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Purpose. To develop a mechanism-based pharmacokinetic–pharmacodynamic (PK-PD) model to
characterize and predict the bidirectional effect of danshensu on plasma total homocysteine (tHcy) in
rats described in our previous paper.
Methods. The effect of danshensu on tHcy was assessed in rats after simultaneously methionine loading.
Danshensu, itsmethylatedmetabolite and tHcywere all quantified after single intravenous injection of 20mg/kg
danshensu. The bidirectional effect, of which, elevated by danshensu methylation and decreased via
transsulfuration promotion, was characterized by a PK-PD model, where direct stimulatory sigmoidal function
and time-dependent transduction function were introduced for the two effects description, respectively.
Results. Modeling and simulations reveals that: (1) the elevated effect by methylation occurs before the
decreased effect via transsulfuration promotion, and the decreased effect is more profoundly dose-dependent
than the elevated effect; (2) two steps are simplified to describe the delayed stimulatory effect on the
transsulfuration in the model; (3) long term administration of danshensu dose not affect tHcy in normal rats,
while it significantly reduces tHcy in rats treated with methionine. This is in consistent with previous report.
Conclusions. The profiles were well-described by our PK-PD model, which constitutes a basis for the
future development of mechanism-based model for polyphenols on Hcy in this paradigm.

KEY WORDS: bidirectional effect; danshensu; homocysteine; modeling; pharmacokinetic–
pharmacodynamic.

INTRODUCTION

Integration of pharmacokinetic–pharmacodynamic (PK-
PD) concepts is a potential tool to reduce the cost and
enhance the efficiency of the decision making process in the
drug development (1). PK-PD models characterize time

course of the effect intensity resulted from certain dosing
regimen, thus supporting identification and evaluation of drug
response determinants, especially mechanism-based models.
In recent years, mechanism-based models gained rapid
progress due to their insights into how drugs exert their
effects on specific process, thus improving properties for
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ABBREVIATIONS: Ac, amount of danshensu in central compartment
(Ac,0, initial value); Am, amount of methylated metabolite of danshensu
(Am,0, initial value); Ap, amount of danshensu in peripheral
compartment (Ap,0, initial value); C, concentration of danshensu in
central compartment; Cm, concentration of methylated metabolite of
danshensu; COMT, catechol-O-methyltransferase; DSS, danshensu;DT,
changed value of T2 level; fDSS_kp, transfer function describing the
stimulation of danshensu (C) on kp; fDSS_kt, transfer function describing
the induction of danshensu (C) on the transduction pathway (kt); fT_kr,
transfer function characterizing the promotion of transit compartment
T2 on kr; Hcy, homocysteine; k0, zero-order rate constant of methionine
production; k12, first-order rate constant of danshensu from central to
peripheral compartment; k21, first-order rate constant of danshensu from
peripheral to central compartment; ke, first-order rate constant of
danshensu elimination from central compartment; kem, first-order rate
constant of elimination of the metabolite; km, first-order rate constant of

methylation process; kp, first-order rate constant of transformation from
methionine to Hcy; kr, first-order rate constant of Hcy elimination; kt,
turnover rate constant of transduction; Met, methionine; Met-Loading
rats, a general term for (−,M) rats and (D,M) rats; nDSS_kp, Hill
coefficient for danshensu stimulation on Hcy; nMet, ratio between P0′
and P0 in Met-Loading rats; Normal rats, a general term for (−,−) rats
and (D,−) rats;P, plasma concentration ofmethionine (P0 andP0′, initial
concentration in normal rats and Met-Loading rats, respectively); PD,
pharmacodynamics; PK, pharmacokinetics; R, plasma concentration of
tHcy (R0, initial concentration); SAM, S-adenosylmethionine;
SC50_DSS_kp, concentration of danshensu producing 50% of Smax_DSS_kp;
SC50_DSS_kt, concentration of danshensu producing 50% Smax_DSS_kt;
Smax_DSS_kp, capacity factor for danshensu stimulation on Hcy;
Smax_DSS_kt, capacity factor for danshensu stimulation on kt; Smax_T_kr,
capacity factor for transduction-induced stimulation on kr;T1 andT2, first
and second transduction compartment (T1,0 and T2,0, initial values); T50,
DT level producing 50% of Smax_T_kr; tHcy, total homocysteine; SAH, S-
adenosyl-l-homocysteine;Vd, apparent distribution volume of danshensu
and the metabolite; Vd,Met, apparent distribution volume of methionine;
(−,−) group, rats with normal saline; (D,−) group, rats with danshensu;
(−,M) group, rats with methionine loading; (D,M) group, rats with both
methionine and danshensu.



extrapolation and predictions (2,3). Some mechanism-based
models have been successfully developed for drugs including
monoclonal antibodies (4), antiviral agents (5), corticosteroids
(6) and narcotic analgesics (7). To date, there are still limited
mechanism-based models for the cardiovascular drugs. One
reason may be the complexity of the cardiovascular disease and
its association with other diseases such as inflammation,
endocrine disturbance and diabetes (2).

Homocysteine (Hcy) is regarded as an independent risk
factor in the cardiovascular diseases such as arteriosclerosis
and arterial thrombosis (8,9). There are several mathematical
models describing the kinetics of Hcy in the methionine cycle,
which all placed emphasis on the complex regulatory
mechanism within methionine cycle and considered genetic
abnormality and dietary deficiency in short term (10–12).
However, until now, there are still no models for the
exogenous agent intervention on the methionine cycle. Thus,
the aim of this paper is to develop a model to characterize the
intervention process of danshensu on the plasma tHcy level
within methionine cycle.

