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A PHARMACEUTICAL PLATFORM TECHNOLOGY FOR THE DEVELOPMENT OF
NATURAL PRODUCTS

[0001] This application c¢laims Dbenefit of U.S. Serial No,
60/909,018, filed March 30, 2007. The entire content and
disclosure of the preceding application 3is incorporated by

reference into this application.

[0002} Throughout this applicaticn, wvarious references are
referred to and disciosures of these publications in their
entireties are hereby incorporated by reference into this
application to more fully describe the state of the art to which

this invention pertains.

BACKGROUND OF THE INVENTION

[0003] Natural products have been used by the human
civilization for thousands o©f years. Their medicinal walues have
been recorded throughout history. Since the advancement of
pharmaceology, c<¢linical pharmacology, pharmacognosy and analytical
chemistry, the active components 1in a natural substance were
beginning to be unveiled. A goocd example is the discovery of
acetylsalicylic acid in willow Dbark. Bayer has recently
celebrated the 100" anniversary of Aspirin, a purified form of

acetylisalicylic acid.

[0004] There are two streams of natural product research.
Since the dawn of modern pharmaceutical sciences, there has been
an insatiable quest for the isolation and purification of a single
active component in a natural substance. In fact, more than 60%
of the pharmaceuticals which have been developed for treating
cancer, hypertension and migraine are either natural in origin or
natural product mimics {(Newman et al., 2003) . Although
combinatorial techniques have succeeded as methods of optimizing
structures, no de novo combinatorial compound approved as a drug
has been identified on or before 2002. This 1is not surprising

because lead candidates of natural origin are becoming limited.
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[0005] Natural remedies are often composed of one or more
herbs. Each herb has multiple active components. The
identification, purificaticn, activity determination, using known
pharmacological models for a complex mixture, has bheen a
monumental task. The complexity of this area of research has been
the major obstacle in natural medicine development (Williamsocn,
2001)." In his review, Linu and Yang (2006) commented that
identifying active components in traditional Chinese Medicine
(TCM) is the most important issue in the development of TCM. The
active components could be active metabolites o©¢f the principle
compenents of the preparation. For example, ginsencosides are
mator components responsible for the efficacy o©f ginseng.
However, the activity of these ginsenosides is low and their
bicavailability after oral administration is minuscule. The
metabolic products, protopanaxadiols and protopanaxatriols are
easily absorbed and pharmacologically active (Hasegawa, 2004).
Although it 1is important to understand the pharmacokinetic and
pharmacodynamic nature of the active components in TCM, there was

no suggestion for sorting out the complicated interrelationships

between potential pharmacckinetic and pharmacodynamic
interactions.

[C006] The study of active ingredients in natural substances
has been rather primitive in pharmaceutical sciences terms. The

approach 1is stagnated at the discovery stage of pharmaceutical
development. The general approach is to employ activity guided
extraction to identify targets that have in wvitro activities.
This apprecach 1is extremely unsultable for the development of
nature products. For the longest time, Panax ginseng was thought
to be an expensive “junk” because 1t has no apparent active
ingredients, It was not until Hasegawa (2004) reported that the
inactive ginsenosides of Panax ginseng were acting like prodrugs,
when metabolized by intestinal flora release the aglycones, which
have physiclogical activity, Rutin, a flavonoid glycoside, which
is present in ginkgo and a number of other herbs, has been shown

to be a potent antioxidant in vitro. However, it is difficult to
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substantiate the actual in vivo activity of rutin, simply because
this substance is noft detected in the blcocod stream (Hollman et
al,, 1997). A major component cf Chuanxicng, z-ligustilide, has
been shown toe be a major active compenent of the herb; however,
the bicavailability of this component is less than 3% (Yan et al.,
2008). It 1is quite obvious that there will not be enough
ligustilide reaching the site of agticn to exert its activity.
These examples clearly show the shortcoming of using the c¢lassical
pharmaceutical approach of identifying actives 4in an herbal
preparation. The natural prodrugs, like that o¢of ginsenosides,
will be missed and actives like zrutin will be pursued. In
rharmaceutical scilence terms, compounds like ligustilide lacks
drug-like properties for oral administration. Drug-like
properties are basically pharmacckinetic properties of a substance
which, after administration, has the ability to be abscrbed in a
substantial amount without being metabolized, and Lo be
distributed wvia the Dblood stream to the site of action in
sufficient quantity before being eliminated from the bedy. It is
no surprise that drug-like properties have not been a major
component o©of natural product research because it is new to the
pharmaceutical development., Since there are permutations in
arriving at the actives of an herbal extract, the complexity of
delineating pharmacokinetic profiles for multi-components does

appear toe be prohibitive.

[0007] In recent years, interests in performing pharmacological
and pharmacokinetic studies on natural substances such as St.
Jehn's Wort (Schulz et al., 2005) and Ginkge (Kwak et al., 2002;
Ahlemeyer and Krieglstein, 2003) are increasing. There is no lack
of publications in the area of herb-drug interactions (Brazier and
Levine, 2003; Hu et al., 2005; Williamson, 2005), herbal effects
on drug metabolizing enzymes (Venkataramanan et al., 2000; Mathews
et al., 2002; Komoroski et al., 2604; Yim et al., 2004; Chang et
al., 2006) and pharmacokinetics of active ingredients of herbs
{(Mathews et al., 2005; Zhou et al., 2005; Yan et al., 2007). The

latter is limited to a single component. There are studies which
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attempted to predict in vive herb-drug interacticon using in vitro
methodologies (Williamson, 2001; Mohutsky et al., 2006;
Venkataramanan et al., 20086). These studies met with partial
success and the general conclusion is that an in vivo study is

required to confirm the results.

[0008] It has been frequently postulated that the advantage of
alternative therapy is the relatively low dosage required for the
treatment o©f an ailment (Williamson, 2001}, Active components
could act either additively, synergistically or antagonistically.
In the absence of an understanding of the number of components
involved and their respective drug-like properties, it would be
cilose to impossible to determine these intricate interacticns in

the body.

[0009] Pharmaceutical technologies for drug discovery have not
been employed extensively in the development of natural products.
There are a number of Iin vitro microsomal or hepatocyte studies
reported for evaluating herb-drug interactions (Hu et al., 2005;
Williamson, 2005; Venkataramanan et al., 2006) and metabolism of
active components (Komoroski et al., 2005). However, there is no
study on using physiclogically Dbased pharmacokinetic and/or
pharmacodynamic models to predict the time c¢ourse of active
ingredients of an herbal extract in the body, nor are there any
studies using the same approach to gquantify the time course of a
response. No in silico methods to-date employed for drug
discovery have been applied to predict pharmacokinetic and
pharmacodynamic interaction of active components and their

metabolites after administration of an herbal extract.

[00101] There are a number of patents filed in the last 20 years
outlining methods for standardizing natural products. The most
advanced ones are that of Paracelsian’s BioFit® (Blumenthal and
Milot, 2004), CV Technologies’ ChemBioPrint® (Pang et al., 2000}
and PharmaPrint Inc’s. PharmaPrint® technologies (Khwaja and

Friedman, 2000; Khwaja and Friedman, 2002). The later two utilize
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biocassays involving concentrating fractions that are

pharmacologically active and one or more markers are standardized

along with desired activities. When both conditions are
satisfied, the batch is accepted. PharmaPrint® rates these
extracts pharmaceutical grade. They have used this technology teo

produce standardlzed herbs such as St. John’s Wort (Khwaja and
Friedman, 2000). ChemBioPrint® appears to be a bit more involved
in that in addition to the in vitro assays, in vivo assays are
also incorporated in the standardization procedures. Neither of
these two standardization procedures directly links the activity
with the putative standardized ingredients. Therefore, it is not
known whether the standardized ingredients are of the right amount
or the appropriate ratios. There is alsc no information on actiwve
ingredients that are not identified. It is well known that some
of these ingredients are inactive in wvitro, but they have
biclogical activities in vivo (Hasegawa, 2004). The reason 1is
that some of these ingredients are not actually absorbed;
therefore lacking “drug-like” propertiies. Paracelsian’s BioFit®
technology claimed that an absorption assessment using Caco-2
cells were performed on the active components. However, Caco-2
has shortcomings in predicting large molecule absorption because
these molecules are not permeable through the Cacc-2 membrane. A
significant percentage of natural ingredients have large molecular
weights, The absorption of these molecules such as
polysaccharides, glycosides, etc. is difficult to estimate using

Caco-2 cells.

[0011] Kinetana’s S5imBiocDAS® technology (Tam and Anderson, 2000)
appears tc overcome the problems that Caco-2 technology faces
{Blumenthal and Mileot, 2004). This technclogy has been employed
to measure absorbable components which are active in vitro. This
technology, however, has two problems: 1. it does not provide an
estimate of the pharmacokinetics o¢f ingredients and therefore,
concentration-time profiles at the site of action; and 2. the cell
membranes are susceptible to rupture when they are incubated with

certain herbal extracts such as St. John’s Wort.
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[0012] There was a news release in January 2008 by an Indian
firm Avesthagen announcing a new -technolegy, MetaGrid, for the
standardization of multi-constituent plant-based extracts. This
technology 1s based on matching retention tTimes of active
components analyzed wusing an analytical method. While the
technology may be useful for standardizing active components,
however, these so-callied active components have not been subjected
to wvigcrous testing for in vive testing. In other words this
technology does not provide information on the “drug-like”

properties of these components.

[0013] In short, there is no method available to adequately
mine the physiologically active components of an herbal substance.
It 1is generally believed that the activity of phytomedicine is
mediated by a large number of active ingredients, each of which
constitutes a relatively low quantity compared to those used in
Western medicines. Furthermore, aach ingredient, if giwven
individually, would require a much higher dose tc achieve the same
physiclogical effect. It 1is Dbelieved, however, {while rarely
demonstrated directly by experiment) that these individual
ingredients, when taken together, may mutually reinforce each
other synergistically. For example, in a given herbal extract
(e.g. Echinacea or Ginkgo bilcba), there could be sgeveral hundred
chemical entities, dozens of which are active compounds and a
subset of these can strongly interact with  each other
synergistically or Dby mutual inhibition. However, existing
technology does not allow stringent quality control because there
have been no success in elucidating the activity of <these
ingredients as a group. In this invention, a platform technclogy,
which 1s based on formulating a mathematically rigorous procedure
of describing these interactions through a combination of in wvitro
and in silico modelling and data analysis resulting in reverse
engineering of the process and then designing an optimal
composition in order to yield the most efficacious multi-component
formulation, 1s described. The advantage of this approach is that

there is no requirement to study the components individually. As a
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result, separation, isclation and purification of active
components are not necessary; therefore, saving time and
resources. Figure 1 illustrates a model which is used to describe
the concentration and effect time course of a single component and
this same model can be used for describing the time course of
multiple components after incorporating the mathematical

procedures described herein.

SUMMARY OF THE INVENTION

[0014] Mathematical models for solving multiple unknowns which
are linearly independent and/or interacting with each other have
been incorporated into a set of in wvitro and in silico
methodologies for predicting in vivo pharmacokinetics and
pharmacodynamics of multiple components, This methed is applied
to develop phytomedicines which contain multiple active
ingredients without prior identification, isclation and

purification of these components.

[0015] The in vitro techniques include, but are not limited to:
incubation with artificial gastric and intestinal Juice,
intestinal flora, intestinal microsomes, cell membrane, intestinal
tissue, hepatocytes, plasma, and blood. In silice techniques
include an augmented physiologically based
pharmacckinetic/pharmacodyramic model, prediction of log P, leg D,

volume of distribution and renal excretion.

[0016] In one embodiment, the present invention provides a
method of predicting in vivo pharmacokinetics and pharmacodynamics
of a mixture with multiple components, comprising the steps of:
determining the rate of metabolism of individual and interacting
components 1n the mixture in gastrointestinal tract and liver;
determining distribution of the components in blood or plasma;
determining the rate of the components’ renal elimination; and
determining the potency of an individual component and synergism
or inhibition amcng the components, wherein the above

determinations comprise mathematical models that will predict the



pharmacokinetics and pharmacodynamics properties of the mixture in

vivo.

[0017] In ancother embodiment, there 1s also provided a
composition comprising multiple components as identified by the
method described herein, wherein the components have desirable in
vivo pharmacokinetics and pharmacodynamics properties as

determined by the method described herein.
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DETAILED DESCRIPTION OF THE FIGURES

[6018] Figure 1 shcows a schematic describing the fate of a
compeonent after oral administraticon. Inter-compartmental transfer

is assumed to be first order, as indicated by the arrows.

[0019] Figure 2A shows a typical dose-response relationship
that follows Michaelis-Menton kinetics. Figure 2B shows the same
relationship graphically transformed to depict log dose vs.
response. Response is approximately linear related to log dose in

[+)

the range between 20 - 8C % of maximum.

[0020] Figure 3 shows a general flow chart of the cptimization

procedure; illustration of precedure.

[0021] Figure 4 shows a dose-response relationship of the
Michaelis-Menton type, where r 1s a linear transformation of

response in relationship to dose. «r = response/{l-response).

00221 Figure 5 shows a log dese-response relationship of 25
mixtures containing 15 hypothetical compcnents. The error of each

response measurement was assumed to be + 10%,.

[0023] Figure 6 shows predicted (open bars) wvs. actual (hatch
bars) potencies (1/ECs). Figure 6A: Relative potencies of the 15
hypothetical compounds. Compounds 2, 2, 10, 12 and 13 are
predefined to be active (>10 % noise). Figure 6B: Compecund 16

(compounds 4 and 10) and 17 (compounds 7 and 8} showed activities
higher than the individuals combined. Compounds 18 and 19 are
fictitious pairings .of compounds 1 and 2; and 3 and 4,

respactively.

[0024] Figure 7 shows the response for each individual
formulation (for the hypothetical sample). The curves on the plot
represent, in order from the bottom-most curve, samples 25, 15,
14, 0, 9, 18, 20, 7, 24, 22, 6, 5, 3, 23, 11, 2, 17, 12, 13, 19,
4, 1, 21, 16, and 8.
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[0025] Figure 8 shows a schematic illiustration of the principal

component analysis applied to a two-dimensional data set.

[0026] Figure 9 shows the results of the application of the PCA
to a set of synthetic data. HNote that 10 wvariables out of 5
(transformed wvariables) cover 80% of the wvariation in data. This
suggests very little correlation/ dependence/ interaction and the

information are spread over all the variables,

[0027] Figure 10 shows an analytical elaboraticn of the

location of the peak X*.

[0028] Figure 11 shows an 1illustration of the wvarious dose
dependent functions in example. Original data, model responses,
and differences between the original and the models. Locations
used in the model fitting are marked with circles. Plots of (a)
the original data, (b) the eight-term model, (c) the eight-term
difference, (d) the six-term model, (e} the six-term difference,

(f) the four-term model, and (g) the four-term difference.

