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SUMMARY

In vitro and in vivo studies have indicated that the induction or
inhibition of cytochrome P450 (CYP) is one of the major mechanisms
for some clinically important pharmacokinetic herb-drug interactions.
Thus, an attempt was made to predict pharmacokinetic herb-drug
interactions using the pharmacokinetic principles that are used for
predicting drug-drug interactions. The expected AUC ratio was mainly
dependent on unbound herbal inhibitor concentration ([I]) and
inhibition constant (K;), hepatic fraction (f;), number of inhibitory
herbal constituents (n) and metabolic pathway fraction in hepatic
metabolism (fr). Herb-drug interactions would be with low risk if

z [[II]/KI(,)] is less than 0.1, medium risk if it is between 0.1 and
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1.0, and high risk if it is greater than 1. For high clearance drugs, the
change of f; x f;, had minor influence on AUC ratio when

> [1.1/K,, ] values were fixed. Similarly, f, did not affect the AUC

ratio for low clearance drugs. It appeared likely to predict a herb-drug
metabolic interaction when [I], K, f;, fn and n could be determined.
However, many herb- and drug-related factors may cause difficulties
with the prediction, and well-designed human studies are always
necessary.
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INTRODUCTION

Many commonly used herbs have been shown to modulate the
plasma pharmacokinetics of important therapeutic drugs, leading to
altered absorption, distribution, metabolism and excretion. For
example, clinical studies have documented that St John’s wort reduced
the area of the plasma concentration-time curve (AUC) of cyclosporin
/1,2/, amitriptyline /3/, digoxin /4/, indinavir /5/, nevirapine /6/, oral
contraceptives /7/, warfarin /7/, phenprocoumon /8/, theophylline /9/,
and simivastatin /10/. Garlic supplement decreased the plasma AUC
and maximum plasma concentration (Cpax) of the protease inhibitor
saquinavir [11]; piperine increased Cp, and AUC of phenytoin /11/,
propranolol, and theophylline /12/. Moreover, glycyrrhizin from liquo-
rice increased the plasma AUC of prednisolone /13/. Inhibition/
induction of cytochrome P450 (CYP) has been suggested to be one of
the major mechanisms for these reported herb-drug interactions /14/,
although induction and/or inhibition of P-glycoprotein (PgP) may also
play arole /15/.

Abbreviations: AUC = area of the plasma concentration-time curve; CLj, =
intrinsic clearance; CYP = cytochrome P450; fi, = hepatic fraction; F, = hepatic
availability; f;, = metabolic pathway fraction in hepatic metabolism; [I] = unbound
inhibitor concentration; K; = inhibition constant; n = number of inhibitory herbal
constituents; PgP = P-glycoprotein; R = the extent of inhibition of drug metabolism.
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Herbs may inhibit CYPs by three mechanisms: competitive inhibi-
tion, non-competitive inhibition, and mechanism-based inhibition.
Mutual competitive inhibition may occur between herbal constituent
and drug, which are often metabolized by the same CYP enzyme. For
example, diallyl sulfide from garlic is a competitive inhibitor of
CYP2EI /16/. Non-competitive inhibition is caused by the binding of
herbal constituents containing electrophilic groups (e.g. imidazole or
hydrazine group) to the heme portion of CYP. For example, piperine
inhibited arylhydrocarbon hydroxylase (CYP1A) and 7-ethoxy-
coumarin deethylase (CYP2A) by a non-competitive mechanism /17/.
Hyperforin present in St John’s wort is a potent non-competitive
inhibitor of CYP2D6 activity /18/. The mechanism-based inhibition of
CYP is due to the formation of a complex between the herbal
metabolite and CYP. Diallyl sulfone is a suicide inhibitor of CYP2E1
by forming a complex leading to autocatalytic destruction of CYP2E1
/19/.

To obtain successful predictions for herb-drug metabolic inter-
actions, the following basic criteria should be met before quantitative
correlations of in vivo pharmacokinetic data obtained from in vitro
metabolic inhibition data based on in vitro models such as hepatic
microsomes and hepatocytes /20-22/: a) drug clearance must be
primarily through metabolism; b) drug is not subject to substantial
conjugation or other non-CYP metabolism; c) the liver is the primary
site of metabolic clearance; and d) the compound does not possess
physiochemical properties that are associated with absorption prob-
lems (i.e. limited solubility, low intestinal permeability). The
following factors determine the degree of change in the steady-state
concentration (Css) and area of the plasma concentration-time curve
(AUC) caused by the herb-drug interaction in vivo:

e The route of administration (intravenous or oral, i.e., whether the
drug undergoes first-pass metabolism);

¢ Fraction (fy,) of hepatic clearance (CLy,) in total clearance (CLjo);
¢ Fraction (fi;) of the metabolic process subject to inhibition in CLy;

e Unbound concentration of the inhibitory herbal component ([I])
around the CYP and inhibition constant (K;);

¢ Plasma unbound concentration [S] of the drug subject to inhibition;
¢ Michaelis-Menten constant (K,;,) for the drug subject to inhibition.
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Unlike metabolic drug-drug interactions involving CYP inhibition
for which a number of successful prediction cases have been reported
122/, the prediction of metabolic herb-drug interactions proves
challenging and no reports on this have been published to our
knowledge. An attempt was made to predict pharmacokinetic herb-
drug interactions using the pharmacokinetic principles that are used
for predicting drug-drug interactions.

