solubility and low
Caco-2 permeability (Tables I and II). NVS001 is a high
affinity (Km: 3 μM) and moderate-capacity (Jmax: 29×10

−5

nmol/min∙cm2) substrate for the p-glycoprotein and is
transported by organic anion-transporting peptide
OATP2B1 in HEK293 cells with an estimated Km of 72 μM
and a maximum uptake clearance of 0.5 μL/min/mg protein.
The majority of the absorbed oral dose was eliminated
unchanged in the feces (77.7%) (Table I). NVS001 was orally
administrated to fasted and non-fasted primates and food
reduced Cmax and AUC(0−∞) by 92% and 85%, respectively
(Table III, Fig. s2). Since NVS001 had a low permeability,
both via in silico calculated Peff (Table I) and Peff derived
from in vitro Caco-2 data (Table II), the intestinal uptake
transporter OATP2B1 likely played a major role in the
absorption. However, the organic anion transporting peptide
was likely inhibited by food, as there was an over 85%
reduction of the systemic exposure in non-fasted primates.
Therefore, the kinetic data of uptake transporters were
incorporated in the human model. The passive permeability
data and p-glycoprotein kinetic data were included in both
fasted and fed model. A single oral dose (300 mg) under
fasted or fed state was given to healthy volunteers in a two-
way and cross-over study. The human oral PK profile for the
fasted state was first simulated using the GastroPlus ACAT
model. The measured values of Jmax and Km of P-gp and
OATP2B1 were used as inputs. The relative physiological
distribution of P-gp and OATP2B1 (Table s1) have been
reported previously (38) and were used in the ACAT model.
However, the relative expression levels of OATP-2B1
between in vitro HEK293 cells and in vivo enterocytes
remain unknown. The in vitro-to-in vivo scaling factor of
Km was set as 1.0, assuming that the substrate’s affinity to the
transporter are equivalent between in vitro expressed cells
and in vivo enterocytes. The scaling factor for Jmax of influx
transporter of OATP2B1 was then fitted against the
observed plasma concentration-time curves to account for
the unknown ratio of the expression level. Further, the
mechanism-based analysis of human oral PK profile under
fed state was performed, assuming that the inhibitory
interactions on OATP2B1 between food and NVS001 are
competitive. Therefore, the apparent Km of OATP2B1-
mediated uptake of NVS001 in the gut tended to increase
under fed state. A parameter optimization was performed toTa
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identify the best scaling factor for Km to describe the PK
profile and match the AUC under fed state conditions.

Case Study 6: A priori Prediction of Food Effects for BCS/
BDDCS Class 4 Drugs

NVS169 and NVS113 are both ampholytic compounds.
Their aqueous solubility was low over the pH range of 1–8 for
unformulated drug substance. Both compounds are substrates
of P-gp and exhibited a low permeability (Table II). This
suggested a risk for limited oral absorption and an uncertain
direction for the food effect. To mitigate these dual challenges
caused by limited solubility and permeability, a microemul-
sion formulation (ME) was designed for NVS169. An
optimized solid formulation (SF) dosage form was designed
for NVS113.

For NVS169, a ME formulation was initially tested in
rats after oral dosing (1–200 mg/kg) under fasted conditions.
For NVS113, a SF formulation was evaluated in the canine
food effect model similar to case study 4. Simcyp ADAM or
GastroPlus ACAT models were developed for rat or dog
profiles to identify the in vivo solubility and/or permeability
that best captured the concentration-time profiles. The
optimized values were incorporated in a human model to
simulate PK parameters and profiles after a single oral dose
of 100 mg NVS169 or 30 mg NVS113 under fasted and fed
condition a priori (Table III). Once clinical food effect profile
data were available, they were used for assess the accuracy of
the simulations.

RESULTS

Prospective predictions were performed to estimate the
magnitude of food effects for most of compounds (Table III).
For NVS001, retrospective modeling had to be done due to
the unknown relative expression of uptake transporters. For
NVS562, the model was further refined by fitting the
parameter of MPT to observed clinical data to drive future
clinical studies. The magnitudes of predicted food effects
(represented as fold change of AUC and Cmax) were
compared with observed clinical results. (Table III). Overall,
the fold changes of AUC and Cmax (fed vs. fasted) estimated
by current models for all of case studies fell within 1.6-fold of
the observed values, indicating that the current modeling
approach can accurately analyze food effects across BCS/
BDDCS Class Compounds.