Danshensu is an active ingredient from Salvia Miltior-
rhiza that has been widely used in many countries for the
treatment of cardiovascular and cerebrovascular diseases
(13). Danshensu, an active polyphenol, was recently indicated
for regulation of cardiovascular disturbances and also signif-
icant protection against Hcy-induced endothelial dysfunction
(14,15). Recently, we found the bidirectional effect of
danshensu on Hcy in rats (16). In detail, the methylation
metabolism of danshensu induced slight elevation of tHcy,
which was in similar with other polyphenols (17,18). In contrast,
danshensu decreased the tHcy-elevation effect induced by
methionine via transsulfuration promotion. Actually, there is
no universal conclusion about the tHcy influence of polyphenols
ingestion. Here we gave the first evaluation on the association
between polyphenols ingestion and tHcy metabolism, consider-
ing the body state and homeostasis in the model. In our opinion,
PK-PD models, especially mechanism-based models, can give
comprehensive description of these factors in the complex
system and help us to deeply understand the kinetic relationship
between polyphenols and tHcy. Therefore, the purpose of this
paper is to develop a mechanism-based PK-PD model to
constitute a basis for the future investigation of the effect of
polyphenols on Hcy level in the preclinical research with
potential impact for clinical studies.

MATERIALS AND METHODS

Chemicals

Danshensu (3-(3,4-dihydroxy-phenyl) lactic acid, purity
99%) and methionine were purchased from QingZe Co. Ltd
(Nanjing, China) and WanQing Chemical Glassware & Instru-
ment Co. Ltd (Nanjing, China), respectively. Other chemicals
and solvents were of analytical grade and purchased from
Nanjing Chemical Reagent Co. Ltd (Nanjing, China).

Animals

Male Sprague Dawley rats weighing 180–250 g were used
throughout this study. They were housed at 22±5°C with a
12-h dark/light cycle, and were provided with water and

standard chow ad libitum for 1 week before experiment. The
experiments were performed under a license granted by
Jiangsu Science and Technology Office (China), with approval
from Animal Ethics Committee of China Pharmaceutical
University and Principles of Laboratory Animal Care (NIH
publication #85-23, revised in 1985). Every effort was made to
minimize stress to the animals.

Experimental Design

Pharmacodynamic experiment investigating the effect of
danshensu on plasma tHcy level in normal rats and methio-
nine loading rats has been performed and described in our
previous paper (16). Briefly, danshensu and methionine were
dissolved in normal saline before single intravenous admin-
istration. Rats were fasted overnight, and then were lightly
anaesthetized using diethyl ether (19). Surgery was conducted
to expose one side femoral vein quickly, then isotonic drug
solution was administered through femoral vein by syringe
within 10 s (5 mL kg−1), time began when the drug entered
into the body completely.

Rats were randomly assigned into four groups (n=5):
normal rats were given danshensu (20 mg kg−1) [(D,−) group]
or same volume of normal saline [(−,−) group]; Met-Loading
rats were given methionine (0.8 mmol kg−1) plus danshensu
(20 mg kg−1) [(D,M) group] or normal saline [(−,M) group]
simultaneously. Blood was collected before and after 5, 15, 30,
60, 120 and 240 min of drug administration. At each time
point, blood was taken from orbital sinus after light ethyl
ether anesthesia. In the initial period (5 min and 15 min),
300 μL blood was collected due to the relative higher
concentration of danshensu and its methylated metabolite.
Approximate 400 μL blood was taken for the rest points.

Blood samples were immediately processed by centrifu-
gation (5,000 g×3 min, 4°C), the supernatant was transferred
and divided into equal duplicate for the analysis of tHcy and
danshensu, respectively.

Plasma tHcy concentration was determined as described
in our previous paper (16). Plasma concentration of danshensu
and the metabolite, which is mainly 4-hydroxy-3-methyl-
oxyphenyl lactic acid (20), were quantified as previously
described (21).

Pharmacokinetic–Pharmacodynamic Modeling

Fig. 1 shows a general schematic for the entire PK-PD
model. Pharmacokinetics was described by a linear two-
compartment model with first-order elimination and metab-
olism for danshensu and one-compartment model for the
methylated metabolite. Equations and initial conditions
describing the amounts of danshensu and the metabolite are
described as follows:

dAc

dt
¼ � km þ ke þ k12ð ÞAc þ k21Ap; Ac;0 ¼ DoseDSS ð1Þ

dAp

dt
¼ k12Ac � k21Ap;Ap;0 ¼ 0 ð2Þ

dAm

dt
¼ kmAc � kemAm;Am;0 ¼ 0 ð3Þ
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Where Ac,0, Ap,0 are the initial amount of danshensu in
the central compartment (Ac) and peripheral compartment
(Ap), respectively. Am,0 denotes the initial amount of meth-
ylated metabolite of danshensu (Am). Other symbols are
defined in the abbreviation section. DoseDSS is the dose of
danshensu (20 mg kg−1).

Since preliminary modeling indicated that the distribu-
tion volume of danshensu and the metabolite had similar
estimates, a single volume variable (Vd) was used in the final
pharmacokinetic modeling for model parsimony. Thus, the
concentration of danshensu (C) and the metabolite (Cm) are
defined by C = Ac/Vd and Cm = Am/Vd, respectively. In
addition, we tried to describe the metabolic process using
Michaelis–Menton equation in the preliminary simulation,
the result indicated that the goodness of fit do not show any
good improvement. Therefore, km was assumed to be the
first-order rate constant governing the methylation metabolism
of danshensu.

