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Abstract

The concomitant use of herbal products and synthetic drugs necessitates the assessment of their interaction potentials. The herbal
hepatoprotective medicine, silybin A inhibits cytochrome P450 (CYP) 2C9 and 3A4 enzymes, thus, may interact with the drugs
that are substrates of CYP2C9 and 3A4, such as losartan. The three most prominent genotypes, expressed by CYP2C9 are the
CYP2C9*1/*1, CYP2C9*1/%2 and CYP2C9*1/*3. This study aimed to assess silybin A-losartan interaction in different CYP2C9
genotypes using physiological-based pharmacokinetic (PBPK) model approach. The individual PBPK models for silybin A and
losartan were developed using PK-Sim®. Losartan pharmacokinetics was predicted with or without co-administration of silybin
A in individuals of different CYP2C9 genotypes to find herbal-drug interaction. The predicted drug plasma curves and phar-
macokinetic parameters were optimized using parameter identification tool and were compared with reported pharmacokinetic
parameters from the published clinical studies for model validation. The silybin-losartan interactions were predicted by change in
area under the curve (AUC) and peak systemic concentration (Cy,,«). The co-treatment of silybin A, 420 mg/24 h (140 mg/8 h)
with losartan 50 mg/24 h, exhibited a genotype-dependent change in the losartan’s AUC and C,,,,x. In CYP 2C9*1/%*] genotype,
AUC and C,,, of losartan were increased 1.16 and 1.37 folds, respectively falling in a range stipulated for negligible interaction.
Increase in AUC and C,,,,, by 0.873 and 0.294 folds, respectively in CYP2C9*1/%3 after co-administration of silybin A exhibited
a minor interaction with losartan. However, in individuals with CYP2C9*1/%2 genotype, the losartan’s AUC and C,,,x were
decreased by 0.01 folds, manifesting a moderate interaction. Hence, in CYP2C9*1/*1 and CYP2C9*1/*3 genotypes, silybin Ais a
weak CYP inhibitor for losartan while in CYP2C9*1/*2 genotype, the co-administration of silybin consequents into a moderate
pharmacokinetic interaction with losartan.

Keywords Herbal drug interaction - Simulation study - CYP2C9 polymorphic genes - PBPK modeling - Silybin A and
losartan

Introduction interactions may alter response due to changed systemic

drug exposure [2]. Advances in scientific knowledge
Occurrence of drug interactions is a global issue [1]. After  regarding the natural products and the perception of their
co-administration of multiple drugs, e.g., over the counter  lack of side effects, have persuaded the consumers to use
products, foods or herbal medicines, most of the  herbal products [3]. Trend of the use of natural products is
increasing in western pharmacotherapy because these are
considered “natural”, which is linked with their safety [4].
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silychristin A, and silychristin B [7], yet silybin A is the
major bioactive component. Silybin A, obtained from the
Milk thistle or wild artichoke is among the top selling
herbal product around the World [8]. Despite, the thera-
peutic effects of silybin, its safety cannot be overlooked
[9]. Silybin A is reported to inhibit a variety of in-vitro
CYP isozymes, e.g., CYP2C8, CYP2C9, CYP3A4,
CYP2C19 and CYP2D6 [8], the most significant inhibition
being observed for CYP2C9 and CYP3A4 [10]. It is also a
P-glycoprotein (P-gp) inhibitor [11], though a consensus is
awaited. Silybin A is 23-47% absorbed orally, an indica-
tion of its low bioavailability, secondary to its poor solu-
bility [12] and poor permeability in gut epithelial cells.
After absorption, silybin undergoes extensive enterohepatic
circulation. Silymarin flavonolignans (silybin A and Sily-
bin B) significantly inhibit organic anion transporters
(OATP) in over-expressed cell lines and human hepato-
cytes [13]. Silybin A is metabolized by the intestinal and
hepatic CYP2C9 and CYP3A4 enzymes. It is highly
reactive with phase II conjugation and is rapidly eliminated
[14], majorly through bile and 1.2% through urine with a
half-life of 4 h [15, 16].