Case Example 1: NVS732

Initially, based on in silico data, NVS732 was classified as
a pBCS/pBDDCS class 3 drug (Table I) due to its low
calculated human Peff (Table I), its low to moderate Caco-2
permeability and its high aqueous solubility (Table I and II).
In the rat in vivo, however, Fa was high, indicating near
complete absorption (87%) (Table I). Thus, NVS732 is an
example where low in vitro Caco-2 permeability does not
always result in low absorption in vivo (Table I) (39). Rat
ADME data confirmed NVS732 as an rBCS/rBDDCS class 1
drug since absorption was high, and metabolism was exten-
sive (64.3%). In human, NVS732 demonstrated hBCS/
hBDDCS class 1 drug behavior (Tables I and III). A high-

fat meal did not affect the extent of absorption or AUC
(Fig. 3). While Cmax was reduced by 19% and Tmax was
delayed by approximately 1 h, this decrease was not
considered clinically relevant. The predicted plasma concen-
tration versus time curve and PK parameters were in
agreement with observed data (Fig. 3). The GastroPlus model
successfully predicted bioequivalent exposure under fasted
and fed dosage regimen (Table III). Predicted and observed
results were consistent with the BCS/BDDCS, which stip-
ulates that Class 1 drugs generally do not show any food
effects (1, 7).

Case Example 2: NVS406

Based on in silico calculations, NVS406 was classified as
a pBCS/pBDDCS Class 2 drug (Table I). NVS406 solubility
was low in fasted state (0.004 mg/mL in FaSSIF) and fed state
(0.1 mg/mL in FeSSIF). Rat ADME data confirmed NVS406
as a rBCS/rBDDCS Class 2 drug, as metabolism was >90%
(Table I), with moderate absorption (45%) likely limited by
low GI solubility. In human, NVS406 showed a significant
positive food effect; which is consistent with hBCS/BDDCS
Class 2 drugs (Table I and III). The mean of AUC and Cmax

increased by ∼4.4 or ∼4.3-fold and 6.1 or 6.1-fold under fed
state conditions after a single dose of 150 mg or 450 mg of an
oral coarse suspension, respectively (Table III). The magni-
tude of this food effect and plasma concentration profiles
were well predicted when compared with observed data
(Fig. 4, Table III). For the cohort receiving a 450 mg dose
without food, the initial absorption and distribution phase
from 0 to 24 h was well captured by the model, but the
concentrations after 24 h of dose were underestimated
(Fig. 4b). Overall, the predicted magnitude of food effect
was still in good agreement with the observed results.
Prediction fold-errors were less than 1.6 for AUC and 1.3
for Cmax, respectively (Table III). In the fasted state, a
flattened terminal concentration-time curve was observed,
and the concentration after 12 h of the dose appeared to
remain constant for up to 48 h and then declined more
rapidly. One explanation may be a prolonged and slow
absorption in the colon. According to the regional absorption
plot (Fig. 4c), colonic absorption from the caecum and
ascending colon accounted for ∼45% of the total dose
absorbed in the fasted state. However, the significance of

Fig. 3. Observed plasma concentrations are shown in solid circles
(black fasted, gray fed). Simulated PK profile are presented as solid
curves (black fasted, gray fed) after a single oral dose of 100 mg
NVS732 in healthy volunteers
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the colonic absorption was attenuated in the fed state and
only accounted for less than 13% of the total absorbed dose.
The main absorption area under fed state located in the
upper intestine where sufficient drug is available as a result of
improved in vivo solubility, whereas the extent of colonic
absorption was not pronounced due to the poor aqueous
solubility. To design a formulation that could mitigate the
positive food effect, it was important to explore the interac-
tion between solubility and dose and their impacts on the
extent of absorption under both fasted and fed conditions. A
parameters analysis (PSA) was conducted under fasted and
fed condition and three-dimension surface response plots