A precursor-dependent indirect response model pro-
posed by Sharma et al. (22) was adapted and applied to
describe the tHcy kinetics. The equation and initial conditions
describing methionine level and Hcy turnover are described
as follows:

dP
dt

¼ k0 � kp � P � fDSS kp ;P0 ¼ k0
kp

ð4Þ

dR
dt

¼ kp � P � fDSS kp � kr � R � fT kr ;R0 ¼ k0
kr

ð5Þ

Where P0 and R0 are the initial plasma concentration of
methionine (P) and tHcy (R), respectively. The value of P0

(91.7 μmol L−1) was derived from the literature (23). R0 was
fixed as the global mean of tHcy concentration of (−,−) rats
(9.71 μmol L−1). Other symbols are defined in the
Abbreviations. The rate constant kp summarizes the
conversion process from methionine to Hcy including two

intermediates, i.e. S-adenosylmethionine (SAM) and S-
adenosyl-l-homocysteine (SAH). The rate constant kr
describes the first-order loss for Hcy, which represents the
transsulfuration pathway in the methionine cycle.

Due to the impact of methionine loading, P0 changed
into P0′ for (−,M) and (D,M) rats, which could be described
as follows:

P
0
0 ¼ nMet � k0kp ð6Þ

Where nMet indicates the ratio of methionine concentration
in plasma compared to the baseline (P0) at time-zero after
methionine loading. Thus, we can calculate apparent distribu-
tion volume ofmethionine:Vd,Met = DoseMet/(nMet·P0), DoseMet

is the loading dose of methionine (0.8 mmol kg−1).
As a typical catechol-containing compound, methylation

of danshensu is an important pathway of metabolism (24),
which is mediated by catechol-O-methyltransferase (COMT).
Interestingly, COMT enzyme could also promote the conver-
sion from SAM to SAH, which raise tHcy level finally. Thus,
elevation of plasma tHcy stimulated by the danshensu
methylation metabolism can be described using transfer
function fDSS_kp as follows:

fDSS kp ¼ 1þ Smax DSS kp � CnDSS kp

SC
nDSS kp

50 DSS kp
þ CnDSS kp

ð7Þ

Where the parameter symbols are defined in the
abbreviations section.

It has been reported that danshensu can reduce plasma
tHcy level through activation of transsulfuration pathway
acting as direct activator or inducer to up-regulate related
enzymes in (D,M) rats (16). We use transduction models
adapted from Sun and Jusko et al. (24) to conceptualize this
stimulatory effect defined as follows:

dT1

dt
¼ kt � fDSS kt � T1ð Þ;T1;0 ¼ 1 ð8Þ

dT2

dt
¼ kt � T1 � T2ð Þ;T2;0 ¼ 1 ð9Þ

fDSS kt ¼ 1þ Smax DSS kt � C
SC50 DSS kt þ C

ð10Þ

fT kr ¼ 1þ Smax T kr � R� R0ð Þ �DT

T50 þDT
ð11Þ

DT ¼ T2 � T2;0 ¼ T2 � 1 ð12Þ

Where T1 and T2 indicate the transit compartment
relevant for the series of events that take place before the
transsulfuration promotion, T1,0 and T2,0 are the corresponding
initial values. fDSS_kt is the transfer function characterizing the
stimulation of danshensu on the transduction pathway. fT_kr
indicates the promotion of transit compartment T2 on the
elimination of tHcy (kr) induced by danshensu indirectly. Other
symbols are defined in the Abbreviations.

For (D,−) rats, stimulatory effect of transduction on the
elimination of Hcy was assumed very weak, thus transfer

Fig. 1. Schematic presentation of the bidirectional effects of dan-
shensu on plasma tHcy level. Parameters and symbols are described
in the abbreviations and text. Lines with arrows indicate elimination
or distribution of the pharmacokinetic indices, or indicate the
conversion of the responses. Dashed lines with arrows and open
boxes mean stimulatory effect being exerted by the connected factors.
Long closed triangles symbol denotes the administration site for
danshensu and methionine, respectively.
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function fT_kr was set equal to 1. Exposure of danshensu would
cause alteration of T1 and T2, but could not promote the
transsulfuration through the fT_kr pathway. In this case, the
unknown parameters remained to be estimated are relevant to
the precursor-dependent indirect response model and the
stimulation of tHcy by danshensu methylation through fDSS_kp,
i.e., k0, kp, kr, Smax_DSS_kp, SC50_DSS_kp and nDSS_kp.

Pharmacokinetic and Pharmacodynamic Modeling
and Simulations

The model was constructed in two phases: (1) fitting of
pharmacokinetic data on the concentration–time profiles of
danshensu and its methylated metabolite; (2) fitting of pharma-
codynamic data (concentration–time profiles of plasma tHcy).
Non-compartmental analysis was first performed for initial
estimates of the pharmacokinetic models using Excel software
(Microsoft, Redmond, WA). Plasma concentration data of
danshensu and its methylated metabolite were incorporated to
obtain the PK parameter estimates simultaneously. Data from
(−,M) group together with (D,M) group or (D,−) group were
incorporated to obtain the pharmacodynamic parameter esti-
mates for Met-Loading rats or normal rats, respectively. All
parameter estimates were achieved by fitting the mean data.
Model fittings were performed by nonlinear regression analysis
using the maximum likelihood algorithm in MATLAB (The
Mathworks Inc., USA). ODE functions were used for solving
differential equations.Model selection was based on theAkaike
Information Criterion (AIC). Goodness of fit for both PK and
PD were assessed by the objective function (fval%: mean
residual ratio) and by visual inspection of various diagnostic
plots.

