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Abstract

Aconitine (AC), the main efficient and toxic components of FUZI,
has been studied extensively, but the investigation of appropriate in
vivo pharmacokinetic model are limited. The aim of this study was
to develop Physiologically Based Pharmacokinetic models (PBPK) to
predict organ exposure in different doses and methods of adminis-
tration. Moreover, Paeoniflorin (PAE) and Glycyrrhetinic Acid (GA)
were selected to develop a Drug-Drug Interaction (DDI) model with
AC. The developed AC-PBPK and relative DDI model of multiple per-
petrator drugs was able to adequately describe plasma concentra-
tions and tissue distribution in rats. Furthermore, drug exposure by
different administration forms were compared. The effects of drug
compatibility on the pharmacokinetics of AC in rats were revealed.
This study constructed accurate AC-PBPK and its relative DDI model
for the first time, which is suitable for rats with multi-doses and
routes of administration. It can be extrapolated to predict the in
vivo exposure of AC, solve the problem that the drug concentration
in tissue is difficult to obtain, which is applied to clarify the ADME
process and toxicity mechanism of AC.
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Introduction

Aconiti Lateralis Radix Praeparata (FUZI), is one of the fa-
mous traditional Chinese medicine, which known as "the pri-
mary medicine to restore yang and save reverse". The clinical
application of FUZI in traditional Chinese medicine has a history
of thousands of years and was mainly used for the deficiency
of vital energy and the exhaustion of pulse. Aconitine (AC), is
mainly pharmacologically active compounds and toxic ingredi-
ents of Aconiti Lateralis Radix Praeparata (FUZI). As the quality
control components of FUZI, AC is closely related to the toxicity
and efficacy of FUZI related preparations. For instance, accord-
ing to the announcement on the catalogue of several drug stan-
dards issued by the China Food and drug administration (CFDA,
WSs3-b - 3427-98-2013 Shenfu injection), the content of AC in
Shenfu injection should be regulated at 0.1mg/ml to maintain
the balance between efficacy and toxicity. However, the strong
cardiotoxicity and neurotoxicity of AC make it severely resis-
tant in clinical therapy, meanwhile, hepatotoxicity has been re-
ported frequently. Scholars all over the world have studied the
toxicity mechanism of AC. Wang et al. found aconitine induce
apoptosis through mitochondrial-mediated and death recep-
tor signaling pathways in HT22 cells [1]. Qing Xia discussed the

developmental toxicity in zebrafish embryo/larvae induced by
AC [2]. AC can prolong cardiac QT interval and induce liver cell
apoptosis [3], resulting in cardiac and liver toxicity. With a nar-
row therapeutic index, serious toxic effect may occur even if the
oral dose of AC is a little bit higher than the therapeutic dose.
Existing research focused on the toxicological mechanisms of
AC, but limited data are available on its Absorption, Distribu-
tion, Metabolism and Excretion (ADME) processes. Besides, the
relationship between the change of in vivo concentration and
compatibility detoxification was rarely reported. AC are mainly
transported by P-glycoprotein (P-gp) [4]. P-gp is expressed in
small intestinal epithelium, heart, liver and brain, which hinders
in vivo absorption of AC. Cytochrome P450 enzyme (CYP450) is
involved in the metabolism of diester Aconitum alkaloids in hu-
man liver [5]. As the metabolic substrate of CYP3A, AC is mainly
metabolized by CYP3A1/2 in rats, which could decrease the tox-
icity after metabolism [6,7]. Licorice and Chinese herbaceous
peony impact on the expression of metabolic enzymes, mainly
CYP3A1/2 in rat liver [8,9], and accelerate the metabolism of AC
in rat liver microsomes, which reduce the toxicity of AC [10,11].
Glycyrrhetinic Acid (GA) and Paeoniflorin (PAE), the main com-
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ponent of licorice and Chinese herbaceous peony, can also af-
fect the expression of CYP450 enzyme and P-gp [9,12]. Above
all, we hypothesis the reduction exposure of AC may be induced
by GA and PAE through CYP3A and P-gp.