Silybin A is commonly prescribed and, self-adminis-
tered along with various drugs such as losartan; an anti-
hypertensive which is used for the treatment of heart failure
[17]. When administered simultaneously with other drugs,
silybin A may alter the effect of drugs because of its herb-
drug interaction potential [18], as it inhibits P-gp, OATP,
CYP3A4 and CYP2C9 [10, 11, 13]. Losartan, a prodrug is
a non-peptide angiotensin II receptor antagonist, which
inhibits the vasopressor effect of angiotensin II [19]. It is
transported prominently by P-gp and to a lesser extent by
other intestinal transporters [20]. Losartan assumes linear
pharmacokinetics [21] and is bioavailable approximately
33% after oral administration [22]. It undergoes first pass
metabolism [23] and is metabolized by the cytochrome
P450 (CYP) 2C9 and 3A4 isozymes. OATPs are the influx
transporters in hepatocytes and they play a role in losartan
hepatic uptake [20]. Losartan is converted to an active
metabolite, carboxylosartan, E-3174 approximately 14%
by CYP2C9 through an aldehyde-natured intermediate
metabolite, E-3179 [19, 21, 24], in known genotypes,
except in CYP2C9*1/*3 [21]. Though the carboxylic acid
metabolite of losartan is not a P-gp substrate, but displays
considerably higher affinity for other transporters than the
losartan [20]. The gene corresponding to CYP2C9 enzyme
is highly polymorphic [25] and is prone to the single-nu-
cleotide point mutations [26]. CYP2C9 has six polymor-
phic genes including: CYP2C9*1/*1, CYP2C9*1/%2,
CYP2C9*1/%3,  CYP2C9*2/*3, CYP2C9*2/%*2  and
CYP2C9*3/*3 [27]. Some polymorphisms are bland, such
as CYP2C9*1/#] which is a homozygous genotype and
represents wild type activity [28]. A couple of genetic
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polymorphisms vary from the wild-type genotype by single
point mutation [26], causing altered three-dimensional
protein structure by changing amino acid sequence, which
modifies the enzyme activity. For instance, the CYP2C9*1/
*2 and CYP2C9*1/*3 genotypes show 12% and 5% lower
enzyme activity for other drugs, respectively as compared
to the wild type in different populations [29-31]. Further-
more, losartan is not bio-converted to EXP 3174, because
later is absent in CYP2C9%3/%*3 genotype [21]. The
CYP2C9*1/*1 and CYP2C9*1/*3 variants of CYP2C9 are
the major alleles while CYP2C9*1/%2 is rare in South-East
and East-Asian populations [32]. The CYP genes’ poly-
morphism and its variability in genotype frequencies in
different ethnic populations lead to altered drug response,
therapeutic failure, toxicity or higher adverse drug reac-
tions [33]. Losartan is secreted by OATP, similar to the
classic p-aminohippurate (PAH) transporter [34]. Since
losartan is a substrate for P-gp, OATP, CYP2C9 and
CYP3A4 [35-37] and its gene coding for CYP2C9A are
polymorphic [27], thus interactions of varying magnitude
are expected in different genotypes with silybin A; an
inhibitor of P-gp, OATP, CYP2C9 and CYP3A4
[10, 11, 13].

A real time study on silybin A-losartan interaction has
already been carried out in human volunteers of two
genotypes CYP2C9*1/%] and CYP2C9*1/*3 in Chinese
population [8]. To our best knowledge, the effect of silybin
A on losartan pharmacokinetics has not been assessed in
CYP2C9*1/*2 genotype. The recent Drug-Drug Interaction
guidelines recommend using the modeling and simulation
approaches to interpret drug-drug interactions [38]. Physi-
ologically based pharmacokinetic (PBPK) modeling, a
simulation approach is used to assess interaction involving
herbs and drugs [39]. Hence, in this study, the herb-drug
interactions between silybin A and losartan in different
CYP2C9 genotypes, were assessed using the PBPK
modeling.

Materials and methods
Software tools

PK-Sim®, Version 8.0.1 (Bayer Technology Services,
Leverkusen, Germany) was used to develop PBPK models
of silybin A and losartan. The blood level time profiles of
silybin A and losartan from reference clinical studies were
digitized using GetData Graph Digitizer, Version
2.25.0.32164. For making the graphs of senitivity analysis
and goodness of fit plot, Microsoft Excel 2013 and statis-
tical software R version 4.1.2 were used.
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Development of PBPK model

The scheme for the development of PBPK models is given
in Fig. 1. Data from the reference clinical studies for
silybin A and losartan [8, 21] were used to develop PBPK
models in the virtual individual and then in the virtual
population.