PREDICTING PHARMACOKINETIC HERB-DRUG INTERACTIONS

The effects of inhibition of drug metabolism on in vivo
pharmacokinetics are highly variable and depend on a number of
factors associated with the drug and combined herb (dose and the
route of administration) and patients. Generally, the extent of
inhibition (R, %) of drug metabolism by herbal constituents depends
on the inhibition mechanism when the substrate concentration [S] is
high. For example, the R value of a particular metabolic pathway by a
competitive inhibitor from co-administered herb can be calculated by
Eq. 1/23,24/:

(1]
ROD =k xrsy) @ Ea-1)

where [S] and [I] are the maximal unbound substrate and inhibitor
concentration respectively; K;, the inhibitory constant; and K, the
Michaelis-Menten constant. When multiple inhibitory herbal constitu-
ents are involved, R is calculated by Eq. 2:

R(%)=2

In clinical situations, [S] is often much lower than Kp, then R is
expressed by Eq. 3, independent of the inhibition nature, except for
uncompetitive inhibition /25/:
_l_._xloo
1+ XK, /1]

(L]
[L1+ K, x (L +[SI/K,,)

x 100 (Eq. 2)

R (%) = (Eq. 3)
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From Eq. 3, given that both f;, and f, — 1, and f; remains unchanged,
it is clear that the AUC ratio (AUC’/AUC), the ratio of AUC in the
presence of inhibitor over that in the absence of inhibitor, is calculated
by Eq. 4:

AUC'  CL

AUCratio = —— = —" =T+[I]/K. Eq. 4
AUC - CL. [1/K; (Eq. 4)

int

where CLiy is the intrinsic clearance inhibited by the inhibiting
constituent; ' represents the value after alteration by herb-drug inter-
action. Since herbs usually contain multiple inhibitory constituents, a
herb-drug interaction in vivo is considered likely if the following is
true:

AUCratio =1+3" [1,1/K, ] (Eq. 5)
i=l
where [I;] is the maximal unbound inhibitor concentration of each
inhibitory constituent; Kjj, the inhibition constant for each
constituent; n, the number of inhibitory constituents in the herb.

The expected AUC ratio in steady-state concentration or the AUC
by an inhibiting constituent is dependent on the route of administra-
tion, as this will determine whether the drug undergoes first pass
metabolism in the liver and/or the gut /22/. If drugs are administered
by i.v. bolus, AUC ratio can be calculated by Eq. 6:

: ' L,/f
AUCratio:éU—C——_(_:is__CLtot — C h/lh

AUC C. CL,' CL,'%CL,/f,-CL,

tot

_ 1 (Eq. 6)
f, xCL,'/CL, +1-f,

where fj, is the fraction of hepatic clearance in total clearance; CL is
the hepatic clearance; and ' represents the value after alteration by drug
interaction.

For high clearance drugs administered by i.v. bolus, CL, is rate-
limited by the flow rate. When the altered CL;, remains rate-limited by
the flow rate, then CL; = CLy,’, i.e. AUC ratio = 1, AUC is not altered.
However, this is not true when the inhibition is extensive that CLy, is
not limited by the flow rate. However, for a low clearance drug
administered by i.v., the AUC ratio is given by Eq. 7.
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AUC ratio = L (Eq.-7)
f,xf xCL,'/CL,, +1-f, xf_

nt

where CL;jy, is the intrinsic clearance inhibited by the inhibiting
constituent; ' represents the value after alteration by herb-drug
interaction; and fp, is the fraction of the specific metabolic pathway in
hepatic clearance. In clinical settings, [S] is often much lower than
K, then the AUC ratio is given by the following equation:

1

AUC ratio = (Eq. 8)

P B B Py
a+[17K)]

Obviously, the AUC ratio is determined by K;, [I], fy, and f,, but not

by Km or [S]. It should be noted that multiple inhibitory herbal

constituents are always involved in the inhibition of the same meta-

bolic pathway of a drug, thus the AUC ratio is calculated by Eq. 9.