Lack of effective methods to predict toxicity limited the ap-
plication of AC. In recent years, Physiologically Based Pharma-
cokinetic (PBPK) model has been widely concerned for a pow-
erful tool to quantitatively delineate how certain extrinsic and
intrinsic factors might influence the nonproportional systemic
exposures [13,14]. Because it can accurately predict the ADME
process and organ exposure based on drug-dependent physi-
cochemical and PK parameters as well as drug-independent
physiologic systemic parameters, PBPK model is widely used in
the prediction of new Drug-Drug Interaction (DDI) [15,16]. How-
ever, there are few reports on the prediction of target organ
exposure of toxic components of traditional Chinese medicine
by PBPK model. This study intends to establish a PBPK model
approach to predict AC exposures in rats after various routes of
administration and the effect of GA and PAE on the in vivo con-
centration of AC. To achieve this, key in vitro and in vivo para-
ments for AC were collected. Then a bottom-up combined with
top-down PBPK model was developed and applied in the as-
sessment of linear PK in rats, at least from the range of 0.5mg/
kg to 1.5mg/ kg. Finally, a DDI-PBPK model was built to predict
the effect of DDI drug on the in vivo process of AC.

Materials and Methods
Simulation of PBPK Models

The physicochemical and biopharmaceutical parameters re-
quired for drug modeling were obtained by consulting the litera-
ture. The missing parameters are predicted by ADMET predictor
(Table 1). Import the modeled compound structure into gastro
plus software (simulations plus, Inc., California, United States),
and input the parameters obtained from literature, predicted
parameters and relevant pharmacokinetic parameters obtained
from experiments (including metabolism, transport related
parameters and measured tissue/plasma partition coefficient)
into the software. Advanced Atrioventricular Absorption and
Transport (ACAT) model was used to simulate the concentration
time curve, and the individual PBPK models of each compound
were established respectively. The established rat PBPK model
was further optimized by the observed values and work flow
was listed as (Figure 1).

Volume of Distribution and Tissue to Plasma Partition Coef-
ficient

The permeability-limited tissue model (Figure 2) was se-
lected for the model optimization by Analysis of AC properties.
Steady state volume of distribution (V) is estimated according
to Poulin & Theil-Extracellular, as described by Eq.1. Initial V_
and Kp value (Table 2) were further optimized by the observed
PK data.

Vee =V + Ve =E:P + LV,+=Kp = (1—-ERy) Equation.1

Where V) is volume of plasma, V_represents erythrocyte vol-
ume, E: P is erythrocyte to plasma concentration ratio (calcu-
lated from blood/plasma concentration ratio and hematocrit),
V, represents tissue volume and ER is the extraction ratio for a
given tissue.

Simulation of DDI Models

DDI modules were added to the established AC-PBPK mod-

Table 1.1: Physicochemical and PK parameters of AC used for PBPK
models.

Parameter Value Source (PMID)
Molecular weight (g/mol) 645.75 Measured in this study
Log P 0.3 Pubchem
Solubility at pH 9.32(mg/ml) 0.76 Gastro Plus 9.8
Papp(cm/s*1075) 0.076 23200901
Fup 0.72 EPA DataBase
Rbp 0.72 Gastro Plus 9.8
pKa 5.88 CAS DataBase

Table 1.2: Physicochemical and PK parameters of PAE used for PBPK
models.

Parameter Value Source (PMID)
Molecular weight (g/mol) 480.47 Measured in this study
Log P -0.19 Pubchem
Solubility at pH 7(mg/ml) 50.57 Gastro Plus 9.8
Papp(cm/s*10A5) 0.07 Drug bank
Fup 0.55 EPA DataBase
Ry, 0.74 Gastro Plus 9.8
pKa 5.88 Gastro Plus 9.8

Table 1.3: Physicochemical and PK parameters of GA used for PBPK
models.

Parameter Value Source (PMID)

Molecular weight (g/mol) 470.7 Measured in this study
Log P 6.4 Pubchem
Solubility at pH 9.32(mg/ml) 0.00632 Gastro Plus 9.8
Papp(cm/s*10A5) 0.2 Drug bank
Fup 1*10%® EPA DataBase

oo 0.74 Gastro Plus 9.8
pKa 5.1 CAS DataBase
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Figure 1: Schematic of permeability-limited tissue model.
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Figure 2: Observed and predicted concentration—time profiles of
Aconitine in rats after intravenous and oral administration. Red
points represent the concentrations obtained in rats; Black curves
describe the simulated concentration—time profiles with AC-PBPK
model.

els. After import the established PBPK models of PAE and GA,
respectively, select AC, as victim (substrate), PAE and GA as
perpetrator in Dynamic Simulation, input the relative CYP3A1/2
and P-gp parameters to simulate the established DDI.
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Table 2: Optimized Kp value of AC in rats.