PBPK model of silybin A

The physicochemical properties of Silybin A including
molecular weight, fraction unbound, lipophilicity, pKa,
plasma protein binding and solubility, given in Table 1
were entered in the respective data nodes of PK-Sim.
Demographics; including population ethnicity, population
size, proportion of females, body mass index (BMI),
height, age, weight, and the dose of silybin A (Table 2)
were entered according to reference clinical study [8]. The
formulation release was entered as Lint 80; the time
interval added as an input parameter at which a dosage
form releases 80% of the drug. For silybin A, 45 min was
incorporated as an input parameter to release 80% of
silybin A from its formulation [7]. The enterohepatic
cycling of silybin A was taken into account in the model
development. Hepatic K, and V., values of silybin A,
respectively of 54 (umol/l) and 138,000 (ml/l/min) were
taken according to the reported study [4]. The PK-Sim-
generated values for intestinal permeability (in cm/min),
and biliary clearance were optimized, according to a
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procedure cited in literature [40] in order to accomplish the
appropriate drug exposure according to the reference [4].
The value of CYP2C9 Kt Was 0.221/min added in the
inhibition parameters of PK-Sim, while reference values
for CYP3A4 Ki and CYP3A4 K;,.c Wwere 26.5 pmol/l and
10.22/min which were further optimized by PK-Sim, itself
[40].

PBPK model of losartan

Table 1 shows the physicochemical properties (molecular
weight, fraction unbound, lipophilicity, pKa, plasma pro-
tein binding and solubility) of losartan added in the
respective data nodes of PK-Sim. Similarly, the demo-
graphics (population ethnicity, population size, proportion
of females, BMI, height, age, weight) and dose of losartan
(Table 2) were entered according to the reference [21, 47].
The values of losartan renal and hepatic clearance of
75 ml/min and 11.1 ml/min/kg, respectively, incorporated
in the software were taken from the literature [41, 48].
Losartan release type was entered as Lint 80, whereby
15 min was entered for 80% losartan release. The reference
values used for MDCK-MDRI1 K,,, Caco-2 km, MDCK-
MDR1 V.« and Caco-2 V., were 403.2 + 15.2 uM,
232 £ 79 uM, 199.7 + 8.8 nmol/cm?*min and 92.8 =+
2.9 nmol/cm?/min, respectively [49]. However, for losartan
simulation, the values of intestinal permeability and renal
clearance were optimized by PK-Sim [4]. K, and V.
values for different genotypes were incorporated in the
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Fig. 1 Workflow for the evaluation of drug interaction between silybin A and losartan through PBPK modelling
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Table 1 Physicochemical

parameters of silybin A and Parameters Silybin A Losartan
losartan entered in PK-Sim Value used Reference Value used Reference
Molecular weight (g/mol) 482.44 [4] 422911 [41]
Fraction unbound (%) 0.04 [4] 1.40 [42]
Lipophilicity (LogP) (log units) 1.94 [43] 1.19 [44]
pKa
Strongly acidic 7.75 [45] 7.40 [44]
Strongly basic -3 [45] 4.12 [44]
Plasma protein binding Albumin [46] Albumin
Solubility at reference PH (mg/1) 77.3 0.82 [41]
Table 2 Demographics of population for simulation of silybin A and losartan pharmacokinetics
Agent Population Population  Proportion of BMI (kg/ Height Weight  Age Dose Application Reference
ethnicity size female mz) (cm) (kg) (years) (mg)
Silybin  Asian 96 46 20.78 169.96 60.03 18-65 420 Oral TID [8]
A
Losartan Chinese 12 0 24.19 170.11 70 21.90 50 Oral OD [21]
Korean 100 50 20.71 170.17 59.98 26 50 Oral OD [47]

*PBPK physiological based pharmacokinetic modeling, BMI body mass index, TID three times a day, OD once daily

model development. The PK-Sim-default values for the
small intestine transit and gastric emptying times for the
drug were used. Individual models were combined through
CYP2C9 and P-gp inhibition to determine the herb drug
interaction between silybin A and losartan in CYP2C9*1/
*], CYP2C9*1/%2, and CYP2C9*1/*3 genotypes.

