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Aim: To investigate the pharmacokinetics, pharmacodynamics, and safety of higenamine, an active ingredient of Aconite root, in

healthy Chinese volunteers.

Methods: Ten subjects received continuous, intravenous infusion of higenamine at gradually escalating doses from 0.5 to 4.0
ugkg®-min®, each dose was given for 3 min. Blood and urine samples were collected at designated time points to measure the
concentrations of higenamine. Pharmacodynamics was assessed by measuring the subject’s heart rate. A nonlinear mixed-effect
modeling approach, using the software Phoenix NLME, was used to model the plasma concentration-time profiles and heart rate.
Results: Peak concentrations (C,.,) of higenamine ranged from 15.1 to 44.0 ng/mL. The half-life of higenamine was 0.133 h (range,
0.107-0.166 h), while the area under concentration-time curve (AUC), extrapolated to infinity, was 5.39 ng-h-mL* (range, 3.2-6.8
ng-h-mL?%). The volume of distribution (V) was 48 L (range, 30.8-80.6 L). The total clearance (CL) was 249 L/h (range, 199-336
L/h). Within 8 h, 9.3% (range, 4.6%-12.4%) of higenamine was recovered in the urine. The pharmacokinetics of higenamine was
successfully described using a two-compartment model with nonlinear clearance. In the pharmacodynamic model, heart rates were
related to the plasma drug concentrations using a simple direct effect model with baseline. The E, E,.,, and ECs, were 68 bpm, 73

bpm and 8.1 pg/L, respectively.

Conclusion: Higenamine has desirable pharmacokinetic and pharmacodynamic characteristics. The results provide important informa-

tion for future clinical studies on higenamine.
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Introduction
Stress myocardial perfusion imaging is a widely used tech-
nique for the noninvasive evaluation of coronary artery
disease (CAD), especially for patients who cannot exercise.
Patients with coronary artery blockages may show minimal
or no symptoms during rest. However, symptoms and signs
of heart disease may be unmasked by exposing the heart to
exercise- or drug-induced stress. Currently, the most popular
drugs for pharmacologic stress tests are regadenoson, dipyri-
damole and dobutamine™, but these drugs commonly cause
adverse effects and cannot be used in some patients!**!,
Higenamine is an active ingredient of Aconite root, which is
used in Chinese herbal medicine (Figure 1). Higenamine has
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Figure 1. Chemical structure of higenamine.

been shown to stimulate the cardiac -adrenoceptor, vasodi-
lation and anti-platelet aggregation through a-adrenoceptor
interaction and could represent a new agent for pharmaceuti-
cal stress testing” "l Moreover, higenamine was well toler-
ated among healthy Chinese subjects in a clinical trial, which
reported that the highest safe dose was 24 pg/kg".

To date, a pharmacokinetic and pharmacodynamic profile of
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higenamine has not been reported in humans. Here, we report
the first clinical trial conducted to evaluate the pharmacokinet-
ics and pharmacodynamics of higenamine in healthy Chinese
subjects.

Materials and methods

Study design

An open-label, non-controlled, single-dose, single-center study
was conducted in healthy Chinese subjects. The study was
approved by the Ethics Committee of Peking Union Medical
College Hospital (PUMCH) and was accomplished in accor-
dance with Good Clinical Practice guidelines. It conformed to
the ethical principles of the Declaration of Helsinki. Written
informed consent was obtained from each subject before the
study.

Subjects

Subjects who were 19 to 45 years of age, had a body mass
index (BMI) between 18 and 25 kg/m” and a body weight >50
kg (male) and >45 kg (female) were eligible for inclusion in the
study. Subjects with a recent history or the presence of any
significant diseases, as judged by a medical interview and a
physical examination, were not allowed to participate in the
study. Additionally, subjects with any history of drug hyper-
sensitivity, allergy or serious adverse drug reaction(s), includ-
ing photosensitivity reaction, were excluded. For inclusion
in the study, the results of clinical laboratory tests (including
hematology, urinalysis and routine biochemistry) had to be
within the normal range, and a normal baseline 12-lead elec-
trocardiogram (ECG) was required for each subject. Subjects
were excluded if they had participated in any other clinical
trial or donated blood within 90 d prior to the beginning of
this study. Subjects were also not allowed to participate in
the study if their diastolic blood pressure was higher than
90 mmHg, their systolic blood pressure was higher than 140
mmHg or their heart rate was lower than 45 beats per minute
(bpm) and/or higher than 90 bpm while at rest.