Value Unit Source

CL,. 0.18 L/h Calculated
KP g 4.52 - Optimized
KPgipose 4.23 - Optimized

Prrusete 4.29 - Optimized
KPer 4.29 - Optimized
KPicen 4.29 - Optimized
KP o 4.41 - Optimized
KPyrain 4.23 - Optimized
KD ey 4.35 - Optimized
KP,in 4.64 - Optimized
A S— 4.41 - Optimized
KP e marrow 4.41 - Optimized

P eliow marrow 4.23 - Optimized
KP st of bocy 4.35 - Optimized

Statistical analysis and model evaluation

For accuracy assessment of a model simulation, acceptance
is set to be within 2-fold. For comparison between groups, the
statistically significant difference is set for a P value of less than
0.05 using analysis of variance, with the student’s t-test.

Results
Oral and Intravenous Administration of AC-PBPK Model

Based on the physicochemical properties and pharmaco-
kinetic parameters (intravenous administration: 0.04mg/ kg;
oral administration: 0.504mg/ kg) [17] of AC, Intravenous PBPK
model was established firstly (Figure 3A). Under the same re-
lated parameters, oral PBPK model was further constructed and
optimized (Figure 3B). The observed value of 1.5mg/kg oral ad-
ministration to rats was used for accuracy verification of oral
PBPK model. In comparation with the simulated value, the ra-
tios of main PK parameters (C__, T and AUC) were less than
2 times (Table 3), indicating that the established model was ac-
curate and reliable, and could be used for the further prediction
of AC pharmacokinetic behavior in rats.

Table 3: Predicted and observed PK parameters in rat treated by oral
administration of AC (1.5mg/ kg).

Label Simulated Observed Fold error (S/ O) Units
C.. 31.47 26.245.19 1.20 ng/ml
T 1.04 1.330.26 0.78 h
AUC(M 127.86 161+37.8 0.79 ng-h/ml
AUC(OM' 128.15 167+38.4 0.77 ng-h/ml
e T | O e

3
Tinot) Tomst)

Figure 3: Observed and predicted concentration—-time profiles of
Aconitine in rats after different multiple administration intervals.
Red points represent the concentrations obtained in rats and black
curve describes the simulated concentration—time profiles with
AC-PBPK model in Figure. 3A. Red curve represents the simulated
concentration—time profiles after postprandial administration;
Black and blue curve represents the simulated concentration—-time
profiles after every 24 hours 0.504mg/ kg and 1.51 mg/ kg oral ad-
ministration in Figure. 3B, respectively.

Comparison of Plasma Concentration of AC by Different
Multiple Administration Intervals

After the accuracy verification of multiple oral administra-
tion (oral administration: 0.504mg/ kg) [17] AC-model was
completed (Figure 4A), the difference of AC plasma concentra-
tion between postprandial administration (oral administration:
0.504mg/ kg; The administration intervals were 4, 6 and 14
hours per day) and 24-hour interval administration (oral admin-
istration: 0.504mg/ kg and 1.51mg/ kg), which the most com-
monly administration forms, were compared (Figure 4B). Due to
the rapid in vivo clearance, AC concentration of 24-hour interval
administration (oral administration: 0.504mg/ kg) fell back to a
lower level (0.02ng/ ml). By contrast, postprandial administra-
tion can maintain a higher AC minimum concentration (0.4ng/
ml) and the narrower range of plasma concentration compared
with the same total dosage of 24-hour interval administration
(oral administration: 1.51mg/ kg), which indicated a more effec-
tive and safe administration regimen.

Oral Administration of DDI Drug-PBPK Model

PAE and GA were used to investigate the effect of DDI for AC.
Based on the physicochemical properties and pharmacokinetic
parameters of PAE (oral administration: 50mg/ kg, published in
Acta Universitatis Medicinalis Anhui, 2009,44(06) China) and
GA (oral administration: 15mg/ kg) [18] related oral PBPK mod-
els was established (Figure 5), which precise simulated pharma-
cokinetic in rats.

Table 4.1: Predicted AC-PK parameters in rats combined administra-
tion of PAE.

Parameters AC AC+PAE Units
C 6.40 3.10 ng/ml
AUC 26.54 12.69 ng-h/ml

{0==<)

Table 4.2: Predicted AC-PK parameters in rats combined administra-
tion of GA.