Parameter sensitivity analysis

The parameter sensitivity analysis of PBPK model was
performed for silybin A, losartan and their interaction
profile to assess the influence of already assessed model
parameters on the simulated values of area under the curve
(AUC). The sensitivity value of £ 1.0 indicates a change
of 10% of the analysed parameters.

Validation of PBPK model

Model validation was performed by comparing the pre-
dicted and clinically acquired pharmacokinetic parameters
obtained from literature [21, 47]. Furthermore, the simu-
lated model of losartan in Korean population was designed
only for the purpose of validation of losartan PBPK model
and thus, no interaction was studied with the said simula-
tion. The interaction model for CYP2C9*//*] and
CYP2C9*1/*3 were validated using the reported clinical
study in Chinese population [8]. For CYP2C9*1/*2 geno-
type, no interaction study was available in literature.

@ Springer

PBPK interaction model simulation

The model for silybin A (perpetrator drug) and losartan in
Chinese (victim compound) were connected through the
mechanism-based inhibition (irreversible) of hepatic
CYP2C9 [4]. Simulations were conducted following an
oral dose of 140 mg three times daily (420 mg/day) of
silybin A to determine the clinical relevance of interac-
tions, if any. For simulation of each genotype group, only
the in-vitro metabolic rate was adjusted according to
CYP2C9 genotype outcomes from the simulated profiles as
given in Table 3.

Table 3 Formation rate of E-3174 from losartan in subjects of dif-
ferent CYP2C9 genotypes

Genotype K,* Vimax ¥ ¥ Vinax/Kin##*  Reference
CYP2C9*1/'1 44+ 14 335+ 188 74+28 [50]
CYP2C9*1/2 76443 339497 52+18

CYP2C9'1/3 63410 168495 27+16

k * michaelis menten constant for enzyme activity, V *#* maximal velocity, V /

m . i . i . max max
K ##*% ratio of maximal velocity and Michaelis constant
m
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Determination of magnitude of herbal-drug
interaction

Among several criteria for inferring the magnitude of herb-
drug interaction, the ratio of predicted AUC and C,,,, after
administration of losartan alone to the observed AUC after
concomitant silybin A-losartan was considered. Where the
above parameters were increased (i.e., where enzymes
were inhibited), the interaction magnitude was interpreted
as minor, if ratio was > 1.25 to < 2, moderate, i.e., > 2 to
4.9 and severe, if the ratio was > 5 [51]. When the above
ratios of parameter were decreased after interaction (i.e.,
where the enzymes were induced), the ratios of the
parameters were reversed and the same criteria was
implemented for concluding the magnitude of interaction.

Results

Predicted pharmacokinetic parameters of silybin
A and losartan in virtual individual
and population

The predicted plasma concentration time profiles in com-
parison to the mean values of observed profile from ref-
erence clinical study of silybin A and losartan for their
respective virtual individual and population are shown in
Figs. 2 and 3. AUC after the administration of 140 mg TID
silybin A tablet was 4.35 and 2.53 pmol.h/l in virtual
individual and virtual population. The Cy,,x and t;,x were
0.32 pmol/l, 3.2 h, for individual and 0.5 pmol/l, 2.75 h
for population, respectively (Table 4). The AUC values
after the administration of 50 mg losartan in Chinese vir-
tual individual and population were 1082 ng.h/ml and
1125.65 ng.h/ml, respectively. The Cp.x and t;., were
329 ng/ml and 1.1 h in individual and 289 ng/ml and
1.5 h, respectively in population. Furthermore, the AUC
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values after the administration of 50 mg losartan in Korean
virtual individual and population were 1199.86 ng.h/ml
and 1531 ng.h/ml, respectively. The C.x and t.., were
440.76 ng/ml and 2.46 h in individual and 302 ng/ml and
2.8 h, respectively in population.

Predicted interaction of silybin A with losartan
in different genotypes

The predicted interaction between silybin A 420 mg TID
and losartan 50 mg OD in different CYP2C9 genotypes
(Chinese) are given in Fig. 4 and Table 5. In virtual
CYP2C9*1/*1 genotype, the AUC of losartan was
increased from 1051 to1220 ng.h/ml (1.16 folds increase).
The Chax, Was elevated from 250.88 to 346.07 ng/ml and
tmax Was decreased from 2.30 to 1.65 h (Table 6). In
CYP2C9*1/%2 the AUC was decreased from 1211.85 to
22.57 ng.h/ml (— 4.6 folds), C,,.x, decreased from 260.79
to 3.14 ng/ml (— 4.6 folds) and t,,,x was reduced from 2.30
to 1.35 h, respectively. In CYP2C9*I/*3 genotype the
AUC and C,.. Wwere increased from 768.99 to
880.09 ng.h/ml (— 0.13 folds), and from 179.57 to
609.85 ng/ml (— 1.39 folds), respectively and t;,, was
reduced from 2.40 to 0.80 h (3 folds).