In order to obtain more accurate parameter estimates,
nonparametric bootstrap analysis was performed as an
internal model evaluation technique for the PK-PD model.
In detail, a new replication of the original dataset (a bootstrap
sample) was obtained by N random draws of individual data
(with replacement) from the original dataset (25). The final
PK-PD model was refitted to the average values of each new
dataset, and this process was repeated 200 times with
different random draws. The stability of the final model was
evaluated by visual inspection of the distribution of the model
parameter estimates from the average values of new datasets
and compared with that obtained from the fit of the average
values of original dataset.

All results were expressed as the Mean ± SD. After
applying the Bartlett’s test for non-homogeneity of variances,
statistical analysis including two-tailed Student’s t-test, or the
nonparametric Kruskal–Wallis test was used. The acceptable
level of significance was established at P<0.05 and P<0.01.

Model simulations were conducted using mean estimates
obtained from PK-PD modeling to observe the effect of
danshensu on plasma tHcy level in these cases:

(a) Effect of different doses of danshensu (10, 20, 40 mg
kg−1, i.v.) on plasma tHcy level in normal rats (i.v.,
normal saline) and Met-Loading rats (i.v., 0.8 mmol
kg−1 methionine).

(b) Effect of different doses of methionine (0.2, 0.8,
3.2 mmol kg−1) on plasma tHcy level and the
regulatory effect of danshensu in Met-Loading rats.

(c) Effect of danshensu on plasma tHcy level after long
term administration of danshensu with or without
methionine loading (7 days).

(d) Preventive role of danshensu on plasma tHcy level
after long term administration of danshensu (20 mg
kg−1, i.p., 7 days), then single dose of methionine
(0.8 mmol kg−1, i.v.) was given at the last day (8th day).

(e) Illustration of bidirectional effect, considering the case
of elevation of plasma tHcy level induced by dan-
shensu methylation alone, and the case of reduction of
plasma tHcy concentration activated by the delayed
transduction events alone.

RESULTS

PK and PD Profiles in Normal and Met-Loading Rats

Compared to the normal rats, the great effect of high
methionine level on the pharmacokinetics of danshensu was
clearly observed in Met-Loading rats (Fig. 2A; Table I).
Compared to the (D,−) group, the terminal half-life T1/2

significantly increased from 0.24 to 0.94 h (i.e., 2.9 fold
increase) in (D,M) group (P<0.05), which implied the reduc-
tion of the elimination rate of danshensu. Meanwhile, clear-
ance was markedly reduced by approximate 46% (from 1.93 to
1.06 L kg−1 h−1) and MRTwas elevated nearly one-fold (from

Fig. 2. Time profiles of danshensu (A) and its methylated metabolite
(B) following single intravenous administration of danshensu (20 mg
kg−1) in rats. Open triangles and closed squares indicate measured
values in (D,−) group and (D,M) group, respectively. Model fittings
are presented as dot line for (D,−) group, and solid line for (D,M)
group, respectively. Observations are reported as Mean ± 1 SD (n=5
each group).
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0.24 to 0.55 h). AUC0�1 also increased about one-fold (from
9.43 to 19.25 μg h mL−1) in (D,M) group, indicating the great
impact of methionine on the PK behavior of danshensu.

Compared to danshensu, methionine gave greater influ-
ence on the pharmacokinetic behavior of the methylated
metabolite (Fig. 2B; and Table I). As shown in Table I,
methionine enhanced AUC0�1 and Cmax of methylated
metabolite by nearly 6.6 fold (from 2.2 to 16.78 μg h mL−1)
and 3.3 fold (from 3.29 to 14.02 μg mL−1), implying the
promotion of danshensu methylation by methionine. Tmax

was constant in all groups.
As Fig. 3 indicated, plasma tHcy profiles followed a time-

dependent bidirectional pattern. The influence directions of
danshensu on plasma tHcy were different between (D,M) rats
and (D,−) rats, which was in line with our previous report
(16). In detail, danshensu sharply raised tHcy level in the
initial period (0~30 min) and then decreased tHcy level greatly
in the following period. In (D,M) group, AUEC of tHcy was
notably reduced from 90.7 to 55.6 μmol h L−1 (i.e., 38.7%
reduction) by danshensu (P<0.05). As shown in Table I, Cmax

also reduced from 48.9 to 34.0 μmol·L−1 (i.e., 30.5% decline)
significantly (P<0.01). Therefore, we can conclude that
danshensu can inhibit Hcy-elevating effect by methionine.

PK-PD Modeling

Pharmacokinetic profiles were reasonably described
using a linear two-compartmental model for danshensu and
one-compartment model for the methylated metabolite.
Methylation of danshensu could be well described using
first-order process (Figs. 1 and 2). For the metabolite,
simulation results quite matched with the measured values,

suggesting that first-order metabolism model is enough to
describe the methylation reaction of danshensu.