Parameters AC AC+GA Units
C 4,70 5.63 ng/ml
AUC 23.75 24.29 ng-h/ml
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Figure 4: Observed and predicted concentration—time profiles of
Paeoniflorin and glycyrrhetinic acid in rats after oral administration.
Red points represent the concentrations obtained in rats; Black
curves describe the simulated concentration—time profiles with
PAE-PBPK model and GA-PBPK model, respectively.
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Figure 5: Observed and predicted concentration—time profiles of
Aconitine in rats after Paeoniflorin combined administration. Blue
and red points represent the concentrations obtained in rats be-
fore and after combined administration respectively; Blue and red
curves describe the simulated concentration—time profiles before
and after combined administration, respectively.
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DDI-PBPK Prediction of AC

The established PAE (Figure 6) and GA (Figure 7) PBPK mod-
els were added in AC-PBPK model to detect the effect of DDI
on the pharmacokinetics of AC (Table 4.). oral administration
regimens with 0.2mg/ kg of AC and 20mg/ kg of PAE were used
for AC-PAE DDI model [19]. Besides, AC-GA DDI model was es-
tablished based on oral administration regimens with 1mg/ kg
of AC and 10mg/ kg of GA [20] Less 2-fold errors compared with
observed value of plasma concentration, the accuracy of DDI
model was verified. After that, the established D DI-model was
used to simulate the changes of PKin heart, liver and kidney un-
der same oral administration conditions, The simulated results
exhibited that PAE and GA have different drug interactions with
AC, which reduce or increase the exposure of AC to plasma and
organs in in vivo.

Concentration(ng/mL)

Figure 6: Observed and predicted concentration—time profiles of
Aconitine in rats after glycyrrhetinic acid combined administration.
Blue and red points represent the concentrations obtained in rats
before and after combined administration respectively; Blue and
red curves describe the simulated concentration—-time profiles
before and after combined administration, respectively.and after
combined administration, respectively.

Plasma

Coneentration(ng/mL)

H 2 © ) 2
Time(n)

Figure 7: Observed and predicted concentration—-time profiles of
Aconitine in rats by perfusion-limited and permeability-limited tis-
sue model. Red points represent the concentrations obtained in
rats; Green and blue curves describe the simulated concentration—
time profiles by perfusion-limited and permeability-limited tissue
model, respectively.
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Figure 8:

Discussion

FUZI is a famous traditional Chinese medicine which is char-
acterized by strong anti-inflammatory, analgesic and other
pharmacological effects, commonly used in the clinical treat-
ment of rheumatic and cardiovascular diseases. However, sev-
eral adverse and poisoning reactions which is related to the
strong toxicity of diester-diterpene type Aconitum alkaloids
limit its clinical application. As the most significant type of Aco-
nitum alkaloids, AC has been widely studied. But the investiga-
tion of appropriate in vivo PK model is limited. The combined
therapy of FUZI and licorice or Chinese herbaceous peony is
used for reducing toxicity and increasing efficiency, yet the ra-
tionality of the compatibility of the two drugs has not been clar-
ified. Although glycyrrhizic acid is the most active components
of licorice, it would be hydrolyzed by intestine and transformed
into GA after oral administration. Therefore, the PBPK model
of AC and the DDI model with GA and PAE were established to
dynamically predict the plasma and organs exposure of AC by
multiple administration forms and the effect of DDI drug.

In the process of model establishment, PB and PK param-
eters collection is worth prioritizing and accomplishing for the
determination of the general framework of AC-model. Small
molecule and its specific solubility determined the feasibility
of AC-model development. The distribution volume and clear-
ance rate which related to the variation characteristics of drug
plasma concentration were calculated from the L.V. and oral PK
data. Besides, the low bioavailability of AC reported from lit-
erature was only 1.3-8.2% [17,21], so the first pass effect was
adjusted to match the actual curve. The right determination of
perfusion-limited or permeability-limited tissue model is anoth-
er key to successful model establishment. If the permeability of
a drug is high, the amount of drug that partitions into the tissue
will be limited by the blood flow rate (perfusion rate) through
the tissue. If the drug permeability is low, the amount of drug
that partitions from plasma into the tissue is limited by the per-
meability and the surface area available for permeation and/
or is governed by saturable transport mechanisms. Moreover,
permeability-limited model drug is characterized by carrier-
mediated drug transport via influx and efflux transporters. The
logP of AC is 0.3 (Computed by XLogP3 3.0) with a low perme-
ability [22]. The existing data showed that the active efflux of AC
across Caco-2 cells was mediated mainly by P-gp [4,23], AC in-
creased P-gp expression and transport activity significantly [24].
Thus, permeability-limited tissue model was chosen for the
further simulation. In the modeling process, we also developed
the AC-PBPK model with perfusion-limited tissue model (Figure
8). The results indicated that permeability-limited tissue model
is suitable, while the wrong distribution volume was calculated
by perfusion-limited tissue model. Furthermore, the suitable
limited tissue mode was selected in development process of GA
and PAE PBPK models, ensure that application models can ac-
curately simulate the in vivo exposure of GA and PAE.