[0029] Figure 12 shows a schematic showing the transit of a
component and its decomposition products and/or metabolites along
the gastrointestinal tract. bPecomposition is chemical and
metabelism could originate from enzymes of pancreas in the
duodenum or intestinal flora in the colon. Xi, Zi, and Mi

represent substrates, decomposition products, and metabolites,

respectively.
[0030] Figure 13 shows a schematic showing the transport of a
component and its metabolites across an enterocyte. Within the

enterocyte, metabolism of the component and its metabolite could
also occur. The rate at which these species Lraverse is measured
by their permeability, which can be used to estimate absorption
rate. X1 and Mi represent substrates and metabolites,

respectively.
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[0031] Figure 14 shows events occur f0o a representative
hepatccyte. The uptake of a component and/or its deccmposition
preducts and metabolites is potentially governed by passive and
active processes. Within the hepatocyte, all of the species could
potentially be bound or metabolized. The exit of these species is
alsc governed by passive and/or active processes. Xi, Mi, and Me
represent substrates, metabelite I, e and h are metabolites formed
in the intestinai lumen, the enterocytes and the liver,
respectively. These metabolites are from intestinal 1lumen and

enterocytes.

[0032] Figure 15 is a schematic showing the distribution of a
component in blood. In general, the free concentration in plasma,

Xi, is the target for measurement.

[0033] Figure 16 shows concentration vs. time profiles of the
15 components after 50 units of mixture 1 was administered orally.
Components 2, 9, 10, 12 and 13 are shown in bold. Note:

Concentration of compound 2 was too low to be shown.

[0034] FPigure 17 shows combined effect wvs. time profile after
50 units of mixture 1 was given orally. The response is mainly

contributed by components 2, 9, 10, 12 and 13.

[0035] Figure 18 shows a system of 50 components, each with a
linear response and two pairs with additional interactions. With
& Michaelis-Menton style limit to the total interactions and =5 %
noise was noted that the above curves are typical of the overall
response data for mixtures with components randemly distributed

between 0 and 1 unit in each mixture.

[0036] Figure 1% shows 150 mixtures and overall responses from
the 1.0 dose point assuning a linear response from each of the 50

components.
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[0037] Figure 20 shows a plot of the correlations between the
residual and each of the multiplicative pair terms. Higher

correlations are darker.

[0038] Figure 21 shows a new and improved estimate vyielded by

adding four pair terms as pseudo~components 51 to 54,

[0039] Figure 22 shows an estimate obtained by repeating the
same systems, but now using data from three dese peoints (1.0, 0.3,
and 0.1} gives a tighter and more accurate fit in the first

estimate.

[00407] Figure 23 uses the same four pseudo-components and gives
a second estimate with a better fit than in the single dose point

case.

[0041] Figure 24 shows time curves for doses of 4 and 0 units
in the intestine and body compartments respectively at time 0 for

the system described in Table 9.

[0042] Figure 25 shows the Area Under Curve {(AUC) for the
guantity in body-time curves. This data was given in Table 9.
Note the broad range of eifective absorption and elimination

(nearly 2 orders of magnitude in wvariation).

[0043] Figure 26 shows the same set of 150 mixtures scaled by
the AUC of each compound (taking the AUC values to be the exposure
of the body to each compound).

[0044] Figure 27 shows the residuals, which wvary dramatically
from the previous plots. The darkness in each ©f these plots is
scaled to the most correlated points in the plot, sc the
appearance of individual points can only be ccmpared within each
of these figures and not between them. The strongest correlations

are actually weaker in this plot than in the previous one.
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[0045] Figure 28 shows a second estimate with four pseudo-
components added. It 1is not much different from the first
estimate, and the pseudo-components have very small rasponses as

the components composing them are not significantly present.

[0046] Figure 29 shows the time curves given by the second set

of pharmacokinetic parameters,

[0047] Figure 30 shows the AUCs corresponding to the quantities

in the previous plot.

[0048] Figure 31 shows how the first estimate now reveals two

important components, and twc moderate ones.

[0049] Figure 32 shows  how, again, adding four pseudo-
components has little effect on the system as the synergistic

terms are largely suppressed.

[0050] Figure 33 are representative ultra wviolet ({(UV) and Mass
spectrometric (MS) chromatograms obtained from an extract of Red
clover (Trifolium pratense). It is clear that the precursors of

genistein and daidzein are the major components in the extract.
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DETAILED DESCRIPTION OF THE INVENTION

[0051] The @present invention describes a process to: a.
identify a group of active compounds from z mixture such as, but
not limited to, that of an herbal extract; b. identify groups of
ingredients, be they active or inactive, which interact with each
other to produce an observable effect; c¢. estimate pharmacokinetic
and pharmacodynamic characteristics of the active ingredients; 4.
estimate concentration time profiles of active ingredients at the
site of action in vivo; e. estimate the overall response time
profile; and £. calculate optimum dosage to provide desired

respense profile,

Pharmacokinetics of a single component
[0052] An understanding of the pharmacokinetics of a compound

is dmportant £for the illustration of the concept behind this
invention. Pharmacokinetics is a discipline which deals with

absorption, distribution, metabolism and excretion of a compound

in the body. Basically, it is a mathematical description of the
time-course of a compound in the body. The name,
pharmacckinetics, was first coined by Dietrich in 1952. This area

became an Important branch of pharmaceutical development after
stellar research performed by Professcrs Gerhard Levy, Milo
Gilbaldi, Leslie Benet, along with other prominent
Pharmacokineticists of our time. Apart from our understanding
today, these researchers aisc had to convince pharmaceutical
scientists at the time that a potent chemical is not effective and
cannot be developed into a drug unless it can be absorbed and
delivered to the site of action in adequate amcounts. Not only
must the ingredient be delivered to the site of action in adequate
amounts, the compecnent alsc has to be retained at the site of
action for an adequate period of time before an adeguate clinical
response can be measured. This fundamental concept has led to the
understanding that in order for a chemical to be developed into a
drug, it has to have adegquate potency and it also has to have
adequate “drug-like” properties. Drug-like properties are

quantified by pharmacckinetic properties. Potency is a measure of
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the inherent activity of a chemical, for example, the
concentration which could inhibit an enzyme (such as

cholinesterase) by 50%.

[0053] Traditionally, pharmacokinetic parameters such as
clearance, half-life and wvolume of distribution, are measured in
vivo. In the last two decades, many in vitro and in silico
methods have been reported in the literature. These methodologies
are being refined constantly and their predictive power improves
over the years (Brightman et &al., 2006a). Nowadays, there are
commercial programs available for estimating pharmacokinetic and
pharmacodynamic characteristicds of a lead (http://www.simulations-

pius.com/products/gastro_plus.html).

[0054] Since one object of this invention is to develop natural
products, most of which are given oraily, the pharmacokinetics of
a compound after oral administration is described in detail in
this invention. It should be noted that this concept can easily
be extended for components which are administered parenterally or

non-parenterally.,

[0055] Absorption: After a compound 1is ingested orally, a
number of events could occur before it is absorbed into the
systemic circulation (Figure 1). If the compound was not ingested
as a solution, it would have to be dissolved before it can enter
the enterocytes. Before the compound is abscorbed, it has to
survive the harsh environment in gastrointestinal lumen, The high
acidity in the stomach and enzymes produced in the pancreas and
intestinal cells and intestinal bacteria have the ability to break
down or metabolize the compound. Examples are z-ligustilide of
Chuanziong, ginsenosides of Panax ginseng and polysaccharides of
Ganoderma lucidum. At times, the breakdeown or metabolic products
are active; therefore, the overall response in the body could
include that of the breakdown or metabolic products. There are
instances where the compenent, which has in vitro activity, 1is not

the actual active species in the body because it is not absorbed



10

15

20

25

30

35

16

and 1is incapable of reaching the site of action. Instead, the
breakdown products or metabolites are active and if is these
species that are responsible for the in vive activity of the
“active” component. A good example is the ginsenosides of Panax
ginseng. The oligosaccharides connected to the aglycone are
cleaved by c¢olonic bacteria in a stepwise £fashion to form the
major metabolites, 203-protopanaxadiol 20-0O-beta-D-glucopyrancside
and Z0S-preotopanaxatriocl (Hasegawa, 2004). The aglycones are the

active moieties of ginseng and the ginsenosides act like prodrugs.

[0056] The rate and extent of permeation of a component into
enterocytes is dependent on 3its physicochemical properties, such
as solubility, pKa, lipophilicity, partition coefficient, etc.
Inside the enterocytes, the component 1s expossd to metabolic
enzymes which could potentially convert it to metabolites. Again,
these metabolites may be active, Z-ligustilide, glycerrhetic

acid, etc. are good examples of intestinal metabolism.

[0057] After the component 1is absorbed, it is transported by
blood in the mesenteric circulation which drains into the liver
through the portal wvein. This component is then faced with an
abundance of liver metabolic enzymes which could metabolize it

into more polar metabolites.

[0058] The loss of a component through chemical or metabolic

degradation during the absorption process is called first-pass

effect. The bicavailability, F, of the component is determined
by

f0059] F=1-FF (1)

[0060] where F, is the fraction that survives the intestine, and

F1 is the fraction that passes through the liver intact. Fg is
estimated using the following eguation:

HFnamF

o int

[0061]  F,=1-F,-F

ml (2}
[0062] where Fgq is fraction of dose decomposed in the gastric
and intestinal lumen; Fy, 1s the fraction that is metabolized by

the enzymes in the intestinal lumen; F,. is the fraction which is
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not absorbed and Fg i is the fraction which is metabolized by

enterocytes.

[0063] Distribution: The component, which survives first-pass,
is carried by blocd to the heart through the superior wvena cava.
After Dbeing pumped through the pulmonary circulation, the
component is transported to the rest of the body through the blood
circulation. During this process, the component is distributed to
various organs and tissues such as lungs, heart, brain, kidneys,
adipose tissues, red blood ¢ells and muscles. The component could
also bind tc cell membranes, plasma and cellular proteins. The
extent to which a component distributes in the body is dependent
on its physicochemical properties. A pharmacokinetic parameter
describing the extent ©f the distribution of a component is called

volume of distribution (Vg).

[0064] Elimination: Wnile the component is being circulated
and distributed in the body, it could be degraded chemically or
metabolized by enzymes in the blood, liver, kidneys and the lungs.
The component and its degradation products may be secreted into
the bile and/or excreted through the kidneys. The component or
its degradation products that are eliminated through the bile may
be absorbed from the intestine again. The later process is termed

enterochepatic cycling.

[0065] The time course of a component in plasma or blood can be
described using a pharmacokinetic model. Pharmacokinetic
parameters that are used to describe a component are: absorption,
F, wvolume of distribution, Vi, and total body clearance, Cir. Clz
is a term which includes all the elimination processes in the
body. This term is described by equation 3:

[0066] Cl,=ClL,+CI.+Cl,,. (3)

[0067] where Cly is hepatic clearance, Cl, is renal clearance,

and Cleaner is elimination by other organs.
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Pharmacodynamics of a single component
[0068] While the component is being distributed to wvarious

parts of the body, it could aliso react with wvarious cellular
components, including receptors, to trigger a  series of
biocchemical responses. These responses may be translated into a
measurable clinical response. For example, ginkgolide B has been
shown to be a platelet-activating factor receptor antagenist and
it has a potential o¢f being used to treat asthma when used in

combination with carotenoid astaxanthin (Mahmoud et al., 2004).

[00869] For a typical response, there is a dose- or
concentration-response relationship. This type of relationship is
often described using Michaelis-Menton kinetics (Figure 2).
Although there are octher types of concentration-response
relationships, the important issue in this invention is to be able

to mathematically describe this type of relationship.

Pharmacokinetics of multiple components
[0070] When a mixture of components, such as that of a natural

substance, is administered orally, they will undergo
pharmacokinetic processes such as absorption, distribution and
elimination that are similar to that of a single component. The
complication with a mixture is that the administered compcnents
may interact with each other at varigus levels. For example, a
component may enhance the absorption of other components. Rutin
has been shown t¢ increase the bicavailability of a natural
substance. A component may be stabililized by the presence of other
components., For example, z-ligustilde is stable in an alcocholic
Chuanxiong extract; whereas the pure compound itself is unstable,
Interaction at the enzyme level is well documented in the
literature,. For example, hyperforin in St. John’s wort has been
shown to induce P450 1isozymes, particularly, CYP 3A4, This
inductieon has led to a number of serious herb-drug interactions
{(Venkataramanan et al., 2006). A component may pilay a role in
changing Cransporter functions, leading to a change in
permeability of other components which are substrates for these

transporters. Hence, the rate of absorption and elimination of a
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component may be changed significantly.

[0071] Components could compete for plasma protein binding
sites, This competition could lead t¢ a change in Vg, leading to a

change in distribution and elimination of the affected components.

‘Components may also compete for renal excretion where an active

process is inveolved.

[0072] Besides pharmacokinetic interactiong, the components and
their breakdown products have the potential to interact at the

receptor level; thereby changing the potency of another component.

Challenges of developing a multiple component product

[0073] It is wvery clear that the develecpment of a multiple
component product is extremely complicated, particularly when the
conventional approach is used, Imagine trying to isclate all
active substances from a mixture and study them individually
before the actives are studied again in combination. It 1is no
wonder this is not a preferred route for developing new
pharmaceuticals or nutraceuticals (Williamson, 2001). The
obvicus question is: Is there a simpler way? To be more precise:
Can the pharmacokinetics and pharmacodynamics of individual
components and their mutual interactions be evaluated and

quantified without disturbing the mixture?

[0074] In this invention, a detailed approach in obtaining
pharmaccokinetic and pharmacodynamic parameters of individual
components in a mixture is described. Figure 3 is a flow chart of
the cptimization procedure; which illustrates the steps taken in
the procedure. These examples highlight the theoretical aspects
of this invention. Through simulations, it is demonstrated that
active components in a mixture can be accurately identified
without purification of individual components, a process which has
created a barrier for natural product research. Furthermore, the
method described herein 1is employed to develop an herb, Red clover

{Trifolium pratense), which is rich in phytcestrogens, for the
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treatment of postmenopausal osteoporosis.

[0075] In one embodiment, the present inventicon provides a
methed of predicting in vivo pharmacokinetics and pharmacodynamics
of a mixture with multiple components, comprising the steps of:
(a) determining the rate of metabolism of individual and
interacting components in the mixture in gastrointestinal tract
and liver; (b) determining distributiorn of the components in blood
or plasma; (¢) determining the rate of the components’ renal
elimination; and {d}) determining the potency of an individual
component and synergism o¢or inhibition among the components,
wherein the above determinations comprise mathematical models that
will predict the pharmacckinetics and pharmacodynamics properties

cf the mixture in vivo.