Methods and drug administration

Subjects were admitted to the study center 24 h prior to
administration of the drug on d 1 and remained at the study
center for 24 h after the treatment. During their stay at the
study center, the subjects received continuous, intravenous
infusion of higenamine at gradually escalating doses of
0.5 pg-kg' min, 1.0 pg-kg" min”, 2.0 pg-kg” min™ and 4.0
pg-kg'-min”, each of which was given for 3 min (Figure
2). Standardized meals were provided at 3 and 9 h after
treatment. Subjects had to abstain from vigorous physical
activity, tobacco and alcohol consumption while they were at
the study center.

Sample collection and pharmacodynamic parameters

On d 1 of the study, blood samples were taken predose and
at3,6,9,12, 13, 15,17, 19, 21, 24, 27, 32, 42, 72, and 102 min
postdose. These samples were used to determine the drug
concentrations. Urine samples were collected over the follow-
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Figure 2. Dose regimen chart. Higenamine was intravenously infused at
escalating doses, each of which was given for 3 min.

ing time periods: predose, and 0-4 and 4-8 h postdose. The
urinary volumes were recorded, and 5 mL was used for the
drug assays. All of the samples used for assays were stored at
-70°C.

The heart rates were recorded predose and at 2, 5, §, 11, 13,
15, 17, 27, and 42 min postdose to assess the pharmacodynam-
ics of higenamine.

Safety analysis

Safety measures included the collection of data on all adverse
events, serious adverse events, clinical laboratory tests, vital
signs and ECG parameters. Systolic and diastolic blood pres-
sures were also recorded.

Analytic assays
The plasma and urine samples were analyzed by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) meth-
ods, which were fully validated according to the Standard
Operation Procedure of PUMCH and Good Laboratory Prac-
tice guidelines. Higenamine and its internal standard, dobu-
tamine, were extracted from a 0.20-mL aliquot of plasma and
urine by solid-phase extraction and injected into an API 4000
tandem MS (Applied Biosystems, CA, USA) and API 3000 tan-
dem MS (Applied Biosystems, CA, USA), respectively. A Cy
high-performance liquid chromatography column was used.
The results were quantified by positive ionization mode with
transition masses for higenamine and dobutamine of 272.1 to
107.1 and 302.2 to 137.1, respectively. The calibration curve
ranged from 0.100-50.0 pg/L and 1.00-500 pg/L in plasma and
urine, respectively. The precision of the assay was less than
15%, as indicated by the coefficient of variation (%CV), and
the accuracy was within £15% of the actual concentration.

The heart rates were recorded using TM-2562P portable
bedside monitors (A&D, Tokyo, Japan).

Pharmacokinetic and pharmacodynamic analysis

First, the pharmacokinetic parameters were computed by
noncompartmental analysis using Phoenix WinNonlin (ver-
sion 6.1, Pharsight Corporation, CA, USA). The maximum
observed plasma concentration (C,,), area under the concen-
tration-time curve with extrapolation to infinity after a single
dose (AUC,_,), clearance (CL), volume of distribution (V),



terminal half-life (¢;,), amount excreted in urine (A.), fraction
excreted in urine (fe%) and renal clearance (CL,) were calcu-
lated.