Additionally, a single volume variable (Vd) was used to
describe the distribution of danshensu and the metabolite,
which allowed for the reduction in the number of model
parameters and improved identifiability and estimation pre-

Table I. Noncompartmental Parameters of Danshensu, Its Methylated Metabolite, and Plasma tHcy in Rats

Danshensu Methylated metabolite tHcy

(D,−) ratsa (D,M) ratsb (D,−) ratsa (D,M) ratsb (D,−) ratsa (D,M) ratsb (−,M) ratsc

Pharmacokinetics
T1/2 (h) 0.24±0.06 0.94±0.40# 0.52±0.27 0.96±0.94
AUC0–t (μg h mL−1) 9.26±1.02 17.6±2.68## 1.93±0.39 12.7±5.80#

AUC0�1 (μg h mL−1) 9.43±0.96 19.3±2.91## 2.20±0.48 16.8±7.48#

MRT (h) 0.24±0.02 0.55±0.14# 0.69±0.21 1.40±1.21
CL (L kg−1 h−1) 1.93±0.20 1.06±0.16## \ \
Cmax (μg mL−1) \ \ 3.29±0.57 14.0±1.19##

Tmax (h) \ \ 0.25±0.00 0.27±0.15
Pharmacodynamics
AUECd (μmol h L−1) 25.9±34.4 55.6±14.6* 90.7±19.4##

Cmax (μmol L−1) 24.3±15.9 34.0±3.00** 48.9±7.20#

Tmax (h) 0.55±0.45 1.30±0.67 1.60±0.55#

Values are reported as the Mean±1 SD. of individual estimates (n=5 each group)
T1/2 terminal elimination half-life, AUC0–t, area under measured plasma concentration–time curve, AUC0�1, area under plasma concentration–
time curve extrapolated to infinity, CL total systemic clearance, MRT mean residence time, Cmax and Tmax time and value of maximum plasma
concentration of the methylated metabolite or tHcy
*P<0.05; **P<0.01 compared to the (−,M) group (based on Student t test). #P<0.05; ##P<0.01 compared with corresponding (D,−) group
(based on Student t test)
aRats were administered with single dose of danshensu (20 mg kg−1 )
bRats were administered with single dose of danshensu (20 mg kg−1 ) and methionine (0.8 mmol kg−1 ) simultaneously
cRats were administered with single dose of methionine (0.8 mmol kg−1 )
dAUEC = AUC_Treatment Group − AUC_(−,−) Group. AUC: area under measured plasma concentration–time curve of tHcy. ‘Treatment Group’ in
‘AUC_Treatment Group’: (−,M) Group or (D,−) Group or (D,M) Group

Fig. 3. Time profile of plasma tHcy concentration in rats. Measured
values and model fittings are shown in symbols and lines, respectively.
Model control (methionine loading, 0.8 mmol kg−1, i.v.) are shown in
open squares and dash line. Regulative effect of danshensu following
single i.v. dose of 20 mg kg−1 are shown in closed circles with solid line
in (D,M) group, and open diamonds with dot line in (D,−) group,
respectively. Closed squares with horizontal dash dot line indicate
baseline level of plasma tHcy in (−,−) group (normal saline, i.v.). Inset
graph showed the effect of danshensu on the concentration of Hcy in
the first 30 min. All observations are reported as Mean ± 1 SD (n=5
each group).
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cision. Effect of high methionine level on the pharmacoki-
netic behavior of danshensu and its methylated metabolite
could be observed, especially the distribution volume (Vd)
(Table II). In (D,M) group, Vd was only one third (0.10 L
kg−1) of that in (D,−) group (0.31 L kg−1) (P<0.01),
suggesting that the disposition level of danshensu and the
metabolite were notably restricted by high methionine
concentration. Due to this, both the initial concentrations of
danshensu and Cmax of methylated metabolite were increased
by more than two fold.

Model fittings of tHcy level were in consistent with
measured values using precursor-dependent model (Fig. 3).
An overshoot area existed in the tHcy curve of (D,M) group
compared to that of the (−,M) group, suggesting the elevation
of tHcy by the methylation of danshensu. Subsequently,
marked reduction of tHcy could be obviously observed,
which implied that delayed promotion of the transsulfuration
appeared after rapid methylation of danshensu. This was also
reflected in the difference of AUEC during the overshoot
period between the (D,−) rats and the (D,M) rats, in which,
the latter was smaller than the former (Table I). This
indicated that the transsulfuration promotion had begun since
methionine loading, however, this effect was weak compared
to the elevation effect induced by danshensu methylation at
the beginning time.

In addition, nMet were obtained according to the
relationship between Vd,Met and P0′ at time-zero after

methionine loading (Eq. 6), i.e., 4.83±0.22, which meant that
approximately five fold of baseline plasma concentration of
methionine was achieved soon after the loading.

From the 200 bootstrap replicates of the model, 8.5%
and 21.5% failed to minimize successfully in the pharmaco-
kinetic and pharmacodynamic modeling for Met-Loading
rats, respectively. For normal rats, 27% failed to converge in
the pharmacodynamic modeling. As shown in Table II,
parameter estimates obtained from the fit of original mean
data were similar to the mean estimates of the bootstrap
replicates. The results suggest the absence of bias and a
reasonable precision in the parameter estimates for the final
PK-PD model.