[0076] In one embodiment, the rate of metabolism comprises rate
of degradation and rate of absorption. For rate of metabolism v,

Michaelis-Menten kinetics or other forms of saturable kinetics can

be used. For example, Michaelis-Menten kinetics is stated as
V..*C , . . .

follows: v=—%—, where Vp.. 15 the maximum metabolic rate, C is
EC,+C

the concentration of substrate and ECsg is the concentration at

which 50% of the maximum rate occcurs.

[00771] In one embodiment, rate of degradation (dc/dt) is
generally assumed to be first order. What this means is that the

rate of decomposition is concentration dependent:

dC -K1
—_— Ge
[0078] dt
[0079] where ¢ 1is concentration at time t, Co 1is the

concentration at time zero and K is the first order degradation
rate constant. This rate eguation can be integrated and

transformed to:

— —Kr
roogo] ¢ =Cee
[0081] The half-life o¢f a substance 1is determined as time for
50% of the original concentration to disappear. From the above

equation, half-life, Q”, is defined as:
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_0.693
ZLl.’2 -
[0082] K
[0083] In c¢ne embodiment, the arrows shown in Figure 1 are

first order processes that provide description for the

decomposition.

[0084] In another embediment, the method of the present
invention further comprises the step of determining parameters for
active metabolites of the components according to steps {(a)
through (d) described above, wherein outputs of the mathematical
models will predict the pharmacokinetics and pharmacodynamics
properties of the mixture and their metabolites in vivo. In
general, pharmacokinetics and pharmacodynamics properties comprise
concentration-time profiles and response-time profiles for the

components and their metabolites.

[0085] In one embodiment, the method of the present invention
comﬁrises mathematical models that are capable of solving multiple
unknowns which are linearly independent or interacting with each
other. For example, the mecdels include a model of weighted linear
functions and the same model with added higher-order polynomial
terms in single component deses and terms in the products of pairs
of doses. In another embodiment, the mathematical models of the
present invention comprise equations (7)), (13) and/cr (14) as

described herein.

[0086] In one embodiment, determining the rate of metabolism in
gastrointestinal tract comprises in vitre assays. For example,
such assays comprise artificial gastric or intestinal juice,
intestinal flora, intestinal microsomes, or permeability studies
using cultured cells or intestinal tissues (e.g. Caco-2 cells or

MDCK cells).

[0087] In one embodiment, determining the rate of metabolism in
liver comprises assays using freshly harvested hepatocytes,

cryopreserved hepatocytes, hepatic microsomes, hepatic cytosol or
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5-9 fractions.

[00881 In one embodiment, the determination of distributicn in
blood or plasma comprises determining binding to plasma protein,
binding to blood protein, pKs, log P, lcg D, and volume of

distribution of a component.

[0089] In one embodiment, the determination of renal

elimination is based on the components’ chemical structure.

[008C] In one  embodiment, the determination of potency
comprises receptor binding assay, enzymatic assay, biocchemical

response assay, and assays with isolated tissues or organs.

[0091] In another embodiment, the ©present invention alsco
provides a compositicn comprising multiple components as
identified by the method disclosed herein, wherein the compcnents

have desirable 1in wvivo pharmacokinetics and pharmacodynamics

properties as determined by the method disclosed herein. For
example, the compositicn may comprise Red clover (Trifolium
pratense}. In one embodiment, the Red clover comprises

formononetin, biochanin A and their glycosides in amounts

determined by the method disclosed herein.

EXAMPLE 1

Approach To Model Development For Egtimating The Contribution of
Each Component To The Response of A Mixture

{00921 The objective of this example is to establish a
mathematical framework upon which a mathematical model) is
developed Lo describe and quantify activity of individual
components in a mixture. The mathematical problem that arises can
be formulated as follows. Suppose one had a number of samples of
the same herbal preparaticon (for example, Panax ginseng) coming
from different sources, each of which has a potentially different
composition in terms of gquantity of active components. Suppose

the samples are labeled by an index #“i” that runs from 1 to M,



10

15

20

25

30

35

23

Suppose alsc that each sample contains N active ingredients
labeled by index “3j” that runs from 1 to N. The concentration of
each ingredient can be determined and is denoted as c(i,j) such
that summing c(i,3) from 1 to N over J gives 1 (or 100% as they
all add up tc the total amount in each sample) for all samples
{denoted by i’s). It should be assumed that it is known that the
physiologic effect (activity) of each sample to be A(i) as
determined by some available empirical data. It should in general
be assumed that activity A is an a priori unknown ncnlinear
function cf the conecentrations c¢(i,j}). This in some cases can be
established wvia experimentation, whereby the function A wversus
either individual component concentrations or the total dose can
be measured experimentally. The only other thing of note is that
it must be assumed here that when simulations are performed, a
certain type o©of nonlinear relationship has tc be assumed for
obtaining fits to empirical data. The problem at hand is to
determine the form of the function A(c(i,d)) using the limited
size of the data sets available. Note that the form of A is not
unigque but it depends on the choice of the basis set of functions
used in representing the dependence of A on the individual
concentrations. There may be wvarious functions used for this
purpcse; polynomial, exponential or trigonometric, for example. It
could be assumed naively that A was to be a linear combination of
individual concentrations but this would immediately eliminate the
possibility of either saturation effects or interactions between

the ingredients (beth inhibitive and synergistic).

[0083] Consequent:ly, a much more reasonable approach is to
expect A to be represented as a series of polyncmials of c¢(i,j)
starting with linear functions of ¢, £followed by bilinear
combinations, then quadratic functicns of ¢, then trilinear
combinations, cubic funciions of ¢, etc. In this case, the first
task is to determine the highest order of the polynomial in the
expansion that will be consistent with the amount of data
avajlable. Cn the other hand, it is generally expected that the

activity at high concentrations should show saturation effects
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which are more consistent with sigmeoidal dependence and hence an
exponential series. These saturation effects may be readily
handled with a Michaelis-Menton, or cther type of limit, by
including an appropriate compensating correction prior to other
calculations. Once the function A(c(i,j)) 1s found, it will be
necessary to find its maxima in the multi-~dimensional space of all
the 1individual concentrations {(N-dimensional in general} to
propose an coptimal formulation cof the medicinal extract. Moreover,
1f the individual pharmaccokinetics of each ingredient are known
for its transit through the gastrc-intestinal system and the
eliminating organs such as the liver and kidneys, the metabolites
resulting from this process should bhe added to the space of
compenents (for example, there could be K new metabolites)
effectively enlarging the multidimensiconal simulations space from
N to N’=N+K (Figure 1). In principle, this aspect does not add any
conceptual complexity to the problem if it is quantitatively known
the metabolic reactions for each of the drug’s components.
Therefore, this aspect will not ke discussed further in this
document. An additicnal layer o¢f complexity can be added by
putting error bars on the activity values since they come from
multiple experimental assays of possibly different purity. The
final complication involves the pharmacokinetic properties of each
individual ingredient. In other words each constituent compound
shows a different time course c{i,j; t) following administration.
The c¢uestion then arises: how <tTo compose the combination of
ingredients to arrive at the optimal dose delivered to the organ

at which the ingredients are supposed to be active.

. [0084] What is of key importance, however, is the determination

of the subset of active ingredients (which will be accomplished
using a principal component analysis, for example) and, secondly,
the nature of interactions between active ingredients which will

be accomplished by nonlinear data-fitting methods.

[0095] If dose-response curves for a sufficiently large set of

linearly-independent mixtures are available, models can  be
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produced to describe the response tc a large distribution of

components.

EXAMPIE 2

Construction of A Model To Describe The Activity of Individual
Components In A Mixture

[0096] The objective of this example is to employ the approach
described in Example 1 to construct a model to describe individual
component activity in a mixture. This meodel will be used to
estimate activity of individual components of a hypothetical

mixture with pre-determined activities.

[0027] The physiological reality of a dose-response
relationship is that at low deses, responses are proportional to
dose. However, response reaches a limit at higher doses. In this
example, the Michaelis-Menton equation:

—_— Rmssx .C

(4)
EC,+C

[0098] R

[0089] Where R is response, Rpax 15 maximum response, C is dose
or concentration, and ECsy is C that elicits 50% of Rpex, is used to
model <this type of dose-response behavior (Figure 2). To

facilitate modeling, R is linearized using the following equation

(Figure 4):
R
[6100 F=— (5)
! 1-R
[0101] In constructing the model, it is convenient to shift

from considering the dese of a mixture, t¢ considering the doses
of the individual components. The first step in constructing the
initial model is to choose a c¢entral reference point. The mean
dose of each component across all the mixtures is obtained to
provide a set of means. While any pecint could serve as this
reference, best results are likely obtained if the reference is
near the region of interest. The models are constructed using the

difference between the doses at the point of interest, d;, and the

corresponding reference doses, d.. The transformed response at this

dose, 7, is expected to be the mean of the doses.
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[0102] As an initial model, the responses are assumed to be
propeorticnal to dose, for doses near a reference dose. This 1is

equivalent to a model of weighted linear functions:

N
[0103] reF Y w(d, —d,) (6)
[0104] A minimum o©of N linearly-independent mixtures are
required to ensure that the system 1is linearly solvable. With

data from more samples the system will be over-determined, and the

optimal solution is obtained using least-squares.

[0108] Cnce the first model of physiclogical response 1is
generated, it can be compared to the experimental data. In
particular, the residuals, the differences between the model and
the data are examined. At this stage, trends that have not been
accounted for by the model are identified. The model can be
improved by adding higher-order polynomizl terms in single
compound doses and terms in the products of pairs of doses.
Degrees of <c¢correlation between the residuals and functions of
these additional terms are calculated. A Pearson correlaticon
coefficient is calculated between each of the possible additicnal
terms and the residuals. Trends in the data not accounted for by
the model shcould give rise Lo strong correlations, indicating that
these terms should be added tco the model. In practice it is
aexpected that many terms will have little or no correlation. By
excluding these from the model, problems of fitting many near—-zero
welghts to the noise in the data are avoided. Ultimately the
model may take the form:

[0106] r=F 42 wd,—d)+ 2 wid, —d) + 2w, (d,~d)d, - d)) (7)

i i i

[0107] Where the first summation is just the linear
contributions as in the previous equation, the second sum adds
single~component non-linear behaviors, and the third sum adds two-
component (pair-wise) interactions to the model. While this
expression assumes that all possible square and pair terms are

added, it is expected that only a few will be of real interest,
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and many may be ignored or omitted, or equivalently, the
respective weights taken as zero. If applicable, higher-order

polynomial and non-polynomial components may also be used.

[0108] As the model is improved through the process of adding
terms to the model, the residuals should decrease in magnitude and
become less ordered, Ultimately, a model should be obtained that
adequately describes the data. As the model is developed, it may
be desirakle to use it to suggest locations to sample data that
may help to reduce the uncertainties of the weights in the model

or to better study any interesting patterns in the data.

[0109] Im this example, a hypothetical mixture containing 15
components with predefined activities and interactions is examined
{(Figure 6). Compounds 2, 9, 10, 12 and 13 are active and
compounds 4 and 10 (virtual compcound 16) and compounds 7 and 8
(virtual compound 17) are synergistic. For simplicity, relative
potency has been ascribed a set of wvalues ranging from 0 to 1,

zero indicating no activity and 1 indicating maximum potency.

[0110] Twenty five mixtures were randomly generated and their
relative quantities are 1listed on Table 1. A complete dose
response curve 1s generated for each mixture (Figure 5}. The

responses are listed on Table 2.

[0111] Using the model building approach described above,
individual potency of each component was estimated (Figure 6).
These values were compared to that of the predetermined wvalues.
The established model was capable of correctly identifyving the
five active components ({(Figure 6A), and the model could also
identify pairs of components that are interacting with each other

(Figure 6B).

[0112] This simulation shows that active compenents and their
interacting species can be identified without the need to use

purified components to obtain the desired information. This
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approach will tremendously shorten the time to study a complicated

mixture,

[0113] This metheodology can be used to iIdentify active
components and their interactive species in more complicated
mixtures which have different characteristics. This methodology
can also be used to estimate permeability and rate of metabolism
of the individual components 1in a mixture. The saturable
processes can be described using either the Michaelis-Menton type
of relationships or the modified forms thereof. In this
invention, this approach  will also he used to produce

pharmacokinetic parameters for individual components.
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TABLE 1
The Amount of 15 Components In Each of The 25 Mixturesg

Component
Mixture 1 2 3 4 & 5 7 8 2 10 11 12 13 14 15
1 0,73 0.06 0.76 0.38 9.61 075 0.25 0.67 1.00 0.02 0.39 0.24 0.8% 0,24 0.28
2 0.5 020 024 003 020 048 010 032 049 097 064 049 036 084 0.36
3 067 007 062 043 043 070 045 072 067 012 022 009 044 045 0586
4 073 053 083 080 032 001 028 053 084 061 052 032 090 083 013
5 010 0.81 0.84 051 0.51 034 050 037 057 058 036 028 0.6t 072 029
5] 0.78 0.59 1.00 0.79 0.48 0.67 c.21 .58 0.52 6.55 0.8 0.14 0.51 0.36 0.79
7 052 030 026 082 081 1.00 054 051 033 020 050 003 048 089 025
8 080 042 095 088 022 051 048 018 094 032 057 036 011 0.66 051
9 02 088 Oy 055 0¥Y8 026 085 063 0868 020 038 D65 044 040 0.9
10 085 087 087 085 013 049 087 044 052 081 093 058 o071 046 076
11 0988 072 088 045 0.01 007 048 059 095 025 046 026 0683 041 021
12 023 083 022 055 060 091 0.05 003 047 0.4 0.21 03% 028 012 038
13 090 088 026 046 0890 055 007 043 056 078 053 091 0.1 096 042
14 0.62 0.88 0.20 0.63 0.69 0.57 0.23 0.64 0.1 0.35 0.64 ¢.87 0.82 0.24 0.98
15 039 087 034 0867 038 027 059 045 083 072 008 022 045 005 093
16 c46 066 033 038 036 047 034 092 053 043 082 007 051 065 027
17 083 014 028 G4 033 D20 084 080 OGB4 007 029 07 022 009 058
18 074 044 002 085 087 020 020 0.61 088 040 066 037 089 084 015
19 085 100 091 083 023 018 080 065 0G93 085 023 022 007 027 056
20 012 032 077 027 012 003 034 030 08§ 0.21 004 088 032 082 094
21 025 o952 082 025 912 092 008 068 030 019 096 013 052 087 099
22 016 042 087 039 o7 0.01 023 082 034 012 083 CGRI 050 045 057
23 057  0.01 0.58 051 0.61 083 020 084 007 027 013 052 098 071 0.48
24 058 0.04 028 075 ©B82 068 040 033 09 073 035 037 08 020 044
25 906 095 041 057 080 D37 038 D40 0.4 023 049 009 038 034 042