Second, a pooled dataset, including higenamine plasma
concentration-time and heart rate-time data, were used for
modeling. During the pharmacokinetic model-building proce-
dure, different structural pharmacokinetic models were tested,
including a one-compartment model, a two-compartment
model and a three-compartment model with linear and non-
linear clearance. A two-compartment model with nonlinear
clearance was chosen as the final model for the description
of the plasma higenamine concentration-time course. In the
pharmacodynamic model, individual heart rate values were
directly related to higenamine plasma concentrations using
a simple direct effect model with baseline: E=E,+E,..*C/
(ECsp+C), where E, Ey, E,.., and ECs, are the heart rate, the
baseline heart rate, the maximum increase in heart rate and
plasma higenamine concentration causing a 50% increase in
the maximum heart rate, respectively.

Compartment analysis was performed by fitting a nonlinear
mixed effects model using Phoenix NLME 1.0. The pharma-
cokinetic and pharmacodynamic parameters were estimated
simultaneously using the first-order conditional estimation-
extended least squares (FOCE ELS) approach. The residual
variability was investigated using an additive, multiplicative
and mixed error model. A residual error model with a multi-
plicative component was applied in the final model.

Once the basic model had been selected, the effects of demo-
graphic factors on the model parameters were investigated
graphically. The individual parameters obtained from the
basic model by posterior conditional estimation technique
were plotted separately against each covariate. The follow-
ing covariates were examined: sex, height, weight, body mass
index and age. A stepwise forward inclusion procedure
(P<0.05; decrease in OFV>3.84) was performed to build the
full model, and a stepwise backward elimination procedure
(P<0.001; increase in OFV>10.83) was applied to determine the
final model.

The minimum value of twice the negative log likelihood
(-2LL) was used as a statistical method to choose suitable
models during the model-building process.

Results

Subjects

Ten (4 male and 6 female) subjects were enrolled in this study.
All subjects completed the trials as planned. The demographic
details are presented in Table 1.

Concentrations of higenamine in plasma and urine

Following intravenous administration of 22.5 pg/kg of hige-
namine, the mean plasma concentration-time curve was cal-
culated (Figure 3). The A, and fe% were 120.6+34.5 pg and
9.3%+2.2%, respectively.

Noncompartmental pharmacokinetic analysis
Pharmacokinetic parameters were calculated using the non-
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Table 1. Subject demographics, mean£SD (range). n=10.

Dose 22.5 ug/kg

Age (year) 30.2+6.8 (22-41)

Sex 4 male, 6 female
Height (m) 1.60+0.07 (1.5-1.73)
Weight (kg) 60.4+4.2 (52.5-66)
BMI* 23.31£0.81 (22.1-24.4)

BMI*: body mass index.
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Figure 3. The average concentration-time curve of higenamine in the
plasma and the heart rate-time curve from healthy Chinese subjects
after intravenous administration of 22.5 pug/kg (n=10) higenamine
hydrochloride (mean+SD).

compartmental method, as follows. The C,, was obtained
directly from the concentration-time data. The C,,, for indi-
viduals ranged from 15.1 to 44.0 ug/L. The AUC,., V, CL,
and CL, were 5.39 ng-h mL" (range, 3.2-6.8 ng-h-mL™"), 48 L
(range, 30.8-80.6 L), 249 L/h (range, 199-336 L/h) and 22.9
L/h (range, 12.9-29.4 L/h), respectively. The pharmacokinetic
parameters are summarized in Table 2.

Compartmental pharmacokinetic and pharmacodynamic
analysis
Individual plasma concentration-time profiles were accu-

Table 2. Noncompartmental pharmacokinetic parameters of higenamine
after intravenous administration of 22.5 yg/kg (n=10) higenamine
hydrochloride (mean+SD).

PK parameters Dose 22.5 ug/kg
Crnax (ME/L) 31.3+9.24
AUC,; (nghmL™) 5.31+1.21
AUCy_r¢ (nghmL?) 5.39+1.23
CL (L/h) 249+42.78
V(L) 48+13.83
ti/o (h) 0.133+0.02

Ae (L8) 120.61£34.5
CL, (L/h) 22.9+4.41
fe% 9.3£2.2
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rately described using the proposed two-compartment model
with nonlinear clearance (Table 3 and Figure 4). The model
parameters used are presented in Table 4. The proposed
simple direct effect model with baseline was used to ade-
quately describe the heart rate data, as evidenced by graphs
of observed and predicted heart rates (Figure 5) and low CV
values for the model parameters.