PK-PD Model Simulations

Based on mean parameter estimates of the integrated
PK-PD model, simulations were performed to predict the
kinetics of plasma tHcy (Fig. 4). The differences of plasma
tHcy kinetics were also compared between normal rats and
Met-Loading rats. As shown in Fig. 4A, the tHcy level
stimulated by the danshensu methylation was sharply elevat-
ed and Cmax of tHcy increased dose-dependently. Tmax of
tHcy were nearly the same in all dosage groups. The increase
of AUEC was not proportional to the danshensu dose,
suggesting that the elevation of tHcy by danshensu methyl-

Table II. Estimated Pharmacokinetic and Pharmacodynamic Parameters of Danshensu in Rats

Parameter (units)

Normal ratsa Met-Loading ratsb

Original datasetc

Bootstrap datasetd

Original datasetc

Bootstrap datasetd

Mean ± SD %CV Mean ± SD %CV

Pharmacokinetics
ke (h

−1) 3.92 3.54±0.43 12 10.4 7.85±3.46 44
km (h−1) 0.61 0.62±0.04 6.5 0.93 0.97±0.15 15
kem (h−1) 3.20 3.18±0.22 6.9 1.19 1.48±0.47 32
Vd (L kg−1) 0.31 0.31±0.01 3.2 0.10 0.10±0.02* 20
k12 (h

−1) 1.33 1.76±0.31 18 3.96 5.95±3.06 51
k21 (h

−1) 0.33 0.25±0.10 40 8.40 4.91±4.27* 87
Pharmacodynamics
Smax_DSS_kp 13.1 16.6±7.67 46 0.64 0.67±0.33 49
SC50_DSS_kp (μg mL−1) 105 105±0.39 0.4 71.1 70.1±0.90* 1.3
nDSS_kp 0.38 0.36±0.22 61 7.73 6.67±3.18 48
Smax_T_kr \ \ \ 20.3 20.3±0.05 0.2
T50 (10

−3) \ \ \ 3.58 3.58±0.17 4.7
Smax_DSS_kt \ \ \ 19.3 19.3±0.03 0.2
SC50_DSS_kt (μg mL−1) \ \ \ 15.9 12.1±6.29 52
kt (h

−1 10−3) \ \ \ 0.76 0.65±0.22 34
k0 (μmol h−1 L−1) 22.0 21.5±1.94 9.0 20.8 20.9±1.92 9.2
kp

e (h−1) 0.24 0.23±0.02 8.7 0.23 0.23±0.02 8.7
kr

f (h−1) 2.27 2.21±0.20 9.0 2.14 2.15±0.20 9.2
Vd,Met (L kg−1) 1.78 1.77±0.08 4.5 1.79 1.80±0.09 5.0

*P<0.01 compared with Normal rats (based on Student t test)
aRats were administered with single dose of danshensu (20 mg·kg−1 ) or normal saline (i.v.)
bRats were given methionine (0.8 mmol kg−1 ) plus danshensu (20 mg kg−1 ) or normal saline simultaneously (i.v.)
cEstimates from the fit of original mean data (n=5 each group)
dValues are reported as the Mean±1 SD of individual estimates (N=200)
eCalculation according to: kp = k0/P0, P0 is the methionine baseline value (91.7 μmol L−1 ) derived from literature (23)
fCalculation according to: kr = k0/R0, R0 was fixed as the global mean of plasma tHcy concentration of (−,−) rats (9.71 μmol L−1 )
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ation was not linear with dose after administration of high
dose of danshensu.

In Met-Loading rats treated by danshensu, plasma tHcy
profiles were strikingly different to the normal rats (Fig. 4B).
Both the initial elevation and following decrease of tHcy was
shown in a dose-dependent manner (Fig. 4C). As the Fig. 4C
indicated, decreased effect via transsulfuration promotion was
more profound than the elevation effect induced by dan-
shensu methylation. Compared to 20 and 40 mg kg−1 groups,
initial elevation of plasma tHcy was slightly smaller in the
10 mg kg−1 group. During the period of transsulfuration
promotion, AUEC (relative changed area under plasma
concentration time profile of tHcy compared to the (−,M)
group) was not proportional to the dose, which was similar to
that in normal rats, suggesting that the tHcy-lowering effect
was limited when high dose of danshensu was given to rats.

The tHcy-lowering effect by danshensu exhibited more
obvious after higher dose of methionine loading (Fig. 5),
indicating that the lowering effect of danshensu on plasma
tHcy is closely related to the loading dose of methionine. Tmin

of changed value of plasma tHcy was shorter when higher
dose of methionine was given to Met-Loading rats, which
implied the decreased effect of danshensu was more signifi-
cant after administration of higher dose of methionine.

Plasma tHcy profile displayed different pattern after long
term administration of danshensu in Met-Loading rats
(Fig. 6A) and normal rats (Fig. 6B). When the plasma tHcy
level stayed steady state after 2nd administration of methio-
nine in the (−,M) group, Cmax of tHcy showed gradually
decline in the (D,M) group. This indicated the increasing
tHcy-lowering effect of danshensu would be obtained after
long term administration. In contrast, the influence of
danshensu on plasma tHcy level showed transient increase
in (D,−) group (Fig. 6B), and this magnitude was weak
compared to the profile shown in Fig. 6A. Thus, combined
with Fig. 5, we conclude that danshensu would not affect
plasma tHcy level in normal rats.

Fig. 4. Simulated plasma tHcy concentration–time profiles after
different dosing regimens of danshensu in normal rats (A) and Met-
Loading rats (B). A single 10, 20, 40 mg kg−1 i.v. bolus dosage of
danshensu is shown by dash dot lines, solid lines and long dash lines,
respectively. Baseline level of plasma tHcy level (R0) is shown by
horizontal line (A). (−,M) group (0.8 mmol kg−1 methionine, i.v.) is
shown by dash dot dot lines (B). C The regulatory effect of danshensu
on plasma tHcy level [(D,M) group − (−,M) group]. All lines are
depicted using mean estimates of PK and PD parameters of
danshensu in normal rats for panel A and Met-Loading rats for
Panel B and C, respectively.