TABLE 2
Dose—Response Relationship of The 25 Mixtures

Relative Dose
Mixiure 0,01 Q.03 0.1 0.3 i 3 10 30
1 0.0t 0.03 0.08 0.23 0.48 0.76 0.91 0.96
2 0.01 0.03 0.10 0.24 0.50 0.73 0.79 1.02
3 0.01 0.02 0.06 0.18 0.38 0.66 0.89 0.99
4 0.02 0.05 0.13 0.33 0.60 0.82 0.93 0.e8
5 0.02 0.05 0.14 0.33 0.62 0.85 0.92 0.86
5] 0.01 0.04 0.11 0.28 0.54 0.78 0.94 0.8
7 0.01 0.02 0.07 0.1¢ 0.42 0.67 0.75 1.05
8 0.014 0.03 0.10 0.26 0.52 0.79 0.92 0.84
9 0.02 0.05 0.13 0.33 0.62 0.82 0.97 0.99
10 0.02 0.06 0.17 0.39 0.65 0.88 0.95 08¢
11 0.02 0.05 0.14 0.33 0.61 0.83 0.94 0.99
12 0.01 0.04 0.12 0.31 Q.59 0.84 0.96 0.97
13 Q.02 0.06 0.16 0.38 0.65 0.87 0.63 0.96
14 .02 0.05 0.15 0.37 0.64 0.86 0.85 0.98
15 .02 0.05 0.14 0.34 0.61 0.84 0.94 0.9¢
16 0.01 0.04 0.10 0.27 0.52 0.78 0.91 0.63
17 0.01 0.03 0.10 0.25 0.54 0.82 0.24 0.97
18 0.01 0.05 0.13 0.31 0.57 0.80 0.94 0.90
19 0.02 0.05 0.14 0.35 0.65 0.88 0.97 0.99
20 002 0.05 0.13 0.33 0.63 0.83 0.85 1.00
21 0. 0.03 0.09 0.24 0.50 0.74 0.88 0.95
22 0.01 0.04 012 0.30 0.57 0.79 0.94 0.98
23 0.01 0.03 0.09 0.23 0.47 0.7% 0.78 1.03
24 0.01 0.04 0.11 0.27 0.55 0.79 0,83 0.99
25 0.01 0.04 0.12 0.30 0,57 0.82 0.92 0.97
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EXAMPLE 3
Detailed Approach In Identifying Active Components And The
Interacting Species

[0114] The objective of this example is to outline an approach
to mine all the active and interacting components in a mixture. In
an herbal extract, there may exist hidden unknowns that have not
been previously identified. This may occur when the components
are trangparent to quantitative or gqualitative analysis; for
example, components may have very little UV abscrbance when a UV
detector is used £for identifying individual components. This
aspect makes the probklem open-ended from the point of wview of

model development and refinement in the course of experimentatiocn.

[0115] This problem was looked at from a couple of different
angles stated below. 1) It could be determined that by accounting
for all the known variables, it is still not possible to describe
the activity properly which will warrant additional empirical
studies of the composition. 2) It is possible to assume that
unknowns always exist and they can be lumped tTogether as one group

without our explicit knowledge of theilr identities.

[0116] A criterion for the existence of active hidden
components can be introduced whereby a variability of more than
the noise of an assay (for example, 15%) withirn a given set of
experimental data indicates the presence o¢f additional active

components.

[0117] Moreover, a simple extension of the present modeling
methodology can be accomplished such that several different types
of activities may be assessed simultaneously and the activity
function: Ay (ci, c4) becomes a vector in a multidimensional space
instead of a scalar. It can be optimized for a specific activity
using the same procedures as those outlined above.

[0118] Below are illustrations of some pertinent mathematical
apprcaches that allow one t¢ solve the mathematical problem at

hand, wusing a typical synthetic data set (shown in Tables 3 and
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4). First address the issue of the data fit using a nonlinear
medel was addressed. In this case, the number of components may be
either the actual one identified empirically or reduced to only
the active component set using the principal component analysis

approach or any other dimensionality reduction method.

APPROACH #1: Curve Fitting Using Nonlinear Regression Analysis

[0119] Here, for example, 15 components that represent the
composition of the hypothetical sample of herbal medication. were
arbitrarily chosen. In summary there were I1+N+(N¥*(N+1))/2 = 121;
N=15, representing the number of parameters to be determined by
the fitting procedure, and 200 data points provided from
experiment. Teble 3 shows a dose-response value for 25
hypothetical samples whose activity is measured at 8 different

dose wvalues.

[0120] The main task is to find the sensitivity coefficients
that minimize the expressicn

Ming {i(F(a, B;c)-R)* } ; i=1,2,..,200, (8)
using a nonlinear regressicon analysis. Tables 3 and 4 have shown
the synthetic data for 15 components in a mixture with 25

different samples studied.
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TABLE 3

The Amount of The 15 Components In Each of The 25 Mixtures

(Hypothetical Sample)

Components

Samples i 2 3 4 5 3 T 8 2 10 i1 12 i3 14 1%
1 6,440 3.415 0.014 2.000 0.003 2.133 0. 000 0.000 0.676 0.002 G.00% C.000 0.030 0.000 0.183
2 0.000 I.371 0.11% 3.847 2.003 2.000 2.298 0.002 9.551 O.000 $.063 C.000 0.000 D.G0S g.017
3 0.000 0.6C7 0.000 Q.00 0.00¢0 2.500 2.758 0.003 0.018 C.0&7 0.002 £.023 0.000 0.144 0.601
3 0.000 0.0¢4 0.024 0.2532 2.000 0.002 1.280 0.024 D.00% G.B9% 9.000 4.407 0.0:5 0.60g 0.800
5 5.641 0.54¢ 0.013 9.000 1.473 2.013 0.401 0.048 0.000 4.083 0.000 £.002 0.002 0.001 0.000
] 7.002 0.000 0.%00 0.006 9.221 0.00% 0.000 0.188 5. 030 9.909 0.000 0.010 2,388 2.014 1.279
7 g9.000 0.01% $.001 0.000 7.508 3.342 0.000 0.00% 0.129 0.002 0.055 0.362 0.000 0.008 0.363
2 2.130 4,003 0.079 0.400 2.000 0.014 0,900 0.025 0.002 0.002 0,000 §5.245 0.283 0.000 0.583
9 0.02% 9.037 0.002 0.000 3.054 2.614 0.001 6,000 0.0490 3.65% 6.15¢ $.000 9.008 0.288 0.003

10 .60 0. 000 0.000 2.000 9.034 0.12¢0 0.4000 0.010 0.635 0.022 7.537 0.000 0.002 0.210 2.018
11 0.1&89 1.072 0.014 4.084 2.656 0.002 0.000 0.2231 0.020 0.000 0. 000 0.045 0.000 0.011 0.C06
12 0.000 Q.000 5.867 0.137 0.004 0.005 0.001 0.001 0.258 1.011 0,008 3,242 9,000 0,023 6.017
13 0.002 0.5%54 0.026 0.006 2.000 0.000 0.085 0.011 0.091 0.000 0.018 0.000 §.248 1.547 3.552
ig 0.003% 9.9090 1.680 0.574 3.0¢0 3.3%3 0.252 0.028 0.201 0.003 0.001 0.000 D305 Q2.000 0.c00
i5 1.914 0.012 0.006 0.001 2.0d0 0.465 2.587 0,157 0.000 0.033 0,000 €.003 2.900 0.02% 0.33%
18 g.e0o 0.06} 0.000 0,038 7,009 0.302 0.304 0.058 0.¢00 0.1%0 0.018 6.994 $.000 0.013 0.€89
17 0.002 2.0co 1.401 0,000 9.147 0.008 0.964 2.811 0.000 0.930 D.938 2.370 2.900 0.19% 0.001
ig 0.027 2.002 0.017 0.000 0.021 2.568 2.243 0.000 0,389 0.073 0.001 0.000 $.361 0.c02 0.coo0
1% 0.402 2.752 0.144 9.000 2.000 ¢.002 0.000 0.000 0.001 0.103 0.040 0.005 $.003 0.019 4.075
20 0.563 0.GC0 0.000 0.08%8 3.002 4.001 0.808% 0.000 0.028 1.659 0,000 Q0.000 g.71Q 2.857 0,025
21 ¢.002 0.684 0.00% 0.000 3.000 4.000 0,986 0.089 0.558 0.053 0.000 4.968 ¢.001 0.605 0.008
22 ¢.C002 0.00¢ 0.0c40 0.0814 0,202 0.001 0.084 0.004 0,342 0.076 0.008 0.000 2.123 0.000 2.5%1
23 0.266 0.6£5 0.081 0.011 0.002 3.356 1.331 ¢, 002 0.000 0.00}1 G.000 0.008 0.000 0.000 £.3113
24 g.e00 0.018 0.000 0,021 0.023 0.298 0.315 G.682 0.000 4.185 0.002 0.001 0.216 0.001 0.e0g
25 0.000 0.0C0 0.001 0.171 2.108 0.01% 0,806 2.900 9,007 0.009 3.230 G.01D ¢.000 0,132 1.144
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TABLE 4

Dose—-Response Relationship of The 25 Mixtures
{Hypothetical Sample)

Doses
Samples | 0.01| 0.03 0.1 0.3 1 3 10 30
1]0.031|06.091(0.242 | 0.501{0.761|0.209|0.969|0.990
210.013(0.041[0.319]0.289]|0.575|¢.81G|0.931|0.977
3/0.006{0.018[0.055|0.155]|0.367|0.647|0.853|0.948
4|10,02910.086[0.230|C.486|0.749(0.904|0.968|0.990
5]0.005)|0.01610.048 | 0.138|0.3350.615|0.834|0.941
6| 0.0605(0.016)0.048 (0.137]0.335{0.614(0.834{0.941
710.003)|0.008}0.026|0.078]0.212]|0.460]0.729|0.895
8|0.058 {0.164 [ 0.383 | 0.662{0.861|0.951|0.984|0.995
910.001 |0.004[0.012)0.038|0.110/0.282|0.553|0.797
10/0.001 | 0.002|0.007,0.022|0.066|0.182:0.413|0.690
11 10.010 | 0.031 | 0.091/0.243|0.502|0.761]0.910|0.970
12 {0.022 | 0.066 | 0.182[0.414 | ¢.691]0.876]0.957|0.986
13[0.024]0.072[0.195]|0.433|0.707}0.884|0.950|0.987
14 | 0.901 }0.002 [0.005|0.016|0.049 | 0.140|0.340|0.520
15]0.000]|0.001 [ 0.002 | 0.0070.022|0.064|0.178}0.407
16 | 0.044 | 0.128 [ 0.318 | 0.596 [ 0.823|0.936|0.979 | 0.993
17{0.016 | 0.048 {0.136 | 0.333 | 0.612 | 0.833|0.940 { 0.980
13 | 0.001 | 0.004 | 0.013 | 0.039| 0.115|0.291|0.564 | 0.804
19 | 0.025 | 0.075}0.203 | 0.446 | 0.718 | ©.890 | 0.962 | 0.9588
20| 0.002 [0.008 | 0.024|0.072|0.198|0.439]0.712|0.886
21 /0.038[0.112|0.285|0.558 | 0.800 10,927 |0.976|0.992
22{0.005|0.015|0.045 | 0.129 | 0.319}0.598|0.824|0.937
23|0.006 | 0.01910.058 }/0.383]0.381|0.661|0C.860]0.951
2410.003{0.009 }10.02710.081[0.219]0.470|0.737|0.899
25]|0.000}0.000]¢C.001 | 0.004[0.011]0.034|0.200]0.260
[0121] Table 4 is a summary of congentration information for

each of the 25 hypothetical samples, each of which c¢ontains 15
independent ingredients. Figure 7 is a schematic illustration
of the dose-activity dependence for a set of different
combinations of compounds involving the same basic ingredients.
Each curve represents a different set of activity coefficients.
It is shown how the choice of these ccefficients affects the
overall activity of the compound and how the top curve would be

chosen to represent the most efficacious combination.

[0122] The available data for study i1s & set of administered
doses of the {(mixed) compounds and a corresponding response. In
a real case, these doses are likely impreciseily known and the
response 1s prone to  some {hopefully negiigibly smalil)

measurement uncertainty.
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[0123] The methed proposed is a generalization of an earlier
approach in which the same mixture at several strengths was
administered. The data was treated at differing strengths
separately and then were combined in follow-up processing. By
treating each strength case as a separate dose, the process was
simplified. There is a positive effect on the accuracy of some

cases.

[0124] Besides a direct linear contributicn from the dose of
each component, the model considered includes additional pseudo-
compound components. One function of these is to allow
consideration of synergistic interac¢tions between components,
another could be antagonistic. Doses of additional pseudo-
compounds are constructed as the products of the doses of two
other compounds. To prevent such pseudo-compounds from
interfering with the parent compounds, they are constructed
using an orthogonal polynomial. Note that if desired, higher
order pseudo-compounds may be constructed from another pseudo-

compound.

[0125] A second type of pseudo-compounds is necessary to work
with large numbers of compounds without requiring encrmous
ameunts of dose-response data. In this case, cluster analysis
techniques identify several compounds with similar patterns of
dosing., Note that in Figure 7, several areas were seen where the
dose-response curves for different components are very similar.
The similar patterns of dosing are nearly co-linear, are more
common in such large sets and require large numbers of dose-
response pairs to accurately so0lve for the individual
components. Replacing the members of these clusters with either
a synthetic or representative member, a pseudo~compound
representing the cluster is considered. If the cluster should
prove to be important, it may be necessary to obtain additional
dose-response pairs to properly resolve the contributions of

individual members.
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[0126] The creation of the opseudo-compounds results in a
purely linear system were discussed. The vectcocr of responses, R,
and dose matrix, D, lead to the simple matrix eguation R = D 8,
where the wunknown vector 8 is a sensitivity to each compound.
The dose-sensitivity preducts, or activities, resulting from
each compound (and pseudo-compound) add to produce the observed
response. Note that the sensitivity, especially of pseudo-

compounds, may be either positive or negative.

[0127] The essential problem is one of solving an under-—
determined system. In general, this is not possibkle, however
here it 1is achieved by assuming that many of the terms are
negligible. Treating these values as zeros, the problem is
simplified to an over—-determined system. This reduced system is
then solved. By bootstrapping, estimates of the uncertainties in
the solution may be obtained. The level of noise expected in the
responses of any realistic data set is such that the system must
be reduced to a point at which it is significantly over-
determined before an accurate solution may be obtained. If the
reduction results in a system of equations that is only slightly
over-determined, then nolse present in the data leads to large
uncertainties in the result. Thus the number of data points
availabie must be significantly larger than the number of
unknowns to be solved. Unfeortunately, this number is not known

at the outset.