Table 3. Comparsion of different pharmacokinetic models.

PK models -2LL
One-compartment model with linear clearance 592
One-compartment model with nonlinear clearance 593
Two-compartment model with linear clearance 524
Two-compartment model with nonlinear clearance 510
Three-compartment model with linear clearance 524
Three-compartment model with nonlinear clearance 555

-2LL=twice the negative log likelihood.

DV (ng/mL)

CWRES

0 H ot
U

0 10 20 30 40 0O 8 16 24 32 40 48

PRED

Time (min)

Figure 4. Observed data values (DV) vs population predicted data (PRED).
(A) Individual predicted data (IPRED) and (B) Conditional Weighted
Residual (CWRES) vs (C) population predicted data (PRED) and (D) Visual
Predictive Check (VPC) profile of plasma concentration.

The effect of higenamine on the heart rate was rapid and
evident. The subject heart rates increased in parallel with
increasing doses of higenamine (0.5 to 4.0 pg-kg"'min™). The
mean heart rate-time curve is shown in Figure 3.
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Table 4. Population pharmacokinetic and pharmacodynamic parameters
of higenamine hydrochloride.

Inter- Bootstrap
Estimate individual Median Median

Parameter (%CV) variability (%CV) (2.5th, 97.5th

(%CV) percentiles)
V, (L) 18.7 (6.6) 8.7 (4.1) 19.1 (17.5) 14.0-27.0
V, (L) 43.0 (3.3) 45.9 (25.5) 25.1-71.4
Knn (ug/L) 3.1(3.7) 4.1(0.3) 3.6(89.1) 0.635-12.3
Voa (L/min) 483 (1.4) 1.7 (0.4)  49.7 (37.5) 28.0-100.0
CL4 (L/min) 3.8(5.2) 1.0(0.05) 3.7 (10.3) 2.66-4.18
Plasma
residual error  0.260 (6.1) 0.256 (9.2) 0.206-0.295
E, (bpm) 68 (2.0) 0.7 (0.1) 68 (3.4) 64-73
Eex (bpm) 73(3.8) 0.1(0.01) 74(8.6) 63-88
ECs (Ug/L) 8.1(9.1) 8.5 (31.0) 4.4-14.6
Heart rate
residual error  0.089 (8.1) 0.089 (12.0) 0.066-0.106

V.=apparent volume of distribution of the central compartment;
V,=apparent volume of distribution of the peripheral compartment;
Kn,=Michaelis-Menten constant; V,.,,=maximal rate of metabolism;
CLg=inter-compartmental clearance; CV=coefficient of variance;
Ey,=baseline heart rate; ECs,=concentration of drug producing 50% of
maximum increase in heart rate; E,,,=maximum increase in heart rate;
bpm=beats per minute.

DV (bpm)

| | ! | ! | | | ! | ! 1
60 80 100 120 140 60 80 100 120 140
PRED (bpm) IPRED (bpm)

CWRES

6 ! | ! | ! | ! | 50 L R
60 80 100 120 140 0 10 20 30
PRED IVAR

T
40 50

Figure 5. Observed data values (DV) vs population predicted data (PRED).
(A) Individual predicted data (IPRED) and (B) Conditional Weighted
Residual (CWRES) vs (C) population predicted data (PRED) and (D) Visual
Predictive Check (VPC) profile of heart rate.
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Model validation

The accuracy and robustness of the final model were simulta-
neously evaluated using the resampling techniques of boot-
strap and visual predictive check (VPC).

In this study, 1000 bootstrap samples were generated, and
the population pharmacokinetic parameters were estimated
for each of the 1000 samples using the final model. The mean
and standard error of parameter estimates from the bootstrap
analysis were then compared with the Phoenix NLME esti-
mates from the final model (Table 4).