(Fig. 4d, e) elucidated that Fa has a steep drop from ∼80% to
∼30% when duodenal solubility decreased from 1 mg/mL to
0.1 mg/mL under both fasted and fed states. Fa gradually
decreased when doses were increased from 200 to 1,000 mg.
This information was provided to guide formulation develop-
ment of a new dosage form that could significantly enhance
solubility along the gastrointestinal tract. To this end, a new
liquid formulation and a coarse suspension were tested in the
dog food effect model using a single oral dose of 5 mg/kg
(equivalent to a ∼190 mg dose in 70 kg adult). Significant
differences for mean AUC and Cmax values were not
observed for the liquid formulation between fasted and fed

Fig. 4. Observed plasma concentrations of NVS406 are shown in solid circles (black fasted, gray fed).
Simulated PK profile are presented as solid curves (black fasted, gray fed) after a single administration of a
150 mg of NVS406 and b 450 mg of NVS406 given as an oral suspension in healthy volunteers. c Fraction
of regional absorption for NVS406 after a 150 or 450 mg dose in fasted and fed healthy volunteers. Surface
response plot of the change of fraction absorbed (Fa) with respect to duodenum solubility (representing in
vivo solubility) and dose under d fasted or e fed condition
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condition whereas a strong positive food effect (> 4.5 fold
increase on AUC and Cmax) was observed for the coarse
suspensions (Table III). This suggested that the utility of a
lipid-based formulation appeared to be an effective strategy
to boost dissolution/solubility and enhance the oral bioavail-
ability of a poorly water soluble compound under the fasted
state.

Case Example 3: NVS562

NVS562 was classified between pBCS/rBDDCS classes
2–4 due to a low aqueous solubility and a moderate
permeability (Table I). For NVS562, the in silico human Peff

was high (Table I), while the measured Caco-2 permeability
was low leading to a low derived human Peff permeability of
0.95×10−4cm/s which less than that for metoprolol (1.8×10−4

cm/s) (Table II). As rat in vivo metabolism data were not
available, NVS562 was still classified as rBCS/rBDDCS class
2 drug as rat in vivo absorption was high (> 80%) (Table I,
Fig. 1).

The biorelevant solubility values for SEDDS of the free
base and tablet formulations with the salt were listed in
Table II. For NVS562, human food effects were formulation
dependent (Table III). With SEEDS capsules, a high-fat meal
did not affect the extent of absorption and the AUC values
were unchanged. The geometric mean of Cmax was reduced
by 15% and Tmax was delayed by approximately 3 h in the fed
state. However, with a tablet formulation, the geometric
mean of AUC and Cmax increased by 1.6 and 1.6 fold and
Tmax was delayed by approximately 2 h (Table III). The in
vitro two-step dissolution results are shown in Fig. 5a.
Apparently supersaturation was maintained for over 2 h with
the SEDDS formulation in FaSSIF and FeSSIF media, thus a
high fat meal caused only negligible effects on drug dissolu-
tion and precipitation. The SEDDS formulation likely
enhanced NVS562 solubility in the intestine, thus imparting
desirable hBCS/BDDCS class 1 characteristics with minimal
food effects on drug exposure. On the contrary, the tablet
formulation did not mitigate positive food effects (Table III)
likely due to precipitation under fasted and fed state, which
was identified by the two-step dissolution test. The MPT
values obtained from the in vitro and in vivo method as well
as the AUC values predicted were summarized in Table s2.
The plasma concentration time curves simulated by the model
using in vivo optimized MPT were represented in Fig. 5b and
c. For the SEDDS formulations under fasted and fed
condition as well as a tablet formulation under fed condition,
a model with in vitro MPT values (3,200–3,500 s) resulted in
acceptable prediction PK profiles (data not shown) for AUC.
A minor improvement of the simulation accuracy was
achieved when MPT values were approximately doubled
(e.g. 6,000 s; Fig. 5b). For the tablet formulation in the fasted
state, the in vitro MPT (2,210 s, Table s2) slightly under-
estimated the extent of absorption. An MPT of 3,500 s best
described the observed PK profile (Fig. 5c). Although the
AUC value was slightly under predicted with the tablet
formulation in the fasted state, the food effect trend was well
predicted for both SEDDS and tablet formulations using in
vitro MPT values (Table s2). A parameter analysis (PSA) for
Fa change with respective to MPT is shown in Fig. 5d. MPT
has less influence on Fa for SEDDS as solubility of NVS562 is