[0128] As the number of dose-response pairs increases, the
effect of noise in the respcnse 1is decreased. Mathematically,
this is equivalent to averaging a number o©of repeated
measurements, obtaining a more accurate wvalue. In the simulated
data sets, the strongest activities are consistently and
accurately obtained. However, any error associated with a large
component "contaminates" the rest of the data as the difference
will be assigned to other, lower activity components where the

error represents a much larger proportional contribution.
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[0129] The first step i1s to calculate ({linear) correlations
between the observed responses and doses. Components with weak
{or no) correlations are taken to be inactive. In practice, on
simulated data, this assumpticon is verified. Strong correlations
tend to be from both strongly active components and a few
weakly- or non-active components. Once a small number of the
system components have been identified as relevant, by their
strong correlation with the response, the simplified system with
only those components may then be solved. The over-determined
systems do net have true solutions, however the solution that
optimally solves the system, while minimizing the |D § - R|?

difference (least-squares solution)}, may be obtained.

[0130] To estimate result uncertainty, a bootstrapping
process 1is used. One hundred thousand dose-response sets are
constructed by selecting pairs (with replacement) from the
observed pair set. Each constructed set is then solved, and the
statistics from the distribution o©f these solutions are then
taken as estimates for the solution of the observed pair set.
The resulting solution may then be subtracted from the observed
data to obtain a residual. Calculating ccrrelaticns against the
residual may reveal additional components with significant
activities not solved for 1in the reduced system. Other
components, solved in the reduced system may have been found o
have only weak activity. The set o©f components included in the
reduced system may be adjusted and a new sclution obtained. By
repeating, a final set of sensitivities that describkes the data

may be obtained.

APPROACH #2: Principal Component Analysis
[0131] Subset Selection-Principal Component Analysis (PCA) is

used for dimensionality reductien in a datae set by retaining the
characteristics of the data set that contribute most to i1ts

variance. Sample results are shown in Figure 3.

[0132] Note that in the synthetic data set studied (Figure

9), 10 transfcrmed variables out of the original 15 cover 80% of
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the variation in data. This suggests very little
correlation/dependence/interaction and the information is spread
over all the wvariables. Table 5 gives the results of the PCA

method's application to the synthetic data set in Tables 3 and

4., It shows the linear ceefficients [ in the top row
(i=1,...,15) followed by 15 rows of pair coefficients [, 6; where
i=1,...,1> and J=1,...,15, vyielding a 15x16 matrix. The

highlighted cecefficients are those retained by the PCA for the

response function that covers the whole data set.

[0133] The data set discussed in this example <can be
adequately represented by the following response function using
the PCA method, where there has been a substantial reduction of
the parameter space to include only four coefficients: two for
linear effects (components %s and X3} as well as two for
interactions (synergistic for components x;: and Xis, antagonistic
for components x:  and  ®i5). The remaining wvariables are
insignificant and can be ignored. Taking only the highlighted
cecefficients from Table 5, a corresponding response function was

constructed:
Response = 0.5248x,—0.4893x,, +0.4745x,,x,5 —0.5703x,x,5
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{0134] Now some general comments about subset selection in the
regression analysis are made. The choice of a model for a given
set of data with many variables may pose a challenge. When there
are many predictors (with many possible interactions), it can be
difficult to find a good model. The question arises which main
effects should be included; and an associated question is which
interactions to include. Model selection tries to simplify this
task. This is an “unsolved” problem in statistics: there are no
magic procedures to obtain the “best model”. Data mining can be
used for model selection, To implement this, there was a need
for a c¢riterion cor benchmark to compare two models, and a search
strategy. With a limited number of predictors, it is possible to

search all possible models.

[0135] Possible criteria are now examined. R® is not a good
criterion, as it always increases with model size, and hence
erroneously suggests that an optimum result would be obtained by
taking the biggest model (Using adjusted R®* is better, since it
penalizes bigger models.) Mallows’ Cp (named for Colin Malloﬁs)
is mostly used as a stopping rule in stepwise regression. It is
similar to Akaike’s information criterion, and depends less on
the number of effects on a model than R?. It is defined, for a
subset of F regressors out of the total set of regressors K, as

Y-,

e N+2P (9)
where Zaﬁﬁ—lg) is the error sum of squares for the model, Yi, is
=N
the ith predicted value of Y out of the P regresscrs, 5§ is the
residual mean sguare after regression on the complete set of
regressors, and N 1is the sample size. Akaike’s Information
Criterion (AIC) and Schwarz’s BIC are also considered. One search
strategy is the “bkest subset” search, which involves searching
all possible models and taking the one with highest adjusted R? or
lowest C,. A stepwise search (forward, backward or both) involves
the choosing of an initial model and taking the biggest jump (up

or down) within the selected criterion. The implementation in R
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Software Package includes a *“Best subset” searxch which uses
adjusted R?, C;, or BIC and does exhaustive searches with the
branch-and-bound algorithm, and a stepwise search, which works by

minimizing the Akaike Information Criterion (AIC).

Model Fitting: Other Possibilities
f0136] Multiple Linear Regression may not be enough. Using

optimization to get a better fitting function, may result in
getting a non-ceoncave function after interpolation. A concave

function may be needed to find the maximal réesponse easily.

N 2
1
min A-a—-r"x——x"0x
QZ( 2+ ¢ ] (10)
st. =020
[0137] Where x 1is a vector representation of the ingredient

compounds, x* is its transpose, A  the activity, ¢ is an
o ¥

optimization parameter, and @ 1is a vector of linear coefficients
in the activity function. Now it must be decided whether to use

generalized linear regression or logistic regression.

Subset Selection: Results

[0138] Selected variables (components) are chosen as
Xy Xpy Xi3e XX, XX, . The resulting model is:

A=y +0,%, + X, + Qx5 + ﬂl,lsxlxis + ﬁm,lzxmxzz (11)
[0139] The fitted model is:

A=0.16+0.25x, +0.10x,, +0.05x,; —0.13x,x,, +0.04x,,x,, (12)

Where the £final term represents synergism and the second-tc—-last
term represents inhibition. The linear regression results give

an adjusted R* of 0.9,

Finding Maximal Response

[0140] A possibly non-concave interpolated function was
considered:
A=+ o+ > B oxx, (13)
i=1 i=l f=i
[0141] Global optimization was used to find the maximal
response over the range of ali possible (or interesting}

concentrations:
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i n

max 0!0+§a,.x,.+22ﬁi_jx;xj (14)

i=l fal

n "1
st 2 X =20, V,

[0142] All other wvariables were fixed except for two and

analyzed the graphs of the responses.

[0143] In order to determine which components interact
significantly (25% criterion), estimated values were compared for
their activities with the observed ones. If the observed values
differ by  much (>25%), this indicates the presence of
interactions. A first order periurbation to the fully nonlinear

function using linear coefficients as approximaticn was used.

[0144] The respense function in (11) is based on the
optimization of the nonlinear function (12) in general to the
same data set as before. It gives (12) as the best fit with the
correlation coefficient of 0.9. Note that as stated hefore, there
is no magic statistical method so it is necessary to try as many
as possible and select the one that gives the best outcome (i.e.
highest correlation with the data set). Here, obvicusly, the PCA
and the optimization of the function (12) using multiple linear
regression do not give a perfect agreement, however they do
identify the x;; and =ixXis terms. PCA suggests xisXis while the
other method suggests x:igX1; 1s an interactive term. If different
statistical methods produce divérgent results, then in the
absence of empirical evidence against either result, both results

should be kept.

[0G145] In conclusion, it c¢an be seen from the above example
that it 1is possible to identify the active components using
statistical tools and PCA. One can also create an activity model
using multi-linear regression. Optimized drug response can be
found with a given activity of the compounds. The minimum number

of measurements required for a unique solution with N components
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is:

1 + N + w¥/2 (15)
[0146] Hence a number of measurements can be reduced by subset
selection.
[0147] To £ind an optimum composition o©of the compound,
equations (13) and (14 were used 1in the general case,

Specifically, for the simplest possible example where two
ingredients have been isolated but their relative concentration
has not been optimized yet, the following example was considered.
Suppose the activity function depends on these two components x
and y according to:
Activity =03x+0.4y+0.7xy (16)

[0148] Where the last term describes the synergistic action of
the two ingredients. Since the entire mixture only contains
compenents x and y, the conditicon: x+y=1 exists. The activity

function was then transformed into:

Activity =0.4+0.6x-0.7x" (17)
[0149] such that this is effectively a functicn of only one
variable, namely x. Activity was minimized with respect to x to
obtain:

EQ%EEQQ=O giving x=0.43 {18)
[0150] Consequently the optimized formulaticn is: x=0.43 and y

=0.57. This example is illustrated in Figure 10.

[0151] The same approach can be applied to a combination of

many ingredients but will require a multi-dimensional analysis.

[0152] In Figure 11 a three-dimensicnal illustration is given
with several examples of dose dependence for two ingredients
affecting the overall response (the left-hand side panel) and how

the residuals emerge in each case {the right-hand side panel).
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EXAMPLE 4

Ugse in vitro Technigues To Generate Kinetic Data In The
Gastrointestinal Tract For The Pharmacokinetic/Pharmacodynamic
Model Outlined in Figure 1

[0153] A more detailed description of the model is presented
in Figure 12. The kinetics of decomposition, metabolism and
absorption will be measured using: a. artificial gastric and
intestinal Jjuice; b. intestinal flora; c¢. intestinal microsomes;

and d. Caco-2 or MDCK cell membrane or intestinal tissue.

[0154] Stability in artificial gastric and intestinal juice: A
mixture of components 1is incubated with artificial gastric and
intestinal Juice. A  standard procedure for preparing the
artificial gastric and intestinal Jjuice is described in the
United States Pharmaccpoeia. The kinetics of degradation 1is a
measure of the stability of individual components in the mixture.
Using the approach similar to that described in Example 1, (with
the modification that r is replaced by degradation rate constants
in equations 4 and 5), the stability of individual components and
potential interactions in terms o©of altering stability or

decomposition by c¢ther components could be identified.

[0155] Metabolism by intestinal flora: Standard procedures for
studying metabolism of herbal mixtures by intestinal flora are
well established (Hasegawa et al., 1996; Hasegawa and Uchiyama,
1298; Hasegawa et al., 2000; Hasegawsa, 2004). Ginsenosides are

known active compcnents of various types of ginseng including

Panax ginseng, rotoginseng, American ginseng, etc.
Interestingly, these components have 1little pharmacclogical
activity. The aglycones produced by step-wise removal of the
glycosides by intestinal bacterial enzymes are active. These

aglycones have a much better bicavailability than the
corresponding ginsenosides. The rate of metabolism of individual
components and potential interactions among them by intestinal
flora will be quantified using the approach described in Example
1.

[0156] Permeability: Caco-2, MDCK cells, rat intestine and
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PAMPA are commonly employed for the measurement of intestinal
permeability. Caco-2 cell layers are a common model employed for
the estimation of the permeability of potential leads, although
it is not a good model for predicting chemicals that are absorbed
via paracellular transport. MDCK cells cultured with an in-house
proprietary process provide a much better estimation. However,
cell cultures are not often suitable for studying permeability of
dosage forms, natural extracts or formulations. Experience tells

us that the integrity of these preparations is not always

guaranteed. PAMPA has not been used £for the evaluation of
natural substance absorption. It i1s not clear whether this model
will be applicable for natural preduct research. Rat intestinal

tissues have been used extensively to study a&bsorption of
synthetic and natural substances (Ruan et al., 2006). in
general, the bicavailability estimated using this model
corresponds well with that ©f rats and humans (Chiou, 1995; Chion
and Barve, 1998; Chiou et al., 2000). Using these methods and
the approach described in example 1, the permeabkility of
individual components and thelr effects on the permeability of

other components in a mixture could be measured.

[0157] Intestinal microsomes: Components that are permeable
are selected for incubation with intestinal microsomes., These
components could be decomposition products in the

gastrointestinal lumen, metabolites formed from intestinal flora,
or intestinal enzymes. The reason for this is the fact that
components that are not absorkable have no access to these

enzymes (Figure 13).

[0158] The rate of metabolism of individual components in a
mixture can be estimated using the approach outlined in Example
1. Interacting components can also be identified. The rate of
metabolism, enzyme inducticn or inhibition could be measured and
scaled using a pharmacokinetic model similar to that of Figure 1.

[0159] Data generated from this series of studies will provide
all the parameters for describing the stability, metabeclism and

rate of absorptiorn in the aqut after oral administration of a
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mixture (parameters for Figures 1, 12 and 13). Potential
interactions c¢an also be identified at the absorption and

metabolism level.

EXAMPLE 5

Generate Hepatic Metabolism Data For The Liver Compartment In The
Pharmacokinetic Model

[0160] It has been shown in recent literature that metabolic
data generated using cryopreserved human hepatocytes provide
better prediction of hepatic clearance in human than human liver
microsomes (Lam and Benet, 2004; Hallifax et ai., 2005). The
adgvantage of wusing hepatocytes 1is that membrane uptakes of

components into the cell are accounted for (Figure 14).

[0161] Oniy components and their metabolites which are
absorbed from the intestine are studied. These substances will
be concentrated from intestinal microsomes. The absorbable

components are collected from the basal compartment of the

apparatus after a permeability study.

[0162] The approach described in Example 1 may be used to
evaluate the rate of metabolism of a component in a mixture.
Instead of using the concentration-effect relationship, the rate
of metabolism is used in the place of effect. Data collected
from these studies will also permit compenent-component and

compeonent-metabolite interactions.

[0163] Hepatic clearance can be predicted using published
metheds (Lau et al., 2002; Hallifax et al., 2005). These data
will be incorporated into the pharmacokinetic/ pharmacodynamic

model for profile prediction.

EXAMPLE 6

Estimation of Plasma Protein BRinding And Volume of bDistribution

[0164] All of the absorbable components and metabolites are

expected to be present in the circulatory system. In theory, the
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number ¢f components generated from a mixture after oral
administration will ke at least an order of magnitude higher than
that of the number of absorbable species. However, many of these
components are present 1in extremely minute quantities and it
would be difficult to measure them accurately. These minute
components are likely insignificant contributors to the
pharmacokinetics and pharmacodynamics of the mixture. However,
if they do have significant contributicns, mathematical analysis
will be able to detect them. Unless there are reasons to follow

them, they will be tfreated as inactiwves,

[0165] In this example, the plasma protein binding of a
compoenent in a mixture is measured using human plasma. Methods
such as equilibrium dialysis are commonly employved to measure the
binding of chemicals in plasma. A schematic of distribution of a
component in blood 1s shown in Figure 15. Potential interaction
between components will be evaluvated using the apprcach ocutlined
in Exampie 1, The only difference is that the binding equation

is used to describe the potential interaction,

[0166] Free fraction of components in the plasma will be
obtained from these types of in vitre studies. The data can be
used in two ways: 1. the free fraction is inserted into the

pharmacokinetic/pharmacodynamic model in the blood compartment;
and Z. Volume of distribution can be predicted using plasma
protein binding and log P wvalues of the components (Lobell and
Sivarasjah, 2003). Again, this parameter can be inserted into the

pharmacokinetic/ pharmacodynamic model.