This final model adequately described the pharmacokinetic
profile of higenamine, as shown by the VPC (Figure 4 and 5).

Safety analysis

Two of the 10 subjects reported 1 adverse event each. In one
case, there was an increase of total bilirubin, which was mild
and not considered related to the study drug. The other case
subject reported dizziness and nausea, which was moderate
and considered related to the study drug. Both of the adverse
events were transient.

Discussion
Following intravenous administration of 22.5 pg/kg hige-
namine, the mean cumulative recovery of higenamine in the
urine within 8 h was 9.3%, which indicates that the kidney was
not the major elimination route. The mean clearance and renal
clearance were 249 and 22.9 L/h, respectively, which also sug-
gest that the liver plays a more important role in the elimina-
tion of higenamine. While the highest hepatic blood flow was
approximately 1.35 L/min for a healthy subject during rest""”,
the non-renal clearance of higenamine was more than 220 L/h,
indicating that the metabolism of higenamine needs to be fur-
ther elucidated. The mean half-life of higenamine was 8.0 min.
Thirty minutes (approximately 4 half-lives) after administra-
tion, 94% of higenamine was eliminated from body. The heart
rate of the subjects also returned to baseline 30 min after the
infusion was completed. The fact that higenamine is quickly
eliminated from the body is very helpful for the development
of this agent for use in pharmaceutical stress testing.

An integrated pharmacokinetic and pharmacodynamic
model of higenamine is necessary to address the relation-
ship between exposure and response, and would provide
potentially useful information for further clinical studies and
higenamine pharmacotherapy. A simple direct effect with a
baseline model, in which heart rate increased with increasing
higenamine plasma concentrations, was used to accurately
describe the pharmacokinetic and pharmacodynamic relation-
ship. In response to higenamine, the heart rate increased rap-
idly, occurring within 2 min after drug administration. The
E..x and ECsy were 73 bpm and 8.1 ng/L, respectively. For
another stress test drug, regadenoson, which was approved by
US Food and Drug Administration, a study was conducted on
healthy male subjects in Scotland, and the E,,,, and EC5, were
[14]

76 bpm and 12.3 pg/L, respectively'™. These results suggest
that the pharmacologic stress effect of higenamine and regade-

noson on the heart rate is similar.

At a dose of 22.5 pg/kg, the average C,,,, of higenamine was
31.3 pg/L. Based on the following equation, E=E(+E,,,*C/
(ECsp+C), the average maximum heart rate was 126 bpm,
which was less than 80% of the target heart rate (220 bpm-
age). Thus, a higher dose of higenamine should be tested in
future clinical studies. The analysis of pharmacokinetic data
following administration of a higher dose of higenamine
might also improve the estimation of saturable pharmacoki-
netic parameters.

In regard to the adverse effect related to the study drug,
the Cpax and AUC,_, of the subject were 15.1 pg/L and 3.2
ng~h-mL’1, respectively, while the C,,,, and AUC,_, from all
subjects ranged from 15.1 to 44.0 pg/L and 3.2 to 6.8 ng~h~mL’1,
respectively. Therefore, the adverse effect was not related to
exposure to the drug,.

Higenamine did not cause a significant change in systolic
blood pressure (the mean baseline was 109 mmHg, while the
maximum was 130 mmHg at 15 min postdose), but a slight
decrease in diastolic blood pressure was observed (the mean
baseline was 67 mmHg, while the minimum was 51 mmHg at
11 min postdose).

Subject demographics were not found to influence the phar-
macokinetic and pharmacodynamic profile of higenamine.
However, it should be noted that only a few subjects with
limited ranges of age, height and bodyweight values were
included in this study; therefore, additional studies including
older and heavier subjects should be considered.

In summary, intravenous administration of 22.5 pg/kg hige-
namine was well-tolerated in healthy Chinese volunteers. A
two-compartment pharmacokinetic model was successfully
fitted to the higenamine plasma concentration-time data, and a
saturable pharmacodynamic model adequately described the
increase in heart rate after drug administration.
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