sufficient, irrespective of pH and meal conditions. In such
scenarios, the extent of absorption was always nearly
complete (> 80%) and thereby bias of food effects prediction
was generally minor using the PBPK model. On the other
hand, for suspensions where solubility of NVS562 is limited,
slower precipitation rate (or long MPT) prolonged the
“supersaturation” state of compounds and likely allowed
higher extent of absorption, suggesting that MPT is poten-
tially a key driver for Fa in suspensions. Thus, inaccurate
estimation of MPT can result in a large bias towards the
prediction of food effects.

Case Example 4: NVS701

NVS701 was identified as a pBCS/pBDDCS class 2 to 4
due to a low aqueous solubility, and a moderate permeability
(Table I). Rat ADME data confirmed NVS701 as an rBCS/
rBDDCS 2 drug due to extensive metabolism (84.7%) and
low absorption. In human, NVS701 demonstrated hBCS/
hBDDCS class 2 drug behavior (Table I) and a positive food
effect (Table III). A high-fat meal increased the extent of
absorption following the administration of Capsules F1 and
Capsule F2 similarly in dogs and humans (Table III). For both
formulations, the values of MPT optimized by fitting plasma
concentration-time curves under fed state were higher than
the values under fasted conditions, suggesting that solubilized
NVS701 can remain in a supersaturated state in the intestine
for a longer time after high fat meals. The simulated results
were also in agreement with the fact that meals can stimulate
bile flow and enhance solubility of poorly water soluble
compound in small intestine (7, 40–42). The resulting human
model captured the mean observed data reasonably well in
fasted and fed conditions for both formulations using the
MPT obtained from the optimized dog model (Fig. 6). The
predicted magnitude of food effects in human in terms of
changes on AUC and Cmax was less than 1.1 fold of the
observed effects (Table III).

Case Example 5: NVS001

Based on in silico and early discovery data, NVS001 was
classified as a pBCS/pBDDCS Class 3 drug due to its high
solubility and low permeability (Table I). In the rat,
metabolism was low (17.3%), thus NVS001 was classified as
a pBCS/pBDDCS class 3 drug. In human, NVS001 also
demonstrated hBCS/hBDDCS class 3 behaviors. Food greatly
reduced NVS001 Cmax by 72% and AUC0−∞ by 69%
(Table III). To best describe the concentration-time curve of
NVS001 in the fasted state, an in vitro-in vivo scaling factor
for Jmax of 0.055 was fitted against the data, suggesting that
the expression level of OATP2B1 in the gut are lower than
those in the in vitro expressed HEK293 cells. For oral
absorption modeling, the same scaling factor for Jmax was
used in the fasted and fed state since transporter expression
level was constant between fasted and fed conditions. On the
other hand, a scaling factor for Km was estimated to be 50 to
fit the concentration-time curve (Fig. 7). The fitted Km scaling
factor in the fed state implied that the food components
competitively inhibited the uptake transporter of OATP2B1
and resulted in reduced NVS001 absorption. Overall, the
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observed negative food effect was consistent with the
predicted results obtained with the ACAT model (Table III).

Case Example 6: NVS169 and NVS113

NVS169 and NVS113 were identified as borderline
pBCS/pBDDCS class 4 and 2 compounds based on in silico
prediction, respectively (Table I) with low solubility and low
permeability, but high clogP. The in vitro measured solubility
for NVS113 was even lower than the in silico predicted
solubility (Tables I and II). The rat ADME study showed
metabolism higher than 60% for both NVS113 (65%) and
NVS169 (81.3%) (Table I), thus resulting in an rBCS/
rBDDCS class 2. During clinical development, formulation
efforts greatly increased the solubility/dissolution for both
drug substances (Table II). For NVS169, the fraction
absorbed in rats exceeded 80% with an ME formulation,
suggesting that absorption was not limited by solubility. The
values of Peff and solubility that can best describe the rat PK
profiles were 1.78×10−4cm/s and 0.78 mg/mL. Using these
values in the human model, no changes in AUC and Cmax