EXAMPLE 7

Prediction of The Rate of Renal Exc¢retion of Components And Their
Metabolites

[0167] The rate of renal excretion of components and their

metabolites can be predicted using a published method (Brightman
et al,, 2006a). Agailn, potential interactions among compcnents

can be predicted using the approach described in Example 1. The
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only difference is the concentration-effect relationship is

repiaced with the excretion rate constants.

EXAMPLE 8

Use of & Physiologically Based Pharmacokinetic and
Pharmacodynamic Model To Describe The Concentration And Effect
Time Course of Components In A Mixture After Oral Administration

{0168} This physiologically based pharmacokinetic and
pharmacodynamic model is graphically represented in Figures 1,
and 12-15. The parameters for this model can be generated by the
gtudies outlined in examples 4 to 7. Potential pharmacokinetic
interactions can be predicted using the data, If appropriate
pharmacological model{s) is chesen for measuring such multi-
compeonent activities as those outlined in example 1, the
compcosite respcnse by these components can be described. In this
example, the theoretical aspects of the

pharmacokinetic/pharmacodynamic model (Figure 1) are described.

[01623] The Segmental Dissolution, Transit and Absorption
(5DTA) model accounts for the dissolution and transit flow in the
stomach, duodenum, Jjejunum, and ileum and the absorption in the
duodenum, Jejunum, and ileum. The gastrointestinal tract is
divided into three compartments: Stomach, small intestine, and
colon. The human small intestine c¢an be described by seven sub-
compartments, where a drug transfers from one sub-compartment to
the next one in a first-order fashion (Yu et al, 1996). The SDTA
model includes the following two assumptions: First, that
absorption from the stomach is insignificant compared with that
from the small intestine; and the second is that a drug moving
through the small intestine can be considered as a process of
flowing through a series of segments, each described by a single
sub-compartment with linear transfer kinetics from one to next,
and all compartments may have different velumes and flow rates,

but the same residence times.

[0170] In the equations that follow, the subscript i refers to

the particle size groups that make up the overall particle size-
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mass distribution. Within any particle size group, all particles
are the same size and their size will not change as dissclution
or precipitation occurs. Instead, dissclution and precipitation
cccurs by changing the number of particles, Therefore, for a
5 non-degradable drug dosed ir an immediate release dosage form,
the dissolution, abseorption, and transit in the gastrointestinal

tract can be depicted as foilows:

[0171] Stomach
dM. ; ;
M, ,
drdz_Kst*‘+Kd,m (20)
[0172] Small intestine
dMi:: -l u
dt.:K'M’i '—KM;’J‘"KQLM;;' n=1, 2, .7 (21)
15 M o . " " n=1, 2, .7 22
dr =K.M. _Keri.i-Kansi—KanMdi n=L, roe (22)
[0173] Colon
dM:] < [4
2K M- K.M. K M. (23)
dMel‘ & [ <
=K M KMo+ K MK, M, (24)
20 {01741 where t is time, M ﬂJ:.ﬂf:- are the amounts of solid

drug in stomach, nth segment of small intestine, and colon
respectively. X;, K¢, K., and K, are the rate constants of gastric
emptying, small intestine transit, colon transit, and intrinsic
absorption, respectively. In Eg. (3,4), when n=1, the term K:M° is

25 replaced by K.M°.

[0175] The overall rate of drug absorption can be calculated
by:

[

M; (25)

2P,
a, P, 2l
R
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[o1l76] where M, 1is amount o©f drug absorbed at time t, Peff is
the effective permeability of intestinal membrane to the drug, R
is radius of small intestine, M§=bel, n=1,2, .., 7, Petflcolony 15
effective permeability of the colon membrane to the drug and Reeion
is the colon radius. The fraction of dose absorbed can then be

calculated by

1 = 2P kaﬁ c
= = k! clon 26
F.=M, /M, Moj"[ R M =M (26)
[0177] Equations 25 and 26 can be wused to estimate the

fraction dose absorbed and the rate o©f drug absorption which in
turn can be related to conventional compartmental pharmacokinetic

models.

[0178] The absorption can be limited by dissolution rate and
permeation rate, where permeation rate refers to the flux of drug
acress the dntestinal membrane. The supply rate of dissolution
and the uptake rate of permeation determine the concentration of
drug in GI tract. However, the concentration in GI tract is also
limited by the solubility of drug. When the supply rate is far
more than the uptake rate, the drug concentration in the
gastrointestinal fluid approaches its solubility Llimit.

Mathematically, the dissoluticn rate is expressed by:

3DM., M. (27)
Ra tedirsafudan - d"lf’ C: V
[0179] Where D 1s diffusion coefficient, h is diffusicn layer

thickness, d is density of solid drug, Cs is the solubility, and
V is the wvolume. Thus, poor dissolution can be caused either by

particle size (r) or solubility,.

[0180] This model simulates the transport, dissolution, and
absorption of compounds through the human intestine and computes
filux into the portal wein, the total fraction absorbed, and (if
body pharmacokinetic parameters are available) the concentration-
time curve in the plasma. Intestinal transport is modellied as

serial compartments, which has been shown to reproduce the small
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intestinal transit time distribution with sufficient accuracy
given the in vivo variability {Lartigue et ai., 1991% .,
Dissolution dynamics a&are either interpolated from an in vitro
dissolution curve or are simulate d using the Noyes-Whitney
equation, accounting for the particle size, the solubility as
adjusted for pH using the Henderson-Hasselbach equation, and
local saturation. Local absorption rate 1s preporticnal o
dissolved drug concentration; i.e. the apical membrane is assumed
to be the rate limiting barrier to absorption, with absocorbed drug
sufficiently rapidly mixed with the body compartment as ¢to
maintain sink conditions, and transport to be either passive or
in a linear regime. The absocorption rate coefficient is determined
by in vitro experiment using Caco-2 or MDCK cells or intestinal
tissue, anatomical properties of the small intestine, and a
correction factor determined by a single parameter fit to a
diverse set o©f drugs. The primary purpese of the correcticn
factor is to account for the increased surface area available for
absorption in vive as compared with the flat in vitro monclayers,
but there is also a phenomenclogical ccmponent to the correction,
as evidenced by substantial difference between the correction
recquired for MDCK and Caco-Z monolayers. Absorbed flux enters the
central body compartment for distribution and clearance using a
physiclogical model as described in Figure 1 (Brightman et al.,

2006a; Brightman et al., 2006Db).

10181] The primary purpcose of the virtual gut medel is to
transform local information about permeability garnered from in
vitro experiments into a prediction of the overall level and time
cocurse of drug absorpticen. The gut is essentially a somewhat
flexible tube with semipermeable walls. Food and water pass
through the gut while nutrients and fluids are absorbed into the

portal system.

[0182] The transit rate in the gut is slow, with an average

small intestine transit time around three hcurs, and arcund 24
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hours for the entire GI tract. Thus, fluid moticon in the gut
lumen may be assumed to be highly laminar and poorly mixed in the
radial direction. The properties of a cylindrical laminar flow
model with wall abscrption have been studied in the context of
heat exchangers and have also been applied to intestinal
absorption {Amidon et al 1980 arnd Elliot, 1979). The principal
probklem with this approach is that the precise details of fluid
flow and drug transport are unlikely to be reflective of the
physiological situation, given the variations in tube shape, the
peristaltic nature of fluid transport, the motions of the
individual, and so on. Much simpler models, such as complete
radial mixing coupled with longitudinal dispersion, are Just as
reflective of gut transit characteristics, and are easier to work
with. The most popular model, the compartmental absorption and
trangit model, in <fact includes dispersion only implicitly

through the use of a small number of longitudinal compartments.

[01831} A one—-dimensicnal advection-diffusion model for

transport in the gut would be as follows:

aC 9’C aC
e = Yo e o 2 |
» D R +F(O) (28)

[0184] Where x 1s the location along the gut, C{x,t} 1s the
substance concentration, assumed uniform across the gut c¢ross
section, at a particular place and time, v is the wvelocity of
transport through the gut, D is the dispersion constant, and F is
a function capturing non-transit characteristics such as

absorption, metabolism, etc.

[0185] Discretizing the advection term for use in a finite

difference mecdel, showed

B_C'z Clx+9)—-C(x) =gg+£§azc
ax 1) ox 2 ax’

[0186] Which shows that there is a diffusive component of the

+0(5*) (29)

discretized equaticon, called numerical diffusion, which is
usually seen as an annoyance. The compartmental absorption and

transit model takes advantage 9f this by using it to medel the
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diffusive nature of the underlying system, and adjusting the
discretization size J appropriately to capture the dispersion

chserved in vivo.

[0187] The function ¥#({C), included above, is selected to
capture absorption, metabolism, and other characteristics. The

simplest and most important factor, passive absorption, is given

by
F(Cy=-K_C (307
using
K, =2’1§f (31)
[0188] Where P.gr 1s the effective permeability, R is the gut

radius, and A is a surface-to-volume correction factor selected
to allow for the surface area differences bhetween the foliations

0of the actual gut wall and the relatively £lat surface of a cell

monolayer.
[0189] The drug flux into the portal wvein J and the fractiocon
absorbed F., are computed as

In= Y KC.0 (32)

x=d, jiaii
F, =jJ(r)dr (33)
O

[0190] Active transport can be modeled by replacing Perr with a

concentration dependent permeability

P
R, (C):__&_ (34)
K,+C
[0191] Where the maximum rate of permeation P and the

effective binding constant K, may be estimated from in vitro

experiméents and are potentially region dependent.

[0192] Metabolism is modeled by tracking concentrations of

parent and metabclite separately, and including a term 1in the
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local medel that converts parent to metabolite. Although this is
possible to extend to any number of metabolites, the current
model is illustrated using a single metabolite. The

transformation terms are of the form:

d|C. | | K,+C, C,
£ = (35)
dt Cm Vm:“_ O Cm
K,+C,
[0193] Where V... and XK; may be regicn dependent and each

component ({parent and metabolite) following similar transport and

absorption dynamics,

{0194} Dissolution 1s modeled similarly by considering the
transformation £from the so0lid phase to the dissclved phase.
Dissolution is limited by diffusion of the dissolved species away
from the solid particle. For the case of uniform spherical
particles dissclving into an infinite medium, the diffusion
equation can be solved in the form of the Hixson-Crowell Cube

Root law,
M -mh=x (36)
[0195] Where & 1is the cube rooct dissclution constant. Since

the flux input is based on the quantity of original undissolved

material, a term for input from dissolving solids of the form was

d 3C, 2
Do, = 1y j 37
d T, ( Ad 37

[0196] Where C;, the concentration of undissolved particles, is
altered only through transport and T4, the dissclution time is

defined as

d,
T, =—£ _ (38)
20 D h
[0197] Where d is the particle diameter, p is the density of

the particles, C: is the sclubility, D is the diffusion constant,
and h is the effective depth of the unstirred layer. This input

is set to zero when t » Tg.

[0198] The number of compartments, the total transit time, the
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luminal surface-to-volume ratio 2/R and the gastric emptying rate
are all relatively independent of drug but depend on the species

under consideraticon (Table 4).

TABLE 4
Species—~Specific Parameters
Human Rat Dog

Number of 71 - 7
compartments

Total'sma}l intestine 199 min® 180 min 83 min?
transit time

Effective gut radius 1.75 cmt 0.2 cm 0.75 em
Gastric emptying time 15 min 15 min 15 min

Yu et al, 1996, 2Iwanaga et al, 1998

[0199] The number of compartments is an indication of the
dispersion, and takes into account the degree of longitudinal
mizing during the transport of material along the small
intestine. The transit time is the average amount of time
material spends in the small intestine. The gastric emptying time
is the amcunt of time required for half of the gastric contents
to enter the duodenum through the pyloric valve. While gastric
emptying 1s quite variable, the dynamics of gastric emptying do
not have a large effect on fraction absorbed, due to the
principle of superposition. Gastric emptyving will however affect
the detailed dynamics of the drugs, altering pharmacokinetic

parameters such as Cpax and Tnae.

[6200] While computational systems can in general only be
validated through careful design and implementation, there are
several specific tests applicable to the current system that act
to ensure both that the numerical integrations have a sufficient
degree of accuracy and that certain kinds of gross errors are

absent.

[0201] Every molecule of drug put intc a system must go
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somewhere: it must be excreted, distributed to some part of the
body, or transformed into some metabolite. Mass balance is often
used in experimental pharmacokinetics, and it has wvalue here as

well,

[0202] For the special case of drugs which exhibit purely
passive diffusion, high solubility, and no regional permeability,

the system of eguations may be soclved exactly for F., giving
F, =1-(1+K,/K)" (39)
Where K¢ is the transport constant between each compartment and N

is the number of compartments.

[0203] Within the pharmacokinetic model, the body is
represented with several compartments. Each has a volume and the

parameters are listed on Table 7.

[0204] Cf particular interest is the “Tissue Compartment”
which represents body tissues not otherwise accounted for in the
medel. The compcund concentrations in this compartment determine
the intensity of physiolcgic effect. This 1s shown by the

striped connection to the adjacent “Response” box.

[0205] The movement of materials between compartments is shown
with arrows. Initial doses enter the stomach, while the colon,
liver, and kidneys are sites of potential elimination from the
system, The movement of the compounds between compartments is
proportional to the volume of fluid flow between the compartments
and the concentration of the compound in the originating
compartment, and inversely proportional to the wvolume of the

original compartment.
[0206] The model assumes a “mass-balance” approach, with
equalilty between the amounts o©of material that leave one

compartment and the amounts that enter into another.

[0207] Given an initial distribution of the compounds in the
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various compartments, the model is integrated forwards in time,
using a 4th order Runge-Kutta algerithm, with variable time-

steps.

[0208] The tissue compartment is sized so that the sum of the
compartments, excluding the GI-tract interiors, is equal to the

volume of distribution for a 70 kg man.

[0209] Using the l>-component mixture described in example 2,
a list of pharmacokinetic parameters is generated and is detailed
on Table 5, The parameters that are inherent to the
pharmacokinetic model are listed on Tables 6 and 7. These data
are extracted from published data (Bernareggi and Rowland, 1991;

Davies and Morris, 1993; Brown et al., 1997).