‘ (Eq.9)

% 1
,Z=1: [fh xf_ x{—(l+[l]/K,)}+l_fh xfm:|

The change in AUC,, after a single oral administration and that in Cqs
after repeated oral administration can be expressed by the following
equation, if the dose and administration interval is constant:

AUC ratio = ! (Eq. 10)

[f, xCL,'/CL, +1-f, ] ;:h

h

AUC ratio =

where Fy, is hepatic availability; ' represents the value after alteration
by herb-drug interaction. Since the first-pass hepatic availability is
close to unity for low clearance drugs, Eqs. 9 and 10 are also valid for
low clearance drugs administered orally. However, for high clearance
drugs administered by the oral route, the AUC ratio is given by Eq. 11,
if the dose and administration interval is constant:

AUCratio = ! (Eq. 11)

fr_x{—l—lﬂ—fﬂ

(+[M/K))
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When the herb contains multiple inhibitory constituents for CYP
enzymes, the AUC ratio is calculated by Eq. 12.
AUC ratio = ! J (Eq. 12)

3 P A N U
2 |t '[(1+[I]/Ki)J+l

i=1

Obviously, it is necessary to know the values of K;, [I], fi, fm, and n
to predict in vivo metabolic herb-drug interactions. The values of fj
and fi, can be determined from the urinary recovery of the parent
molecule and each metabolite. K; can be estimated by in vitro
inhibition studies using liver microsomes, hepatocytes and cDNA-
expressed cytochromes. However, the determination of these para-
meters is difficult for herbs which often contain multiple components
and low plasma levels are reached when administered.

RESULTS

The expected AUC ratio was mainly dependent on [I], K;, fj,
number of inhibitory herbal constituents (n) and f,. As shown in
Figure 1 for Eq. 5, herb-drug interactions would be with low risk if

Z [[I 1/ Kl(,)] is less than 0.1, medium risk if it is between 0.1-1.0,
and high risk if it is greater than 1. Table 1 shows the estimated AUC

10

Low Risk
84

64

AUC raio

4

24 emnmnnn :

1
z [k,

Fig. 1:  Quantitative prediction of herb-drug interaction based on inhibitor concen-
tration ([I;]) and inhibition constant (K;).

14
Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:14 AM



Prediction of Herb-Drug Interactions

Vol. 20, No. 3, 2004

v'T 100 g ap1io3yun
MO vO'l v0°0 vz 80°0 V apljodjuln TVIdAD o3yu D
84 SI°0 uronedAH
8600 S00  wuadiderg-grel
usiH 6€Y 6€'€ 60 01 uLIoyiadAH tVEdAD
9T s1°0 uloledAH
€C §0'0  uwadiderg-g['¢]
wnIpajy 81°1 810 ! S1°0 ulopadAy 9ATdAD
vl S1°0 PIRIRELIN S
WnIpajp 99°1 99°0 81 0l utiojradAy 60CTdAD
€€ 0 urja219nd)
wnipajy Il 110 $60  S0C  uluadiderg-giI'cl TVIdAD Momsuyor)s
uondeldRul QD
SIP-12Y  ONEIDAV [y, 7 OAT)  (AT) Juan3psuod pajiqryui
Jo sy pajew|;s Al z_ N . | ('l Jofey ,_.>u qH

apisI 1w pue o3yw3 ‘oM s,uyor 1§ 10§ ones DNV pue 'y 1]
[ 474dVL

150

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:14 AM



'/8€/ TOOT ‘1P 12 19qNZ PUE /LE/ T661 [0 12 10ASUIUAYAS M WOL 21 S[ISIY N[Iul 10§ Be(] */9€/ TOOT P 12 NOZ PUE /SE/[00T 70 32 LINEN
woy a1e 03YUID 10§ BRd /PE/ L661 P 42 IAJOUDI0IT PUR /£¢/ 8661 70 12 13QId */81/ 000Z 70 12 YoRqQ WOY SI¢ LOM S, UYof 1S J0j Tleq
*¢ uonzenbs Suisn pajewsa sem onel DNy

151

Drug Metabolism and Drug Interactions

S. Zhou et al.

$9 10 unsLAYg
I's z0 uue;pAlis

wnIpay LYl LY'0 67 12 uigA(is tVEdAD
9¢ 10 unsuAqlg
859 20 uluelpAJiS

Mo 80’ 80°0 L'8T 1z uig4pis 192dAD PSP AT

b'e 100 € apijosyuin

Mo €01 £0°0 A3 80°0 V 2pnodyuin YVEdAD
TS 100 g aprodyuin

noT 01 200 6'€ 80°0 Vv aprodyuin 9aTdAD
i 100 d apI[03yulD

#07 0’1 £0°0 1'C 80°0 vaplodsun  610TdAD
Al 100 g aprodyuin

Mo 60’1 60°0 60 80°0 V apijosyuin 602dAD

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:14 AM



Vol. 20, No. 3, 2004 Prediction of Herb-Drug Interactions

ratio (based on Eq. 5) with regard to CYP isoform inhibited by
individual herbal constituents using St John’s wort, ginkgo and milk
thistle as examples. It appears that St John’s wort might cause medium
to high risk for metabolic interactions with drugs that are primarily
metabolized by CYP1A2, 2C9, 2D6 or 3A4, whereas both ginkgo and
milk thistle would just cause low risk for metabolic interactions with
drugs that are mainly eliminated by these enzymes, with an exception
for CYP3A4 by milk thistle (AUC ratio = 1.47).