Sensitivity analysis and goodness of fit plot

The results for sensitivity analysis and goodness of fit plot
are shown in Fig. 5.

Discussion

This study focused on prediction of impact of silybin A on
the pharmacokinetics of losartan when co-administered in

different CYP2C9 genotypes. PBPK models were devel-
oped, separately for the compound alone and in
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Time [b]

Fig. 2 Predicted mean plasma concentration time profile of silybin A following 140 mg TID in comparison to clinical study [4] a virtual
individual, b virtual population; shown as red dots: observed data, black solid line: predicted data
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Fig. 3 Predicted mean plasma concentration time profile of losartan
following single oral administration of 50 mg compared to clinical
studies [21, 47]: a Chinese virtual individual, b Chinese virtual
population (blue and red dots): observed data (red and black solid
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lines): predicted data, shaded area shows 5th and 95th percentile,
¢ Korean virtual individual and d Korean virtual population (green
dots): observed data (black solid lines): predicted data, dotted lines
shows 5th and 95th percentile

pharmacokinetic parameters of Drug Parameters Predicted data Observed data Reference
silybin A 140 mg TID and Individual Population
losartan 50 mg OD in virtual
individual and population Silybin A AUC(.54 (umol.h/1) 4.35 2.53 5.92 [4]
Chnax (umol/1) 0.32 0.51 0.38
tmax(h) 32 2.75 3.6
Losartan (Chinese) AUCy.»4 (ng.h/ml) 1082 1125.65 808 £+ 193 [21]
tmax (h) 1.1 1.5 1.11 0.71
Chax (ng/ml) 329 289 262 + 81
Losartan (Korean) AUC.»4 (ng.h/ml) 1199.86 1531 1334.9 [47]
tmax (h) 2.46 2.8 Not given
Chnax (ng/ml) 440.76 302 440.2

combination with herbal product. The drug physicochem-
ical parameters, doses and the patient demographics were
taken into consideration in the PBPK model development
to obtain the same pharmacokinetic parameters as reported
in the reference clinical studies for the respective drugs
[4, 21]. The predicted models for both compounds were
validated by comparing the observed pharmacokinetic
parameters of both drugs to the in vivo studies. The sen-
sitivity analysis and goodness of fit were employed to
further optimize the predicted parameters for the developed
models before and after interaction.
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The oral PBPK model of silybin A was established by
using a reference clinical study [4] at a dose of 140 mg
TID. In the present study, the blood level time curve of
silybin showed a rapid elimination; in line with the
reported rapid conjugative metabolism along with excre-
tion primarily through bile, resulting in shorter half-life and
less systemic exposure [14]. A higher than the customary
oral or intravenous doses are needed 2-3 times daily to
overcome the extensive first pass metabolism of silybin A
[52], that is a justification of TID dose of silybin A. The

present predicted AUC of silybin in the virtual individual
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A 420 mg multiple oral dosing in CYP2C9*1/*1 genotype: a indi-
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Table 5 Pharmacokinetic parameters of losartan alone in virtual individual and population in different genotypes

Pharmacokinetic CYP2C9*1/*1 CYP2C9*1/%2 CYP2C9*1/%3
Parameters - - -
Observed Simulated/ Reference Observed Simulated/ Observed Simulated/ Reference
Predicted Predicted Predicted
AUC (ng.h/ml) 854.3 £+ 236.9 1051.42 (8] No study 1211.85 816.3 £+ 282.9 768.99 [8]
Chnax (ng/ml) 323.3 £121.0 250.88 available 260.79 260.8 + 150.4 179.57
tmax (ng/ml) 1.86 &+ 0.80 2.30 2.30 1.93 + 0.75 2.40
(4.35 pmol.h/I) was close to the reported AUC  losartan metabolism, leading to higher concentration of

(5.92 umol.h/1) [4] and in virtual population, it was lesser
(2.53 umol.h/I) due to interindividual variability. The
predicted t,,x of silybin A in virtual individual and popu-
lation, 3.2 h and 2.75 h were close to the reported t;.x
(3.6 h) showing the validation of the developed PBPK
model for the silybin A [4].