[0210] The above examples outline the integrated in siliceo and
in vitro methods which are wused for identifying active and
interacting species from a mixture, similar to those of a natural
substance., Using the physiologically based pharmacokinetic and
pharmacodynamic model, the concentration time course of each of
the 15 components is estimated (Figure 16). Similarly, the time
course for the composite response is also calculated (Figure 17).
Once data such as that of Figure 17 is generated, an optimal
desage to produce a desired response can be reconstructed. This
dosage consists of an ingredient profile, which is essential for

the development a new product and/or dosage form.
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TABLE 5
Pharmacokinetic Parameters of The 15 Compounds

Compound Intestinal Intrinsic Hepatic Hepatic Volume of
Number Permeability, Clearance, min™t Clearance, Distribution
min™? L/min L/kg
1 0.17 632 G.59 0.53
2 0.86 6633 1.31 1.16
2 4.02 1104 0.79 0.3¢6
4 4.43 2011 1.01 0.66
5 1.89 183 0,24 0.52
6 0.52 810 1.34 1.64
7 2.40 555 0.54 0.95
8 6.88 8929 1.35 (.58
S 0.14 15406 1.41 0.90
10 0.19 1428 0.89 1.57
11 0.12 792 1.33 2.28
12 0.20 294 0.35 0.35
13 0.80 915 0.72 0.79
14 2.99 223 0.28 0.80
15 0.38 443 0,46 0.95
TABLE 6

Blood Flow Rate To And From Various Organs

Flow Clearance, mL/min
along GI tract 2
blood - 235
intestine/colon
intestine/coclon - 235
liver
bicod - liver 239
liver - blcod 1180
bloocd « tissue 3110
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TABLE 7
Physiological Volumes of Various Organs

Compartment Volume, L
interiors of stomach/intestine/cclon 0.155
intestinal segments 0.212
colon 0.371
kidneys 0.280
liver 1.69
blood 5.20
EXAMPLE 9

An Integrative Example Showing The Contribution of “Drug-Like”
Properties To The Effective Ingredients

[0211] The objective of this example 1s to provide a means of
estimating the active ingredients in a simulated mixture of 50
components. In Table 8, the in vitro response for each of the
£fifty components in the system is shown. Additiocnally two pairs
of components (3, 23) and (20, 50) have synergistic interactions
with activities of 0.800 and 1.00 respectively. A 5 % was
randomly added to the data and the overall response of each
mixture show a Michaelis-Menton style limit to the total
interactions. Figure 18 shows typical of overall response data
for mixtures with components randomly distributed between 0 and 1

unit in each mixture.

[6212] Using randomly generated pharmacokinetic parameters for
these ingredients, this example also illustrates the importance
of the drug-like properties in the determination of

therapeutically relevant ingredient profile.
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TABLE 8
In vitro Response For Components In The System

Wo. | Activity | No. | Activity | No. | Activity | No. | Activity | Wo. | Activity
1 3.34x107% |13 [ 1.36%1072 | 21 [9.68x1i0"° [ 31 | 1.05x107% [ 41 | 7.58%10°°
2 §.11x10"% 112 |6.19x107% [ 22 [9.43x1677 |32 |2.51x10°t |4z | 7.37x10°%
3 6.71%x1071 113 | 2.88x1072 [ 23 |6.84x10™* |33 | 4.55x10°% [ 43 [ 9.08x10°°
4 6.40x107° [ 14 | 2.57x107% |24 | 4.63x1077 } 34 15.88x:0°% |44 | 1.03x10"°
g 6.15%x107% [ 15 | 5.81%10"% | 25 |6.14%x107° [ 35 |2.05x107° |45 | 5.56x10"°
3 5.48x107° | 16 §.75x1071 | 26 ] 3.48x107° | 35 1.34x107% [ 46 | 5.03x10°7
7 6.62x107° | 17 1.90%10"% {27 | 3.85x107° | 37 2.58%107% | 47 | 1.63%10°°
8 2.08x107% [ 18 [ 2.09%107% | 28 | 7.18x%10°% [ 38 [ 6.80x107° | 48 | 1.18x10°2
9 1.41x107° | 18 7.43%107° | 29 | 5.03x10°% | 39 1.43%x107° | 49 | 1.83x107
10 | 4.53%10"% |26 | 5.81x107" |30 [2.71%107% |40 | z.25x107* |50 | 10.0x1¢°°
[0213] With 150 mixtures and overall responses from the 1.0

dese point (Figure 18) and assuming a linear response from each
of the 50 components estimated responses (x with 21 standard
deviaticon error bars). These generally compare well with the
actual responses (o}, but some large differences are present

{(Figure 19},

[0214] Using the apprcach descriked in Example 3, the
correlations between the residual and each of the multiplicative
pairs terms 1is plotted. Higher <cocrrelations are darker,
particularly striking is the (20,50) pair, one of the interacting

pairs in the input activities (Figure 20).

[0215] Adding four pair terms as pseudo-components 51 to 54
vields a new and improved estimate. Particularly noticeable are
that 51 and 54 are active, while 52 and 53 are not, Generally

component may be classified as active or inactive (Figure 21},

[0216] Repeating the same systems, but now using data from
three dose points (1.0, 0.3, and 0.1) gives a tighter and more

accurate f£it in the first estimate (Figure 22).

[0217] The residual correlaticn plot looks wvery similar to the
single dose point case and is ocomitted for brevity. Using the

same four pseudo-components gives a second estimate with a better
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fit than in the single dose point case. Similar cbservations are
observed with the four pseudo-components. Components 51 and 54
are shown to interact and 52 and 53 are found to be inactive
(Figure 23). This example clearly shows that activity of
individual components and their interactions can be accurately

predicted using the approach described in this invention.

[0218] In the second part of this study, a twe compartment
pharmacckinetic system with first order kinetics was used for the
simulation, The first compartment is intestinal with a wvolume of
0.4 for all fifty components. From the intestinal compariment
there 1is direct eliminaticon from the £first compartment and
absorption into the second compartment with differing clearances
for each component. The second compartment represents the body,
for which each component has a dififerent volume and clearance
from the system. All of these are listed in Table 9, along with
the half-lives and area under the time-guantity curves in the
body compartment. The wvolumes and rate constants were generated
with uniformly distributed pseudo-random values over appropriate

intervals and all other numbers were calculated from these.

TABLE 9

Intestinal Clearances Body Ceompartment

Elimination Absorption | Volume Clearance Half-life AUC
1 8.3x107% 4.8%x107% 137 8.10 11.7 0.39
2 7.6x1072 1.3x1072 97 5.71 11.7 1.15
3 8.2x1072 6.3x107% 130 4,79 18.9 0.82
4 7.7x1072 5.1x10"% 134 6.33 14.6 0.55
5 7.6x1072 4,9x107* 104 2.60 27.7  1.01
6 7.6%x107¢ 3.6%107% 110 5.56 13.8 0.37
7 7.5x10"? 2.6x10™ 149 13.84 7.4 0.15
8 g8.6x10"? 3.8x1073 132 8.69 10.5 2.54
9 8.4x107? 1.9x107? 141 10.63 9.2 1.1¢g
10 §.4x107? 1.3x1073 84 0.52 112.2 10.06
11 8.3x10"? 7.8x10™* 77 2.39 22.2  1.19
12 7.4x107? 3.3x1073 g7 6.10 9.9 2.45
13 7.3x1072 4.0%x10°* 118 2.84 28.8 0.90
14 7.9x1072 2.2x10™% 59 0.67 61.3 1.00
15 §.3x1072 1.0x10"? 110 7.13 10.7  0.75
16 8.7x1072 3.7x107% 120 8.25 10.0 0.24
17 7.4x107% 4.4%107* 83 7.01 8.2 0.28
18 7.8x107% 3.0%x10* 45 3.44 9.1 0.20
19 8.1ix107% 3.5%x107? 88 5.09 11.9 2.84
20 8.6x10"2 1.4x1073 131 7.72 11.8 1.07
21 7.5%x107? 5.8x107% 70 1.80 27.1  1.20
22 7.9%x1072 1.8x10°% 85 1.86 31.8 4.08
23 8.4x1072 2.1x10™* 115 7.28 11.0 0.1%
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24 §.4x1072 2.9%107*% 124 2.87 30.0 0.80
25 §.1x10"2 2.6x107* 91 7.06 8.9 0.15
26 7.8%x1072 2.0x10"2 125 9.49 9.1 1.32
27 8.8x1072 1.2x107° 67 3.15 14.8 1.20
28 8.3x1072 2.1x107* 130 1.95 45.8 0.87
29 B.0x1072 3.4x1074 61 2.43 17.4  0.42
30 8.0x107? §.3x107% 133 6.54 14.1 0.84
31 B.7x102 1.9x1073 62 1.35 32.0 3.89
32 7.5x10°2 1.3%x1073 37 0.77 33.0 3.33
33 7.5%1072 3.5%x1073 122 2.41 35.2 8.99
34 7.9x%10"2 1.2%107% 134 9.91 9.4 0.80
35 §.4x1072 1.0x107% 56 1.75 22.3  1.51
36 8.4x1072 3.2x%107% 78 5.67 5.5  0.21
37 B.8x1072 2.9x107* 129 5.69 15.7 0.30
38 7.5%x1077 7.5x%107% 133 6.75 13.6 0.77
39 7.9%1072 1.1x10"3 43 1.15 25.9  2.13
40 [ 7.5x107° 3.7x107 129 10.22 8.8 2.35
41 7.6x107? 1.5x107? 118 g.79 2.3  1.04
4z 8.3x1072 9.0x10™* 73 2.40 21.0 1.30
43 7.9x107% 1.4x1073 38 0.32 82.1 8.51
44 7.7x1072 2.2x107% 114 3.16 24.9  0.42
45 7.5x1072 3.5x107* 82 4.79 11.9 0.32
46 §.1x1072 9.4x10"* 41 0.23 124.3  8.23
47 7.6x107? 3.2x107° 93 2.82 22.8 0.55
48 8.4x1072 2.7%x107% 59 3.95 16.3  0.1¢9
49 8.7x1072 3.8x107¢ 55 3.94 9.7 2.33
50 7.5%x1072 8.4x107% 109 7.87 9.6 0.61
[0219] Using the pharmacokinetic data generated and an oral

dose o0f 4 units for each of the 50 compcnents (Table 2), a family

of concentration-time curves is produced (Figure 24).

[0220] Area Under Curve (AUC) for the concentration in body-
time curves 1is an indicator of exposure, a net result of
absorption and elimination. This data was given in Table 9.
What is striking is that the range of AUC walues can span as much

2 orders of magnitude (Figure 25).

[0221] Taking the AUC wvalues toc be the exposure of the body to
each compound, the same set of 150 mixtures can be scaled by the
AUC of each compcund. This corresponds to the difference between
in vwvitro and 1In wvivo experiments when compound activity is
moduiated by wvaried pharmacokinetic properties. The previous
case 1s iddentical tec one in which every component has the same
preperties. Note that what was a mederately active component in
the previcus system is now overwhelmingly the most active due to
favorable pharmacokinretic properties. With fewer activities

remaining in the system the estimates using the same three doses
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are cguite good (Figure 26}.

[0222] The residuals, after incorporation the pharmacckinetic
parameters, vary dramatically from the previous plots (Figure 27
vs. Figure 20). The darkness in each of these plots is scaled to
the most correlated points in the plot, so0 the appearance of
individual points can only be compared within each c¢f these
figures and not between them. The strongest correlations are

actually weaker in this plot than in the previcus one.

[02231] A second estimate with four pseudo-components added to
it is not much different from the first estimate, and the pseudo-
components have very small responses as the components composing

them are not significantly present (Figure 28).

[0224] A second pharmacokinetic system with a different set of

pharmacckinetic parameters was considered, but chosen from the

same ranges of values. The results from this system are shown in
Table 10.
TABLE 10

Intestinal Clearances Body Compartment

Elimination Absorption ;i Volume Clearance Half-life AUC
1 8.3x10"" 2.0x10"? 41 3.47 8.2 1.14
2 8.2x1072 2.2x10"* 110 7.44 10.2  0.16
3 8.3x1072 6.1x107* 38 0.52 51.3 2.16
4 7.9%x1072 8.8x10"4 148 .12 12.6 0.81
5 8.2x10"2 2.9x10"3 42 2.39 12.2  2.40
3 8.0x107% 1.9x10"? 116 5.91 13.7  1.83
7 8.5x10"2 8.2x10"* 147 13.33 7.6 0.42
8 8.3x1072 3.0%x107% 86 2.81 21.2  0.45
9 8.3x1072 2.5x107* 145 4.59 21.9 0.37
10 B.3x10"2 2.8x107* 55 4.61 8.3 0.16
11 8.6x1072 1.8x107? 129 i.76 18.8 2.22
12 8.3x1072 2.2x1073 133 5.46 16.8 2.51
13 g.6x1072 2.6x10™3 91 3.27 19.3 3.27
14 7.6%x1072 2. 6x1072 69 4.42 10.9 0.21
15 5.0x%x1072 3.4x107% 49 0.46 74.2 1.82
16 7.6x1072 7.3x107% 83 7.36 7.9  0.43
17 8.6x1072 2.4x1073 119 9.07 9.1 1.45
18 8.7x1072 3.5x1073 139 1.03 3.4 20.97
19 8.3x1072 1.3x1073 137 4.75 20.0 1.77
20 §.2x1072 3,.2x1073 118 2.37 34.5  7.41
21 7.2x10°2 3.9x10°? 131 10.39 8.7 2.60
22 8.3x%x10"2 2.9%10™* 146 2.09 48.5 0.98
23 7.7x1072 2.3%x1073 93 1.68 38.3  6.50
24 8.1x10"2 3.0x107% 109 3.68 20.5 0.44
25 8.5x%x107? 5.6x107* 128 6.77 13.1 0.50




10

15

20

63

26 7.7x1072 6.8x107* 95 7.54 8.8 0.45
27 7.6%10"2 7.4%107* 61 5.35 7.9  0.44
28 8.7x10"? 2.2x107° 44 1.66 18.5 2.64
29 8.1x107? 6.1x107¢ 77 2.15 24.9  1.09
30 8.0x1072 3.9x107* 101 2.74 25.%  0.72
31 B.2x107% 3.2x1078 52 3.56 10.2  0.23
32 7.8x1072 1.0x1973 71 5.28 9.4 0.71
33 8.6x1072 1.4x%19"3 108 7.74 9.7 0.91
34 7.7%1072 1.1x10"% 47 2.92 11.1  0.94
35 7.8x10°2 3.5%107¢ 141 9.72 10.1  0.26
36 7.9x107? 9.9x1g™* 106 5.85 12.6 06.90
37 7.2x1072 1.5%10"% 120 6.59 12.7  1.49
38 §.0%1072 5.1x107% 80 5.37 10.3  0.37
39 8. 7x10°2 3.4x10°% 37 3.1z 8.1 0.18
40 7.9x10°? 4.8x107% 70 6.25 7.7  0.27
a1 8.5x1072 2.0x107° 76 5.11 10.3 1.37
42 8.2x107% 2.3x10-3 107 2.65 28.0 4.49
43 7.4x1072 2.5x107% 50 1.83 18.9 0.38
44 7.7x107? 2.7x10"3 149 9.33 11.1  2.14
45 8.4x1072 3.4x1073 47 1.08 30.2 6.86
46 7.9x10°2 7.9x10™ 67 5.74 8.1 0.46
a7 8.0x1072 3.5x10"* 54 3.91 9.6 0.24
48 7.4%1072 3.1x10™* 87 2.35 25.6 0.63
49 8.3x107? 4.5x107% 88 4.86 12.5 0.39
50 7.6x107? 2.0x107" 115 6.91 11.5 0.18
[0225] The second set of pharmacckinetic parameters gives
concentration~time curves as shown on TFigure 29. The AUCs

corresponding to the concentrations in the previous plot are
shown in Figure 30. The first estimate now reveals two important
components, and two moderate ones (Figure 31). Again, adding
four pseudo-componrents has iittle effect on the system as the
synergistic terms are largely suppressed due to the insignificant

overlapping exposure of the interacting components (Figure 32).