with or without meals were predicted. The predictions were
partly in agreement with the clinical observations, where
AUC was not significantly altered, but Cmax decreased by
40% (Table III). For NVS113, no food effect was observed in
canine model. Similarly, in vivo solubility values were

obtained and used in human PBPK model. The human
model predicted an insignificant food effect with less than
10% decrease of AUC and Cmax when comparing PK data
under fed and fasted state. However, the observed clinical
data showed a more significant reduction of AUC (∼30%) in
the fed state (Table III). The reasons are not entirely
understood, but may be due to an unknown drug
complexation with food components or possible transporter
interactions.

DISCUSSIONS

Food can induce changes in physiological conditions,
such as delayed in gastric emptying, change of gastrointestinal
pH, stimulation of bile flow, and interaction of intestinal
influx or efflux transporters (1, 2, 8, 9). A positive food effect
is manifested by a higher systemic exposure when the drug is
given with food compared to the fasted state and mainly seen
for BCS/BDDCS 2 drugs. A negative food effect is man-
ifested by a reduced exposure when the drug is given with
food and is mainly seen for BCS/BDDCS 3 drugs. BCS/
BDDCS Class 1 drugs often show no food effect. For BCS/
BDDCS 4 drugs food effects is often difficult to predict, as
they can be dose and formulation dependent. Presence of a
food effect can impact drug labeling (2) and convenience to
the patient. Briefly, a food effect is observed if the 90%

Fig. 5. a In vitro precipitation profiles of two formulations containing NVS562 in FaSSIF or FeSSIF media.
Observed plasma concentrations are shown in solid circles (black fasted, gray fed) and simulated PK profile
are presented as solid curves (black fasted, gray fed) after a single administration of 150 mg of NVS562
given as a b SEDDS or c tablet in healthy volunteers. d Parameter sensitivity of precipitation time to the
change of fraction absorbed
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confidence interval for the ratio of population geometric
means between fed and fasted treatments fails to meet the
limits of 80–125% for either AUC or Cmax (2).

Potential human food effects can be predicted to aid
product or formulation development (43) at all drug devel-
opment stages using in silico, in vitro, and in vivo methods as
shown in Fig. 1. Here, both BCS and BDDCS classifications
(1, 7) aided in identifying likely food effects for seven
proprietary compounds from early discovery through early
development using readily available data (Fig. 1, Table I).

For early discovery, a preliminary pBCS/pBDDCS class
is established for a NCE when little or no in vivo ADME
properties are available. To establish a pBCS, key in silico
parameters (e.g. human effective permeability, and intrinsic
solubility) can be calculated using e.g. the GastroPlus
ADMET predictor. Alternative in silico tools are available
(e.g. ALOGPS, VolSurf, etc.) to calculate these and related
physicochemical parameters. As shown in Fig. 1, we assigned
a preliminary BCS class of NCEs based on a calculated
intrinsic solubility and a human effective permeability (Peff).

Fig. 6. Observed plasma concentrations are shown in solid circles (black fasted, gray fed) and simulated
PK profile are presented as solid curves (black fasted, gray fed) after a single administration of 50 mg of
NVS701 given as a a marketed capsule (capsule F1) or c solid suspended microemulsion (capsule F2) in
dogs or 200 mg of NVS701 given as a b capsule F1 or d capsule F2 in healthy volunteers

Fig. 7. Observed plasma concentrations are shown in solid circles (black fasted, gray fed) and simulated
PK profile are presented as solid curves (black fasted, gray fed) after a single administration of 300 mg of
compound NVS001 given as a tablet in healthy volunteers
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A differentiating solubility value of 0.5 mg/mL was arbitrarily
chosen; as this concentration is achieved for a 125 mg
efficacious dose given with 250 mL water. For permeability
assessment, metoprolol was chosen as a high permeability
reference compound (44, 45) (Tables I and II). Calculated
LogP (cLogP) values were used to describe the probability of
extensive metabolism. This was done retrospectively, as this
approach was only recently published (10). Compounds with
a cLogP value greater than 2, are likely to be eliminated
mainly via metabolism and can be assigned to Class 1 or Class
2 in the pBDDCS (10). Our practical preliminary pBCS/
pBDDCS classes could thus identify food effect risks early
and guide a formulation strategy of the NCE during later
development stages.