As shown in Table 2, the AUC ratio due to herb-drug combination
can be estimated using Eq. 9. Coadministration of St John’s wort was
expected to significantly increase the AUC values of most CYP3A4
substrates such as carbamazepine, cyclosporine A, indinavir, midazo-
lam and tacrolimus, but it would not remarkably change the AUC of
caffeine, theophylline (both CYP1A2 substrates) and dextromethor-
phan (CYP2D6 substrate). Digoxin, a minimally metabolized drug by
CYP3A4, would not interact with gingko due to metabolic interaction.
However, these predictions did not fall into reasonable ranges except
for theophylline (estimated vs observed AUC ratio: 1.07:1.00). Indeed,
coadministered St John’s wort significantly reduced AUC values of
most combined CYP3A4 substrate drugs in humans /26/, indicating
the induction of CYP3A4 and/or PgP. St John’s wort caused no
change of AUC for carbamazepine in humans. These findings reflect
the difficulties and complexity when predicting herb-drug interactions.

The effects of coadministered herb depend on a number of factors
associated with the herb, drug and the patient. For high clearance
drugs (e.g. imipramine and propranolol), their CLj, is rate-limited by
the hepatic blood flow rate (Q) but insensitive to changes in protein
binding and enzyme activity. When f, x CLiy >> Q, CLj, = Q. Thus the
change of fi, x f, had minor influence on AUC ratio when

2 [[Ii]/ Kim] values were fixed (Fig. 2). For low clearance drugs

such as diazepam and tolbutamide, hepatic metabolism often con-
stitutes the major pathway of their elimination, and CL,, of these drugs
is mainly affected by changes in their binding to plasma proteins (but
not affected by hepatic blood flow). Thus, the f;, values (usually
>0.75) of these drugs did not significantly affect the AUC ratio.
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Fig. 2:  Effect of hepatic (f,) and metabolic (f,) fraction on the AUC ratio.

DISCUSSION

A major safety concern is potential interactions of herbal products
with prescribed drugs. This issue is especially important with respect
to drugs with narrow therapeutic indexes (e.g. warfarin and digoxin)
/27/. This may lead to adverse reactions that are sometimes life-
threatening or lethal /28/. The clinical importance of herb-drug
interactions depends on factors that are related to drug (dose, dosing
regimen, and administration route) and patient (genetic polymorphism,
age, gender, and pathological condition) /29/. Generally, a doubling or
more in plasma drug concentration/AUC has the potential for en-
hanced adverse or beneficial drug response. However, less marked
pharmacokinetic interactions may still be clinically important for
drugs with a steep concentration-response relationship or narrow
therapeutic index. In most cases, the extent of herb-drug interaction
varies markedly among individuals, depending on inter-individual
differences in drug metabolizing enzymes (in particular CYP3A4) and
transporters (e.g. PgP), existing medical conditions, age, and other
factors. This will make the prediction of herb-drug metabolic
interactions difficult.
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There is importance in the prediction of herb-drug metabolic
interactions, as toxic or fatal herb-drug interactions may be avoided.
The present study attempted to predict herb-drug interactions based on
pharmacokinetic principles used for predicting drug-drug interactions.
It appeared likely to predict an herb-drug metabolic interaction if [I],
Ki, fi, fu and n could be determined. It is apparent that the
determination of both [I] and K, is the one of the most important but
also the most difficult step for prediction of herb-drug interaction.

However, unlike the prediction of metabolic drug-drug interactions
where there have been a number of successes with those drugs mainly
metabolized by CYP enzymes /30/, the prediction of herb-drug meta-
bolic interaction appears difficult for the following reasons: a) herb
preparations may contain multiple CYP-modulating constituents, with
unknown amounts and inhibition/induction potency for CYPs; b) the
inhibition/induction of CYPs by herbs may by temporally distinguish-
able, depending on the dose of the herb, administration route and
tissues; ¢) many herbs are used chronically; d) marked variability in
the content of herbal constituents /31/; and e) drug-related factors such
as inappropriate design of in vitro experiments; presence of extra-
hepatic metabolism; and active transport in liver. In addition, the in
vitro scaling of kinetic and inhibition data from human tissues is more
complex, particularly as the metabolism of many drugs by CYP3A4,
which metabolizes >50% of therapeutic drugs, is inconsistent with
classical Michaelis-Menten kinetic models /23,32/.
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