Fig. 5. Effect of danshensu on plasma tHcy level in rats treated with
different dose of methionine simultaneously. Dash dot line, solid line
and dash line showed the regulatory effect of danshensu (20 mg kg−1)
when 0.2, 0.8 and 3.2 mmol kg−1 methionine was given to rats through
intravenous administration. Changed value of tHcy = (D,M) group −
(−,M) group. All lines are depicted using the mean estimates of PK
and PD parameters in Met-Loading rats.
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Danshensu exerted obvious preventive effect on the
plasma tHcy level after long term administration of dan-
shensu in normal rats (Fig. 7). As shown in Fig. 7, compared
to the model control group, plasma tHcy concentration
showed a minor increase after methionine loading at the last
day. Meanwhile, the elevation magnitude of plasma tHcy
induced by methionine loading was weak compared to the
ones during the prevention period. From the modeling point
of view, this is due to the accumulative elevation of transit
compartments T1 and T2 after danshensu induction. The
structure of cascade connection of transit compartments made
these transduction events occur more slowly than the
danshensu methylation during the prevention period. There-
fore, after methionine loading at the last day, obvious tHcy-
lowering effect could be observed resulted from accumulative
level of transit compartment T2 through fT_kr pathway. Taken
together, we conclude that danshensu exhibits its beneficial
effect to reduce plasma tHcy level after long term pretreat-
ment, thus can it reduce potential cardiovascular risk.

Fig. 8 illustrated how the bidirectional regulation of
danshensu on the plasma tHcy level developed. As shown

from the Fig. 8, the elevation of plasma tHcy induced by
danshensu methylation and the reduction of tHcy level via
the transsulfuration promotion showed different time-depen-
dent pattern. The methylation-induced curve rose rapidly and
up to the peak value (~4 μmol L−1) in a short time
(approximately 15 min), and then declined slowly to the
baseline in 1 h. For the transsulfuration-induced curve, a
delayed onset was observed, which lasted about 0.5 h, and
then the tHcy-lowering effect gradually exhibited (nadir:
−12 μmol L−1, ~2.5 h). The ‘synthesis’ of these two curves
brought about the bidirectional regulation curve, as shown in
solid line in the Fig. 8. In addition, simulation results showed

Fig. 6. Effect of danshensu on the plasma tHcy level after long term
administration of danshensu with or without methionine in rats. Dot
line and solid line in the panel A showed the concentration of tHcy in
the (−,M) group (0.8 mmol kg−1 methionine, i.p.) and (D,M) group
(0.8 mmol kg−1 methionine+20 mg kg−1 danshensu, i.p.), respectively.
Dot line and solid line in the panel B indicated the plasma tHcy level
in the (−,−) group (normal saline, i.p.) and (D,−) group (20 mg kg−1

danshensu, i.p.), respectively. All lines are depicted using mean
estimates of PK and PD parameters of danshensu in Met-Loading
rats for panel A and normal rats for panel B, respectively.

Fig. 7. Preventive role of danshensu on the level of plasma tHcy after
long term administration of danshensu (20 mg kg−1, i.p., 7 days) and
methionine loading (0.8 mmol kg−1, i.v.) at the last day (8th day) in
rats. Solid line showed the impact of danshensu on the plasma
concentration of tHcy, dot line showed the tHcy level in the control
group. All lines are depicted using the mean estimates of PK and PD
parameters of danshensu in rats.

Fig. 8. Graphic presentation of the bidirectional regulation of
danshensu on plasma tHcy level (shown in solid line) compared to
the (−,M) group. Dot line reflects the case of stimulation on
transsulfuration pathway resulted from transduction events induced
by danshensu. Dash line indicates the case of elevation of plasma
tHcy level induced by methylation metabolism of danshensu. All lines
are depicted using the mean estimates of PK and PD parameters of
danshensu in (D,M) group (20 mg kg−1 danshensu+0.8 mmol kg−1

methionine).
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that the reduction period of plasma tHcy lasted about 19.5 h,
which was significant longer than the elevation period
(~0.5 h), suggesting that the decreased effect of tHcy via the
transsulfuration promotion was more profound than the
elevation of tHcy by danshensu methylation.

DISCUSSION

In this report, we developed an integrated mathematical
model to characterize the relationship of time profiles of
plasma tHcy and danshensu. Bidirectional effect of danshensu
on tHcy was an attractive phenomenon because different
mechanisms were included as described in the text, i.e.,
methylation and transsulfuration activation. It has been well
established that there is an intrinsic link between methylation,
Hcy and transsulfuration, thus can it permit a mechanistic
framework to give comprehensive understanding for the
effect of drug intervention on the methionine cycle.

Initially a stimulatory Emax function was employed to
model the methylation process, but SC50_DSS_kp was larger
than the measured concentration of danshensu (SC50_DSS_kp>
200 μg mL−1). Thus, Hill coefficient nDSS_kp was introduced to
describe the extent of methylation reaction. This model
improvement explained the difference between danshensu
methylation and methionine metabolism, and the values of
SC50_DSS_kp were achieved in a reasonable range. For (D,M)
rats, significantly smaller SC50_DSS_kp reflected obvious
synergism from the combination of danshensu methylation
and methionine metabolism. In addition, SC50_DSS_kp was
larger than the highest concentration of danshensu in (D,−)
group, indicating that the intensity of danshensu methylation
was weaker than that in (D,M) group. nDSS_kp in (D,M) group
was much higher than that in (D,−) group, suggesting the
impact of methionine mainly contributed to the elevation of
plasma tHcy at the beginning time. Estimated value of
nDSS_kp below 1 in (D,−) group, indicating that the
methylation of danshensu was week, which was consistent
with the tendency of SC50_DSS_kp.