During the candidate selection stage, rat in vivo mass
balance/disposition data from radiolabeled drug substances
allowed estimation of Fa and extent of metabolism (46) leading
to a rat based BCS/BDDCS or rBCS/rBDDCS (Fig. 1). High
metabolism or extensive metabolism were defined if >60% of
the drug was metabolized after intravenous dosing and resulted
in an rBDDCS class 1 or 2, depending on solubility, F, or Fa. The
rBCS/rBDDCS was used to confirm or complement the pBCS/
pBDDCS, derived via the earlier in silico approach. For the
seven Novartis compounds, there was a general agreement with
the food effects that could be expected from the rBCS/rBDDCS
and pBCS/pBDDCSwhen compared to observed food effects in
the clinic (Table I). Thus, overall, the pBCS/pBDDCS and
rBCS/rBDDCS classes predicted the likely direction clinical
food effects.

In early clinical development, quantitative food effect
predictions along with exposure profiles are typically desired
by project teams, and often more than one formulation is
under consideration for human trials. Advanced PBPK
modeling tools readily allow the mechanism-based simulation
of concentration-time profiles for liquid or solid dosage forms
both in the fasted and fed states using physiological based
absorption model and input parameters such as physicochem-
ical properties and biorelevant solubility (33). As shown in
Fig. 2, human systemic PK parameter (e.g., Vss, CL), could be
scaled from preclinical data using, e.g., the latest PhRMA
scaling methods (47, 48) when human IV data were not
available. In vivo relevant biopharmaceutical properties,
some of which have not been extensively discussed in the
literature, i.e., drug precipitation, transporter interactions,
and formulation effects were included our absorption models.
Here, we provide case examples and potential solutions on
how to generate in vivo precipitation and solubility data
toward human food effect profile predictions. We used in vivo
observed dog data to describe an ACAT model and in vivo
solubility/precipitation data can be obtained by fitting the
observed dog exposure profiles (cases NVS701, NVS562).
These data were then used for human profile predictions
(shown schematically in Fig. 2). Food effects can be formu-
lation dependent and can sometimes be mitigated with
optimized formulations (case NVS562). We also analyzed
transporter involvement in food effects for a BCS/BDDCS
class 3 compound (case NVS001). The impacts of formulation
on the food effects of BCS class 4 compounds were studied
with prospective predictions (NVS169, NVS113).

For weak bases, precipitation can limit oral exposure
both in fasted and fed states (1). To model in vivo

precipitation, an MPT parameter was used to represent the
time of supersaturation under fasted and fed conditions. We
proposed two methods for this parameter estimation: (1)
calculating the AUMC/AUC ratio based on drug precipita-
tion profiles obtained from a two-step biorelevant dissolution
test or (2) fitting this parameter against the observed PK
profiles in dogs under fasted and fed conditions. For NVS562,
the simulation results showed that the parameter of MPT
obtained from the two-step biorelevant dissolution test
underestimated the human plasma concentration after a
single suspension dose under fasted state. A donor-to-
acceptor transfer model has been reported to simulate the
slow transfer process for poorly soluble weak bases from
stomach to intestine, which may potentially better predict
MPT (34). However, this approach has not been fully
validated. Here, the human plasma concentration time
profiles of NVS701 were well described using the MPT
obtained from fitting dog PK data under fasted or fed
condition. Dog is the most studied species for predicting
human food effects (12–14) as clinical service forms (e.g.,
capsule or tablet) can be directly administered to dogs. For
NVS701, the dog model was not only used as a surrogate
human food effect model but was a useful tool to generate the
MPT in human models. To our knowledge, no prior attempts
have been published to successfully apply optimized MPT
data from canine model to quantitatively predict the human
food effects. Yet, the prediction accuracy using such an
approach may depend on the compound properties and
formulations. It was critical that human relevant disposition
parameters and physicochemical properties are used. If the
MPT parameter is found to be inadequate and not translat-
able between dog and human, then the model may have to be
refined when observed human PK data become available.