The model for losartan after 50 mg oral dosing was
developed using reference study and the simulated phar-
macokinetic parameters were reasonably well in accor-
dance with the reference [21, 47, 48]. In model
development, losartan metabolite was not considered as an
individual compound, as metabolite concentration was
dependent on the concentration of losartan. Therefore,
entering losartan alone was deemed enough. Nevertheless,
the influence on model without addition of metabolite
could not be assessed. Furthermore, Silybin-A also inhibits

losartan’s active metabolite, E-3174 [53]. The predicted
AUC of losartan in Chinese virtual individual (1082 ng.h/
ml) and in population (1125.65 ng.h/ml) were close to the
reported study [21]. The simulated t,,, of losartan (1.1 h),
was similar to the reported t.,, of 1 h. However, the
simulated t,., for the population (1.5 h) was slightly
higher than the reported value possibly, due to interindi-
vidual variability. Moreover, the predicted AUC of losartan
in Korean virtual individual (1199.86 ng.h/ml) and in
population (1531 ng.h/ml) were close to the reference
study [47]. The simulated t,,,, of losartan was 2.46 h and
2.8 h in individual and population, respectively. Both
models were validated using the reported studies.

After co-administration of silybin A, AUC, C,.x and
tmax Were altered in a genotype-dependent manner. In the
individuals of CYP2C9*1/*] genotype, when, silybin A

@ Springer



318

Journal of Pharmacokinetics and Pharmacodynamics (2022) 49:311-323

@ Springer

Table 6 Predicted Pharmacokinetic parameters of losartan alone and in combination with silybin A in different genotypes

CYP2C9*1/%3

CYP2C9*1/%2

CYP2C9*1/*%1

Pharmacokinetic

parameters

Lnratio Magnitude

Fold

With

Losartan
alone

Lnratio Magnitude

Ln ratio Magnitude Losartan With Fold
alone

Fold

Losartan

Losartan
alone

ratio®*

Silybin

ratio™®*

Silybin

ratio®*

with Silybin

880.09  0.873 — 0.13  Minor
- 1.39
1.09

768.99

Moderate

— 4.6
— 4.6

0.01

22.57

1211.85

Minor

0.14

0.31
—0.342

1.16
1.37
0.71

1220

1051.42

AUC(ng.h/ml)
Crnax(ng/ml)

tmax(ng/ml)
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Fold ratio** = Predicted value (losartan + silybin A)/Predicted value of losartan alone

was co-administered, a 1.16 folds (In ratio of 0.14) increase
in AUC and 1.37 folds (In ratio of 0.31) of losartan con-
centration was observed, which was comparable to the that
of reported study in the same genotype [8]. Similarly, the
inhibition of CYP2C9 in CYP2C9*1/*3 caused an
increased in losartan AUC and C,h,, concentration to
0.873folds (In ratio -0.13) and 0.294 folds (-1.39),
respectively, also in accordance with the reported study in
CYP2C9*%1/*3 genotype [8]. Therefore, altered pharma-
cokinetic parameters in CYP2C9*1/*] and CYP2C9*[/*3
genotypes could be ascribed to the silybin A-led inhibition
of P-gp, and OATP but, primarily the inhibition of
CYP2C9, an enzyme encoded by polymorphic gene and the
major isoenzyme involved in oxidation [54]. An already
reported 5% lower CYP2C9 activity [33] had not markedly
effected the losartan systemic concentration in CYP2C9*1/
*3 genotype. The genetic polymorphism of enzymes results
in the interindividual variations in losartan oxidation and
activation [50].