[0226] In these three examples, the response dus to each
component and pseudo-component 1s recovered from knowledge of the
mixture compositions, the dose-overall response curve and a set
of mixture-dose-overall response data. While these wvalues are
known beforehand in these simulations, the generation of
estimates from the other data, suggests that reascnable estimates
of these wvalues could be obtained Zfrom experimental data for
which activity estimates are not available. The strong
differences between the three cases serve to emphasize the

differences between in vivo and Iin vitro activities.

[0227] These examples also illustrate an important aspect of

potential interaction. In wvitro interacticn does nct always
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imply that there will e in wvivo interaction. In this example,
components 51 and 54 are interactive pairs in vitro, Dbut
interactions do not occur in vivo. It is therefore important to
take pharmacokinetic differences into account when potential
interactions are discovered in wvitro. If the concentration
profile overlap between the interacting species is insignificant,
meaning if the pharmacckinetic characteristics of these potential
interacting components are very different, the probability of

interaction is likely to be minimal.

EXAMPLE 10

Applications of This Invention

[0228] The objective of this example is to illustrate some of
the uses of this invention. It is common that ingredients may
have multiple activities involving a number o¢f biochemical
processes. Depending on the conditions, a number of activity
testing methods can be employed before the optimal composite
response is decided. Cn the other hand, this invention can be
used for estimating efficacy and toxicity when in vitro models
are available. Both active and toxic components can be
identified. With this informaticn, an optimal ingredient profile

can be designed.

[0229] After the optimal ingredient profile is obtained, the
desired guantities o©of these ingredients can be obtained using one
or a combination of the following ways: a. blend appropriate
batches o©f raw materials; b. develop a customized method to
extract the ingredients ©of interest; c¢. design growing conditions
to yield the desired ingredients; d. develop a set of growing
conditions under controlled envirconments such as that of a green
house; e. genetically modify a species to produce the desired
ingredients; and £. purify substances of interest and mix them

according to the ingredient list.

[0230] For product design, a formulation can be prepared to

deliver these substances in an optimal fashion such that optimal
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response 1s achieved.

[0231] Products design using this approach will have all the
active ingredients identified; their interacting components
raevealed and the gquality of the product will have quality
equivalent to a single component pharmaceutical, except that it

contains multiple components.

[0232] The advantage of developing products in this fashion is
that the therapeutic walues of natural substances are known ahead
of time and potential toxicities may alsc be identified ahead of

time.

[0233] This type of product can easily be adapted to a drug
development program so that it can be treated as one of the leads
to be moved forward for preclinical and clinical testing. The
same approach as that outlined in examples 1 to 8 can be used to
examine the source of toxicity and alsc components that are

responsible for lowering toxicity.

EXAMPLE 11

Development of Red Clover For The Treatment of Osteoporosis

[0234] The objective of this example is to employ this
invention to develop a popular herb for the treatment of
postmencpausal osteoporosis. Like most of the well studied herbs
in the market, Red clover’s {(Trifolium pratense) clinical
efficacy is at best equivocal (Beck et al., 2005; Wuttke et al.,
2007). Table 11 shows that the dosage of total phytocestrogens is

approximately the same among c¢cmmercial products (Beck et al.,

2003y . However, the gquantity of individual components can vary
anywhere between 2 tc 12 times. There is no surprise that the
performance of these products 1is not consistent. There are

minute quantities of other phytoestrogens such as coumestans and
their contribution to the overall efficacy of the herb is not
known. Interestingly, the major active components, genistein and

daidzein are present in minute quantities in Red clover; however,
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their precursors, biochanin A and formononetin and their
glycosides are present in much higher guantities. The questions
are: 1. How do these ingredients work together; 2. Where do the
metabolic conversicns occur? 3. Are there any interactions
between the components both pharmacokinetically and
pharmacodynamically; 4. Are there other metabolites that would
likely contribute to the overall efficacy of Red clover? 5. What
is the best profile of ingredients that can be estimated using
the present invention? 6. Are there any ways to improve the

perfcrmance ©f Red clover?
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[0235] There are a lot of studies performed on Red clover and
soy which contain high contents o©of phytoestrogens. The single
component that received the most attention is genistein. It has
been shown that genistein, 54 mg/day, given crally for a year, is
as effective as hormone repliacement therapy (Morabito et al.,
2002) . However, i1t dis not known why there are not more

confirmatory studies published.

[0236] In vitro permeakility studies on five phytoestrogens,
genistein, daidzein, glycitein, £formononetin, Dbiochanin A and
prumetin have been performed using Caco-2 cell monolayer or Caco-
2 cell lyvsates (Chen et al., 2005a). It has been found that
these compounds are rapidly transported and metabolized.
However, there 1s no information relating to their potential
interactions among these species. Michaelis-Menten parameters for
the glucuronide and sulfate conjugations for these five species

were measured.

[06237] In Red clover, the most abundant phytoestrogens are
formononetin, biochanin A and the glyvcosides of these
phytoestrogens (Figure 33). The most active components are
genistein and daidzein, the metabolites of formononetin and
biochanin A, respectively (Beck et al., 2003). The conversion
from formononetin and biochanin A to daidzein and genistein,
respectively, occurs in the ccolon via intestinal flora {(Bowey et
al., 2003). It is also found that a metabolite of daidzein,
equol, formed in the microflera of the colon, is the most potent
(Bowey et al., 2003; Setchell et al., 2005). Genistein and
daidzein are present in minute guantities in Red clover extracts;

usually i1t is less than 10% {Table 11).

[0238] The metabolism of glycosides of genistein and daidzein
was measured using human intestinal and liver tissues (Day et
al., 1998). The rate o¢f metabolism of these two precurscors of

genistein and daidzein was individually measured.



10

15

20

25

30

35

69

[0239] The first-pass metabolism and enterohepatic cycling of
genistein, daidzein, formoncnetin, kiochanin 2 and prunetin were
evaluated using a perfused rat intestinal model and microsomes
prepared from rat liver, duodenum, jejunum, ileum and colon {Chen
et al., 2005b). The rate of metabolism and absorption along the
intestine was elucidated. FPurthermore, the significance of liver
metabolism and enterohepatic cycling was also reported. Again,

there was no attempt to study a mixture.

[0240] Pharmacokinetic studies of Dbiochanin A have been
performed in rats {(Moon et al., 2006) and Red clover in humans
(Howes et al., 2062y . Plasma phyteestrogens and their
metabolites have Dbeen reported. Although these data are
important, there 1is no estimation o©f the free concentration of
the active meoieties in the plasma; therefore, the concentration
of active mcieties at the site of action. It is difficult to

deduce whether there are any significant interactions among these

species.
[0241] The major soy isoflavones are genistein, daidzein and
glycitein (Ewies, 2002}, Since Red clover has a higher content

of phytoestrogens, it has a better potential to treat disorders
related to menopause (Beck et al., 2005). Unlike estradiocl,
phytoestrogens show higher binding affinity towards estrogen
receptor Dpeta (ERB) than estrogen receptor alpha (ERa) and
recruit coregulators necessary for transcription of target genes
selectively to ERB (Kuiper et al., 1998). The differential
affinity for these «receptors which are tissue specific may
explain the specificity of these phytoestrogens (Enmark et al.,
1997; Kuiper et al., 1997; Onoe et al., 1997; Wiik et al., 2003).
The affinity for ERB may explairn the beneficial effect of
phytoestrogens for osteoporosis in  menopause and lack of
carcinogenic toxicity in the breast and other organs. Genistein
has been found to have the highest affinity for ERB. This is the
reason why this compound is the most studied and it is also the

compcocund which 1is employed in a clinical trial (Morabito et al.,
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2002). Recent studies showed that daidzein is more potent in
ostechblast formation in wvitro (Li et al., 2005; Ge et al., 2006)
than genistein. These recent results clearly show that more than
one component in Red clover is responsible for its estrogenic
effects. An innovative approach 1is required to identify the

active ingredients instead of studyving them individually.

[0242] Despite the higher content of phytoestrogens in Red
clover, the proportion of genistein and daidzein is higher in
30y. The reason why Red clover is preferred is because there is
a much hicher content of the precursors of genistein and
daidzein, biochanin A and formcnonetin, respectively. The
biocavailability of the aglycones of genistein and daidzein is
less than 5%; this is mainly due to high first-pass gut and/or
liver metabolism. Presumably, aglycone released in the colon by
the enzymes of the irntestinal flora would enhance the
bicavailability of the aglycones because absorption from colon
may partially bypass Zfirst-pass metabolism (Setchell et al.,
2001 .

[0243] The conversion of these precurscrs to their respective
aglycones 1s dependent on metabolism by intestinal £flora. The
variability in intestinal flora content is high among
individuals; it is hypothesized that the conversion of biochanin
A and formononetin to thelr respective aglycones is highly
inconsistent. This variability could have significant

contribution to the erratic results observed clinically,

[0244] The importance of intestinal flora on phytoestrogen
metabolism and bilcavailability has been demonstrated recently
{Ohta et al., 2002; Nielsen and Williamson, 2007}. Immature
intestinal flora have been shown to affect the bicavailability of
iscflavones in 50y {Nielsen and Williamscn, 2007).
Fructcoligosaccharides (FOS) stimulate the growth of
bifidobacteria, which cieave isoflavone conjugates to yield the
corraesponding aglycones and metabolites (Ohta et al., 2002).

This study showed that the biocavailability of isoflavones was
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increased and this was due to an increase in B-glucosidase
activity which 1is responsible for the metabolism of the
glycosides of isoflavones to their respective aglycones which are
readily absorbed. It is hypothesized that healthy intestinal
flora will net only promote isoflavone in Red clover absorption
but also reduce inter-subject fluctuation of isoflavone blood
levels. To optimize the function of Red clover, a prebioctic

should be included.

[0245] The body of information in the literature can be used
to wvalidate part o©f the present invention. This will lend
support to the accuracy of optimal ingredient profile estimation

obtained from the present invention.

[0246] From the published studies, it is clear that the in
vitro tools used are similar to that proposed in this invention.
What is regquired is to repeat the same studies using a group of
Red clover extracts which contains a diverse composition of
individual phytoestrogens. The results from these studies will
provide metabolic information and activity profiles of individual

components and their potential interactions.

[0247] Metabolism by the intestinal flora appears to be the
most important facter in the determination of the c¢liniecal
activity of Red <c¢lover. Therefore, prebiotics, such as
oligosaccharides and B-glucans, and probiotics will bhe important

in improving the consistency of active moieties production.

[6248] Using the concept of the present invention, it 1is
highly feasible to obtain an c¢ptimal ingredient profile for Red
clover for the treatment of osteoporosis, It is predicted that
formonenetin, biochanin A and their glycosides are the target for
standardization. It is also predicted that the quantity of total
formononetin (aglyccne + glycosides) to be higher than that of
total biochanin A (aglycone + glycosides). The incorporation of

a prebiotic or prebiotic to promote beneficial intestinal floral
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growth is required to enhance the activity of this new Red clover

extract. The daily dosage of this new Red clover product will be

between 50 to 100 mg total phytocestrogens per day.
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What is claimed is:

A method for preparing optimized drug formulations through the prediction of in vivo
pharmacokinetics and pharmacodynamics of a mixture with multiple components,
wherein the identities of or interactions among the components are not known a priori,
said method comprises the steps of:

a) determining the rate of metabolism of individual and interacting components in
the mixture in the gastrointestinal tract and liver using in vitro assays;

b) determining distribution of said components in blood or plasma using in vifro
assays or in silico methods;

c) determining the rate of renal elimination of said components wsing in vitro assays
or in silico methods;

d) determining the potency of an individual component and synergism or inhibition
among the components using in vitro assays;

e) inputting the results from (a) to (d) into mathematical models in silico to obtain
concentration time profiles and response time profiles for the components, and the
time course for the composite mixture’s response; and

f) using the results from (e¢) to prepare a composition comprising specified
components, wherein the components have desirable in vivo pharmacokinetic and

pharmacodynamic properties.

The method of claim 1, wherein the concentration time profiles or response time profiles
predict the pharmacokinetics and pharmacodynamics properties of the components and

their active metabolites in vivo.

The method of any one of claims 1-2, wherein the mathematical models solve multiple

unknowns which are linearly independent or interacting with each other.

The method of any one of claims 1-3, wherein the mathematical models comprise

reF +Zw,(d, —d)+ Zw; (d.—d)) + Zwi ne —d)d — 57/) , wherein r is linearized
i i

N

response, 7 is the average linearized response; w; is weight of the / component (relates to
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potency), d; is the dose of component i and d, and dT are average dose of the i and j”

component, W, ; is the weight of the interacting pair.

The method of any one of claims 1-4, wherein the mathematical models comprise

n 1 n
A=q, +Za,.x,. +ZZ B, X%, , wherein @, and a, arc baseline activity and activity
7={ 1=l y=I1

coefficient of component i respectively, x; and x, are components i and j respectively,
B, is the activity coefficient of the interacting pair, x; and x ;» Wherein said equation is

able to predict an optimized composition of the components to achieve maximum

possible potency.

The method of any one of claims 1-5, wherein the rate of metabolism comprises rate of

degradation and rate of absorption,

- The method of any one of claims 1-6, wherein determining the rate of metabolism in

gastrointestinal tract comprises assays using artificial gastric or intestinal juice, intestinal
flora, or intestinal microsomes, or permeability studies using cultured cells or intestinal

tissues.

The method of any one of claims 1-7, wherein determining the rate of metabolism in liver
comprises assays using freshly harvested hepatocytes, cryopreserved hepatocytes, hepatic

microsomes, hepatic cytosol or S-9 fractions.

The method of any one of claims 1-8, wherein determination of distribution in blood or
plasma comprises determining binding to plasma protein, binding to blood protein, pKa,

log P, log D, or volume of distribution of a component.

The method of any one of claims 1-9, wherein determining the rate of renal elimination is
calculated on the basis of known properties originating fiom the components’ chemical

structure.
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The method of any one of claims 1-10, wherein determination of potency comprises
receptor binding assay, enzymatic assay, biochemical response assay, or assays with

isolated tissues or organs.

A composition comprising multiple components as identified by any one of the method
of claims 1-11, wherein the components have desirable in vivo pharmacokinetics and

pharmacodynamics properties as determined by any one of the method of claims 1-11,

The composition of claim 12, comprising components of Red clover (an herb of the

scientific name Trifolium pratense).

The composition of claim 13, wherein the Red clover comprises formononetin, biochanin

A and their glycosides in amounts determined by any one of the method of claims 1-11.