Transporter interactions can be important for BCS class
3 compounds (7). A priori predictions of negative food effects
caused by food and intestinal influx transporter interactions
can be difficult as inhibitory effects of dietary substances on
transporter cannot be measured. A retrospective analysis
demonstrated the impact of food on intestinal transporter
inhibition by optimizing the value of an in vitro to in vivo
scaling factor for Km for the related uptake transporters. If
absorption of BCS class 3 compounds is mediated by an
intestinal influx transporter, high-fat meals will decrease the
extent of absorption due to inhibition or competition of
uptake transporters in the intestine. Wu and Benet had noted
that the overall exposure changes with class 3 compounds
depend upon whether meals have more pronounced effects
on the efflux or influx transporters in the absorption process.
An unexpected increase or minimal meal effect in the extent
of absorption can be observed (e.g., acyclovir). Due to the
complexity of food and transporter interaction, a preclinical
model may provide a useful insight into the direction of food
effects. For NVS001, the food effects observed in primates
were similar to those observed in human with over 85%
reduction in AUC (Fig. s2 and Fig. 7). Such results can serve
as an important translatable link for establishing mechanism-
based human PBPK models.

The prediction of clinical food effects for BCS/BDDCS
class 2 to 4 compounds (both of which can exhibit Class 4
behavior at higher doses or with suboptimal formulations)
can be very challenging. We successfully predicted the lack of
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positive food effects for two BCS/BDDCS class 2 to 4
compounds (Table III). NVS169 was extensively metabo-
lized and was likely not a substrate for absorptive trans-
porters, similar to BCS Class 1 and 2 compounds (7).
Apparently low solubility can be a rate limiting factor in
NVS169 oral absorption. The calculated dose number at
100 mg for the drug substance (DS) was 3.1, which was
successfully reduced to 0.51 with a microemulsion (ME)
formulation (Tables I and II). Thus, solubility is currently
not rate-limiting step for drug absorption. This repre-
sented a successful example where formulations can
change a compound’s BCS Class and a reduced risk for
food effects (as was also shown for NVS562). For
NVS113, also no positive food effect had been predicted
(Table III). Interestingly, a significant negative food effect
was observed in the clinic—a trend which had not been
identified in the dog model (Table III). Thus for NVS113,
as with other Class 4 drugs, food effects are apparently
mediated by factors other than solubility and which can
include drug-food complexation or uptake transporter
interactions. It is likely that absorptive intestinal trans-
porters were involved in the absorption process and food
may inhibit the drug uptake process, resulting in a
negative food effects. Taken together, these two examples
indicated the complexity in prediction and mitigation of
food effects for BCS Class 4 compounds. It further
illustrated that a compounds’ BCS/BDDCS class can be
formulation-dependent.

CONCLUSIONS

Integration of in silico, in vitro, and preclinical in vivo
data with ACAT PBPK models, allowed early identifica-
tion of likely food effect risks and exposure profile
predictions across BCS/BDDCS class 1 through 4 com-
pounds. A practical preclinical BCS/BDDCS, which relies
mainly on calculated parameters, could be readily imple-
mented by DMPK or formulation scientists for all drug
development stages. Rat in vivo absorption and metabo-
lism data aided in identifying or confirming the likely
human BDDCS class. Various in vitro and in vivo
preclinical tools were successfully integrated with com-
mercially available software to conduct physiologically
based human absorption and exposure modeling for
orally-dosed compounds with or without meals. Formula-
tion-dependent food effects, once understood, could some-
times be solved with optimized formulations. Overall,
integrated and practical approaches provided representa-
tive case examples for food effect predictions and risk
identification prior to clinical studies. Yet, challenges for
food effect predictions do remain, especially for BCS/
BDDCS class 3 and 4 drugs due to insufficient knowledge
of in vivo intestinal transporter expression levels, meal
effects on intestinal transporters, and complex food-drug
interactions.
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