A strong inhibitor accounts for a > 5-fold (In ratio
of > 1.609) increase in AUC of substrate whereas a strong
inducer causes a > 80% increase in clearance rate.
Moderate inhibitors can produce a >2-fold (In ratio of >

1.589) increase in AUC and a decrease clearance by
50-80%; while the weak inhibitors have capacity to cause a
clinically relevant > 1.25— < 2-fold (In ratio between
0.222 and 0.688) increase in AUC and a decrease in
clearance rate up to 20-50% [55]. Based on the above
criteria, silybin A in CYP2C9*1/*1 and CYP2C9*1/*3
genotype exhibited a minor interaction with losartan, since
CYP2C9*1/*1 showed a wild type enzyme activity and
CYP2C9*1/*3, exhibited only 5% lesser CYP2C9 activity
[33]. Silybin A is a mechanism-based inhibitor of losartan
metabolism that is why AUC was increased in these
genotypes [56]. The reduced t,,, indicated a faster
absorption, resulting in prolongation of half-life and less-
ening of drug elimination due to lesser metabolism. All the
above factors, albeit increased the systemic drug concen-
tration, yet without a relevant interaction. Thus, silybin A
in the above genotypes could be categorized as the weak
inhibitor of losartan metabolism.

The enzyme coded with CYP2C9*1/*2 genotype mani-
fests into a 12% decreased enzyme activity, thus in this
genotype, the systemic losartan concentration has already
been reported to be higher [33]. In this study, it was
expected that the inhibition of P-gp, OATPs and CYP2C9
with co-administration of silybin A [10, 11, 13], would lead
to an increase in systemic losartan concentration, thereby
higher C,,,x and AUC. Instead, in CYP2C9*1/*2 genotype,
a tremendous decrease in losartan AUC and C,,, to
0.01folds (In ratio-4.6), was observed for both parameters,
showing a moderate interaction between silybin A and
losartan. A marked decrease in losartan absorption in the
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CYP2C9*1/*2 genotype was a surprise in this study. In an
attempt to explain the above phenomenon, following rea-
sons could be given.

The inhibition of the transporting function of P-gp,
decreases the efflux (excretion) of drugs or their metabo-
lites into urine, bile and intestinal lumen and increases their
penetration and accumulation in tissues [57]. Nevertheless,
most of the studies about silybin-led P-gp inhibition are
pre-clinical, carried out in cells or animals, and indeed, the
findings of the related clinical studies remained inconclu-
sive. Milk thistle (containing 80% silymarin), at a daily
dose of 900 mg does not affect P-gp substrate, digoxin
[58], showing silybin has no effect on P-gp transporter.

12
Time [h]

21 24

140 mg, e losartan 50 mg, f interaction profile of silybin A 140 mg
TID and losartan 50 mg OD).The solid line (black) represents the line
of unity, the dashed line indicates 2 and 4-fold deviation (gray and
black), respectively (color figure online)

Contrarily, silymarin has been reported to significantly
increase the plasma concentration of talinolol; a typical
P-gp substrate [59], indicating inhibition of P-gp trans-
porter. Silymarin has also been reported to increase the
clearance of metronidazole with a concomitant decrease in
half-life, C,.x, and AUC, which has been ascribed to the
induction of both intestinal P-gp and CYP3A4 [60]. In line
with the above, silybin A could be presumed to induce
intestinal P-gp (and CYP3A4) in CYP2C9*1/%2 genotype,
rather than inhibiting them. Furthermore, losartan itself is
reported to be a P-gp inducer [57].

There may be a functional interaction between cyto-
chrome P450 3A-dependent metabolism and P-gp
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transporter in a way, that losartan was converted to a
metabolite [61]. An interplay exists between intestinal CYP
enzymes and P-gp, causing a slow and steady concentration
reaching to systemic circulation and facilitating a linear
losartan pharmacokinetics [21]. If silybin was an inhibitor
of the P-gp and CYP enzyme, this caused a lesser losartan
metabolism, leading to a higher concentration that might
initiate a saturation elimination kinetics where the half-life
was usually prolonged while the systemic drug concen-
tration was lesser. Furthermore, a higher level of protein
binding of losartan, leaving less free drug in the blood
could also be a reason for lower losartan concentration.
Silybin A significantly inhibits OATP transports in hepa-
tocytes which influx losartan into liver with an unestab-
lished mechanism [20]. Thus, losartan’s hepatic uptake
would be inhibited and lesser drug would be metabolised,
leading to more concentration, a reason again for possible
initiation of saturation kinetics. Losartan’s carboxylic acid
metabolite which displays considerably higher affinity for
the transporters, (other than P-gp) than the losartan, may
compete for an unknown absorption-mediating transport of
the losartan, leading to a lesser concentration. It can also be
hypothesized, that the inhibitors or inducers of proteins,
which are involved in the active transport of the losartan
metabolite, may have an impact upon losartan absorption,
although losartan itself might not be a substrate of such
transporters [20]. A further reason for the decline in
losartan’s AUC in CYP2C9*1/%2 genotype could probably
be any other event(s) instead of the inhibition caused by
silybin A. Nevertheless, to support the above phenomena,
the literature is not available.