Licorice and Chinese herbaceous peony were frequently
used in traditional Chinese medicine clinical therapy with FUZI
for toxicity reduction. For licorice, Glycyrrhizic acid and GA are
both main components and Glycyrrhizic acid is hydrolyzed into
GA in in vivo process. The similar chemical structure with ste-
roids of GA leads to a corticosteroid like effect [25]. For Chi-
nese herbaceous peony, PAE is the major active component and
exhibited extensive anti-inflammatory and immune regulatory
effects [26]. Therefore, GA and PAE are added to the model of
victim drugs, the model of perpetrator drugs is also introduced.
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The selected dosing regimens were estimated from the ratio of
recommended clinical dosage and the stipulated levels of re-
spective herbs according to the Chinese Pharmacopoeia (Edi-
tion 2020). The existing data suggested that AC is the metabolic
substrate of CYP3A [5]. The efflux rate of AC is between 23.87
and 55.34(27), which means AC is potential substrate of P-gp
[20]. The in vitro parameters data of P-gp and CYP3A1/2 were
introduced to predict DDI. After the predicted plasma PK curve
which obtained from optimized DDI model and the measured
value accord, the AC concentration in liver, kidney and heart,
the major metabolic and targeted organs, were simulated. By
the comparation of the pharmacokinetic date after single ad-
ministration and combined administration, it was indicated
that GA and PAE affect the in vivo plasma and tissue exposure
of AC by different effects on CYP3A1/2 and P-gp activities. PAE
decrease the systemic exposure of AC through upregulated the
activity of CYP3A and P-gp, so as to reduce the toxicity of AC,
which revealed one possible way of compatibility detoxifica-
tion. Different with PAE, GA inhibited CYP3A and upregulated
P-gp expression, inducing a slightly rising C__ and AUC after
combined administration, which indicated other possible toxic-
ity reduction effects existed of GA.

With the optimized DDI models, the in vivo exposure of AC
with multiple doses or combined with other drugs can be ac-
curate predicted. After selected suitable species extrapolation
methods, the AC-PBPK model can predict the in vivo expo-
sure in human body and other species. It has reported that AC
compatibility reduces the apparent permeability coefficient of
transmembrane transport and other kinds of CYP enzymes and
transporters participated in the in vivo process, which induced
the relative error between the simulated and observed values.
More factors will also be considered in the subsequent simula-
tion.

Conclusion

In this study, amounts of measured physiology and PK param-
eters about AC were collected in the first stage, and the suitable
fit values were added for lack parameters. After intravenous
and oral PBPK model were established and optimized, the ac-
curacy of AC-PBPK model was verified with multiple dose and
administration mode. Further, the simulation by established
AC-PBPK model exhibited a more effective and safe administra-
tion regimen for postprandial oral administration rather than
24-hour interval oral administration. After that, PBPK models of
GA and PAE were constructed and introduced to the model of
perpetrator drugs. The DDI models could accurately predict the
in vivo process and tissue distribution of AC and the DDI effect
of GA and PAE, which reveal one possible mechanism of detoxi-
fication of AC after combined therapy. To summarize, the devel-
opment of AC-PBPK model provide an appropriate tool for in
vivo AC studies, new safety evaluation method for compatibility
of medicines and extra support for AC mechanism research.

Author Statements
Highlights

Aconitine has an impact on the process of several cardiac
and nervous disease.

In vivo process of aconitine was simulated by established AC-
PBPK model accurately.

Established PBPK model described drug-drug interactions
correctly.

We discuss the importance and new applications of AC-PBPK
model.
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