Our preliminary pharmacodynamic model for tHcy was a
simple indirect response model, which could not distinguish
the factors for the elevation of tHcy resulted from danshensu
methylation or methionine loading. Thus, precursor-dependent
model was used to describe the dynamics of methionine and
tHcy simultaneously, which could reflect the effect of different
doses of methionine on tHcy, as shown in Fig. 5. Simulation
results showed that danshensu exhibited more obvious tHcy-
lowering effect when higher dose of methionine was given,
which was in consistent with the results of Sekiya et al. (26).

Effect of danshensu on the transsulfuration pathway was
initially modeled by a stimulatory Emax function directly
linked to the dissipate term of tHcy (i.e., kr). However, there
was an obvious time-lag to the onset of transsulfuration in the
measured values, implying a delayed and indirect mechanism
mediated the activation of transsulfuration. Transduction
models were introduced to address the problem. Different
numbers of compartments were tested to capture the number
of compartments required to account for the delay of onset of
transsulfuration. This interpretation is more true to the
underlying physiology than a delay or onset time that is also
more numerically difficult to compute. Additionally, onset
times do not provide the smooth reduction observed early in

the onset of transsulfuration. Similarly, the concept of
utilizing cascade transduction models as a pharmacodynamic
driving function has been described for modeling the onset of
rheumatoid arthritis induced by collagen (27). Other applica-
tions of this approach include the PK-PD modeling of the
parasympathomimetic activity of scopolamine and atropine in
rats (28) and the chemotherapeutic effects of methotrexate (29).

Various numbers of transit-compartments were tried to
link the pharmacokinetics of danshensu and the onset of
transsulfuration. Extremely low SC50_DSS_kt and high nDSS_kp

were achieved when using one-compartment transduction
model, which demonstrated that it was not sufficient to
account for the delay. No significant improvement of model
fitting criteria was gained in the three-compartment trans-
duction model. Thus, two-compartment transduction model
was employed to quantify the delay of transsulfuration onset
considering the simplicity. In addition, we tested whether the
model structure for (D,M) rats was appropriate for (D,−) rats.
Significant low value of kt (<10

−5) and high T50 (1.34) were
obtained, indicating that the influence of danshensu on the
transsulfuration was very weak under normal condition.

Model simulations revealed that danshensu exhibited
preventive role after long term administration in normal rats,
which was in line with our previous result (16). This mainly
contributes to the proposed assumption mentioned in the
“MATERIALS AND METHODS” section, i.e., transfer
function fT_kr will be activated after administration of
methionine. It has been demonstrated that cystathionine β-
synthase (CBS) could be activated by SAM and SAH, thus
increasing the elimination of Hcy (10,30). Levels of SAM and
SAH will rise after methionine loading, which in turn elevate
Hcy level, and decrease Hcy level via transsulfuration through
the CBS activation with a time delay. Therefore, long term
administration of danshensu possibly increase transsulfuration-
related enzymes activity, and this effect will be implemented via
the activation of CBS after methionine loading, so the reduction
of plasma tHcy could be observed eventually.

Model simulation results showed that long term co-
administration of danshensu and methionine obviously re-
duced tHcy level (Fig. 6A), which was in agreement with the
experimental result in mice treated by other polyphenols (31).
Meanwhile, a clinical study showed that black tea did not
influence plasma tHcy concentration in normal subjects for
4 weeks (17), which could also be delineated using our PK-
PD model (Fig. 6B). Large variation of SC50_DSS_kt existed in
(D,M) group, which may be due to the individual differences
in the promotion of transsulfuration of tHcy induced by
danshensu.

The model does not consider the impact of high
methionine level on the pharmacokinetics of danshensu and
its methylated metabolite after loading. That attempt of
modeling the influence of methionine on the pharmacokinet-
ics of danshensu was unsuccessful due to the complexity and
unknown interaction mechanism. In fact, significantly lower
Vd and clearance indicated greater exposure of danshensu in
(D,M) group than that in (D,−) group (Tables I and II). From
this point, danshensu exerts better regulatory function on
tHcy in the hyperhomocysteinemia induced by chronic
administration of methionine.

Recent clinical studies showed that plasma tHcy-lower-
ing therapy with vitamins administration did not reduce the
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cardiovascular risk during a mean follow-up period of five
years (32). An important reason for this failure results from
the adverse effect induced by high dose administration, such
as angiogenesis inhibition, restenosis rate elevation (33). Just
from this point, it is urgent need to investigate new strategy
for Hcy-lowering. Danshensu is an active ingredient from
Danshen that has been shown wide cardiovascular benefit,
which may exclude the problems of vitamin therapy. Of
course, the clinical cardiovascular benefits about danshensu
for Hcy-lowering still need further validation.

CONCLUSIONS

To our knowledge, this is the first PK-PD model
characterizing the bidirectional regulation of polyphenols on
the Hcy plasma levels in vivo. Pharmacokinetics was de-
scribed using two-compartment model for danshensu and
one-compartment model for the methylated metabolite with
linear metabolic process. Stimulatory sigmoid Emax function
and two-compartment transduction function were used to
describe the tHcy-elevation effect driven by the methylation
and the tHcy-lowering effect resulted from the transsulfura-
tion activation. The proposed PK-PD model characterized the
effect of danshensu on plasma tHcy well both in normal and
Met-Loading rats following single dose administration of
danshensu. The different effects of danshensu on plasma
tHcy between the healthy and pharmacological settings
described in this report illustrate the importance of conduct-
ing PK-PD studies in both settings.
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