Furthermore, in genotype CYP2C9*1/%2, the lower
predicted losartan concentration could be due to short-
comings in the PBPK model development. Nevertheless,
the models were validated using the reported study for
genotypes CYP2C9*[/*] and CYP2C9*1/%3 [4, 8, 21]
with in-built module of parameter identification as the
predicted pharmacokinetic parameters were commensu-
rable with the observed data. Therefore, the likelihood of
potential perils in PBPK outcomes is very less. However, a
real clinical and pharmacokinetics investigation is required
because, hitherto no such studies are available for losartan
with co-administered silybin A in the individuals of
CYP2C9*1/%2 genotype. The above are important, not only
to confirm the findings of this study but also because, any
modulation of the CYP and P-gp activities could cause
significant changes in the pharmacokinetics of losartan and
its active metabolite, EXP3174 [62].

If a real time study confirms the present findings in
CYP2C9*1/*2 genotype, there would be need for revisiting
the assumption of inhibition of CYP2C9, when silybin A is
concomitantly administered. The losartan concentration
could be decreased in the genotype, to an extent where

@ Springer

losartan might not produce its effect. Losartan, being a
prodrug does not produce therapeutic effect till it is
metabolized to active compounds. Administration of
CYP450 inducer and inhibitor can lead to an exaggerated
response or therapeutic failure, respectively. Administra-
tion of prodrug to the slower metabolisers can result in
lower therapeutic response secondary to production of little
or no active drug [63]. Therefore, the clinical strategy
(dose, administration frequency of losartan) might be
adjusted according to the genotype of the individuals.
Furthermore, if the clinical studies confirm the modifica-
tion of losartan in presence of silybin A, then its effect
would also be expected for other commonly prescribed
major CYP2C9-substrates. For instance, CYP2C9 is the
major enzyme responsible for the metabolism of com-
monly prescribed drugs, e.g., S-warfarin, tolbutamide,
glipizide, phenytoin and several non-steroidal anti-inflam-
matory drugs [25, 64]. Thus, such drugs are the good
candidates for evaluation of drug-drug and herb drug
interactions.

As stated, earlier, interaction magnitude could be
inferred using a reported criterion [51]. Nevertheless, lit-
erature cites a couple of different criteria for different
pharmacokinetic parameters, prominently AUC, C,,.«, and
clearance. The criterion in use requires reversing of ratio in
case of the decrease in the AUC and C,,,,, i.e., in enzyme-
induction based interactions. To overcome the above lim-
itations, the present study validated a literature-cited
modified criterion obtained by converting the ratio of
predicted AUC, C.x and t.. to that of the observed
respective parameters from the reference to log natural (In).
This In-converted ratio, appropriately stated the effect-
boundaries for interactions, with a side benefit of defining
the nature of interactions, i.e., enzyme inhibition or
induction, by the plus or negative signs, respectively, as
shown in Table 6. The values of the proposed criteria,
0.222-0.688, 0.693-1.589 and greater than 1.609 reflect
minor, moderate and higher interactions, respectively for
enzyme inhibitors while the above values with negative
signs demonstrate interactions magnitude for enzyme
inducers.

Conclusion

Silybin A changed the AUC and C,,,x of losartan in a
genotype-dependent manner. The pharmacokinetic inter-
actions between silybin A and losartan were minor when
concomitantly administered at normal doses in genotypes
CYP2C9*]/*¥] and CYP2C9*1/%3. However, moderate
interaction was found in CYP2C9*[/*2 genotype. There-
fore, in clinical practice dose adjustment of losartan might
not be required in CYP2C9*1/*¥] and CYP2C9*1/*3
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genotypes as silybin A weakly inhibited the losartan
metabolism in the above genotypes while, dose adjustment
might be considered in CYP2C9*//*2 genotype. Never-
theless, real clinical studies are required to substantiate the
above findings.
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